
High levels of carbonic anhydrase IX in tumour tissue and plasma
are biomarkers of poor prognostic in patients with non-small cell
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BACKGROUND: Carbonic anhydrase IX (CAIX) is an enzyme upregulated by hypoxia during tumour development and progression. This
study was conducted to assess if the expression of CAIX in tumour tissue and/or plasma can be a prognostic factor in patients with
non-small cell lung cancer (NSCLC).
METHODS: Tissue microarrays containing 555 NSCLC tissue samples were generated for quantification of CAIX expression. The
plasma level of CAIX was determined by ELISA in 209 of these NSCLC patients and in 58 healthy individuals. The CAIX tissue
immunostaining and plasma levels were correlated with clinicopathological factors and patient outcome.
RESULTS: CAIX tissue overexpression correlated with shorter overall survival (OS) (P¼ 0.05) and disease-specific survival (DSS)
of patients (P¼ 0.002). The CAIX plasma level was significantly higher in patients with NSCLC than in healthy individuals (Po0.001).
A high level of CAIX in the plasma of patients was associated with shorter OS (Po0.001) and DSS (Po0.001), mostly in early stage
Iþ II NSCLC. Multivariate Cox analyses revealed that high CAIX tissue expression (P¼ 0.002) was a factor of poor prognosis
in patients with resectable NSCLC. In addition, a high CAIX plasma level was an independent variable predicting poor OS (Po0.001)
in patients with NSCLC.
CONCLUSION: High expression of CAIX in tumour tissue is a predictor of worse survival, and a high CAIX plasma level is an
independent prognostic biomarker in patients with NSCLC, in particular in early-stage Iþ II carcinomas.
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Non-small cell lung cancer (NSCLC) comprises approximately 80%
of lung cancers, and nearly 50% of patients with stage I NSCLC die
within 10 years of diagnosis (Travis et al, 2004; Ou et al, 2007).
Despite major advances in surgical techniques and new strategies
of neoadjuvant treatment, long-term survival is achieved in only
5–10% of NSCLC patients (Stinchcombe and Socinski, 2009). In
this regard, early biomarkers are urgently needed to allow better
clinical management of patients with NSCLC.

Hypoxia is common in various types of solid cancers and is
associated with a more aggressive phenotype (Brahimi-Horn et al,
2007). Stabilisation of the a-subunit of the hypoxia-inducible
transcription factor 1 (HIF-1a) is a critical step in the adaptation
of tumour cells to hypoxia (Pouyssegur et al, 2006). One of the
consequences of HIF-1 activation is upregulation of glycolysis
and hence the production of lactic acid (Pastorekova et al, 2004).

The enzyme carbonic anhydrase IX (CAIX), which is expressed on
the tumour cell surface, catalyses the hydration of cell-generated
carbon dioxide into protons and bicarbonate ions (Pastorekova
et al, 2004). This reaction contributes to an acidic extracellular
microenvironment and intracellular alkalosis, allowing tumour
cells to survive under hypoxic conditions, favouring tumour
growth, invasion, and development (Chiche et al, 2009).

Subsequent studies have shown that CAIX is expressed in only a
few normal tissues (mainly the gastrointestinal tract), whereas it is
ectopically induced under hypoxic conditions and highly over-
expressed in many different cancer cell lines and tumour tissues,
where ca9 is one of the most upregulated gene in a (HIF-1)-
dependent manner (Wykoff et al, 2000). The expression of CAIX is
strongly upregulated by hypoxia and is downregulated by the
wild-type von Hippel-Lindau (pVHL) tumour suppressor protein
(Ohh et al, 2000). CAIX has already been shown to serve as a
surrogate marker of hypoxia and as a prognostic indicator for
many cancers (Loncaster et al, 2001). In some cancer cells, the
VHL gene is mutated leading to strong upregulation of CAIX
(up to 150-fold) as a consequence of constitutive HIF-1 activation

Received 25 February 2010; revised 8 April 2010; accepted 15 April
2010; published online 11 May 2010

*Correspondence: Dr P Hofman; E-mail: hofman.p@chu-nice.fr

British Journal of Cancer (2010) 102, 1627 – 1635

& 2010 Cancer Research UK All rights reserved 0007 – 0920/10 $32.00

www.bjcancer.com

M
o

le
c
u

la
r

D
ia

g
n

o
st

ic
s

http://dx.doi.org/10.1038/sj.bjc.6605690
http://www.bjcancer.com
mailto:hofman.p@chu-nice.fr
http://www.bjcancer.com


(Pouyssegur et al, 2006). A relationship between CAIX tumour
tissue expression, as detected by immunohistochemistry (IHC)
and patient outcome has been reported in a wide variety of
tumours (Bui et al, 2003; Hedley et al, 2003; Trastour et al, 2007;
Choi et al, 2008; Klatte et al, 2009; Korkeila et al, 2009). Previous
studies have reported the prognostic relevance of CAIX over-
expression in NSCLC indicating a potential oncogenic function of
CAIX (Swinson et al, 2003; Kim et al, 2004; Kon-no et al, 2006).
However, these studies performed only a limiting number of IHC
analyses on surgical tumour samples.

Methods that use biological materials obtained by non-
invasive procedures, like plasma, can be helpful in identifying
possible biomarkers for early diagnosis and in the follow-up of
patients with an increased cancer risk. CAIX is a multidomain
protein consisting in an N-terminal proteoglycan-like (PG)
domain, an extracellular catalytic domain (CA), a transmembrane
segment (TM) and a C-terminal intracytoplasmic (IC) tail (Hilvo
et al, 2008). Recent reports have provided evidence that
the extracellular domain of CAIX can be released into body
fluids of patients with kidney or bladder cancers and a high
CAIX plasma level was associated with poor prognosis in these
patients (Zavada et al, 2003; Hyrsl et al, 2009). However, the
CAIX plasma level has not yet been evaluated in patients with
NSCLC.

The aim of this study was to investigate the expression of CAIX
in both tissue and plasma samples from a large cohort of NSCLC
patients to explore the potential role of CAIX as a prognostic
biomarker for NSCLC.

PATIENTS AND METHODS

Patients

Five hundred fifty-five patients who underwent surgery for
NSCLC between January 2001 and January 2008 at the Pasteur
Hospital (Department of Thoracic Surgery, University of Nice,
France) were included in this study. The patients received the
necessary information concerning the study and consent was
obtained from each of them. The study was done with the approval
of the ethics committee (CHU of Nice). The main clinical and
histopathological data are summarised in Table 1. Morphological
classification of the tumours was assigned according to the WHO
criteria (Travis et al, 2004). The tumours were staged according
to the international tumour-node-metastasis system (Mountain,
1997). The median follow-up at the time of analysis was 35 months
(3–102 months) according to the method of Schemper and
Smith, (1996). Among these patients, 122 of 555 (22%) died of
lung cancer.

For the ELISA assay, 209 preoperative plasma samples were
obtained from these patients. The main clinical and histopatho-
logical data are summarised in Table 2. The median follow-up was
15 months (1–66 months). Among these patients 14 of 209 (8%)
died of lung cancer. Plasma samples from 58 healthy individuals
were used as a control for the ELISA assay.

Tissue microarrays (TMAs) and immunohistochemistry

TMAs were constructed from archival paraffin-embedded,
formalin-fixed tissue blocks. Representative tumour regions and
adjacent normal lung tissue were selected for building TMAs
and arrays were designed as previously described (Hofman et al,
2008). Immunohistochemistry for CAIX, HIF-1a and Ki-67 was
performed on serial 4-mm deparaffinised TMA sections by using an
automated single-staining procedure (Benchmark XT, Ventana
Medical Systems, Roche Group Inc., Tucson, AR, USA). Briefly, a
rabbit polyclonal anti-CAIX antibody (clone ab15086, diluted
1 : 2000, Abcam, Cambridge, MA, USA) was added to each slide

after blocking of endogenous peroxidase and proteins, and the
sections were incubated with a biotinylated mouse anti-rabbit IgG
(Abcam) as the secondary antibody. EDTA-pretreated sections
were immunostained for HIF-1a (mouse, clone 54; diluted 1 : 10;
BD Biosciences, Heidelberg, Germany) and Ki-67 (rabbit, clone
30–9; diluted 1 : 100; Ventana Medical Systems). Paraffin-em-
bedded sections from healthy lung tissue exposed under normoxic/
hypoxic conditions were stained for BNIP3 (rabbit, clone ANa40;
diluted 1 : 250; Sigma-Aldrich, St Louis, MI, USA) and BNIP3L
(rabbit, polyclonal; diluted 1 : 250, Sigma-Aldrich). 3 –30-diamino-
benzidine (Sigma-Aldrich) was the chromogen used in all
reactions. Positive controls for CAIX were biopsy cores of head
and neck squamous cell carcinoma, which has previously been
established as positive for CAIX (Koukourakis et al, 2001).

Automated image analysis

After antibody staining, images were acquired using automated
quantitative analysis (Hofman et al, 2008). The CAIX signal was
measured on a grayscale of 0 (black) to 255 (white) and expressed
as target signal intensity relative to plasma membrane compart-
ment area. Grey values ranged between 0 and 152, and a value
superior or equal to 50 was arbitrarily defined as CAIX
overexpression. In addition, the cut-off values for the different
markers were: Xto 35 grey levels for HIF-1a and X10% for Ki-67.
Staining intensity was based on a scale from 0 to 3 and the
percentage of positive cells (0o1%, 1¼ 1 –10%, 2¼ 10– 50%,

Table 1 Correlation of clinicopathological parameters with the CAIX
expression level detected by immunohistochemistry in 555 NSCLC
patients

CAIX status

Variables Overallw Loww Highw P-value

Patient cohort 555
Mean age (years)z 63.9±9.3 64.5±8.4 65.3±5.6 0.196

Gendera

Male 415 (75) 309 (74) 106 (26) 0.439
Female 140 (25) 111 (79) 29 (21)

Smoking historya

Never smoked 75 (14) 54 (72) 21 (28) 0.098
Former or current smokers 480 (86) 366 (76) 114 (24)
Tumour size (cm)z 3.7±2.4 3.8±2.3 4.1±2.1 0.293

Histological cell typea

Adenocarcinoma 281 (50) 245 ( 87) 36 (13) o0.001*
Squamous cell carcinoma 184 (33) 116 (63) 68 (37)
Large cell carcinoma 43 (8) 27 (63) 16 (37)
NOS 47 (9) 32 (68) 15 (32)

pTNM stagea

I 278 (50) 221 (79) 57 (21) 0.676
II 103 (19) 79 (77) 24 (23)
III 151 (27) 116 (77) 35 (23)
IV 23 (4) 16 (70) 7 (30)

Histological gradea

1 214 (38) 168 (78) 46 (22) 0.785
2 187 (34) 143 (76) 44 (24)
3 137 (25) 101 (74) 36 (26)
4 17 (3) 13 (76) 4 (24)

Neoadjuvant therapya 67 (12) 62 (92) 5 (8) 0.105

Abbreviations: NOS ¼ not otherwise specified; TNM ¼ tumour node metastasis.
wValues expressed as n (%) or mean±s.d. aw2-test. zMann–Whitney test. *P-value
significant at the 0.05 level.
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3450%). The product of the intensity of staining and the
percentage of tumour-positive cells was then calculated to
produce an IHC score of 0 to 300, as previously described (Hassan
et al, 2008). An IHC score 440 distinguished low from high
expression of CAIX (Loncaster et al, 2001). Nuclear staining in
more than 50% of positive cells for HIF-1a and a labeling index of
Ki-67 X10% defined overexpression of both markers (Zhong et al,
1999; Woo et al, 2009). The overall score used for statistical
analysis was the mean value from three spots of the same tumour.
In parallel, whole-tissue sections from tumour blocks of a subset
of 40 cases were stained for each marker and compared with the
corresponding TMA spots using the above-mentioned scoring
criteria.

Cell culture and hypoxic exposure

The A549 lung cancer cell line (European Collection of Cell
Cultures, ECACC; passage 90, Sigma-Aldrich) was maintained in
RPMI 1640 supplemented with 10% FCS. Incubation in hypoxia at
1% O2 was carried out at 371C in 95% humidity and 5% CO2/94%
N2 in a sealed anaerobic workstation (in vivo 400; Ruskin
Technologies, Bridgend, UK).

Plasma CAIX ELISA immunoassay

Peripheral blood (5 ml) was taken before surgery and kept in a
heparinised tube. Within 30 min of blood collection, the samples
were centrifuged at 3000 r.p.m. at 41C for 10 min to separate the
plasma and blood cells. For detection of the soluble form of CAIX,

we used as an internal positive control, the culture medium of
A549 cells incubated in hypoxic conditions for 48 h (Ruskin
Technologies).

ELISA commercial kits for the quantitative determination
of plasma CAIX concentrations were used according to the
manufacturer’s instructions (R&D Systems, Minneapolis, MN,
USA). Test samples (100 ml) were pipetted into the wells and
incubated for 2 h at room temperature on a horizontal orbital
microplate shaker (0.120 0 orbit) set at 500±50 r.p.m. The optical
density of each well was determined using a spectrophotometer
microplate reader (Bioelisa-iEMS Reader MF, Logiciel Ascent
Software v2.6, Labsystems, Helsinki, Finland) set to 450 nm.
Results were compared with standard curves. Measurements were
done in duplicate.

Statistical methods

Analyses were performed using SPSS 16.0 statistical software (SPSS
Inc., Chicago, IL, USA). We used the w2 and Mann–Whitney tests
to explore the association between tissue CAIX expression and the
clinicopathological variables of patients. The Mann–Whitney and
the Pearson tests were applied to assess the association between
clinicopathological variables and the CAIX plasma level. The
coefficient of correlation (r) between the expression of proteins
was calculated using the Spearman’s Rank test. The optimal
sensitivity and specificity of plasma CAIX were determined by
ROC curve analysis. In addition, the w2 analysis was used to
determine correlations between the immunohistochemical analysis
of CAIX tissue tumour expression and the plasma CAIX ELISA
assay. The degree of agreement between data from whole-tissue
sections and the mean value of three spots was assessed using the
Cohen’s k coefficient. Survival rates were estimated using the
Kaplan–Meier method and were compared with the Log-Rank test
to determine significance. The univariate and multivariate Cox
proportional hazard models were used to determine the relative
risk. Variables that were associated with survival with a P-value
o0.20 in the univariate analysis were included in a multivariate
regression. The variables included in the model for DSS and overall
survival (OS) were pTNM stage, histological cell type and grade.
All statistical tests were two-sided, and a significant P-value was set
at the 0.05 level.

RESULTS

Immunohistochemical analysis of tissue microarrays
and correlation with the clinicopathological status

Negative or weak, intermediate, and strong CAIX membrane
staining was revealed among the different NSCLC tumours
(Figure 1A–P). In NSCLC the staining pattern for CAIX was
membranous as observed in biopsy cores of head and neck
carcinoma, used as positive control (Figure 1S–T). Tissue core
biopsies taken from normal lung tissue were negative for CAIX
expression (Figure 1Q– R).

Here, 135 of 555 (24.3%) tumours were designated as CAIX
overexpressing (Table 1). High CAIX expression was significantly
associated with histological subtypes (Po0.001). Sixty-eight
(37%) of 184 squamous cell carcinomas and 16 (37%) of 43 large
cell carcinomas overexpressed CAIX, whereas 36 (13%) of 281
adenocarcinomas overexpressed CAIX (Po0.001). No significant
correlation was found between the CAIX status and the other
clinicopathological variables (Table 1).

As for CAIX expression, the same immmunostaining intensity
pattern was observed for HIF-1a and Ki-67 expression, which
showed a nuclear staining (Supplementary Figure S1), where 133
of 555 (24%) tumours showed high HIF-1a immunoreactivity
(Supplementary Table S1). HIF-1a-positive staining was associated

Table 2 Correlation of clinicopathological parameters with the CAIX
plasma level detected by ELISA in 209 NSCLC patients

Variables Overallw
Mean CAIX level

(pg ml – 1) P-value

Patient cohort 209
Mean age (years)a 64±9.18 0.172

Gender z
Male 143 (68) 45.73 0.290
Female 66 (32) 43.15

Smoking statusz
Never smoked 21 (10) 32.37 0.330
Former or current smokers 188 (90) 46.34
Tumour size (cm)a 4.0±2.4 0.042*

Histological cell typez
Adenocarcinoma 109 (52) 43.63 0.280
Squamous cell carcinoma 60 (29) 51.11
Large cell carcinoma 13 (6) 39.76
NOS 27 (13) 37.41

pTNM stagez
I 102 (49) 42.25 0.448
II 40 (19) 53.21
III 52 (25) 43.14
IV 15 (7) 57.19

Histological gradez
1 77 (37) 50.87 0.420
2 65 (31) 41.21
3 48 (22) 36.85
4 19 (9) 31.32

Neoadjuvant therapyz 23 (11) 40.04 0.124

Abbreviations: NOS ¼ not otherwise specified; TNM ¼ tumour node metastasis.
wValues expressed as n (%) or mean±s.d. aPearson test. zMann –Whitney test.
*P-value significant at the 0.05 level.
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with the histological cell type, being mainly expressed in non-
adenocarcinoma subtypes (Po0.001) and in poorly differentiated
tumours (P¼ 0.0001) (Supplementary Table S1).

CAIX, HIF-1a, and Ki-67 expression levels observed in the TMA
spots faithfully reflected the staining intensity of these proteins in
whole-tissue sections from corresponding tumour blocks in a
subset of 40 tumours (k¼ 0.89; data not shown).

Association of CAIX tumour expression with hypoxia and
proliferation

To assess the interrelationship between CAIX expression and
hypoxia or proliferation, the CAIX expression level was compared
with that of the HIF-1a and Ki-67 index, respectively, by using
the Spearman’s Rank test (Supplementary Figure S2). High CAIX
expression partially correlated with high HIF-1a expression
(r¼ 0.099, P¼ 0.023). In exchange, a w2-test revealed significant

association between these categorical variables (P¼ 0.036). There
was a strong positive correlation between the CAIX expression and
the Ki-67 index (r¼ 0.211, Po0.001).

Plasma level of CAIX in patients with NSCLC

In patients with NSCLC, the mean value of CAIX in plasma
was 45.40 pg/ml (range: 0–372.89 pg ml�1) and was significantly
higher than in healthy individuals (mean¼ 2.48 pg ml�1, range:
0–16.65 pg ml�1) (Po0.001) (Figure 2A).

The subtended area of the ROC curve shows a synthetic index
of the overall capacity of the test in differentiating between
healthy individuals and NSCLC patients (Figure 2B). The area
under the ROC curve was 0.93 (CI¼ 0.906 –0.953, Po0.001).
Using the results of the ROC curve, an analysis was made on the
test performance with respect to the different threshold values,
which showed that for a threshold equal to 11 pg ml – 1, plasma;

ADC

SCC

LCC

×100 ×400

SC

Ctl

Normal lung tissue Normal lung tissue HNSCC HNSCC

Figure 1 CAIX expression detected by immunohistochemistry in tissue microarray cores. Staining levels for CAIX in NSCLC histological subtypes: low
(A, E, I, M), intermediate (B, F, J, N) and strong (C, G, K, O). CAIX membrane staining in adenocarcinoma (ADC) (A–D), squamous cell carcinoma
(SCC) (E–H), large cell carcinoma (LCC) (I–L), and sarcomatoid carcinoma (SC) (M–P). Normal bronchial epithelium (Q) and alveolar tissue (R) are
devoid of staining. Strong membrane staining in head and neck squamous cell carcinoma (HNSCC) cores used as positive control of CAIX immunostaining
(S–T). Panels D, H, L, P and T are higher magnifications showing details of cells within the corresponding tumour shown on panels C, G, K, O, and S,
respectively.
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CAIX had a sensitivity of 84% and a specificity of 95%
(Supplementary Table S2). Based at this cutoff we obtained a
positive predictive value of 98% and a negative predictive value
of 62%.

The mean value of CAIX in plasma obtained from NSCLC
tumours inferior to 1 cm (n¼ 29) was 28.22 pg ml – 1 and remained
significantly higher when compared with the mean value of CAIX
in plasma obtained from the control group (2.48 pg ml – 1, n¼ 58,
P¼ 0.004) (Figure 2C).

The CAIX plasma level was significantly correlated to tumour
size (P¼ 0.042) (Table 2). No significant association with age,
gender, smoking status, histological subtypes, or histological grade
of the tumours was noted (Table 2).

Association of the CAIX concentration in plasma with
hypoxia and proliferation

The CAIX plasma level was compared with HIF-1a expression and
the Ki-67 tumour tissues index using the Spearman’s Rank test.
There was no significant correlation of the CAIX plasma level with
these molecules (HIF-1a; r¼ 0.04; P¼ 0.90; and Ki-67; r¼�0.02;
P¼ 0.82, respectively; data not shown).

Relationship between CAIX tumour expression and
outcome of patients with NSCLC

The status of CAIX as determined by immunohistochemistry on
TMA was evaluated by Kaplan– Meier analysis for association with
OS and DSS. We found that CAIX overexpression was significantly
associated with shorter OS when compared with low CAIX
expression levels (median survival time; 42 vs 55 months)
(P¼ 0.05) (Figure 3A). The univariate analysis revealed that CAIX
overexpression was significantly associated with worse DSS
(median survival time; 44 vs 61 months; P¼ 0.002) (Figure 3B).
In addition, the OS of stage Iþ II tumours was significantly shorter
among patients overexpressing CAIX (median survival time; 44 vs
59 months) (P¼ 0.034). However, no significant difference was
noted in later stage IIIþ IV tumours (median survival time; 32 vs
37 months) (P¼ 0.56). The DSS of stage Iþ II tumours was
significantly shorter for those overexpressing CAIX (median
survival time; 48 vs 75 months) (P¼ 0.001). However, no
significant differences were noted in later stage IIIþ IV tumours
(median survival time; 36 vs 37 months) (P¼ 0.290). Sub-
sequently, a multivariate survival analysis using the Cox’s
proportional hazard model was performed to examine the
importance of CAIX expression in patient outcome when other
prognostic factors were included (Table 3). CAIX overexpression
(RR¼ 0.503, CI¼ 0.323– 0.782, P¼ 0.002), the disease stage
(RR¼ 0.388, CI¼ 0.268 –0.562, P¼ 0.001) and the histological
grade (RR¼ 0.611, CI¼ 0.409 –0.914, P¼ 0.016) were significantly
independent prognostic factors of DSS. CAIX overexpression
showed a trend as an independent prognostic factor of OS
(RR¼ 0.700, CI¼ 0.471 –1.041, P¼ 0.068).

With regard to the correlation between CAIX and HIF-1a
tissue expression, the Kaplan– Meier analysis showed a trend
towards worse OS and DSS for patients with both high HIF-1a
and CAIX expression (P¼ 0.087 and P¼ 0.07, respectively)
(Supplementary Figure S3A, B). In addition, when HIF-1a
overexpression was evaluated by univariate analysis for a relation-
ship to outcome according to different histological subtypes,
there was a trend towards worse DSS in squamous cell carci-
nomas (median survival time; 52 vs 62 months) (P¼ 0.07).
In contrast, HIF-1a overexpression was not significantly asso-
ciated with survival of NSCLC patients according to the
Kaplan–Meier method or by multivariate Cox analysis (P¼ 0.51;
P¼ 0.57, respectively) (Supplementary Figure S4, Supplementary
Table S3).

The CAIX level in plasma as a biomarker of poor
prognosis in patients with NSCLC

Using an empirical thresholding method, we determined a
threshold of 100 pg ml – 1 (490%) plasma CAIX, as an ideal cut
off for stratification of patient survival. The mean plasma CAIX
level 4100 pg ml – 1 was considered as a high level of CAIX,
whereas that of p100 pg ml – 1 was considered as a low CAIX level.
A high plasma CAIX level significantly correlated with decreased
OS (Po0.001) (Figure 3C) and DSS (Po0.001) (Figure 3D). The OS
of early-stage Iþ II tumours was significantly shorter among those
with a high CAIX plasma level (P¼ 0.003), but there was no
significant difference in later stage IIIþ IV tumours (P¼ 0.51).
In addition, the DSS of early-stage Iþ II tumours was signi-
ficantly shorter among those with a high level of CAIX in the
plasma (Po0.001) when compared with later stage IIIþ IV
tumours in which high CAIX was no longer associated with
survival (P¼ 0.23).

Multivariate analyses correlating histological subtypes, disease
stage, histological grade, and a high CAIX plasma level, showed
that a high CAIX plasma level was an independent prognostic
factor for OS (RR¼ 0.296, CI¼ 0.119– 0.736, P¼ 0.009) and DSS
(RR¼ 0.102, CI¼ 0.032 –0.330, Po0.001) (Table 3).
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Expression of CAIX in tumour samples vs the level of CAIX
in plasma

A w2-test was used to compare CAIX immunostaining expression
in tumour samples with the CAIX values in plasma from
125 patients for whom we have performed in parallel both
measurements. We found no significant association (P¼ 0.919)
(Supplementary Table S4). Here, 90 of 125 (72%) patients had
low CAIX tumour expression, but it is noteworthy that they
still showed a high level of CAIX in their plasma (Supplementary
Table S4). Among these patients, 28 of 90 (31%) had lymph node
(pN1/pN2) or secondary metastatic sites (pM1).

DISCUSSION

Hypoxia is involved in biological processes promoting tumour
progression and stabilises HIF-1a, thereby controlling expression

of around a hundred genes involved in tumour metabolism,
pH regulation, angiogenesis, migration, and invasion, including
the membrane-associated CAIX protein (Semenza, 2003). CAIX
was proposed as a surrogate marker of hypoxia and is strongly
dependent on HIF-1 activation for expression (Beasley et al, 2001).

We showed that 135 of 555 (24.3%) NSCLC tumours overexpress
CAIX. In a previous series concerning 134 lung adenocarcinomas,
CAIX was overexpressed in 24.6% of cases (Kon-no et al, 2006).
In this work, there was a significantly higher expression of CAIX
in the non-adenocarcinoma histological subtypes (Po0.001), as
described (Kim et al, 2005). This is probably because of the fact
that SCC and LCC are frequently accompanied by necrosis and
CAIX is expressed predominantly around necrotic regions. This
peri-necrotic expression reflects the association of tissue tumour
CAIX with hypoxia (Kim et al, 2004). In our study, this was
supported by the positive correlation between immunostaining
for CAIX and HIF-1a expression in tumour tissue (P¼ 0.036).
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Figure 3 Kaplan–Meier curves of overall survival (top panels A and C), and disease-specific survival (bottom panels B and D) duration stratified
according to the tissue CAIX expression detected by immunohistochemistry (left panels A and B) and the plasma CAIX levels as determined by ELISA
(right panels C and D). The cut-off value for the CAIX immunostaining score was arbitrarily defined as superior or equal to 45 grey levels. The cut-off point
for the CAIX plasma levels was empirically defined as superior or equal to 100 pg ml – 1. The curves are labelled with the corresponding scores.

Table 3 Multivariate Cox regression analysis of tumour tissue and plasma CAIX levels expression for OS and DSS in patients with NSCLC

Overall survival Disease-specific survival

Variablesa RR (95% CI) P-value RR (95% CI) P-value

Histologic cell type 0.612 0.363–1.032 0.065 0.619 0.328–1.171 0.140
pTNM stage 0.424 0.314–0.572 0.001* 0.388 0.268–0.562 0.001*
Histologic grade 0.663 0.479–0.919 0.014* 0.611 0.409–0.914 0.016*
High CAIX tissue expression 0.700 0.471–1.041 0.068 0.503 0.323–0.782 0.002*
Histologic cell type 0.391 0.114–1.345 0.136 0.497 0.105–2.364 0.380
pTNM stage 0.509 0.229–1.130 0.097 0.480 0.166–1.389 0.176
Histologic grade 0.538 0.202–1.435 0.215 0.254 0.074–0.871 0.029*
High plasma CAIX 0.296 0.119–0.736 0.009* 0.102 0.032–0.330 o0.001*

Abbreviations: CI ¼ confidence interval; TNM ¼ tumour node metastasis. aCoding of variables: Histological cell type was coded as 1 (ADC) and 2 (non-ADC). pTNM stage
was coded 1 (stages I+II) and 2 (stages III+IV). Histological grade was coded 1 (grades 1 and 2) and 2 (grades 3 and 4). *P-value significant at the 0.05 level.
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There was no association of the CAIX level in tumour tissues with
smoking status. The occurrence of mild hypoxic condition in
smokers cannot be excluded and this could be the explanation of a
mechanism of adaptation, and therefore no increase in CAIX
expression, because of a reduced O2 supply.

The interest into CAIX expression as a prognostic factor is
currently expanding and targeted therapies directed specifically to
CAIX are being developed (Supuran, 2008). We showed that CAIX
tumour tissue expression is an independent prognostic factor for
DSS in patients with NSCLC. High CAIX expression in tissues is a
poor prognostic factor especially in early-stage Iþ II NSCLC for
OS (P¼ 0.034), and DSS (P¼ 0.001). This is in agreement with its
role in early tumourigenesis (Liao & Stanbridge, 2000). These
findings are consistent with previous reports on the prognostic
value of CAIX for early I/II stage resected NSCLC, in which the
percentage of CAIX-positive cells was significantly associated with
decreased OS (Kim et al, 2004). Kim et al (2005), reported that
only a percentage of CAIX-positive cells, and not the intensity of
staining, correlated with post-operative recurrence and DSS in 74
patients with early-stage NSCLC. In addition, when the perinuclear
pattern of expression was considered, Swinson et al (2003) showed
that CAIX was an independent prognostic factor for poor OS
in 175 patients with NSCLC. In the same study, cytoplasmic
CAIX and stromal expression were not associated with outcome,
and there was only a trend towards poor prognosis for high
membranous levels of CAIX in patients (Swinson et al, 2003). High
expression of the full-length (FL) CAIX isoform was related to
reduced survival of patients (Simi et al, 2006). Besides the expected
FL mRNA, a CAIX alternative splicing isoform was detected in
normal and in cancer cells, independently of the levels of hypoxia
(Barathova et al, 2008). This alternative splicing (AS) generates a
transcript lacking exons 8 –9 and encodes a truncated CAIX
protein lacking the transmembrane region, the intracellular tail
and the C-terminal part of the catalytic domain. The expression of
AS CAIX mRNA was not related to survival (Malentacchi et al,
2009). Overall, the antigen expression is not so homogenous and
membranous CAIX expression seems to be detected more often
than cytoplasmic or perinuclear CAIX expression in NSCLC.
Moreover, various commercial antibodies could be the link to
heteregenous patterns of CAIX expression and therefore with a
great variability in terms of outcome. Although there is a general
agreement that detection of CAIX by IHC could predict poor
prognosis in patients with NSCLC, most studies were limited in
size and had low statistical power. The differences between our
study and similar previously reported IHC studies are the large
number of cases and the use of a high throughput TMA analysis
with automatic quantification of signals to evaluate CAIX
expression in NSCLC. We strongly believe that in a large number
of NSCLC cases we were able to prove that the detection of the
membranous CAIX expression on TMA can be used as a poor
prognostic factor in NSCLC.

In this work, HIF-1a positive immunolabelling significantly
correlated to the histological subtype (Po0.001), being mostly
expressed in SCC, as already reported (Swinson et al, 2004). It was
also related to poorly differentiated tumours (P¼ 0.0001), as
already shown in different types of tumours (Couvelard et al, 2005;
Trastour et al, 2007). These findings may reflect the existence of
alternative regulatory modes of HIF-1a. HIF-1a overexpression
showed a trend toward poor survival only in SCC. However, there
was no significant relationship between HIF-1a overexpression
and survival of all NSCLC patients. Our findings are supported
by those of Lee et al (2003) who showed no association between
HIF-1a expression and overall survival in 84 NSCLC patients.
In contrast to our results, other groups reported a significant
relationship between HIF-1a expression and shorter survival
(Swinson et al, 2004; Kim et al, 2005). Swinson et al (2004)
reported that only when a high positive cutoff X60% for HIF-1a
expression was used there was a significant relationship to poor

outcome of 172 NSCLC patients. In contrast, when a cutoff X

median (5%) was used as a cutoff to define negative or positive
HIF-1a staining, it was no longer related to poor survival. Kim
et al (2005) also reported a significant association between HIF-1a
overexpression with a cutoff X51.3% and tumour progression in
a series of 74 NSCLC patients. Taken together, HIF-1a expression
was reported to be associated with poor outcome of NSCLC
patients in series that used high cut-off values and also showed a
strong relationship to SCC (Swinson et al, 2004). These results are
supported by other studies that showed a significant association
between high HIF-1a expression and shorter survival in SCC of
the head and neck (Schrijvers et al, 2008). However, these results
are in disagreement with those of Volm & Koomagi (2000) who
showed that NSCLC patients with HIF-1a-positive carcinomas
had significantly longer median survival times than patients
with HIF-1a-negative carcinomas. There may be methodological
and biological explanations for some discrepancies in the results
observed in this study. One of the issues resides in the very short
half-life of HIF-1a (o10 min), whereas the half-life of CAIX is
more than 24 h (Rafajova et al, 2004). The second limitation
resides in the sensitivity of antibodies used for immunohisto-
chemistry. Anti-HIF-1a antibodies have always been problematic,
whereas the immunogenicity of the CAIX antibody is excellent
with no non-specificity (Lam et al, 2005). Also, the variability in
the results may be due to the cut-off point used to define cases as
overexpressing HIF1-a. In this study, we have used a 45 grey-levels
threshold for a semi-automated analysis corresponding to a cutoff
X18%. This is somewhat lower than that used in several studies
showing a strong correlation with poor outcome.

One explanation for CAIX being discriminatory as a prognostic
biomarker resides in the fact that all cells exposed to hypoxia, and
therefore to a rapid proliferation, will become hypoxic and HIF-1a
positive, but not necessarily CAIX positive. In many tissues,
HIF-1a may not be sufficient to induce CAIX and only several
oncogenic steps associated to epigenetic changes leading to
chromatin remodeling will ‘uncover’ the ca9 gene and make it
permissive and inducible by HIF-1. We hypothesize that NSCLC in
which CAIX is expressed present a more aggressive phenotype.
This hypothesis is supported by our data on healthy lung tissue
exposed to hypoxia (1% O2) for 24 h. Although hypoxia-induced
HIF-1a stabilisation was detected by IHC on normal tissue, there
was no CAIX expression (Supplementary Figure S5). Instead, we
observed increased expression of BNIP3 and BNIP3L, two proteins
whose expression is enhanced by HIF-1 (Guo et al, 2001). In this
regard, further studies must be performed to check BNIP3 and
BNIP3L status in the different tumour tissues. Moreover, for
the subpopulation with high HIF-1a expression, we showed that
HIF-1a required CAIX expression to predict a trend towards poor
OS and DSS. This may suggest that expression of HIF-1a alone
may not be enough to affect the malignant potential of all NSCLC,
but rather requires the expression of HIF-1a-regulated genes.

Recent studies have shown that soluble CAIX is being shed from
the tumour cells into the culture medium and plasma or urine of
renal cancer patients (21). This corresponds to the extracellular
part of the CAIX molecule, which is composed of the proteoglycan
(PG)-like and CA domains that are cleaved off the plasma
membrane (Zavada et al, 2003). Our study reports that the plasma
CAIX level in NSCLC patients is significantly higher than in
healthy individuals (Po0.001). Nevertheless, we showed that the
plasma CAIX detected in patients with NSCLC is much lower than
CAIX concentrations described in renal cell carcinoma, because
the very high constitutive HIF-1a levels in these latter tumours and
also differences in CAIX expression depending on the cell type
(Li et al, 2008). Increased levels of plasma CAIX have been
reported only in urological cancers (Zavada et al, 2003; Li et al,
2008; Hyrsl et al, 2009). Thus, our report is the first study to show
evidence of high CAIX levels in the plasma of NSCLC patients.
Our data show that the CAIX ELISA had a very good sensitivity

Carbonic anhydrase IX in non-small cell lung cancer
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(84%) and specificity (95%). Moreover, even for tumours inferior
to 1 cm in size, the mean value of CAIX was significantly higher
when compared with the mean value of CAIX plasma in the control
group. It appears that there is no increase in CAIX in the plasma
of patients bearing tumours larger than 2 cm when compared
with smaller tumours (o1 cm). This is unlikely to be explained
by the loss of differentiation because in our study there was no
correlation with the histological grade. In the earlier stages of
tumour progression, conditions such as hypoxia or ischemia may
induce a high CAIX plasma level as an adaptation to confer a
proliferative advantage for tumour growth and spread. However,
when this malignant potential is attained in later stages of tumour
growth, continued shedding of CAIX into the plasma might no
longer be required. The difference in the CAIX plasma level may
reflect distinct molecular pathways and genetic alterations that
impact small-sized tumours, which may determine the subsequent
development and risk of progression, as already suggested for
bladder cancers (Turner et al, 2002). On the other hand, the
cumulative effects of genetic lesions involved in cancer progression
could alter the pathways of the hypoxic response and therefore
could affect the CAIX plasma level (Rak et al, 2002). This is in
agreement with the lack of correlation between the plasma CAIX
level and Ki-67 index observed in our study. Surprisingly, the
CAIX plasma level was not related to HIF-1a detection as observed
with IHC (r¼ 0.04, P¼ 0.90). Moreover, there was no correlation
with SCC or LCC subtypes as we observed in the case of
immunodetected CAIX. With regard to the relationship between
membranous CAIX and HIF-1a detection, this finding is raising a
question on whether and how HIF-1a could influence the CAIX
shedding from tumour cell surface.

Although our observations were inconsistent with the proposal
that hypoxia and HIF-1 are the sole regulators of CAIX expression
and thus shedding (Zatovicova et al, 2005), one cannot exclude
that shedding occurs at hypoxic metastatic sites. Although the
precise molecular mechanism of regulated CAIX shedding remains
to be clarified, previous studies showed that dysregulation of
HIF-1a could be caused by mutation in the von Hippel-Lindau
(VHL) tumour suppressor gene or activation of the epidermal
growth factor receptor (EGFR) (Semenza, 2003). Mutated VHL
prevents appropriate normoxic degradation of HIF-1a and, as
such, CAIX is highly expressed in mutated VHL-related tumours,
independently of the extent of tumour necrosis (Swinson et al,
2003). VHL gene mutations have been previously shown in a
proportion of cell lines derived from small-cell lung cancer,
NSCLC, carcinoids, and mesotheliomas (Sekido et al, 1994). VHL
mutations may be present in a subgroup of patients with negative

CAIX expression in tumour tissue but with a high plasma level of
CAIX. With regard to EGFR signaling, in vitro studies showed that
signaling through the EGF pathway by phosphorylation of a
cytoplasmic tyrosine residue of CAIX may either activate CAIX
or enhance its expression (Dorai et al, 2005). In addition,
phosphorylation activates phosphatidylinositol 3-kinase, resulting
in phosphorylation of Akt and cancer cell survival (Dorai et al,
2005). This suggests that EGFR activation may also increase
induction of CAIX, and therefore the shedding of the CAIX
ectodomain. Moreover, the basal level of tissue CAIX may be
sufficient for shedding and the soluble form of CAIX may finally
represent tumour progression. Our results support this hypothesis
as we showed that a high plasma CAIX level was an independent
prognostic factor significantly related to worse OS and DSS of
early-stage Iþ II NSCLC when compared with later stage IIIþ IV
NSCLC.

When the correlation between CAIX expression levels as
determined by ELISA and immunohistochemistry was assessed,
we did not find any relationship. This indicates that the two
methods are not directly interchangeable and that their value for
clinical purposes may be different. Overall, when we take into
account the intratumoural heterogeneity and the different
controversial results regarding the value of tissue tumour CAIX
expression as a prognostic factor, we postulate that the detection of
the soluble form of CAIX in plasma patients can be a more reliable
prognostic factor of worse OS and DSS in patients with early-stage
NSCLC.

This study shows that CAIX tumour tissue expression as
detected by immunohistochemistry on TMA, can serve as an
important predictor for survival in patients with NSCLC. More-
over, we showed that the plasma CAIX level is an independent
prognostic factor in early-stage NSCLC. Our results support the
high specificity and the potentiality of plasma CAIX as a helpful
clinical biomarker for detection of NSCLC at an early stage.
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Overexpression of carbonic anhydrase XII in tissues from
resectable non-small cell lung cancers is a biomarker
of good prognosis
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The pattern of protein expression in tumors is under the influence of nutrient stress, hypoxia and low pH, which determines

the survival of neoplastic cells and the development of tumors. Carbonic anhydrase XII (CAXII) is a transmembrane enzyme

that catalyzes the reversible hydration of cell-generated carbon dioxide into protons and bicarbonate. Hypoxic conditions

activate its transcription and translation and enhanced expression is often present in several types of tumors. The aim of our

study was to assess the prognostic significance of CAXII tumor tissues expression in patients with NSCLC. Five hundred fifty-

five tumors were immunostained for CAXII on tissue microarrays (TMA) and the results were correlated with

clinicopathological parameters and outcome of patients. CAXII overexpression was present in 105/555 (19%) cases and was

associated with tumors of lower grade (p 5 0.015) and histological type (p < 0.001), being significantly higher in squamous

cell carcinoma. High CAXII expression correlated with better overall and disease-specific survival of patients with resectable

NSCLC in univariate (p < 0.001) and multivariate survival analyses (p < 0.001). In conclusion, this is the first study

demonstrating that a high CAXII tumor tissue expression evaluated on TMAs is related to a better outcome in a large series of

patients with resectable NSCLC.

Lung cancer has the highest cancer-related morbidity and
mortality rate in the world.1 Non-small cell lung cancer
(NSCLC) accounts for �80% of all lung cancers and more
than a half of patients with early-stage NSCLC die within 10
years of diagnosis.2,3 Despite major advances in surgical tech-
niques and new strategies in chemotherapy and/or radiother-
apy, long-term survival is achieved in only 5–10% of
patients.4,5 Thus, identifying new tissue-based biomarkers
that can predict the risk of progression and recurrence is
warranted and urgently needed to improve the control of this
deadly form of cancer.

As hypoxia-regulated molecular pathways have been ana-
lyzed in recent years, hypoxia-inducible genes are becoming
interesting candidates as predictors of outcome.6 More than
100 genes involved in pH regulation, tumor metabolism,
angiogenesis, migration and invasion, are currently known to
be regulated by the hypoxia-inducible factor-1 (HIF-1), the
key mediator of the cellular response to hypoxia.7 Among the
corresponding gene products, the isoenzymes of the carbonic
anhydrase (CA) family, CAIX and CAXII, are induced under
hypoxic conditions in a variety of tumors and cultured tumor
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cells and their expression is downregulated when returned to
normoxia,8–11 particularly for CAIX, the most inducible iso-
form. CAXI and CAXII are transmembrane zinc metalloen-
zymes that catalyze the reversible hydration of carbon dioxide
to form bicarbonate (H2O þ CO2 $ Hþ þ HCO3�). The
enzymatic activity of these CAs is likely involved in modulat-
ing a variety of physiological processes including transport of
carbon dioxide and solutes, as well as acidification of the
microenvironment that can modulate the tumor malignant
phenotype.12,13 Previous studies have described two mecha-
nisms that control the expression of CAXII and CAIX. Regu-
lation through hypoxia plays one of the major roles, ca9
being directly upregulated via the binding of HIF to a hy-
poxia-response element (HRE) within the basal promoter of
ca9.6,11 The other regulatory mechanism involves the protein
product of the von Hippel-Lindau tumor suppressor gene
(pVHL), which downregulates the expression of CAIX and
CAXII.8 However, it is noteworthy that the expression and
the tissue distribution of the CAXII protein do not correlate
with the expression of CAIX.8 CAXII was originally identified
as a protein overexpressed in renal cancer cells,9 but it is also
known to be overexpressed in different human cancers, such
as diffuse astrocytomas and colorectal, gastrointestinal, breast,
pancreatic, ovarian and renal carcinomas.14–19 In vitro and
in vivo studies revealed that both CAIX and CAXII are func-
tionally connected to neoplastic processes, and promote tu-
mor cell survival and growth by counteracting acidosis
through the regulation of the intracellular pH.20–22 Moreover,
recent studies showed that combined silencing of CAIX and
CAXII can reduce the rate of growth of colon xenograft
tumors.20

Whereas tumor expression of HIF-1a and CAIX has been
shown to correlate with poor survival of NSCLC patients,23,24

the significance of expression of CAXII, which lacks the N-
terminal proteoglycan domain of CAIX, which is implicated
in cell adhesion,25,26 has not been examined in NSCLC.27 In
addition, the potential role of tumor CAXII expression as a
prognostic biomarker in NSCLC has not been investigated.

In our study, we examined the expression of CAXII in a
large collection of NSCLC tissue samples to assess if CAXII
might serve as a predictor of outcome. Specifically, we aimed
to assess the association between CAXII expression and the
clinicopathological parameters of NSCLC patients and the
relationship to outcome. Surprisingly, we found a relationship
between CAXII overexpression and better outcome of
patients. Our data suggest that CAXII expression in tumor
tissue could serve as a potential biomarker to determine bet-
ter prognosis in patients with resectable NSCLC.

Material and Methods
Patients

Five hundred fifty-five patients who underwent surgery for
NSCLC (Department of Thoracic Surgery, Louis Pasteur Hos-
pital, Nice, France) were included in our study between Janu-

ary 2001 and January 2008. The patients received the neces-
sary information concerning the study and consent was
obtained from each patient. The study was approved by the
Ethics Committee of CHU of Nice and performed according
to the guidelines of the Declaration of Helsinki. Cases were
selected to build tissue microarrays (TMA) and included only
if clinicopathological and survival data were available. The
main clinical and histopathological data are summarized in
Table 1. Morphological classification of the tumors was
assigned according to the WHO criteria.2 The tumors were
staged according to the international tumor-node-metastasis
system.28 The median follow-up at the time of analysis was
35 months (range, 3–102 months). Of 555 patients, 122
(22%) died from cancer.

TMA construction and immunohistochemistry

TMA was constructed from archival paraffin-embedded, for-
malin-fixed tissue blocks. Representative tumor regions were
selected for building TMAs and arrays were designed as previ-
ously described.29 Briefly, three core tissue biopsies, 600 lm in
diameter, corresponding to selected morphologically represen-
tative regions of each paraffin-embedded NSCLC, were
punched and transferred to a receiver paraffin block using an
automated tissue arrayer (Beecher Instruments, Sun Prairie,
Wisconsin, USA). Three additional core tissue biopsies were
selected from morphologically normal lung tissue adjacent to
each tumor and served as a negative control. The quality of
morphologically representative areas of the original lesions was
assessed on each receiving paraffin block by H&E staining.

Immunohistochemistry for CAXII was performed on serial
4-lm deparaffinized TMA sections using an automated sin-
gle-staining procedure (Benchmark XT, Ventana Medical
Systems, Roche Group, Inc., Tucson, Arizona, USA). The
protocol was completed as a one-step fully automated assay.
Liquid CoverslipTM (LCS, heat resistant oil, Ventana Medical
Systems) was used to control liquid evaporation and ensures
complete slide coverage throughout the assay. The rabbit pol-
yclonal anti-CAXII (dilution 1:2000, Sigma-Aldrich, St. Louis,
MI) was used. Paraffin tissue sections were baked at 75�C for
4 min prior to the deparaffinization step with EZ Prep (Ven-
tana Medical Systems) at 76�C for 4 min. Deparaffinized tis-
sue sections were pretreated with a combination of heat treat-
ment and the following antigen retrieval solutions Cell
Conditioner #1 (CC1, EDTA buffer pH 8.4), Cell Conditioner
#2 (CC2, Citrate buffer pH6) or Protease 1 (P1 0.5U/ml) to
unmask antigen targets. Incubation without the primary anti-
body under the same condition served as a negative control.
Washing steps with Reaction Buffer (Tris-based buffer pH
7.6, Ventana Medical Systems) were performed at 37�C.
Finally, the signal was detected using XT iView DAB V.1 kit
(Ventana Medical Systems). Incubation with a mouse/rabbit
biotinylated secondary antibody was performed for 8 min at
37�C and streptavidin complexed with peroxidase was added
for 8 min at 37�C. 3-30-Diaminobenzidine (Sigma-Aldrich)
was the chromogen in all reactions. Tissue sections were
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counterstained with Hematoxylin II (Ventana Medical System)
for 8 min and bluing reagent for 4 min. Counterstained slides
were first rinsed with soap under tap water to remove LCS,
rinsed with distilled water until the soap was removed com-
pletely from the slide and then dehydrated with absolute alco-
hol and mounted with an automatic sealing machine (Tissue-
TekVR SCA, Sakura Finetek, Torrance, CA). Positive controls
for CAXII were biopsy cores of breast carcinoma, which have
been previously established as positive for CAXII.30

Assessment of CAXII expression

After antibody staining, images were acquired using auto-
mated, quantitative analysis, as described previously.29 Tissue
cores were analyzed with a semiautomated tissue array
image-analysis workstation (Spot Browser, version 7,
Alphelys, Paris, France). The CAXII signal was measured on

a grayscale of 0 (black) to 255 (white) and expressed as target
signal intensity relative to the cell membrane. Gray values
ranged between 0 and 122, and a value superior or equal to
45 was arbitrarily defined as CAXII overexpression. The
degree of positive staining on the sections was assessed at
high magnification (�200). In parallel, assessment of immu-
nostaining was performed by three pathologists (M.I., V.H.
and P.H.) blinded to clinicopathological parameters of
patients. Staining intensity was based on a scale from 0 to 3
and the percentage of positive cells (0 < 1%, 1 ¼ 1–10%, 2
¼ 10–50% and 3 > 50%). The product of the intensity of
staining and the percentage of tumor positive cells was then
calculated to produce an immunostaining score (IHC score)
of 0–300, as previously described.31 An IHC score > 40 dis-
tinguished high from low expression of CAXII.30 Spots were
excluded from analysis if they contained no tumor tissue

Table 1. Correlation of CAXII expression as detected by immunohistochemistry on TMA with
clinicopathological parameters of 555 NSCLC patients

Variables1 Total (n 5 555)2

CAXII status

p-value3Low2 (n 5 450) High2 (n 5 105)

Age at diagnosis (years)

Median 6 SD 59.5 6 7.3 60.5 6 7.7 57.6 6 6.7 0.285

Gender

Male 415 (75) 344 (83) 71 (17) 0.08

Female 140 (25) 106 (76) 34 (24)

Smoking history

Never 75 (14) 55 (73) 20 (27) 0.093

Former or current 480 (86) 395 (82) 85 (18)

Tumour size (cm)

Median 6 SD 3.7 6 2.4 3.1 6 2.3 4.2 6 2.4 0.044

Histological type

ADC 281 (50) 250 (89) 31 (11) <0.001

SCC 184 (33) 120 (65) 64 (35)

LCC 43 (8) 39 (91) 4 (9)

NOS 47 (9) 41 (87) 6 (13)

Disease stage

I 273 (49) 216 (79) 57 (21) 0.702

II 111 (20) 92 (83) 19 (17)

III 150 (27) 125 (83) 25 (17)

IV 21 (4) 17 (81) 4 (19)

Tumour grade

1 214 (38) 163 (76) 51 (24) 0.042

2 187 (34) 151 (81) 36 (19)

3 137 (25) 119 (87) 18 (13)

4 17 (3) 16 (94) 1 (6)

Neoadjuvant therapy 67 (12) 53 (79) 14 (21) 0.629

1v2 or Mann–Whitney test when appropriate. 2Values expressed as n (%) or median 6 SD. 3p-value
<0.05 statistically significant.
ADC: adenocarcinoma; SCC: squamous cell carcinoma; LCC: large cell carcinoma; NOS: not otherwise
specified.
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(sampling error), or too few tumor cells (<10%). The overall
score used for statistical analysis was the mean value from all
spots of the same tumor. In parallel, whole-tissue sections
from tumor blocks of a subset of 40 cases were stained for
CAXII and compared to the corresponding TMA spots using
the aforementioned scoring criteria. For the capture of photo-
graphs we used an image system, including a CoolSNAP EZ
cooled charge-coupled device camera (Roper Scientifique,
Evry, France) and a Leica DMR optic microscope (Leica
Microsystems Imaging Solution, Cambridge, UK).

Statistical analysis

Analyses were performed using SPSS 16.0 statistical software
(SPSS, Chicago, IL). Differences between groups were eval-
uated using the v2 for categorical variables and the Mann–
Whitney test for continuous variables. The degree of agree-
ment between data from whole-tissue sections and the mean
value of three spots was assessed using the Cohen’s j coeffi-
cient. Median time of follow-up was calculated with the
Schemper method.32 Survival rates were estimated using the
Kaplan–Meier method and were compared with the log-rank
test for determining significance. Patients lost for follow-up
or who died from other causes were censored at the date of
death. The univariate and multivariate Cox proportional haz-
ards models were used for determining the relative risk. Vari-
ables that were associated with survival with a p-value < 0.20
in the univariate analysis were included in the multivariate
regression. The variables included in the model for disease-
specific survival (DSS) and overall survival (OS) were clinical
parameters (age, gender, smoking history and neoadjuvant
therapy), disease stage, histological cell type and tumor grade.
All statistical tests were two-sided, and the level of signifi-
cance was set at p < 0.05.

Results
Immunohistochemical analysis of CAXII expression on TMA

The immunohistochemical labeling was successful in 92.4%
(513 of 555) of the initially designed samples of TMA. Forty-
two tumors (7.5%) were re-punched on a separate receiver
paraffin block to complete the immunohistochemical analysis.
Finally, all spots (100%) of NSCLC tumors included on TMA
were then interpretable for analysis.

Negative or weak, intermediate and high CAXII immuno-
staining was observed among the different histological sub-
types of NSCLC tumors as illustrated in Figure 1. The mem-
branous immunolabeling pattern of CAXII in epithelial
tumor cells, as revealed in sections of breast carcinoma used
as positive controls, was retained for further analyses (Fig. 1).
Tissue core biopsies taken from normal lung tissue were
immunonegative for CAXII (Fig. 1). Furthermore, the CAXII
expression levels observed in the TMA cores faithfully
reflected the staining intensity of this protein in whole-tissue
sections from corresponding tumor blocks in a subset of 40
tumors (j ¼ 0.86), as described in the ‘‘Patients and Meth-
ods’’ section (data not shown).

Correlation between CAXII expression and the

clinicopathological status of NSCLC patients

CAXII expression was evaluated according to the clinicopa-
thological parameters of patients. Of 555 tumors, 105 (19%)
demonstrated high CAXII expression (Table 1). CAXII over-
expression was significantly associated with tumor size (p ¼
0.044), the histological subtype (p < 0.001) and the tumor
grade (p ¼ 0.042). Sixty-four (35%) of the 184 squamous cell
carcinomas (SCC) overexpressed CAXII, whereas 31 (11%) of
281 adenocarcinomas (ADC) had high CAXII expression (p
< 0.001). CAXII overexpression was significantly associated
with well-differentiated tumors (1 þ 2 vs. 3 þ 4 tumor grade,
p ¼ 0.016). To further analyze the relationship to tumor size,
categorical variables were used in a v2 test. High CAXII
expression was significantly correlated to tumors inferior to 7
cm in size (p ¼ 0.035) (Fig. 2). Moreover, a significant asso-
ciation was observed between high CAXII expression in
tumors inferior or equal to 3 cm in size and that observed in
tumors larger than 7 cm (p ¼ 0.021) (Fig. 2). In addition,
there was a tendency for association between CAXII overex-
pression in tumors superior to 3 cm but inferior to 7 cm in
size in comparison to lesions superior to 7 cm (p ¼ 0.069)
(Fig. 2). However, there was no significant difference between
CAXII overexpression in tumors inferior or equal to 3 cm
and those superior to 3 cm and inferior to 7 cm (p ¼ 0.194).
No significant association with other clinicopathological pa-
rameters such as age, sex, smoking status, tumor size and dis-
ease stage or neoadjuvant therapy was observed (Table 1).

High CAXII tumor expression is associated with better OS

and DSS in patients with resectable NSCLC

A univariate analysis was conducted to explore the relation-
ship of CAXII expression, as determined by the immunohis-
tochemistry on TMA, to the survival of 555 patients with re-
sectable NSCLC. CAXII overexpression was significantly
related to better OS when compared to low CAXII expression
levels (Fig. 3). For patients who had CAXII tumor overex-
pression, the median OS was 95 months and for those who
demonstrated low CAXII tumor expression was 46 months
(p < 0.001) (Fig. 3a). In addition, patients with I þ II stage
tumors who had high levels of CAXII had not reached the
median OS and those with low levels of CAXII had a 52
months median OS (p ¼ 0.007) (Fig. 3b). For stages III þ
IV, patients with high levels of CAXII had a 79 months me-
dian OS and those with low levels of CAXII had a 29 months
median OS (p ¼ 0.011) (Fig. 3c).

The univariate analysis revealed that CAXII overexpres-
sion was significantly associated with better DSS (median
DSS was not reached for patients with high levels of CAXII
vs. 50 months for patients with negative levels of CAXII) (p
< 0.001) (Fig. 3d). In addition, patients with I þ II stage
tumors with high levels of CAXII the median DSS was not
reached and those with low levels of CAXII the median DSS
was 59 months (p ¼ 0.001) (Fig. 3e). For stages III þ IV,
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Figure 1. Representative immunohistochemical analysis of CAXII expression in NSCLC tumor TMA cores: staining levels for CAXII in NSCLC

histological subtypes: low (a–m), intermediate (b–n) and strong (c–o) CAXII membrane immunoperoxidase staining in adenocarcinoma

(ADC) (a–d), squamous cell carcinoma (SCC) (e–h), large cell carcinoma (LCC) (i–l) and sarcomatoid carcinoma (SC) (m–p). Normal alveolar

tissue (q) and bronchial epithelium (r) are devoid of staining. Strong membrane staining in breast carcinoma used as positive control for

CAXII immunostaining (s, t). Panels (d, h, l, p and t) are higher magnifications showing details of cells within the corresponding tumor

shown on Panels (c, g, k, o and s).
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patients with high levels of CAXII the median DSS was not
reached and those with low levels CAXII had a 33 months
median DSS (p ¼ 0.003) (Fig. 3f).

Subsequently, a multivariate survival analysis using the
Cox’s proportional hazard model was performed to examine
the importance of CAXII in survival when other prognostic
factors were included (Table 2). High CAXII expression was
a significant independent predictor of better OS (HR 2.876;
95% CI 1.765–4.687; p < 0.001), and DSS (HR 6.103; 95% CI
2.808–13.265; p < 0.001) (Table 2) when adjusted for other
significant variables. In addition, the histological type and the
disease stage were also independent prognostic factors for OS
and DSS (Table 2).

Discussion
We showed that CAXII, evaluated by IHC in a large series of
555 resectable NSCLC, was overexpressed in 19% of these
cases. Moreover, high CAXII tumor tissue expression was
strongly associated with tumor size (p ¼ 0.044), histological
type (p < 0.001) and tumor grade (p ¼ 0.042). We found sig-
nificantly higher expression of CAXII in SCC than in other
NSCLC histological subtypes (p < 0.001). This latter finding
is consistent with previous in vitro observations showing that
CAXII is regulated by hypoxia and responds to tumor hy-
poxia in vivo, as judged from the high amount of necrosis
that characterizes SCC, which may lead to CAXII expression
in peri-necrotic areas.10,11,30 Although a global chi-square test
demonstrated that high CAXII expression was related to
tumors inferior to 7 cm in size (p ¼ 0.035), the subgroups
related to size analysis showed significant association with
smaller sized tumors (=3 cm) (p ¼ 0.021) and a tendency for
association with mean-sized tumors (>3 cm and =7 cm) (p ¼
0.069) when compared to large-sized tumors (>7 cm). This
finding supports the idea of a hypoxia-regulated mechanism
of CAXII tumor expression since dynamic areas of progres-
sive reoxygenation and angiogenesis in tumors of growing
size might contribute to decreased CAXII expression in these

tumors (Supporting Information Fig. 1). Nevertheless, CAXII
expression should not be regarded in our study as a marker
of reoxygenation or angiogenesis according to tumor size. A
more robust biological system should be used.

Although both isoforms, CAIX and CAXII, are known to
be regulated by hypoxia, it is likely that CAXII might play a
different role in tumor development and differentiation, inde-
pendently of CAIX.33 Previous studies showed that while hy-
poxia may influence CAXII expression in focal areas within
high-grade breast tumors, the regulation of CAXII by differ-
entiation-related factors appears to be dominant in vivo.30

Consequently, our study demonstrated that high CAXII
expression was significantly associated with well-differentiated
NSCLC (p ¼ 0.01). Our data are supported by former reports
in which CAXII expression was shown to be higher in well-
differentiated and reduced in poorly differentiated tumor
lesions.16 In one previous study of 29 breast cancers there
was focal expression of CAXII in normal breast tissue and
62% of invasive carcinomas overexpressed CAXII, primarily
in low-grade tumors.10 Conversely, a recent study of 103
invasive breast carcinomas also demonstrated that CAXII
expression is increased in well-differentiated tumors.30

CAXII and CAIX demonstrate a different pattern of
expression in normal versus malignant cells and distinct asso-
ciation with tumor differentiation. CAXII is expressed in spe-
cialized cells within normal tissues10 and in several different
tumor types.9,14,34 CAIX is completely absent in the normal
kidney tissue, while it is expressed in many renal tumors,
suggesting a constitutively upregulated HIF/VHL pathway of
regulation.35,36 Moreover, CAIX expression is rather associ-
ated with poorly differentiated tumors.37 On the other hand,
CAXII expression is found in epithelial cells of normal renal
tubules and remains at a high level or is further increased in
renal cancer.19 Similar observations, which support our find-
ings, have been made in breast tissues, which do not belong
to tissues affected by VHL disease.16 CAXII expression has
been shown to be associated with lower grade breast tumors
and that its regulation is influenced by a distal estrogen-
responsive enhancer (ERE) region.11,38 Moreover, in a previ-
ous study, higher expression of CAXII was linked rather to
normal colon tissues with a slight but significant decline in
the associated cancers.14 However, this later study showed no
obvious relationship between the levels of pVHL and either
CAXII or CAIX. However, the authors did not exclude the
existence of a functional connection of pVHL with its targets
in normal colorectal epithelium, which may be uncoupled in
tumors by hypoxia.14 This divergent expression pattern and
connection to differentiation may suggest that the response
of CAXII and CAIX to the HIF/pVHL pathway is modulated
by different antagonistic regulatory factors and may modify
the relationship between these actors in the same malignant
tumor cell.

Although other members of the CA protein family have
been examined in several tumor types39,40 and it is generally
accepted that the increased expression of CAIX can predict

Figure 2. Distribution of CAXII expression according to tumor size

as a categorical variable in 555 patients with resectable NSCLC.

p value < 0.05 statistically significant.
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poor survival of patients, including those with lung cancer,41

a prognostic role for CAXII has not been previously identi-
fied in NSCLC. CAIX differs from the other CA isozymes in
that it has a proposed dual function as an efficient enzyme42

and as an adhesion molecule.25 This dual function appears to
be related to the structure of CAIX molecule that consists of
a catalytic CA domain and an extracellularly exposed N-ter-
minal proteoglycan-like region. In tumors, the CA activity

contributes to an acidic extracellular microenvironment and
intracellular alkalosis,20,22 allowing tumor cells to survive
under hypoxic conditions, favoring tumor growth, invasion
and development.43–45 In contrast, the role of CAXII, which
lacks the extracellular proteoglycan domain of CAIX impli-
cated in cell adhesion,25,26 is less well understood. Our cur-
rent study showed that CAXII tumor tissue overexpression,
as detected on TMA, is a prognostic factor associated with

Figure 3. Kaplan–Meier estimates of (a) overall survival for the entire cohort, (b) I þ II early-stages NSCLC and (c) III þ IV later-stages

NSCLC. NSCLC disease-specific survival for (d) all stages, (e) I þ II early-stages NSCLC and (f) III þ IV later-stages NSCLC. The cut-off value

was arbitrarily defined as superior or equal to 45 gray levels to define high CAXII expression.
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better OS (p < 0.001) and DSS (p < 0.001) in NSCLC, as
demonstrated by both univariate and multivariate analysis.
This finding was rather different to that of Haapasalo et al.
who conducted a study on 370 astrocytomas in which CAXII
was common in diffusely infiltrating astrocytomas, especially
in high-grade tumors, which may have indicated a strong
relation to poor prognosis.17 Hypoxia and pVHL disease or
high cell density may contribute to increased CAXII expres-
sion in astrocytomas as the most malignant type (glioblas-
toma multiforme) represents a category of highly hypoxic

and cellular tumors.46 Diffuse astrocytomas are also known
to represent a highly malignant tumor type with extremely
poor prognosis.47 Moreover, there are two alternative splicing
isoforms of CAXII and brain tumors express preferentially
the shorter spliced isoform, in contrast to colon and renal
carcinomas cell lines, which express the longer variant.17 As
an association between differential expression of splicing iso-
forms and tumor progression has been shown for several
proteins,48,49 we propose that the strong association between
increased CAXII expression and poor survival in astrocyto-
mas may be due to this splicing event.

Conversely, when an antibody recognizing both splicing
isoforms was used for CAXII immunodetection, previous
data supported our findings, as CAXII was a good prognostic
factor in invasive breast cancer and uterine cervical carci-
noma.30,33 Importantly, we showed that the prognostic value
CAXII is even more marked in advanced stages III þ IV
NSCLC in comparison with early-stages I þ II tumors (p ¼
0.011 for OS and p ¼ 0.003 for DSS in III þ IV stages,
respectively). Therefore, the difference in both OS and DSS
between low and high CAXII expression was more discrimi-
nant for later stages III þ IV NSCLC.

The dual expression and association with survival of the
related CAIX and CAXII isoforms is probably the most prob-
lematic feature in terms of therapeutic strategy against lung
cancer. We strongly believe that these CA can modulate in-
dependently the growth and survival characteristics of
tumors. In this regard, tumor cells expressing CAIX could ac-
quire a particularly hostile behavior in contrast to the cell
subpopulation overexpressing CAXII, which could be less
aggressive. Therefore, with regard to future development of
CA inhibitors, there is a need for individual targeting of these
two isoforms.

In conclusion, we demonstrated in a large series of tumors
that CAXII is highly expressed in 19% of NSCLC. This high
expression of CAXII was mainly observed in SCC, supporting
the notion that CAXII is a hypoxia regulated gene in vivo.
Another factor influencing CAXII regulation is tumor differ-
entiation, as higher levels of CAXII expression are associated
with well-differentiated NSCLC showing better survival. In
view of the contrasting clinical value observed for CAIX and
XII in several types of cancer, it will be important to explore
the prognostic significance of CAXII further, in concert with
other CAs in larger prospective studies.
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Abstract 

The disorganized neo-vasculature in tumours causes fluctuations in the concentration of 

oxygen, which contributes to tumour development and metastatic potential. Although hypoxic 

regulation of the expression of the carbonic anhydrases CAIX and CAXII is well established, the 

effect of re-oxygenation on these proteins remains to be elucidated.  

A549 and H1975 human lung cancer cell lines were exposed to hypoxia for 24 h and then re-

oxygenated. CAIX or CAXII expression and cell cycle progression at different time-points were 

monitored. We demonstrate for the first time an association between the stability of CAIX and 

restoration of the S/G2 phase of hypoxia-arrested cells subjected to re-oxygenation.  

We previously demonstrated that CAIX expression is a poor prognostic factor and that CAXII 

expression is a good prognostic factor in non-small cell lung cancer (NSCLC) patients. We further 

detail the relevance of the combined expression of these proteins for predicting outcome in a large 

population of NSCLC patients after long-term follow-up. The high CAIX/low CAXII expression sub-

group was associated with a high cumulative incidence of relapse and with poor overall survival of 

NSCLC patients (P<0.0001).  

Our results demonstrate a critical role for re-oxygenation on CAIX and CAXII levels that may 

select for an aggressive lung cancer phenotype. These findings suggest that CAIX and CAXII play 

dual roles in tumour progression and emphasize their significant prognostic and potential therapeutic 

value. 

 

Keywords: carbonic anhydrase IX, carbonic anhydrase XII, NSCLC, prognosis, re-oxygenation 
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Introduction 

Adaptation of tumour cells to hypoxia and acidosis is a critical driving force in tumour 

progression and metastasis [1]. The transcription factor hypoxia-inducible factor-1 (HIF-1) promotes 

cell proliferation and stimulates nutrient supply in hypoxia by mediating adaptive survival 

mechanisms [2]. HIF-1 also favours tumour cell survival in a hostile microenvironment via 

remediation of tumour acidosis by activating two carbonic anhydrase (CA) isoforms, carbonic 

anhydrase IX (CAIX) and XII (CAXII) [2-4]. Interestingly, ectopic expression of CAIX, alone, 

enhances cellular proliferation, while blocking its action reduces proliferation [5]. Previous in vitro 

studies demonstrated that both CAIX and CAXII are functionally involved in tumour growth and may 

promote tumour cell survival by counteracting acidosis through the regulation of the intracellular pH 

[3, 6].  

In recent years, a lot of interest has been paid to the expression of hypoxia-inducible gene 

products as candidates to predict cancer outcome [7, 8]. Clear evidence strongly implicates CAIX as a 

key pro-survival enzyme of hypoxic tumours and association with poor outcome in a wide variety of 

cancers, including NSCLC [9-11]. Recent reports have provided evidence that the extracellular 

catalytic domain can be released into body fluids of patients with kidney, bladder or lung cancers [12, 

13]. A high CAIX plasma level is predictive of poor prognosis in NSCLC patients [11]. Conversely, 

the impact of CAXII on survival remains controversial and tissue-dependent, with CAXII tumour 

expression being associated with either poor survival in infiltrating astrocytic gliomas or with better 

outcome in invasive breast carcinomas or NSCLC [14-16].  

It is well known that hypoxic areas in tumours develop as a result of an imbalance between 

oxygen supply and consumption [17]. The oxygen concentration within a hypoxic region is therefore 

highly variable. The expanding tumour mass distances certain tumour areas from local blood vessels, 

thereby limiting the oxygen supply. Additionally, at later stages of tumour progression, when a tumour 

establishes an extensive vasculature to increase oxygen supply, the defects in blood vessel structure 

contribute to re-oxygenation of certain tumour areas [18]. Fluctuating blood flow has been proposed to 

promote cancer development and progression by selecting cells that survive a hypoxic-re-oxygenation 
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stress [19]. However, the dynamics of CAIX and CAXII expression and the relationship to cell 

proliferation rates on re-oxygenation has not yet been evaluated in lung cancer cells.  

In our study we used human lung adenocarcinoma cell lines to explore the differential 

expression of CA9/CAIX and CA12/CAXII at mRNA/Protein level in hypoxia and after re-

oxygenation. We demonstrate that sustained CA9/CAIX expression along with decreased 

CA12/CAXII levels during re-oxygenation, after initial activation by hypoxia, may lead to the 

restoration of the S/G2 phase of cells subjected to re-oxygenation Moreover, this study detailed the 

relationship between combined CAIX and CAXII expression in a large population of NSCLC patients 

and questioned whether the pattern of expression may shed light on their dual potential as independent 

predictors of survival in NSCLC patients.  
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Materials and Methods 

Cell Culture and Hypoxic Exposure 

The human lung cancer cell lines A549 and H1975 were originally obtained from the 

American Type Culture Collection (ATCC). A549 cells were cultured in DMEM (Life Technologies, 

Invitrogen, Carlsbad, USA) supplemented with 10% FBS. H1975 cells were maintained in RPMI-

1640 medium (Life Technologies) supplemented with 10% FBS. Incubation in hypoxia at 1% O2 was 

carried out at 37°C in 95% humidity and 5% CO2/94% N2 in a sealed workstation (InVivO2-400, 

Ruskinn, Leicester, UK). After 24 h of hypoxic growth, cells were incubated in a humidified incubator 

with 5% CO2 and 95% room air at 37°C. Samples were collected at 0, 8, and 24 h after re-

oxygenation.  

RNA Extraction and Quantitative Reverse-Transcription PCR 

Total RNA was extracted with TRIzol Reagent (Life Technologies) and was purified by 

RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Elimination of 

DNA was achieved by treating the RNA sample with RNase-free DNase I (Life Technologies) before 

RT-PCR. Reverse transcription of total RNA was performed with a High Capacity cDNA RT Kit 

(Applied Biosystems, Foster City, USA) using random primers and 1 µg total RNA as template 

(Supplementary Data).  

Immunoblotting  

Whole-cell protein extracts were prepared from cells grown to ~50% confluence 

(Supplementary Data). The primary antibodies included anti-CAIX (Abcam, 1:1000, Cambridge, UK), 

anti-HIF-1α (1:1000, R&D Systems, Minneapolis, USA), anti-CAXII (1:200, Sigma-Aldrich), and the 

loading control anti-Erk1/2 (1:5000, Cell Signaling technology, Boston, USA).  

Flow cytometry 

Harvested cells were fixed in 75% ice-cold ethanol (in PBS) for 2 h, centrifuged, washed with 

PBS, and treated with 0.25% Triton X-100 for 10 min at room temperature, incubated 30 min in swine 

serum (1% in PBS), and then overnight with anti–CAIX (Abcam) or anti-CAXII (Sigma-Aldrich) 

antibodies (1:200, at 4°C). Cells were incubated with FITC anti-rabbit secondary antibodies (1:200 in 

PBS and 1% bovine serum albumin for 2 h), washed, resuspended in 2.5 μg/mL of propidium iodide 
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and 250 μg/mL of RNase A in PBS, and incubated at 4°C overnight. Fluorescence intensity values 

FL2-A and FL2-W were quantified in a FACScalibure (Becton Dickinson). The red and green 

emissions from each cell were separated and quantified using standard optics. 

Patients 

After our previous studies showing that CAIX and CAXII tissue expression may 

provide valuable clinical information for the outcome of NSCLC patients, we investigated the 

relevance of the combined expression of these proteins on the previous described population after 

long-term follow-up. 552 patients diagnosed with NSCLC were included in this retrospective study 

and have been previously described [11, 16]. All tumours were restaged according to the 7th edition of 

UICC-TNM staging system [20]. Morphological classification was reassigned according to the latest 

recommendations of the international association for the study of lung cancer [21, 22]. The main 

clinical and histopathological variables are summarized in Supplementary Table 2. 

Immunohistochemistry for CAIX and CAXII expression and signal automated quantification were 

described previously [11, 16, 23].  

Statistical methods 

Differences between expression groups were evaluated using the χ2 test for categorical 

variables, the Student’s t test and the one way ANOVA test for continuous variables. The coefficient 

of correlation (ρ) between variables was calculated using the Spearman’s Rank test. Survival rates 

were estimated using the Kaplan-Meier method. A Cox proportional hazard model was created to 

identify independent predictors of survival. The variables included in the model for outcome were 

tumour grade, histological subtype, and pTNM stage. All statistical tests were 2-sided, and P-

values<0.05 indicated statistical significance. 
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Results 

Unequal hypoxic activation of CA9/CAIX and CA12/CAXII in human lung adenocarcinoma 

cells 

An increase in the mRNA and protein expression of CA9/CAIX was observed after 32 or 48 h 

of hypoxia in A549 and H1975 cells (Fig. 1A, B). In contrast, hypoxia induced a delayed and modest 

induction of CA12/CAXII in comparison with CA9/CAIX in A549 cells (Fig. 1A, C).  Surprisingly, 

the full-length (FL) CA12/CAXII showed no induction by hypoxia in H1975 cells neither at the 

transcriptional nor the protein level (Fig. 1C). As previous studies showed that different forms of 

CAIX and CAXII are expressed, expression of the alternatively-spliced (AS) CA9 and CA12 variants 

in A549 and H1975 human lung adenocarcinoma cell lines was also analysed in this context. The 

expression of AS CA9 was hypoxia-inducible in both cell lines (Supplementary Fig. 1). Moreover, the 

ratio of the full-length vs. spliced form was invariable in these cells. As for the full-length variant, the 

expression of AS CA12 was increased in hypoxia in A549 cells in a time-dependent manner, but not in 

the H1975 cells (Supplementary Fig. 1).  

Dynamic response of CA9/CAIX and CA12/CAXII and the proliferation cell rate upon re-

oxygenation 

To understand the specific regulation of CAIX and CAXII after a cycle of hypoxia/re-

oxygenation, A549 and H1975 human lung adenocarcinoma cells were maintained in normoxia or 

hypoxia for 32 or 48 h or incubated in hypoxia for 24 h and then shifted to normoxia for either 8 or 24 

h. The expression level of the transcripts and of the protein, respectively CA9/CAIX observed in 

hypoxia were sustained after 8 h of re-oxygenation in both A549 and H1975 cells (Fig. 1B). Although 

CA9/CAIX levels returned to baseline normoxic levels after an additional 24 h of re-oxygenation, the 

transcript and protein levels were nevertheless significantly higher than those quantified in normoxia. 

In contrast, the CA12/CAXII expression was only slightly induced by hypoxia and dramatically down-

regulated in A549 cells after re-oxygenation (Fig. 1C). Flow cytometry of asynchronously growing 

A549 and H1975 cells showed arrest in G1 in hypoxia (80% vs. 68%; 82% vs. 56%, respectively; 

P<0.05). As expected, the S/G2 phase was restored within 24 h after re-oxygenation (28% vs. 17%; 

20% vs. 11%, respectively; P<0.05, Fig. 2A, B). Interestingly, our results reveal that CAIX expression 
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is mainly restricted to growing cells (S/G2) after 32 h of hypoxia for both A549 and H1975 cells (Fig. 

2C, D). Moreover, after 48 h of hypoxia both the G1 and S/G2 subpopulations demonstrated increased 

CAIX expression, with more staining in S/G2 cells (P<0.05; Fig. 2C, D). Our experiments revealed 

that S/G2-related CAIX expression was maintained in re-oxygenated cells relative to the normoxic 

control (P<0.05), while no effect was observed on CAXII expression (Fig. 2C, D).  

CAIX and CAXII subgroup expression in patients is associated with opposite survival 

prognosis. 

The semi-automated quantification analysis revealed 60/552 (11%) of tumours with a strong 

CAIX and low CAXII expression (Supplementary Table 2). 87/552 (16%) of tumours demonstrated 

weak CAIX and high CAXII expression. Only 17 (3%) tumours co-expressed high CAIX and high 

CAXII expression. There was no significant interrelationship between CAIX and the CAXII tumour 

expression (ρ=1, P=0.994). As shown in Supplementary Table 2, only the low CAIX/low CAXII 

expression subgroup significantly correlated with the smoking status of patients (P=0.013), the 

histological cell subtype (P<0.0001), and with well-differentiated tumours (P=0.011). Interestingly, 

the different subgroups of CAIX or CAXII expression were age, gender, tumour size, and pTNM stage 

independent.  

At the last follow-up (range, 52 to 120 months), 214/552 (39%) patients had died, including 

152/552 (28%) patients who died specifically from NSCLC progression. In the univariate analysis, 

clinical factors significantly associated with cumulated incidence of relapse (CIR) were the pTNM 

stage (P<0.0001), tumour grade (P=0.075), and the differential expression of CAIX and CAXII 

(P<0.0001) (Fig. 3). Age, gender, histological type and the smoking history were not associated with 

CIR (data not shown). In addition, the strong correlation between CIR and the differential expression 

of CAIX and CAXII was higher in early-stage I+II tumours (P<0.0001) than in later-stages III+IV 

(P=0.006) (Supplementary Fig. 2). Moreover, the strong impact of the differential expression of CAIX 

and CAXII on CIR was conserved in the most frequent NSCLC subtypes (e.g. squamous cell 

carcinoma, P<0.0001, and adenocarcinoma, P<0.0001) (Supplementary Fig. 3). In the multivariate 

analysis, the independent factors for higher CIR were stages III and IV (P<0.0001) and the high 

CAIX/low CAXII expression subgroup (P=0.022) (Table 1). Furthermore, the clinical factors 
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significantly associated with overall survival (OS) were the pTNM stage (P<0.0001), histological 

grade (P=0.006), histological cell type (P=0.05) and the CAIX and CAXII expression subgroups 

(P<0.0001) (Fig. 3). No significant correlation was observed between CIR and age, gender, or 

smoking history (data not shown). We also determined whether the CAIX and CAXII expression 

subgroups could discriminate patient outcome at each step of cancer progression. These subgroups 

significantly predicted OS in a more impressive manner in early-stage I+II tumours (P<0.0001) than in 

later-stages III+IV (P=0.040) (Supplementary Fig. 4). Moreover, the CAIX and CAXII subgroups 

significantly associated with OS in the most frequent NSCLC subtypes (e.g. adenocarcinoma, 

P=0.003, and squamous cell carcinoma, P<0.0001) (Supplementary Fig. 5). Multivariate analyses 

demonstrated that histology (P=0.013), III and IV stages (P=0.006), and the high CAIX/low CAXII 

expression subgroup (P=0.045) were independent prognostic factors for poor OS (Table 1).  
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Discussion 

There is clear evidence implicating CAIX expression as a strong predictor of poor outcome in 

patients with a carcinoma [24, 25]. Conversely, conflicting results about the impact of CAXII tissue 

expression on clinical outcome of cancer patients have been reported [5, 26].  

The tumour microenvironment is subjected to fluctuations in oxygen, which result from hyper-

proliferation and abnormal metabolism of tumour cells as well as a disorganized neo-vasculature [27]. 

Re-oxygenation of tumour cells not only increases the amount of oxygen, but may induce DNA 

damage and potentially increased genomic instability [28]. If tumour cells survive after exposure to a 

hypoxia/re-oxygenation insult, they may demonstrate drug resistance and metastatic potential [27].  

Although both CAIX and CAXII are known to be regulated by hypoxia, little is known about the 

adaptive mechanisms and dynamic responses of CAIX and CAXII upon re-oxygenation. We have 

therefore investigated the temporal relationship between the expression of CAIX and CAXII and 

hypoxia or re-oxygenation, as well as the expression in two human lung adenocarcinoma cell lines of 

their splicing variants. We have further investigated the frequency of expression of both CAIX and 

CAXII in NSCLC patients and whether the balance in expression of these two CA isoenzymes could 

modify the prediction of clinical outcome of these patients.  

The initial response of lung adenocarcinoma cells to hypoxia was the stabilization of HIF-1α 

along with marked induction of CAIX. We were not able to detect CAXII expression in H1975 cells 

neither in normoxia nor in hypoxia. These findings supported our immunohistochemical data that 

showed only a slight overlap (3%) between high CAIX and high CAXII expression in NSCLC 

patients. Twenty-seven % of tumours had either high CAIX with low CAXII expression or conversely 

low CAIX together with high CAXII expression, suggesting mutually exclusive detection of these two 

isoforms in NSCLC. Moreover, no significant correlation was noted between CAIX and CAXII 

expression in tumour tissue samples.  

We hypothesized that the difference in distribution may reflect different temporal responses to 

cellular hypoxia and re-oxygenation. While CAIX showed marked induction in hypoxia of 32 h 

CAXII required 48 h of hypoxia in A549 cells. Whereas the transcript and protein levels of CAIX 

remained high during re-oxygenation for at least 24 h those of CAXII declined rapidly. Moreover, in 
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cells exposed to hypoxia we observed decreased cell cycle arrest, as previously reported [29]. Because 

fluctuations in oxygen pressure occur in tumours, we investigated the effect of re-oxygenation on 

CAIX and CAXII expression in arrested hypoxic cells. Following 8 h of re-oxygenation, the S/G2 

phase was restored and the restart-associated CAIX expression was higher relative to normoxia. Our 

findings suggest that once CAIX is transcriptionally induced by hypoxia, lung cancer cells can 

maintain CAIX stability in re-oxygenated conditions, consistent with the half-life of CAIX [30]. We 

demonstrate for the first time a connection between the post-translational stability of CAIX and the 

replicative restart of hypoxia arrested cells. Furthermore, CAXII expression seemed to have a 

minimum effect on cell proliferation upon re-oxygenation as the mRNA and protein levels were 

rapidly down-regulated by the shift to normoxia. Thus, these observations strengthen our hypothesis 

that the dynamic CAIX and CAXII response to hypoxia-re-oxygenation may promote aggressive 

tumor growth. Cancer cells may therefore require hypoxia-inducible CAXII expression at early steps 

in oncogenesis, yet CAIX expression may be more relevant in increasing the metastatic potential of 

NSCLC.  

 Our observations were supported by our findings in NSCLC patients. The strong tumour 

CAIX expression associated with weak CAXII expression had an unfavourable impact on relapse and 

survival. Surprisingly, either the co-expression of high CAIX and high CAXII or the simultaneous low 

CAIX and low CAXII tumour expression had an intermediate impact on relapse and patient outcome. 

Conversely, low tumour CAIX expression associated with CAXII overexpression, significantly 

correlated with a lower level of relapse and better prognosis. When examined with a multivariate Cox 

proportional hazard regression model controlled for several covariates, the subgroup corresponding to 

high CAIX expression together with low CAXII expression was shown to be an independent predictor 

of higher CIR and poor OS. This study allowed us to stratify NSCLC patients into groups with 

different CIR and OS rates according to the tumour CAIX and CAXII expression subgroups.  

Surprisingly, the subgroup co-expressing high CAXII and low CAIX had an improved 

outcome in NSCLC patients and this finding differs from those on astrocytomas [14, 31]. Both CA9 

and CA12 have alternatively spliced isoforms with different distributions in response to cellular 

hypoxia along with a dissimilar relationship to clinical outcome [5, 14, 26, 32]. In addition to the 



 

12 
 

expected full length mRNA of CA9, a CA9 alternative splicing isoform has been previously detected in 

normal and cancer cells, independently of the level of oxygen [32]. The AS variant generates a 

transcript lacking exons 8–9 and encodes a truncated CAIX protein lacking the transmembrane region, 

the intracellular tail and the C-terminal part of the catalytic domain. High expression of the FL-CA9 

isoform was related to decreased survival rates of lung cancer patients [33]. However, the expression 

of the AS-CA9 mRNA showed no relationship to survival [34]. Like CA9, CA12 has two splice 

variants. In astrocytomas, the shorter variant was associated with poor prognosis, in contrast to breast 

carcinoma cell lines that express preferentially the full-length variant [5, 14, 26]. In our study, the 

results of quantitative RT-PCR showed a constant FL to AS ratio in two human lung adenocarcinoma 

cells cultured under hypoxic or re-oxygenated conditions when compared to normoxia. In contrast, 

CA12 expression seemed to be dependent on the phenotype, as both FL and AS CA12 forms were 

induced by hypoxia exclusively in A549 cells.  

Conclusion 

This study emphasizes the importance of hypoxia-re-oxygenation in defining the pattern of 

CAIX and CAXII expression and the relationship with a hostile phenotype in NSCLC. The dual 

expression and association with survival of the related CAIX and CAXII isoforms may be an issue for 

determining the therapeutic strategy for NSCLC patients [35]. Thus, tumour cells expressing CAIX 

could acquire a particularly hostile behaviour in contrast to the CAXII overexpressing cell sub-

population, which may be less aggressive. Therefore, with regard to future development of CA 

inhibitors, knowledge of the CA isoform phenotype of a given tumour type is required for individual 

effective anti-cancer treatments. 
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 Table 1. Multivariate Cox proportional hazard regression analysis for predicting factors for the 

cumulative incidence of relapse and overall survival in 552 NSCLC patients. 

 

 

 

 

Prognostic factor Categories compared Hazard Ratio 95% CI P 

Cumulative Incidence of Relapse          

Tumor grade 1 vs. other 1.379 0.848–3.412 0.485 

Histological cell type ADC vs. others 1.644 0.952–2.840 0.074 

pTNM stage I+II vs. III+IV 1.883 1.416–2.500 <0.0001 

CAIX and CAXII expression sub-

groups 

High CAIX/Low CAXII vs. 

others  2.500 1.144–5.462 0.022 

Overall Survival     

Tumor grade 1 vs. other 1.782 0.781–4.065 0.169 

Histological cell type ADC vs. others 2.074 1.165–3.690 0.013 

pTNM stage I+II vs. III+IV 2.673 1.328–5.376 0.006 

CAIX and CAXII expression sub-

groups 

High CAIX/Low CAXII vs. 

others  2.490 1.020–6.079 0.045 

Abbreviations: CI, confidence interval; CIR, Cumulative Incidence of Relapse; OS, Overall Survival; ADC, 

adenocarcinoma; TNM=tumor node metastasis. 
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Legend to Figures 

Fig. 1. Dynamics of CAIX/CA9 and CAXII/CA12 expression in A549 (left panels) and H1975 (right 

panels) human lung adenocarcinoma cell lines cultured in normoxia (N), hypoxia 1% O2 (H) or re-

oxygenation (ReO2) conditions for 32 h and 48 h. (A) Immunoblot analysis using equal protein (100 

µg) detected CAIX and CAXII proteins in whole cell lysates. Total Erk is shown as loading control. 

(B) Full-length (FL) CA9 mRNA levels in A549 and H1975 cells, as determined by real-time qPCR. 

The results are representative of two separate experiments. The mRNA levels of CA9 were normalized 

to 36B4/RPLP0. (C) Full-length (FL) CA12 mRNA levels in A549 and H1975 cells, as determined by 

real-time qPCR. The results are representative of two separate experiments. The mRNA levels of 

CA12 were normalized to 36B4/RPLP0.  

Fig. 2. CAIX and CAXII expression-dependent cell proliferation in A549 and H1975 lung 

adenocarcinoma cell s. (A, B) Cell cycle quantified by flow cytometry after propidium iodide staining. 

A549 (A) and H1975 (B) cells were incubated in normoxia (left), hypoxia (center) or hypoxia (24 h) 

and then shifted to normoxia (right) for 8 h (32 h ReO2) or 24 h (48 h ReO2). Results are from one of 

three experiments. (C, D) CAIX and CAXII expression-dependent cell viability in A549 (C) and 

H1975 (D) cells. Bars, SD. *P-value significant at the level < 0.05.   

Fig. 3. (A) Kaplan-Meier curves of the cumulative incidence of relapse stratified according to the 

differential expression of CAIX and CAXII in 552 NSCLC patients. (B) Kaplan-Meier curves of 

overall survival stratified according to the differential expression of CAIX and CAXII in 552 NSCLC 

patients. 
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Legend to Supplementary Figures  

Supplementary Fig. 1. Expression of the alternatively-spliced (AS) CA9 and CA12 variants and the 

FL/AS ratio in A549 and H1975 human lung adenocarcinoma cells cultured under normoxic or 

hypoxic (1% O2) conditions for 24 h or 48 h. The results are representative of two separate 

experiments. (A) Top panel, expression of the AS-CA9 levels in either A549 or H1975 cells, as 

determined by real-time qPCR. Bottom, The FL/AS-CA9 ratio in the cells. The mRNA levels of CA9 

were normalized to 36B4. (B) Top panel, expression of the AS-CA12 level in either A549 or H1975 

cells, as determined by real-time qPCR. Bottom, The FL/AS-CA12 ratio in the cells. The mRNA levels 

of CA12 were normalized to 36B4.   

Supplementary Fig. 2. (A) Median cumulative incidence of relapse stratified according to the 

differential expression of the CAIX and CAXII subgroups in early-stage I+II NSCLC. (B) Kaplan-

Meier estimates of the cumulative incidence of relapse based on the differential expression of CAIX 

and CAXII in early-stage I+II NSCLC. (C) Median cumulative incidence of relapse stratified 

according to the differential expression of the CAIX and CAXII subgroups in later-stage III+IV 

NSCLC. (D) Kaplan-Meier estimates of the cumulative incidence of relapse based on the differential 

expression of CAIX and CAXII in later-stage III+IV NSCLC. 

Supplementary Fig. 3. (A) Kaplan-Meier estimates of the cumulative incidence of relapse based on 

the differential expression of CAIX and CAXII in lung squamous cell carcinomas. (B) Kaplan-Meier 

estimates of the cumulative incidence of relapse based on the differential expression of CAIX and 

CAXII in lung adenocarcinomas. 

Supplementary Fig. 4. (A) Median overall survival (OS) stratified according to the differential 

expression of the CAIX and CAXII subgroups in early-stage I+II NSCLC. (B) Kaplan-Meier estimates 

of the OS based on the differential expression of CAIX and CAXII in early-stage I+II NSCLC. (C) 

Median overall survival stratified according to the differential expression of the CAIX and CAXII 

subgroups in later-stage III+IV NSCLC. (D) Kaplan-Meier estimates of the overall survival based on 

the differential expression of CAIX and CAXII in later-stage III+IV NSCLC. 

Supplementary Fig. 5. (A) Kaplan-Meier estimates of the overall survival (OS) based on the 

differential expression of CAIX and CAXII in lung squamous cell carcinomas. (B) Kaplan-Meier 
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estimates of the OS based on the differential expression of CAIX and CAXII in lung 

adenocarcinomas. 
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 Supplementary Data 

 RNA Extraction and Quantitative Reverse-Transcription PCR 

 Total RNA was extracted with TRIzol Reagent (Life Technologies) and was purified 

by RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

Elimination of DNA was achieved by treating the RNA sample with RNase-free DNase I 

(Life Technologies) before RT-PCR. Reverse transcription of total RNA was performed with 

a High Capacity cDNA RT Kit (Applied Biosystems, Foster City, USA) using random 

primers and 1 µg total RNA as template. The reaction mixture was incubated at 25°C for 10 

min, 37°C for 2 h and 85°C for 5 min. PCR primers were designed based on the complete 

cDNA sequences deposited in GenBank (accession numbers: NM_001216.2 for FL CA9, 

EF122496.1 for AS CA9, NM_001218.3 for FL CA12, and NM_206925.1 for AS CA12; 

Supplementary Table 1). PCR products were detected with SYBR Green probes (Life 

Technologies) and PCR was performed using the ABI 7500 Fast apparatus (Life 

Technologies). For each cDNA sample, an internal control, human 36B4/RPLP0 was also 

measured. The amount of human CA9 and CA12 transcripts in the different cell lines after 

indicated treatments compared to 36B4 in each sample was calculated. All measurements 

were carried out in duplicate. 

 Immunoblotting  

 Whole-cell protein extracts were prepared from cells grown to ~50% confluence. The 

cells were scratched from culture plates and lysed in Laemmli buffer (60 mM Tris-Cl pH 6.8, 

2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromophenol blue). The protein 

concentration was measured by the Lowry method (BioDC, Bio-Rad), and 50–75 µg protein 

was separated on 7%, 10% and 12% denaturing SDS polyacrylamide gels. The separated 



2 

 

proteins were electrophoretically transferred to polyvinylidene fluoride membranes 

(Millipore, Watford, UK) 2 h at 400 mA. The membranes were blocked with Tris-Buffered 

Saline Tween-20 containing 5% non-fat milk at room temperature. Detection of specific 

proteins was done by probing membranes with primary antibodies in 0.1% Tween-20 

containing 5% nonfat dry milk overnight at 4 °C. These antibodies included anti-CAIX 

(Abcam, 1:1000, Cambridge, UK), anti-HIF-1α (1:1000, R&D Systems, Minneapolis, USA), 

anti-CAXII (1:200, Sigma-Aldrich), and the loading control anti-Erk1/2 (1:5000, Cell 

Signaling technology, Boston, USA). After incubation with horseradish peroxidase-

conjugated IgG secondary antibodies (1:5000), the immunoreactivity was visualized by 

enhanced chemiluminescence (Perkin Helmer, Buckinghamshire, UK). 
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Legend to Supplementary Tables  

Supplementary Table 1. Primer sequences for quantitative real-time PCR used in the study 

 

Gene Forward primer Reverse primer PCR product size 

CA9 TGACTACACCGCCCTGTGC GCTCACACCCCCTTTGGTTC 353 bp 

CA9 FL TGACTACACCGCCCTGTGC CAGGTCCCCACAGGGTGTC 108 bp 

CA9 FC CCAGGGCTAGGACTGCTTAGC GCTCACACCCCCTTTGGTTC 110 bp 

CA12 CAACTTCCGGCAGGTCCAGA CTGGACACTTGCGACACCTCAA 336 bp (isoform 1) 

303 bp (isoform 2) 

CA12 FL TACACCTCCTTCTCCCAAGTGCAAG TGTGGTGGTGGTGTCCATTTGGC 121 bp 

CA12 FC CACCTCCTTCTCCCAAGGCATCATC TGTGGTGGTGGTGTCCATTTGGC 86 bp 
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Supplementary Table 2. Correlation of CAIX and CAXII expression subgroups as detected by 

immunohistochemistry on TMAs with the clinicopathological parameters of 552 NSCLC patients. 

 

Feature 

Overall  Low CAIX High CAIX Low CAIX High CAIX 

P n (%) Low CAXII Low CAXII High CAXII High CAXII 

  n (%) n (%) n (%) n (%) 

Patient cohort 552 (100) 332 (60) 116 (21) 87 (16) 17 (3)   

Age (y) §      0.315 

Mean ± SD 64 ± 10 63.4 ± 10.1 65.4 ± 8.6 65.3 ± 10.6 63.1 ± 10  

Gender       0.064 

Male 413 (75) 253 (61) 89 (22) 56 (14) 15 (3)  

Female 139 (25) 79 (57) 27 (19) 31 (22) 2 (2)  

Smoking history       0.165 

Never smoked 74 (13) 39 (53) 16 (22) 14 (19) 5 (6)  

Former or current smokers 478 (87) 293 (61) 100 (21) 73 (15) 12 (3)  

Tumor size (mean ± SD) cm 3.7 ± 2.4 3.6 ± 2.4 3.6 ± 1.7 4.1 ± 2.5 4.2 ± 2.5 0.343 

Histological cell type       <0.0001 

Adenocarcinoma 279 (51) 215 (77) 33 (12) 30 (11) 1 (0)  

Squamous cell carcinoma 183 (33) 60 (33) 60 (33) 55 (30) 8 (4)  

Sarcomatoid carcinoma 47 (9) 30 (64) 11 (23) 2 (4) 4 (9)  

Large cell carcinoma 43 (7) 27 (63) 12 (28) 0 (0) 4 (9)  

pTNM stage       0.237 

I 292 (53) 180 (62) 52 (18) 50 (17) 10 (3)  

II 121 (22) 70 (58) 31 (26) 18 (15) 2 (1)  

III 127 (23) 78 (61) 27 (21) 17 (13) 5 (5)   

IV 12 (2) 4 (33) 6 (50) 2 (17) 0 (0)  

TNM = tumor node metastasis. 

χ2 test or Student’s t test was used. 

 § ANOVA test was performed. 
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Imaging, Diagnosis, Prognosis

Preoperative Circulating Tumor Cell Detection Using the Isolation
by Size of Epithelial Tumor Cell Method for Patients with Lung Cancer
Is a New Prognostic Biomarker

V�eronique Hofman1–4, Christelle Bonnetaud2, Marius I. Ilie3, Philippe Vielh5, Jean Michel Vignaud6,
Jean François Fl�ejou7, Sylvie Lantuejoul8, Eric Piaton9, Nadine Mourad10, Catherine Butori1–4,
Eric Selva2, Michel Poudenx11, St�ephanie Sibon12, Sabrina Kelhef12, Nicolas V�enissac12,
Jean-Philippe Jais13, J�erôme Mouroux12, Thierry Jo Molina14, and Paul Hofman1–4

Abstract
Purpose: Pathologic TNM staging is currently the best prognostic factor for non–small cell lung

carcinoma (NSCLC). However, even in early-stage NSCLC, the recurrence rates after surgery range from

25% to 50%. The preoperative detection of circulating tumor cells (CTC) could be useful to tailor new

therapeutic strategies in NSCLC. We assessed the presence of CTC in NSCLC patients undergoing surgery,

using cytologic analyses, after their isolation by size of epithelial tumor cells (ISET method). The presence

and the number of CTCs were considered and correlated with clinicopathologic parameters including

patient follow-up.

Experimental design: Of the 247 blood samples tested, 208 samples were from patients with resectable

NSCLC and 39 from healthy subjects. The mean follow-up was 24 months. An image of detected cells with

presumably nonhematologic features [initially defined as "circulating nonhematologic cells" (CNHC)] was

recorded. The presence of CNHC was assessed blindly and independently by 10 cytopathologists, using

cytologic criteria of malignancy on stained filters. The count of detected CNHCs was made for each filter.

Results: One hundred two of 208 (49%) patients showed CNHCs corresponding to CNHC with

malignant cytopathologic features in 76 of 208 (36%) cases. CNHCs were not detected in the control

group. A level of 50 or more CNHCs corresponding to the third quartile was associated with shorter overall

and disease-free-survival, independently of disease staging, and with a high risk of recurrence and death in

early-stage I þ II-resectable NSCLC.

Conclusion: A high percentage of NSCLC patients show preoperative detection of CNHC by the ISET

method. The presence and level of 50 or more CNHCs are associated with worse survival of patients with

resectable NSCLC. Clin Cancer Res; 17(4); 827–35. �2010 AACR.

Introduction

Lung cancer is the most prevalent neoplasm and the
major cause of tumor-related mortality in the United States
(1). Despite recent advances in themanagement of resected
lung cancers and more effective treatments of metastatic
tumors, the cure rate of patients with lung cancer remains
low (2–6). Histologic classification of lung tumors distin-
guishes small and non–small cell lung carcinomas
(NSCLC). Most NSCLCs display 3 histologic subtypes:
adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma (7, 8). The prognosis of these NSCLC subtypes is
quite similar (2–5).

Although pTNM staging is currently the only validated
prognostic factor used in NSCLC patient follow-up and
treatment, 25% to 50% of patients with early-stage NSCLC
show tumor recurrence, even following extensive tumor
resection, indicating the urgent need for more sensitive
prognostic and predictive markers (9–11).
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A sizable body of evidence indicates that metastases may
develop from circulating tumor cells (CTC) that spread into
blood vessels before, during, and/or after surgery (12).
Moreover, it has been reported that the presence of occult
metastatic disease correlates with disease recurrence in
stage I NSCLC patients (13). Thus, sensitive and specific
detection of CTC in the blood might be considered as a
potentially relevant prognostic biomarker for patients with
resectable NSCLC. Indeed, the main goal for preoperative
detection of CTC was to identify NSCLC patients with a
high risk of recurrence after surgery in order to perform the
best follow-up and therapeutic strategy.

Despite the report of a large number of studies on CTC
detection, methodologic aspects concerning sensitivity,
specificity, and reproducibility have prevented a clear
appraisal of the clinical impact (12). While reverse tran-
scriptase PCR (RT-PCR) and immune-mediated methods
can be very sensitive, specificity remains a critical issue for
these approaches, as no transcript or antigen specifically
characterizing tumor cells from solid tumors is known at
present (12). In this setting, cytopathologic analysis of
CTC, isolated according to their size (ISET, isolation by
size of epithelial tumor cells), is considered a promising
approach, as CTC enrichment is very sensitive and cell
morphology is not damaged (12, 14). This methodology
allows "classical" cytopathologic criteria of malignancy,
already used in exfoliative cytology, to be used to identify
malignant tumor cells (14). Currently, ISET technology has
been reported previously to allow identification of CTC in
patients with liver or breast cancers (15, 16). However, the

ISET method has never been used to detect CTC in patients
with NSCLC.

The aim of this study was (i) to determine the diagnostic
potential of the ISET method for preoperative detection of
CTC in resectable NSCLC patients and (ii) to correlate the
presence and number of CTCs with different clinicopatho-
logic parameters, inparticular pathologic stages, andpatient
outcome. For this purpose, cytomorphologic criteria have
been established by a panel of 10 cytopathologists for
classification of detected circulating nonhematologic cells
(CNHC) into 3 groups: (i) circulating nonhematologic cells
with malignant features (CNHC-MF), (ii) CNHC with
uncertain malignant features (CNHC-UMF), and (iii)
CNHC with benign features (CNHC-BF).

Materials and Methods

Patients and samples
Two hundred eight consecutive patients with NSCLC

undergoing surgery from September 2006 to January 2009
at the Pasteur Hospital (Department of Thoracic Surgery)
University of Nice Sophia Antipolis, Nice, France, were
entered into this study. All patients gave their informed
consent to participate in this study. Follow-up of these
patients was from 12 to 41 months (mean ¼ 24 months).
Preoperative diagnosis was made, in 50% of cases, on
bronchial biopsies and/or bronchial aspirates, transbron-
chial or transparietal chest biopsies, or mediastinoscopy
with biopsy. Biopsies were not performed for at least
15 days before surgery. Others patients underwent surgery
without previous biopsy, after diagnosis based on cancer
imaging and confirmation with frozen sections. The main
clinicopathologic parameters of the 208 patients are
summarized in Table 1. Morphologic classification was
assigned according to WHO criteria (8). The tumors were
staged according to the 7th edition of the international
tumor-node-metastasis (TNM) system (17). Twenty-nine
patients with stage IIIA disease had neoadjuvant che-
motherapy. Patients with stage IV disease had solitary
brain metastases and were considered as operable for
their lung carcinoma (18). Among the adenocarcinomas,
90 expressed the TTF1 antigen, as determined by immu-
nohistochemical (anti-TTF1 antibody, diluted 1:100;
Dako) staining. The percentage of epithelial tumor
cells in the formalin-fixed, paraffin-embedded tissue
sections of the primary tumors was less than 30% (45/
208 cases: 22%), between 30% and 80% (145/208 cases:
69%), and more than 80% (18/208 cases: 9%) and was
defined by counting the relative proportion of tumor
cells in 20 different fields of each tumor at a 200�
magnification.

Blood samples from 39 healthy volunteers were used as
negative controls. There were 29 men (median age ¼ 39
years; range ¼ 25–45 years) and 10 women (median age ¼
35 years; range ¼ 22–43 years), smokers (average 11 pack-
years; range ¼ 10–17 pack-years), without knowledge of
neoplastic disease.

Translational Relevance

Besides pathologic tumor staging, a few prognostic
biomarkers currently exist that correlate with the out-
come of patients undergoing surgery for respectable
non–small cell lung carcinoma (NSCLC). Therefore,
improvement of relevant prognostic biomarkers, in
particular for predicting recurrence, is urgently needed
in lung clinical oncology. Local recurrence and meta-
static dissemination of the primary tumor may arise
from dissemination of circulating tumor cells (CTC) in
the patient’s blood prior to surgery for radical tumor
resection. In this regard, early detection of CTC in
patients having resectable NSCLC might be considered
as a potentially relevant prognostic biomarker, which
could also tailor new therapeutic strategies. We show in
this study that the presence and number of CTCs
detected according to their size (ISET, isolation by size
of epithelial tumor cells) and then characterized by a
panel of 10 cytopathologists, using a cytomorphologic
analysis, are significantly correlated with shorter overall
and disease-free survival in patients undergoing surgery
for resectable NSCLC. We conclude that CTC detection
using the ISET method in this population has a strong
clinical impact.

Hofman et al.

Clin Cancer Res; 17(4) February 15, 2011 Clinical Cancer Research828

 American Association for Cancer Research Copyright © 2011 
 on March 19, 2013clincancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst November 23, 2010; DOI:10.1158/1078-0432.CCR-10-0445

http://clincancerres.aacrjournals.org/
http://www.aacr.org/


Methods
Ten milliliters of peripheral blood was collected in buf-

fered EDTA before anesthesia, maintained at 4�C, and
processed within 1 hour. Surgical lung specimens were
taken for pTNM staging and histologic evaluation. ISET
was carried out as previously described (15). The module

of filtrationhas10wells,making it possible to loadand filter
10 individual samples in parallel. Briefly, after blood filtra-
tion, the membrane was then gently washed with PBS,
disassembled from the filtration module, and allowed to
air-dry. The membrane was cut into 2 parts, containing
respectively 6 spots for staining and 4 spots stored for
further potential studies. The 6 spots were stained using a
modified May-Gr€unwald-Giemsa (MGG) staining method
with the following steps: May-Gr€unwald (undiluted, 5
minutes), May-Gr€unwald (diluted 50%, 5 minutes), and
Giemsa (diluted 10%, 40 minutes), followed by rinsing
with PBS for 1 minute. Membranes were then air-dried and
kept in the dark at room temperature. Stained spots were
examined by light microscopy, using different steps: (i)
observation at 100� and 200� original magnification to
look forCNHCand to count these cells, and (ii) observation
at 630� and 1,000� originalmagnificationwith oil immer-
sion for detailed cytomorphologic analysis. The following
criteria were taken into account to characterize the detected
nonhematologic cells: irregularity and size of the nucleus,
anisonucleosis, nuclear hyperchromatism, nucleocytoplas-
mic ratio, size and number of nucleoli, and presence of
tridimentional sheets.CNHC-MFswere characterizedby the
presenceof at least 3 of the following criteria: anisonucleosis
(ratio >0.5), nuclei larger than 3 calibrated pore size of the
membrane (8 mm; >24 mm), irregular nuclear borders, and
presence of 3-dimensional sheets (Fig. 1A, a–c). CNHCs
were defined as uncertainmalignant features (CNHC-UMF)
when less than 3 of these criteria were present (Fig. 1A, d–f).
CNHCs with benign features (CNHC-BF) were character-
ized in the absence of these criteria (Fig. 1A, g–i). A semi-
quantitative analysis was performed on each filter, and
patients were categorized into different groups according
to the number of detected CNHC: group 1, less that 10
CNHCs (Fig. 1B, a and d); group 2, between 10 and 100
CNHCs (Fig. 1B, b and e); and group 3, more than 100
CNHCs (Fig. 1B, c and f).Moreover,CNHCwas expressedas
the median and as the interquartile difference, when con-
sidered as a continuous variable. The third quartile of the
CNHC distribution function was used as the cutoff value.
Moreover, this agrees with the cytomorphologic analysis
becausewhenmore than 50CNHCswere present, theywere
more easily diagnosed as malignant. Both semiquantitative
stratification and the cutoff point of 50 or more CNHCs
were used for statistical analyses. Eight hundred sixteen
photographs (average mean 8 photographs per filter, range
¼ 1–29) were recorded, and images were digitized and
collected by 2 cytopathologists (V.H. and P.H.). All images
were then reviewed independently by the panel of cyto-
pathologists (V.H., C.B., P.V., S.L., N.M., J.F.F., T.J.M., J.M.
V., E.P., and P.H.) in a blind way without knowledge of the
diagnosis and clinical status. Images were scored indepen-
dently by the cytopathologists as CNHC-MF, CNHC-UMF,
or CNHC-BF for each individual.

Statistical analysis
All calculations were performed with the statistical soft-

ware R, a free language and environment for statistical

Table 1. Main epidemiologic, clinical, and
pathologic characteristics in NSCLC patients
included in the study

Clinical and pathologic
parameters

No of
patients (%)

Overall 208 (100)
Age, y
Mean 63
Range 37–84
Gender
Male 141 (68)
Female 67 (32)
Tobacco exposure, pack-years
Number 189 (91)
Average 41.3
Range 1–150
Tumor size, cm
Mean 3.8
Range 0.4–17
Histology
ADC 115 (55)

Mixed ADC 95 (46)
Acinar ADC 9 (4)
Mucinous carcinoma 5 (2)
Clear cell ADC 2 (1)
Solid ADC with mucin production 2 (1)
Papillary ADC 1 (0.5)
Bronchioloalveolar ADC 1 (0.5)

Squamous cell carcinoma 54 (26)
Large cell carcinoma 19 (9)
Sarcomatoid carcinoma 10 (5)
Adenosquamous carcinoma 5 (2.5)
Non–small cell carcinoma 5 (2.5)
pTNM staging
I 86 (44)

IA 36
IB 50

II 51 (25)
IIA 26
IIB 25

III 58 (28)
IIIA 56
IIIB 2

IV 13 (6)
TTF1 antigen expression 120 (58)
Neoadjuvant therapy 29 (14)

Abbreviation: ADC, adenocarcinoma.
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analysis and graphics (version 2.9.0). The presence or
absence of CNHCs, analyzed as a binarized qualitative
variable, was compared with the following clinicopatho-
logic variables: age, gender, smoker status, neoadjuvant
therapy, pTNM stages, tumor size, histologic grade, histo-
logic subtype, percentage of tumor cells in primary tumors,
and the TTF1 immunostaining status in both patients with
NSCLC and healthy volunteers by the c2 analysis or the
Mann–Whitney test when applicable. We used k statistics,
which reflect agreement between 2 measurements after
removing chance agreement, as a measure of reliability
(19). A value close to 1 represents almost perfect agree-
ment, whereas values close to or below zero represent poor
agreement. The ANOVAwas used to explore the association
between the number of CNHCs, analyzed as a continuous
variable, and the pTNM stage.

Patient outcome, including overall survival (OS) and
disease-free survival (DFS) comparing the presence or
absence of CNHC and according to the number of CNHCs,
was assessed by the Kaplan–Meier analysis with a log-rank
score for determining statistical significance. OS was
defined as the interval between surgery and the date of
death from any cause or the last follow-up. DFS was
defined as the interval between the date of surgery and
the date of relapse of the disease or the date of death from
any cause. Patients who did not relapse or who died (for
DFS) or remained alive (for OS) at the final follow-up were
censored at that time. Multivariate Cox analyses were
carried out to examine whether the presence of CNHC,
according to the cutoff point of 50 or more CNHCs, is
an independent prognostic factor for survival with adjust-
ment for relevant clinicopathologic covariates. Multivariate

Figure 1. A, cytomorphologic
criteria of CNHCs (a–c) with
malignant features (CNHC-MF),
(d–f) with uncertain malignant
features (CNHC-UMF), and (g–i)
with benign features (CNHC-BF),
preoperatively isolated by the
ISET method in patients with a
resectable NSCLC. a–i, original
magnification � 1,000; MGG
staining; bars, 8 mm (arrows,
anisonucleosis; arrowheads,
irregularity and large nuclei;
asterisks, tridimentional sheets;
double arrows, pores of the filter).
B, a and d, isolated CNHCs (group
1, number of cells <10). b and e,
small sheet of CNHCs (group 2,
number of cells between 10 and
100). c and f, large sheet of
CNHCs (group 3, number of cells
>100; MGG; a–c, original
magnification � 100; d–f, original
magnification � 630). ADC,
adenocarcinoma; SCC,
squamous cell carcinoma; LCC,
large cell carcinoma.
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analyses using Cox regressionmodels included all potential
prognostic factors for survival with a P < 0.2 value in
univariate analysis. The variables included in the model
for OS and DFS were pTNM stage, tumor size, and histol-
ogy. A P � 0.05 value was considered significant for all
analyses.

Results

CNHCs were present preoperatively in 102 or 208 (49%)
patients undergoing surgery for NSCLC (Supplementary
Table 1). Interobserver agreement between the 2 initial
cytopathologists was total (k ¼ 1) for detection of CNHC
on filters. The mean number of CNHCs was 42 (median ¼
0; range ¼ 0–500; first quartile: 0, third quartile: 50) in
NSCLC patients. CNHCs were present in 88 of 179 (49%)
and 14 of 29 (48%) in patients without and with neoad-
juvant chemotherapy (P ¼ 0.86), respectively. CNHC-MFs
were characterized morphologically in 76 of 208 (37%) of
cases (Fig. 1A) [in 65/179 (36%) and in 11/29 (38%) in
patients without and with neoadjuvant chemotherapy (P¼
0.96), respectively]. In all cases (100%), at least 5 of the 10
cytopathologists agreed with the final diagnosis (CNHC-
MF, CNHC-UMF, or CNHC-BF) for each patient (k ¼ 1).
CNHC-UMFs were diagnosed in 23 of 208 (11%) cases
(Fig. 1A), whereas CNHC-BFs were observed in 3 of 208
(1%) of cases (Fig. 1A). The cytopathologic features of
CNHC from patients with lung adenocarcinoma were
not distinguishable from those of CNHCs derived from
squamous cell carcinoma and large cell lung carcinoma
(Fig. 1A) and the other histologic subtypes. CNHCs were
not found in the blood of the 39 healthy volunteers.

No correlation was observed between the levels of
CNHC (P ¼ 0.15; Table 2) or according to their presence
by semiquantitative grouping (P ¼ 0.35; Supplementary
Table 1) and the disease stage. Moreover, no correlation
existed between the detection of CNHC and other clinico-
pathologic parameters (age, gender, tobacco exposure,
tumor size, histologic subtype, histologic grade, percentage
of epithelial tumor cells in the primary tumor, pleural
invasion, presence of intratumoral emboli, and TTF1 stain-
ing; P > 0.05; data not shown). Finally, no correlation was
found between the number of CNHCs and the disease stage
(P ¼ 0.92; Supplementary Fig. 1). Moreover, no significant
relationship was noted between the number of CNHCs and
the other different clinicopathologic parameters cited pre-
viously (P > 0.05; data not shown).

The number of CNHCs (at the level �50 cells) was
significantly associated with shorter OS and DFS (P ¼
0.002, and P ¼ 0.001, respectively; Fig. 2). In addition,
the level of 50 or more CNHCs was significantly associated
with worse DFS for both early-stage Iþ II- and later-stage III
þ IV-resectable NSCLCs (P ¼ 0.05, and P < 0.0001, respec-
tively; Fig. 3). Finally, the presence of CNHCs, according to
semiquantitative stratification, was associated with a
shorter OS and DFS (Supplementary Fig. 2).

Subsequently, multivariate survival analyses using the
Cox proportional hazard model were performed to exam-
ine the importance of the level 50 or more CNHCs in
patient outcome when other prognostic factors were
included. Both a level of 50 or more CNHCs and the pTNM
stage were significantly independent prognostic factors for
OS (Table 3). In addition, a level of 50 or more CNHCs,
pTNM stage, histology cell subtype, and tumor size were

Table 2.Correlation of the levels of CNHCs stratified by the cutoff point detected by the ISET method with
disease staging in resectable NSCLC patients

pTNM stagea No. of patients Levels of CNHC, n (%)

<50 CNHC �50 CNHC

Stage I 86 65 (76) 21 (24)
IA 36 29 (81) 7 (19)
IB 50 36 (72) 14 (28)

Stage II 51 35 (67) 16 (33)
IIA 26 17 (65) 9 (35)
IIIB 25 18 (72) 7 (28)

Stage III 58 38 (66) 20 (34)
IIIA 56 37 (66) 19 (34)
IIIB 2 1 (50) 1 (50)

Stage IV 13 6 (46) 7 (54)
Overall 208 (100%) 144 (69) 64 (31)

NOTE: The cutoff point for grouping was the third quartile, 50 or more CNHCs, as described in the Materials and Methods section.
P > 0.05 for all groups. Values in parentheses are line percentages.
ac2 analysis. Coding of variables: stages IA and IB were coded as I, stages IIA and IIB were coded as 2, stages IIIA and IIIB were coded
as 3, and stage IV was coded as 4. The P value for overall comparison was 0.15.
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significantly independent prognostic factors for DFS
(Table 3).

Discussion

This study shows the feasibility of the ISET method for
preoperative isolation and identification of CTC from per-
ipheral blood samples taken from patients with resectable
NSCLC.We found that aroundhalf of these patients showed
detected CNHC in their blood, mainly corresponding to
CNHC-MF according to cytomorphologic criteria. More-
over, in these cases, interobserver variation was low for the
diagnoses of these latter cells. It is noteworthy that detection
of CNHCs by ISET had a strong clinical impact, as the
presence andnumberofCNHCs correlatedwith apejorative
outcome (low OS and DFS). Other clinicopathologic para-
meters, including pTNM staging, did not correlate with the
presence and number of CNHCs. These latter results show
that preoperative CNHC detection in patients with resect-
able NSCLC is an independent new prognostic biomarker.

Differentmethods have been applied in the past to detect
occult CTC in patients with NSCLC (20–30). Indeed, most

of the previous studies have used indirect methods based
on RT-PCR or quantitative RT-PCR before, during, and after
surgery (21, 23, 24, 27–29) or nested RT-PCR (25) or used
BErEP4-coated beads (22), magnetic bead enrichment, and
laser scanning cytometric (26) and immunocytologic
methods (CellSearch System; ref. 30). Different biomarkers
such as the telomerase activity (22), the cytokeratin 19/
carcinoembryonic antigen and c-met mRNAs (25, 27, 31),
epidermal growth factor receptor (21, 32), and other dif-
ferent molecules of interest (23) have been used in these
studies to specifically identify CTC. However, contrasting
results have been obtained in all these previous studies
because of technical characteristics such as marker- and
method-related specificity and sensitivity and limitations
such as the high cost and labor needed, which are not
adapted for use in large cohorts of patients

The ISET method has been previously used in patients
with liver and breast cancers (15, 16). We show here that
this method can be applied to NSCLC patients. Interest-
ingly, 49% of these patients showed preoperative CNHC in
their blood. Among these CNHCs, diagnosis of CNHC-MF

Figure 2. Kaplan–Meier curves of OS (A) and DFS (B) duration stratified
according to the cutoff point of 50 or more CNHCs detected by the ISET
method. The cutoff point of stratification was the third quartile, as
described in the Materials and Methods section. Numbers in the legends
are the number of events for each group.

Figure 3. Kaplan–Meier curves of DFS for early-stage Iþ II NSCLC (A) and
later-stage III þ IV NSCLC (B). The cutoff value was defined as superior or
equal to 50 CNHCs, as described in the Materials and Methods section, to
define the presence of CNHC. Numbers in the legends are the number of
events for each group.
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was made by morphologic assessment in the majority of
cases. The malignant characteristics of the detected CNHCs
were assessed only according to cytopathologic criteria,
which are classically used by cytopathologists in exfoliative
and fine-needle aspiration cytopathology.
Interestingly, a group of CNHCs in this series has been

classified as having uncertain malignant features (CNHC-
UMF) by the cytopathologists. A few CNHCs were also
classified as benign cells only by a couple of cytopathol-
ogists, as none of malignant criteria were morphologically
present. However, certain cytopathologists of the panel
hypothesized that CNHCs detected in peripheral blood
cannot be benign cells in NSCLC patients. Interobserver
variation was low for the different subgroups of CNHCs.
However, given the new domain of CTC, we cannot rule
out the possibility that some specific morphologic criteria
could be required in the future to precisely identify and
classify CNHCs. In this regard, it is clear that markers
specific for CTC should be developed in the future and
combined with cytomorphologic analysis. In particular,
the different CNHC groups need to be better characterized
phenotypically by immunocytochemical and/or by mole-
cular biological approaches in further studies. In this

regard, when using a morphologic method, we cannot rule
out the possibility that a couple of circulating endothelial
cells can be isolated or associated with CTC (33). Thus,
endothelial cells could also be further identified on filters
by immunocytochemistry, using different markers (34).
Finally, in our study, cytomorphologic criteria did not
correlate with the histologic subtype of the primary lung
tumor, underlying that no features of CNHCs were repre-
sentative of the histologic subtype.

No correlation was found between CNHC, as quantita-
tive or qualitative variables, and pTNM staging. In parti-
cular, our study on the correlation between the pTNM
staging and the presence of CNHC showed the presence
of CNHC in a group of patients with early-stage NSCLC
before surgery. It will be of great interest in the future to
follow-up this group of patients and compare them with
early-stage carcinoma patients without preoperative detec-
tion of CNHC by looking for relapse and/or metastasis
onset. Our study shows insight into this behavior, as the
level of 50 or more CNHCs was significantly associated
with a higher risk of recurrence in early-stage NSCLC.
Tumor cell behavior depends on interactions between
nuclear genetic changes in the malignant cells and a stroma

Table 3. Multivariate Cox proportional hazard regression analysis of predicting factors for OS and DFS in
208 resectable NSCLC patients

Prognostic factor HR 95% CI Pa

OS
Histology

Squamous cell carcinoma 1.610 0.909–2.850 0.10
Other subtypes 1

pTNM stage
I þ II 0.190 0.080–0.455 <0.0001
III þ IV 1

Tumor size, cm
�3 0.664 0.413–1.068 0.09
>3 1

Presence of CNHC
�50 2.096 1.331–3.300 0.001
<50 1

DFS
Histology

Squamous cell carcinoma 2.346 1.129–4.876 0.022
Other subtypes 1

pTNM stage
I þ II 0.225 0.604–0.840 0.0009
III þ IV 1

Tumor size, cm
�3 0.574 0.332–0.993 0.047
>3 1

Presence of CNHC
�50 2.631 1.557–4.651 0.003
<50 1

aP value significant at the 0.05 level.
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that is favorable for growth, invasion, and metastasis, in
association with angiogenesis. Thus, an increase in differ-
ent stromal biomarkers has been indicative of poor out-
come in patients with NSCLC (35, 36). In this regard, we
thought that it would be of interest to see whether the
importance of the stroma, which is considerably variable
from oneNSCLC to another, even at the same TNM staging,
was linked to the presence of CNHC. However, we found
that the percentage of tumor cells in the primary tumor did
not correlate with the number of CNHCs, indicating that a
substantial stroma reaction associated with carcinoma
could not influence the effraction of vessels by tumor cells
and then their blood dissemination. Using univariate ana-
lysis, no significant difference was noted between CNHC,
as quantitative and qualitative variables, and the patholo-
gic stage, the size of the primary tumor, the histologic
subtype, and the percentage of tumor cells in the primary
tumor. This finding supports the idea that the presence of
CNHC is independent of the well-established prognostic
factors.

We then evaluated the prognostic significance of
CNHC when preoperatively detected by ISET in patients
with resectable NSCLC. It is noteworthy that a level of 50
or more CNHCs detected by ISET was associated with
significantly decreased OS and DFS, independently of
disease staging, as determined by univariate and multi-
variate survival analyses. Similar results were observed for
univariate survival analyses when considering the pre-
sence of detected CNHCs, according to semiquantitative
group stratification.

Currently, in most of the cases, patients with early-stage
NSCLC with surgically resected tumors do not have adju-
vant therapy. However, among these latter patients, a group
will undergo relapse and/or develop metastases. In this
regard, it is of great interest to look for a biomarker that is
predictive of such disease evolution. Thus, the preoperative
detection of CTC by ISET in this group can allow selection

of a population with a higher risk of relapse and poorer
prognosis. Although the cytomorphologic approach alone
cannot assess the malignant potential of CNHC, we
strongly believe that it ensures a far higher specificity than
other approaches based on epithelial-related antigens or
transcripts and allows the study of cells with tumor like
features by complementary approaches. Thus, by combin-
ing the reference "old" cytomorphologic approach with
newly developed molecular markers derived from proteo-
mics, molecular profiling, and genetic analyses, a promis-
ing path toward better classification and treatment of
patients according to their prognosis should be obtained.

In conclusion, the presence of CTCs identified by ISET in
patients undergoing surgery for resectable NSCLC is asso-
ciated with poor prognosis, independently of disease sta-
ging. This finding identifies CTCs detected by ISET as a very
strong, independent prognostic indicator in patients with
resectable NSCLC. Moreover, it might identify these CTCs
as a pertinent molecular target for the development of new
antitumor agents.
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Detection of circulating tumor cells as a prognostic factor in
patients undergoing radical surgery for non-small-cell lung
carcinoma: comparison of the efficacy of the CellSearch
AssayTM and the isolation by size of epithelial tumor cell
method
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Comparison of the efficacy of different enrichment methods for detection of circulating tumor cells (CTCs) before radical

surgery is lacking in non-small-cell lung carcinoma (NSCLC) patients. Detection and enumeration of CTCs in 210 consecutive

patients undergoing radical surgery for NSCLC were evaluated with the CellSearch AssayTM (CS), using the CellSearch

Epithelial Cell Kit, and by the isolation by size of epithelial tumor (ISET) method, using double immunolabeling with anti-

cytokeratin and anti-vimentin antibodies. CTCs were detected in 144 of 210 (69%) patients using CS and/or ISET and in 104

of 210 (50%) and 82 of 210 (39%) patients using ISET and CS, respectively. Using ISET, 23 of 210 (11%) patients had

vimentin-positive cells with cytological criteria of malignancy. Disease-free survival (DFS) was worse for patients with CTCs

compared to patients without CTCs detected by CS alone (p < 0.0001; log rank 5 30.59) or by ISET alone (p < 0.0001; log

rank 5 33.07). The presence of CTCs detected by both CS and ISET correlated even better with shorter DFS at a univariate

(p < 0.0001; log rank 5 42.15) and multivariate level (HR, 1.235; 95% CI, 1.056–1.482; p < 0.001). CS and ISET are

complementary methods for detection of CTCs in preoperative radical surgery for NSCLC. CTC detection in resectable NSCLC

patients using CS and/or ISET could be a prognostic biomarker of great interest and may open up new avenues into improved

therapeutic strategies for lung carcinoma patients.

Despite the different therapeutic strategies developed to date,
non-small-cell lung carcinomas (NSCLC) have poor progno-
sis, because overall survival after 5 years is 20–25% for all
stages.1–7 The main cause of death of NSCLC results from
distant metastases. It is noteworthy that a subpopulation of
patients with early-stage NSCLC, completely resected by sur-
gery, rapidly develops metastasis. This indicates that occult
micrometastases, not detectable even with high-resolution

imaging procedures, can be present before surgery.8 These
micrometastases may be initiated by circulating tumor cells
(CTCs) present in the peripheral blood, which detach from
the primary tumor at an early stage.9 Thus, detection of
CTCs before surgery might improve the treatment and the
prognosis of patients with resectable NSCLC.

Different methods to detect CTCs in patients with carci-
noma have been developed.10,11 Previous studies have used
indirect molecular methods such as reverse transcription-
polymerase chain reaction (RT-PCR), quantitative RT-PCR
(qRT-PCR) and nested RT-PCR or have used indirect immu-
nomediated methods using immunolabeling of cells enriched
by different approaches including immunomagnetic separa-
tion with magnetic beads coated with epithelial-specific anti-
bodies (BerEP4, EpCAM), laser scanning cytometry and,
more recently, a microfluidic device (the CTC chip).10–12

qRT-PCR- and nested RT-PCR-based methods analyze the
expression of a given transcript marker, compared to a refer-
ence marker expressed in any cell, which would be indicative
of the presence of tumor cells. Moreover, the main advantage
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of these methods is the higher sensitivity in comparison with
the reported sensitivity of immune-mediated detection.11

Conversely, direct methods contribute to diagnostic identifi-
cation of CTCs. Given the important constraints of immune
labeling and RT-PCR assays, direct diagnosis of CTCs can
only be obtained by cytopathological analysis of the isolated
cells and/or by the analysis of their genome, which provides
clues to the neoplasmic nature of the cell.11 Currently, direct
methods are more rarely used for CTC detection.13–15

These indirect and direct methods have been used to
detect CTCs before, during and after surgery.16–18 Some of
these methods allow detection of the presence of bio-
markers.12,19 Most of the indirect methods have been used to
detect CTCs in patients with NSCLC.12,20–28 However, there
is a considerable variability in the numbers of positive sam-
ples when using these direct and indirect techniques. More-

over, the lack of standardization of these different detection
methods can act as a powerful restraint to effective imple-
mentation of CTC measurement in clinical routine practice.

Among the different indirect methods for CTC detection,
the CellSearch AssayTM (CS) is currently used to detect
CTCs.9 This method is approved by the Food and Drug
Administration in the United States for the follow-up of
patients with breast, colon and prostate metastatic carcino-
mas.9 CS is an EpCAM-based method for enrichment of
CTCs in blood patients.9 This method has been used to
detect CTCs in metastatic NSCLC29 and, more recently, in
primary NSCLC before surgery.30 CS is certainly one of the
most sensitive indirect methods described for CTCs detec-
tion.11 However, the specificity of CS has been recently dis-
puted.31–33 In particular, EpCAM expression of CTCs can be
downregulated and, therefore, CS may miss detection of
some CTCs.31,33 Among the direct methods used to detect
CTCs, the isolation by size of epithelial tumor (ISET) cell
technology allows substantial enrichment of circulating epi-
thelial cells.14,15 Moreover, because cells are available for
cytopathological analysis, the method should provide specific-
ity and allow development of an immunocytochemical
approach for phenotype identification of CTCs. However, to
date, this method has not been used to detect CTCs in
NSCLC patients.

Currently, there is a lack of data concerning the compari-
son of indirect and direct methods for detection of CTCs
from the same cohort of patients undergoing radical surgery
for NSCLC. Our study was designed to compare the efficacy
of CS and ISET technologies to detect CTCs in blood sam-
ples taken from the same cohort of 210 patients with resecta-
ble NSCLC. In addition, each method used to detect CTCs
was evaluated to correlate the presence of CTCs and the
prognostic value.

Material and Methods
Patients

Two hundred and ten consecutive patients who underwent
surgery for NSCLC (including 18 patients with neoadjuvant
chemotherapy) between December 2007 and November 2010
at the Pasteur Hospital (Department of Thoracic Surgery,
CHU of Nice, France) were included in our study. The
patients received the necessary information concerning the
study, and consent was obtained from each of them. The
study was approved by the local ethics committees (CHU of
Nice). The main clinical and pathological data are summar-
ized in Table 1. Briefly, there were 152 (72%) men and 58
(23%) women (mean age 63 years; range 33–62 years).
Eighty-eight percent of the patients were smokers (average 46
P/Y; range 1–75 PY). Patients had no transbronchial and/or
transparietal chest biopsies at least 15 days before surgery.
Table 1 shows morphological classification and tumor staging
after surgical excision according to WHO criteria34 and the
international tumor-node-metastasis system.5 The median
follow-up at the time of analysis was 15 months (1–28

Table 1. Clinical and pathological characteristics of patients
undergoing surgery for resectable non-small-cell lung carcinoma

Variables Overall1

Patient cohort 210

Age (years)

Mean 63

Range 33–82

Gender

Male 152 (72)

Female 58 (23)

Smoking status

Never smoked 24 (12)

Former or current smokers 186 (88)

Mean (range) P/Y 46 (1–75)

Tumor size (cm)

Mean 3.8

Range 0.4–17

Histologic cell type

Adenocarcinoma 120 (57)

Squamous cell carcinoma 57 (27)

Neuroendocrine carcinoma 7 (3)

Large cell carcinoma 9 (5)

Adenosquamous carcinoma 2 (1)

Sarcomatoid carcinoma 10 (5)

NSCLC (NOS) 5 (2)

pTNM stage

I 91 (43)

II 40 (19)

III 60 (29)

IV 19 (9)

1Values are expressed as n (%).
Abbreviations: TNM: tumor node metastasis; NSCLC: non-small-cell
lung carcinoma; NOS: not otherwise specified.
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Figure 1. Gallery of circulating tumor cells (CTCs) from the CellSpotter Analyzer obtained from 7 ml of blood from patients with resectable non-small-

cell lung carcinoma. Cells captured with an antiepithelial cell adhesion molecule (Ep-CAM) antibody were stained with 40,6-diamino-2-phenylindole

(DAPI), with an anti-cytokeratin antibody conjugated with phycoerythrin (CK-PE) and with an anti-CD45 antibody conjugated with allophycocyanin

(CD45-APC). (a, b) Cells with a round (a) to oval (b) morphology, a visible DAPI-positive nucleus, positive CK-PE staining in the cytoplasm and

negative staining for CD45-APC were considered as typical intact CTC. (c) Examples of intact CTC present as clusters that are observed less

frequently. (d) Contaminating leukocytes were identified as DAPIþ/CK�/CD45þ cells. (e) The CD45-positive cells were not considered as CTC even

when cells were positively stained for DAPI and CK-PE. (f, g) Images of cells not included in the CTC count, but frequently observed in the CTC

analysis of resectable NSCLC patients. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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months) according to the method of Schemper and Smith.35

The sensitivity of CTC detection was used to determine
disease-free survival (DFS). A control group consisted of 40
healthy donors without previous history of cancer. There
were 30 (75%) men and 10 (25%) women, all smokers (aver-
age 15 P/Y; range 2–25 PY).

Methods

CS and ISET technologies were carried out using previously
described methods with slight modification.11 Two consecu-
tive blood samples were collected from each individual to
serve for the two methods. The first 4 ml of peripheral blood
was discarded to avoid contamination with cytokeratin-posi-
tive skin cells. For CS, 7 ml of peripheral blood was taken
before anesthesia and collected in the CellSave preservative
tube (Veridex LLC, Raritan, NJ). Samples were maintained at
room temperature and processed within 72 hr of blood col-
lection. Briefly, the CS system (Veridex) consists of a Cell-
Prep system, the CellSearch Epithelial Cell Kit and the Cell-
Spotter Analyzer. The CellPrep System is a semiautomated
sample preparation system, and the CellSearch Epithelial Cell
Kit consists of ferrofluids coated with epithelial cell-specific
EpCAM antibodies to immunomagnetically enrich epithelial
cells. In the final processing step, the cells are resuspended in

the MagNest Cell Presentation Device (Veridex). This device
consists of a chamber and two magnets that orient the
immunomagnetically labeled cells for analysis using the Cell-
Spotter Analyzer. The criteria for definition of a CTC include
a round to oval morphology, a visible nucleus (DAPI posi-
tive), positive staining for cytokeratin in the cytoplasm and
negative staining for CD45 (Fig. 1). CTC enumeration was
expressed as the number of positive cells per 7 ml of blood.

For the ISET method, Métagenex, Paris, France, 10 ml of
peripheral blood was collected in parallel in buffered EDTA,
maintained at 4�C and processed within 1 hr of blood collec-
tion. The filtration module contains ten wells, making it pos-
sible to load and filter ten individual samples in parallel.
Briefly, after blood filtration, the membrane is gently washed
with phosphate-buffered saline (PBS) (Sigma, Paris, France),
disassembled from the filtration module and allowed to air
dry. The membrane was cut into two parts containing,
respectively, seven spots for immunocytochemistry and three
spots for May Grünwald Giemsa (MGG) staining for further
cytological analysis. Immunocytochemistry was performed
using double immunolabeling with a pan-cytokeratin anti-
body (mouse, clone KL-1, Immunotech, Marseille, France,
diluted at 1:100), which recognizes cytokeratins 2, 5, 6, 8, 10,
11, 14/15, 18 and 19, and an anti-vimentin (mouse, clone

Figure 2. Cytomorphological analysis of circulating tumor cells (CTCs) detected on filtered blood using the ISET method in patients with resectable

non-small-cell lung carcinoma. (a–d) Cells showing cytological malignant features isolated preoperatively by the ISET method in patients with a

resectable lung adenocarcinoma (a), squamous cell carcinoma (b), large cell carcinoma (c) and sarcomatoid carcinoma (d). (a–d) Original

magnification �1,000; MGG staining; bars: 8 lm (arrows: anisonucleosis; arrows head: irregularity and large nuclei; asterisks: tridimensional

sheets; double arrows: pores of the filter). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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V9, Dako, Paris, France, diluted at 1:200) antibody applied to
filters for 45 min at room temperature. Filters were then
washed three times with PBS at room temperature, pH 7.4,
and incubated for 45 min with secondary anti-phosphatase
and anti-peroxidase antibodies (Dako), respectively. Immuno-
stained and MGG-stained spots were then examined by light
microscopy using different steps: (i) observation at 100� and
200� original magnification to look for CTCs and to count
these cells, and (ii) observation at 630� and 1,000� original
magnification with oil immersion for detailed cytomorpho-
logical analysis. The following criteria were taken into
account to characterize the detected nonhematological cells:
irregularity and size of the nucleus, anisonucleosis, nuclear
hyperchromatism, nucleocytoplasmic ratio, size and number
of nucleoli and presence of tridimensional sheets. CTCs were
characterized by the presence of at least three of the follow-
ing criteria: anisonucleosis (ratio > 0.5), nuclei larger than
three calibrated pore size of the membrane (8 lm) (>24
lm), irregular nuclei and presence of three-dimensional
sheets (Fig. 2). The results of samples from 250 individuals
(210 patients and 40 healthy individuals) entered into the
study and processed by CS and ISET were analyzed by four
operators (ES, CL, VL and VH) working blindly, without
knowledge of the clinical and pathological characteristics of
the patients.

A CTC was defined as a cell with an epithelial antigen
detected with the CellSearch Epithelial Cell Kit. The cutoff
was one detected cell per CS. When using ISET, a CTC was
defined as a cell with epithelial and/or vimentin antigens
detected by immunocytochemistry and showing cytological
features of nonhematological circulating cells. When using
the ISET method, only CTC evaluated by IHC was counted
(to consider the number of CTC in the same volume of
blood, i.e., 7 ml for the CS and ISET methods).

Statistical analysis

The v2 analysis was used to evaluate whether CTCs detected
by ISET correlated with CTCs detected by CS. The Cohen’s
kappa coefficient was used to assess the agreement between
these methods. In addition, the v2 analysis was used to
explore the association between CTCs detected by ISET and
CS methods and the histological subtype and pTNM stage.
Survival time was calculated using Kaplan–Meier estimates,

and differences between survival curves were analyzed by
means of the log rank test. Multivariate Cox analyses were
carried out to examine whether the presence of CTC,
detected either by ISET or CS method or by both methods,
was an independent prognostic factor for DFS with adjust-
ment for relevant clinicopathological covariates. Variables
that were associated with survival with a p value <0.20 in
the univariate analysis were included in a multivariate regres-
sion. The variables included in the model for DFS were
pTNM stage and histology. Differences were considered sig-
nificant when a p value was less than 0.05. All statistical

Table 2. Analysis of the correlation between the presence of CTCs
detected by isolation by size of epithelial tumor (ISET) and
CellSearch assay (CS) methods

Method

CellSearch

Total1 2

ISET þ 42 62 104

� 40 66 106

Total 82 128 210

p value ¼ 0.7 (v2 test). Kappa index of agreement ¼ 0.02.

Figure 3. Clusters of immunostained circulating tumor cells (CTCs)

observed on filtered blood using the ISET method in patients with

resectable non-small-cell lung carcinoma. (a, b) CTCs expressing only

the pan-cytokeratin antigen in patients with lung adenocarcinoma (a)

and squamous cell carcinoma (b) (arrows, CTCs). (c, d) CTCs

coexpressing pan-cytokeratin and vimentin antigens in patients with

lung adenocarcinoma (c) and squamous cell carcinoma (d)

(arrowheads: pan-cytokeratin expression; arrows, vimentin

expression). (e, f) CTCs expressing only the vimentin antigen in

patients with lung adenocarcinoma (e) and squamous cell carcinoma

(f) (arrows: CTCs). (a–f) Original magnification �1,000; bars: 8 lm;

immunophosphatase staining with a pan-cytokeratin antibody (KL1)

and immunoperoxidase staining with an anti-vimentin antibody

(double arrows: pores of the filters). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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evaluations were performed using the SPSS for Windows
software system, version 11.0 (SPSS, Chicago, IL).

Results
CTCs were detected in 144 of 210 (69%) patients using the
CS and/or ISET method. Moreover, CTCs were detected in
104 of 210 (50%) patients using the ISET method, independ-
ently of the CS method, and in 82 of 210 (39%) patients
using the CS method, independently of the ISET method,
respectively (p ¼ 0.03) (Table 2). CTCs were detected in 44
(21%) patients when a cutoff of two cells was considered for
CS analysis (not shown). CTCs were detected in 62 of 210
(30%) patients when using the ISET method and not detected
by CS and in 40 of 210 (19%) patients when using the CS
method and not detected by ISET, respectively (p ¼ 0.01)
(Table 2). Only 42 of 210 patients (20%) showed CTCs
detected both by the CS and ISET methods (Table 2). No
correlation was found between CTCs detected by ISET and
CS methods (p ¼ 0.7; j ¼ 0.02), indicating that measure-
ments assessed by these two methods are independent (Table
2). Using ISET, the majority of CTCs exhibited malignant
cytopathological criteria on MGG staining (Fig. 2). Moreover,
similar morphological features were noted for CTCs isolated
from patients with adenocarcinoma and squamous cell carci-
noma as well as other rare histological subtypes of NSCLC
(Fig. 2). CTCs were isolated or grouped in sheets having
between 3 and >100 CTCs (Fig. 2). Corresponding immuno-
stained cells expressed cytokeratin alone in 27 of 210 (13%)
cases or in association with vimentin in 55 of 210 cases
(26%) (Fig. 3). However, in 23 of 210 (11%) patients, CTCs
were only positive for vimentin (Fig. 3). These latter cells
showed cytological malignant features. Moreover, the expres-

sion of TTF1 was not detected in a majority of CTCs,
whereas the same primary lung adenocarcinomas expressed
TTF1 (data not shown).

The number of CTCs detected by CS varied from 1 to 23
cells (mean: 12 cells), whereas the number of CTCs detected
by ISET varied from 1 to 150 cells (mean: 34 cells), (p <

0.01; data not shown). The presence of CTCs detected by
these two methods was independent of disease staging and of
the histology subtypes of carcinomas (Table 3). No CTCs
were detected in control individuals using the ISET and CS
methods.

Patients without CTCs had a significantly longer DFS
compared to patients with CTCs detected by CS alone (p <

0.0001; log rank ¼ 30.59) (Fig. 4a) or ISET (p < 0.0001; log
rank test ¼ 33.07) (Fig. 4b). This significance was even
higher in patients without CTCs compared to patients with
CTCs detected by CS and/or ISET (p < 0.0001; log rank ¼
42.15) (Fig. 4c). Subsequently, the presence of CTCs as
detected by the CS (HR, 1.564; 95% CI, 1.264–4.673; p ¼
0.008) or ISET (HR, 1.372; 95% CI, 1.123–3.286; p ¼ 0.006)
methods or by both methods (HR, 1.235; 95% CI, 1.056–
1.482; p < 0.001) was a significantly independent prognostic
factor for shorter DFS, as demonstrated by the multivariate
survival analysis using the Cox’s regression model (Table 4).

Discussion
Our study demonstrates that CS and ISET technologies can
detect preoperative CTCs in patients with resectable NSCLC.
CS and ISET present similar sensitivities for detection of
CTCs, if we consider that the detection of CTCs is only
based on epithelial antigen detection. Interestingly, the aver-
age number of CTCs detected by ISET in comparison to CS

Table 3. Presence of CTCs detected by the CellSearch assay and isolation by size of epithelial tumor (ISET) methods according to pTNM
staging and histological classification

Variables ISET1 p value*
Cell
Search 1 p value*

ISET1 and Cell
Search1 p value*

ISET1 or
Cell Search1 p value*

Histologic cell type

Adenocarcinoma 64 (53%) 0.74 51(43%) 0.3 27 (23%) 0.23 88 (73%) 0.066

Squamous cell carcinoma 23 (40% 18 (32%) 7 (12%) 34 (60%)

Neuroendocrine carcinoma 4 (57%) 2 (29%) 1 (14%) 5 (71%)

Large cell carcinoma 5 (56%) 4 (44%) 2 (22%) 7 (78%)

Adenosquamous carcinoma 1 (50%) 0 (0%) 0 (0%) 1 (50%)

Sarcomatoid carcinoma 4 (40%) 3 (30%) 2 (20%) 5 (50%)

NSCLC (NOS) 3 (60%) 4 (80%) 3 (60%) 4 (80%)

pTNM stage

I 44 (48%) 0.50 33 (36%) 0.8 13 (14%) 0.07 64 (70%) 0.59

II 24 (60%) 18 (45%) 12 (30%) 30 (75%)

III 27 (45%) 24 (40%) 13 (22%) 38 (63%)

IV 9 (47%) 7 (37%) 4 (21%) 12 (63%)

*p value significant at the 0.05 level.
Abbreviations: TNM: tumor node metastasis; NSCLC: non-small-cell lung carcinoma; NOS: not otherwise specified.
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was higher. Moreover, we observed that the number of
patients with detected CTCs was higher when the two meth-
ods were used in parallel compared to each method used in-
dependently. Finally, it is noteworthy that following double
immunostaining of filters after ISET, we observed in a subpo-
pulation of patients without CTCs detected by CS, some cir-
culating cells with nonhematological features, but with cyto-
logical malignant criteria, which expressed only vimentin.

In a previous study, 34 of 168 (20%) patients with meta-
static NSCLC showed two or more CTCs detected by CS.29

Moreover, in our study, 14, 10 and 6% of these patients dem-
onstrated more than 5, 10 and 50 CTCs, respectively.29 In

another study using CS, CTCs were detected in peripheral
blood in 5 of 30 (16.7%) patients undergoing surgery for
NSCLC.30 Interestingly, a good correlation of the enumera-
tion of CTCs with the radiographic response following first-
line chemotherapy administered in NSCLC patients was dem-
onstrated in a recent study.36 Using CS, we found in our se-
ries a high percentage of NSCLC patients with detection of at
least one CTC (39%). However, when the cutoff was at least
two CTCs, this percentage was lower (21%).

ISET technology is a direct method that allows cytomor-
phological analysis of CTCs.11 For this reason, it offers a
number of advantages, particularly for immunocytochemical

Figure 4. Kaplan–Meier curves of disease-free survival duration stratified according to the presence (þ) and the absence (�) of circulating

nonhematological cells (CNHC) detected by CellSearch (CS) (a) or isolation by size of epithelial tumor (ISET) (b) and by CS and ISET (c)

methodology. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] E
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examination using different antibodies to better characterize
the CTCs. However, some CTCs may loss a certain number
of antigens normally expressed in the primary tumor. Thus,
we failed to detect the expression of TTF1 in a majority of
CTCs, whereas the same patients had TTF1-positive lung
adenocarcinomas (data not shown). This can be explained by
epithelial–mesenchymal transition (EMT), during which ade-
nocarcinoma cells can downregulate TTF1 expression.37 Simi-
larly, some CTCs may have weak or no cytokeratin expres-
sion because cell dedifferentiation inducing loss of these
antigens can be present during EMT. This is in keeping with
our observation of a couple of circulating cells with nonhe-
matological features that express only vimentin. We, there-
fore, speculate that these cells are indeed CTCs, because they
demonstrate cytological malignant criteria. Moreover, it is
possible that only cells coexpressing cytokeratin and vimentin
or expressing vimentin alone may have a more malignant
invasive potential. Further studies using molecular biology
tools are needed to better characterize these potentially differ-
ent subpopulations of cells and to confirm their malignant
potential. Recently, genetic abnormalities identified by an
antigen-independent FISH-based assay for CTCs have been

suggested as a diagnostic and prognostic feature in patients
with NSCLC.38 Moreover, CTCs in combination with sero-
logical cell death assays may be used as pharmacodynamic
biomarkers underlying the disease response in patients with
small-cell lung cancer undergoing standard chemotherapy.39

There are limitations in performing a comparison of the
CS and ISET methods. In the literature, CTCs have been
defined as cells detected in peripheral blood that express cy-
tokeratin antigens. In particular, all cells positively isolated by
the CS system with anti-EpCAM antibodies have been called
‘‘CTCs.’’ This can overestimate the real number of malignant
cells present in the peripheral blood, because some mono-
cytes can express cytokeratins and a subpopulation of epithe-
lial cells might be nonmalignant.11 Conversely, CTCs can be
underestimated when using only the CS method. Thus, some
CTCs probably express only vimentin because EMT allows
migration of tumor cells through the stroma, to cross the en-
dothelial barrier, and to circulate in the peripheral blood.11

Consequently, CTCs that express only vimentin cannot be
detected by CS. Thus, in our study, a couple of patients had
CTCs expressing only vimentin when detected by ISET,
whereas in the same population no CTCs were isolated by
CS. However, we cannot definitively assume that all of these
latter cells are ‘‘CTCs,’’ even though the cytomorphological
analysis of most of these cells showed malignant features.
Further studies are needed to better characterize these cells
using a panel of antibodies raised against different antigens.
Finally, some of these cells may correspond to other nonhe-
matological circulating cells, in particular endothelial
cells.40,41

It is noteworthy that, in our work, the presence of CTCs
detected by CS and/or ISET methods was associated with a
pejorative outcome. The latter results demonstrated that pre-
operative CTCs detection in resectable NSCLC patients can
be a prognostic biomarker in lung oncology practice.

In conclusion, CTCs can be detected by CS and ISET in
NSCLC patients undergoing radical surgery. Only a fraction
of this population had simultaneous detection of CTCs by
ISET and CS, but the percentage of patients with detected
CTCs is higher when combining the two methods. This result
underlies the complementarity of the two methods for detect-
ing CTCs preoperatively. CS failed to detect CTCs expressing
only vimentin, which can be observed when using ISET.
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A b s t r a c t

Detection of circulating tumor cells (CTCs) 
morphologically may be a promising new approach 
in clinical oncology. We tested the reliability of 
a cytomorphologic approach to identify CTCs: 
808 blood samples from patients with benign and 
malignant diseases and healthy volunteers were 
examined using the isolation by size of epithelial tumor 
cell (ISET) method. Cells having nonhematologic 
features (so-called circulating nonhematologic cells 
[CNHCs]) were classified into 3 categories: CNHCs 
with malignant features, CNHCs with uncertain 
malignant features, and CNHCs with benign features. 
CNHCs were found in 11.1% and 48.9% of patients 
with nonmalignant and malignant pathologies, 
respectively (P < .001). CNHCs with malignant 
features were observed in 5.3% and in 43.1% of 
patients with nonmalignant and malignant pathologies, 
respectively. Cytopathologic identification of CTCs 
using the ISET method represents a promising field 
for cytopathologists. The possibility of false-positive 
diagnosis stresses the need for using ancillary methods 
to improve this approach.

Sensitive and specific detection of circulating tumor 
cells (CTCs) remains a challenge in clinical oncology.1
Animal studies and knowledge of cell invasion processes 
have stimulated the development of a truly reliable method to 
identify CTCs. Studies performed in humans show promise 
for the development of clinical studies in this field.2-9 As a 
consequence, the potential clinical impact of CTC identifica-
tion could range from early diagnosis of invasive cancers to 
assessment of the risk for developing recurrence or metastasis 
and the early detection of response or resistance to antitumor 
treatments.10 However, the use of different technologies and 
the differences among the populations tested make the clini-
cal significance of CTC detection difficult to interpret. Thus, 
the clinical benefit of detecting CTCs in the blood of patients 
highly depends on the technical characteristics of the method 
used for detection and on its reliability in terms of sensitiv-
ity and specificity.11-14 In this regard, a critical challenge in 
the field of CTC detection, recently highlighted by basic and 
clinical studies, relates to the fact that most malignant CTCs 
lose their “epithelial antigens” and start to express mesenchy-
mal antigens, a process known as epithelial to mesenchymal 
transition.15

Direct and indirect methods have been proposed to 
detect CTCs, but their results show large variability in 
specificity, sensitivity, and cost.10,16-26 Among the direct 
methods, cytopathologic detection of CTCs, after substan-
tial enrichment according to their size (isolation by size of 
epithelial tumor cells [ISET]), seems to be a very attractive 
procedure providing good specificity and sensitivity in addi-
tion to its simplicity, rapidity, and low cost.26 However, 
although cytopathologic analysis is predictably more specific 
than antigen-mediated CTC capture based on antibodies 
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lacking specificity for tumor cells, it still has to be shown 
that CTCs can be recognized using the cytopathologic cri-
teria of malignancy already used in conventional cytology 
(ie, in exfoliative and in fine-needle aspiration [FNA] cyto-
pathology). Furthermore, enriching large cells from blood 
could also lead to the isolation of very rare hematologic 
(as megakaryocytes or large monocytes) or mesenchymal 
(as endothelial cells) cells that are undetectable by current 
hematologic analyses and may be difficult to distinguish 
from epithelial tumor cells.

For all these reasons, we planned a blinded, multicentric, 
cytopathologic study of blood samples obtained from patients 
with miscellaneous benign and malignant pathologies and 
from healthy subjects, processed using the ISET method. It 
is interesting that we found that a consensus in CTC identi-
fication can be obtained by using the same criteria as those 
applied to exfoliative and FNA cytology. In fact, CTCs were 
found neither in healthy subjects nor in the vast majority of 
patients with benign diseases. Strikingly, CTCs were detected 
in 10 (5.3%) of 190 patients with benign diseases, including 
thyroid and parathyroid adenomas, thus confirming that CTC 
identification faces the same challenges as FNA cytology 
in certain pathologies. Finally, these data, obtained from a 
national network of 10 experienced cytopathologists, confirm 
the interest in the ISET method and stress the need for increas-
ing our knowledge within a potentially very important and 
new field in cytopathology.

Materials and Methods

Cases
A total number of 808 subjects were included in this 

study. They corresponded to patients with miscellaneous 
nonneoplastic diseases (152 cases), miscellaneous benign 
(38 cases) and malignant neoplasia (569 cases) diseases, and 
healthy volunteers (49 cases). Blood samples were obtained 
before surgery in 635 cases. None of the patients had under-
gone a biopsy or surgical excision during the month before 
venipuncture. The different pathologies included in this study 
are listed in ❚Table 1❚. Among the patients with metastasis, 
38 had breast carcinoma, 44 had colonic carcinoma, 18 had 
kidney carcinoma, and 5 had head and neck carcinoma. All 
subjects provided a signed agreement for this study, and the 
protocol was approved by the local ethics committee of the 
University of Nice, Nice, France.

Methods
For the study, 10 mL of peripheral blood was collected 

in buffered EDTA (before anesthesia of patients), maintained 
at 4°C, and processed within 1.5 hours. Surgical specimens 
were obtained from patients for histologic evaluation. The 
ISET method was carried out as previously described.26 The 
filtration device with 10 wells makes it possible to load and 
filter each milliliter (of 10) in parallel. Blood filtration through 
a polycarbonate filter with a calibrated pore size of 8 μm is 

❚Table 1❚
Number of Patients With Detected CNHCs, CNHC-MF, CNHC-UMF, CNHC-BF According to Malignant and Nonmalignant 
Associated Diseases*

Histologic Type Absence of CNHCs Presence of CNHCs CNHC-MF CNHC-UMF CNHC-BF Overall P†

Malignant tumors 291 (51.1) 278 (48.9) 245 28 5 569 (100.0)
   NSCLC   119 4 0 394 
   Miscellaneous carcinoma   11 8 2 25 
   Metastatic carcinoma   56 7 0 105 
   Malignant pleural mesothelioma   6 3 0 10 <.001‡

   Melanoma   20 6 1 30 
   Sarcoma   3 0 2 5 
Nonmalignant diseases 169 (88.9) 21 (11.1) 10 5 6 190 (100.0) 
   Benign tumors   0 0 0 38 
      Thyroid adenoma   7 0 0 25 
      Parathyroid adenoma   3 0 0 7 
      Lipoma   0 0 0 4 
      Chondroma   0 0 0 2 
   Nontumoral diseases   0 0 0 152 NS‡

      Graves disease   0 1 0 15 
      Thyroid hyperplasia   0 2 0 59 
      Parathyroid hyperplasia   0 2 2 15 
      Amygdalitis   0 0 2 40 
      Pneumonitis   0 0 2 23 
No disease 47 (96) 2 (4) 0 0 2 49 (100) 

CNHCs, circulating nonhematologic cells; CNHC-BF, CNHCs with benign features; CNHC-MF, CNHCs with malignant features; CNHC-UMF, CNHCs with uncertain 
malignant features; NS, not significant; NSCLC, non–small cell lung carcinoma.

* Data are given as number (percentage) or number of cases.
† Significant at the .05 level.
‡ Coding of variables for presence of CNHC: malignant (1) vs nonmalignant (2) diseases or benign tumors (1) vs nontumoral diseases (2).
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performed. The membrane is then gently washed with phos-
phate-buffered saline (PBS), disassembled from the filtration 
device, and allowed to air dry.26 The membrane was cut into 2 
parts containing 6 spots to be stained and 4 spots to be stored 
for further studies. The spots were stained using a modified 
May-Grünwald-Giemsa staining method using the following 
steps: May-Grünwald (undiluted, 5 minutes), May-Grünwald 
(diluted 50% in PBS, 5 minutes), and Giemsa (diluted 10% in 
PBS, 40 minutes), followed by rinsing with PBS for 1 minute. 
Membranes were then air dried and kept in the dark at room 
temperature. Stained spots were examined by light micros-
copy using the following procedure: (1) screening at ×100 and 
×200 to look for circulating nonhematologic cells (CNHCs) 

and (2) observation at ×630 and ×1,000 with oil immersion 
for detailed cytomorphologic study.

The following criteria were taken into account: presence 
of cytoplasmic (only CNHCs with visible cytoplasm were 
considered) irregularity of the nuclear membrane, size of 
the nucleus, anisonucleosis, high nuclear/cytoplasmic ratio, 
and presence of tridimensional sheets of cells. CNHCs with 
malignant features (CNHC-MF = CTCs) were then charac-
terized by the presence of at least 4 of the following criteria: 
anisonucleosis (ratio >0.5), nuclei larger than a 3-calibrated 
pore size (8 μm) (ie, >24 μm), irregular nuclei, presence 
of tridimensional sheets, and a high nuclear/cytoplasmic 
ratio ❚Image 1❚. CNHCs with uncertain malignant potential 

A B

C D

❚Image 1❚ Cytomorphologic criteria for circulating nonhematologic cells with malignant features (CNHC-MF) obtained by the 
isolation by size of epithelial tumor cell method. A, Esophageal adenocarcinoma. B, Head and neck carcinoma. C, Malignant 
mesothelioma. D, Lung adenocarcinoma. 
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(CNHC-UMF) were defined when fewer than 2 criteria were 
present ❚Image 2❚. CNHCs with benign features (CNHC-BF) 
were characterized by the absence of these criteria ❚Image 3❚.
A semiquantitative analysis was performed on each filter, and 
cases were categorized into 3 groups according to the number 
of CNHCs: group 1, fewer than 10 CNHCs; group 2, between 
10 and 100 CNHCs; and group 3, more than 100 CNHCs. 
In all, 1,025 pictures (average, 5 pictures per filter; range, 
1-21) were recorded, and images were digitized and collected 
by 3 observers (V.J.H., C.B., and P.M.H.). All images were 
reviewed independently by the members of the panel (V.J.H., 
C.B., T.M., J.M.V., J.F.F., S.L., E.P., N.M., P.V., and P.M.H.) 
without knowledge of the patients’ clinical status and patho-
logic diagnosis.

Criteria for Evaluation
The presence of CNHCs was evaluated and compared 

in patients with nonmalignant and malignant diseases and 
healthy volunteers using the χ2 statistical test. A P value of .05 
or less was considered significant. Interobserver agreement 
was assessed for the diagnosis of CNHC-MF, CNHC-UMF, 
and CNHC-BF for CNHCs detected in patients with nonma-
lignant diseases and with malignant diseases using κ as the 
measure of agreement.

Results

Interobserver agreement for the 3 cytopathologists 
working in the same institution (V.J.H., C.B., and P.M.H.; 

E F

E and F, Thyroid adenoma. G and H, Parathyroid adenoma. Arrows, anisonucleosis; arrowhead, irregular nuclear borders and 
large nuclei; double arrows, 3-dimensional sheets; asterisks, cells satisfying the criteria for CNHC-MF 
(A-H, May-Grünwald-Giemsa, ×1,000).

G H
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A B

C D

❚Image 2❚ Cytomorphologic criteria for circulating nonhematologic cells with uncertain malignant features obtained by the 
isolation by size of epithelial tumor cell method. A, Lung epidermoid carcinoma. B, Malignant mesothelioma. C, Metastatic 
large bowel carcinoma. D, Head and neck carcinoma. E and F, Thyroid adenoma. 

E F



Am J Clin Pathol  2011;135:146-156     151
151     DOI: 10.1309/AJCP9X8OZBEIQVVI     151

© American Society for Clinical Pathology

Anatomic Pathology / Original Article

G H

❚Image 2❚ (cont) G and H, Parathyroid adenoma (A-H, May-Grünwald-Giemsa, ×1,000).

A B

C D

❚Image 3❚ Cytomorphologic criteria for circulating nonhematologic cells with benign features obtained by the isolation by size 
of epithelial tumor cell method. A, Lung epidermoid carcinoma. B, Sarcoidosis. C, Nodular hyperplasia of the thyroid. 
D, Thyroid adenoma. 
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E F

G H

❚Image 3❚ (cont) E, Parathyroid hyperplasia. F, Amygdalitis. G, Pneumonitis. H, Parathyroid adenoma (A-H, May-Grünwald-
Giemsa, ×1,000).

Pasteur Hospital, Nice, France) was total (κ = 1) for detect-
ing CNHCs on filters. According to the number of observed 
images among each category of CNHCs, interobserver 
variation was low for the diagnosis of CNHC-MF (1.9%) 
and relatively high for the diagnosis of CNHC-UMF (7.5%) 
and CNHC-BF (8.9%). Consequently, agreement of cyto-
pathologists for the diagnosis of the different categories of 
CNHCs was high (κ = 0.93) for the diagnosis of CNHC-
MF, moderate (κ = 0.64) for the diagnosis of CNHC-UMF, 
and relatively low (κ = 0.35) for the diagnosis of CNHC-BF 
❚Table 2❚. Among patients with malignant pathologies, 278 
(48.9%) of 569 (Table 1) showed the presence of CNHCs 
that were diagnosed by all cytopathologists as CNHC-MF 
(Image 1), CNHC-UMF (Image 2), and CNHC-BF (Image 
3) in 245 cases, 28 cases, and 5 cases, respectively. Among 

the patients with benign pathologies, 21 (11.1%) of 190 had 
CNHCs (Table 1) that were classified by all cytopatholo-
gists as CNHC-MF (Image 1), CNHC-UMF (Image 2), 
and CNHC-BF (Image 3) in 10 patients (thyroid, 7 cases; 
parathyroid adenomas, 3 cases), 5 patients, and 6 patients, 
respectively. CNHCs were detected in 2 (4%) of 49 healthy 
volunteers, all corresponding to CNHC-BF (Table 1). 
Cumulatively different categories of CNHCs were observed 
in most patients with malignant disease. Cytopathologic 
features of CNHCs were similar in patients with the dif-
ferent pathologies (not shown). Of note, the numbers of 
CNHCs detected on filters were usually higher in patients 
with malignant diseases than the numbers observed in 
patients with nonmalignant diseases (P < .001) ❚Table 3❚ 

❚Image 4❚.
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The present work was designed to investigate whether a 
national panel of 10 experienced cytopathologists, working 
independently and without knowledge of clinicopathologic 
data, could consistently and reliably identify CTCs in patients 
with malignant solid tumors vs in patients with benign pathol-
ogies and vs in healthy subjects. Our results clearly show the 
following: (1) Different morphologic subtypes of CNHCs 
circulate in the blood of patients, but only one, defined as 
CNHC-MF, represents “true” CTCs because they were never 
found in healthy subjects. (2) CNHC-MF were found in 10 
(5.3%) of the patients with benign pathologies consisting 
of thyroid (7 cases) and parathyroid (3 cases) adenomas, 
which are known to be diagnostically challenging in FNA 
cytopathology. This clearly means that (1) experienced cyto-
pathologists can reliably identify CTCs by applying classic 
cytopathologic criteria; (2) caution is highly recommended 
in the case of benign pathologies such as thyroid and para-
thyroid adenomas, which may give false-positive results; and 
(3) because CNHCs without malignant features that are easily 
recognized by cytopathologic analysis are indeed present in 
healthy subjects and in patients with nonmalignant diseases, 
they represent a challenge for other methods aimed at detect-
ing CTCs using nonspecific markers for malignant cells.

These data are in favor of the use of cytopathologic meth-
ods to reliably identify CTCs and strongly encourage further 

Discussion

CTC detection is a highly relevant issue in clinical oncol-
ogy. It is supposed to help clinicians in identifying patients with 
cancer with a high risk of recurrence or metastases of their solid 
tumors and patients with invasive tumors at a very early stage. 
Therefore, solving the technological challenges of sensitive and 
specific identification of CTCs by a noninvasive approach may 
represent a crucial step in modern clinical care.

An average number of 10 million leukocytes and 5 bil-
lion erythrocytes are present in 1 mL of blood. Detection of 
1 single CTC per mL is expected to be clinically important, 
meaning that 5,000 CTCs are present in the blood circula-
tion. Hematologic Coulter (Beckman Coulter, Fullerton, CA) 
automated instruments analyze blood volumes of 50 μL or 
less. Thus, “rare” cells, defined in this setting, must account 
for at least 20 of them per milliliter. The CTC field of inves-
tigation requires a very high sensitivity combined with an 
“absolute” specificity of malignant cell diagnosis. Taking all 
these requirements into account, indirect detection of CTCs 
based on reverse transcriptase–polymerase chain reaction 
amplification of RNA markers and cell capture based on anti-
gens lacking “absolute” specificity for malignant tumor cell 
identification are not expected to reach all of the mentioned 
clinical goals.10

Among the different reported methods for CTC detection, 
the ISET method allows enrichment of CNHCs in a powerful 
manner.26 Because these isolated cells are then available for 
cytopathologic study, the method could also provide the spec-
ificity expected to bring advantage to patients.26 However, 
it has never been assessed whether application of classic 
cytopathologic criteria, currently used in “conventional” 
cytopathology, to the CTC field allows pathologists to reach a 
consensus in patients with solid cancers and to pinpoint a cell 
type absent in healthy subjects.

❚Table 3❚
Number of Cases With Detected CNHCs According to 
Pathology

Pathology <10 CNHCs 10-100 CNHCs >100 CNHCs Total

Nontumoral 5 6 0 11
Benign 5 4 1 10
Malignant 58 99 121 278
Total 68 109 122 299

CNHCs, circulating nonhematologic cells.

❚Table 2❚
Agreement Among Cytopathologists on the Diagnosis of the Different Categories of CNHCs*

 Cytopathologist Agreement

 10/10 9/10 8/10 7/10 6/10 5/10

Malignant tumors
   CNHCs 100% (555) — — — — —
   CNHC-MF 94% (182) 92% (134) 83% (68) 25% (31) 11% (12) 3% (3)
   CNHC-UMF 52% (97) 34% (69) 22% (31) 11% (13) 5% (9) 2% (5)
   CNHC-BF 29% (19) 11% (15) 9% (12) 7% (6) 4% (4) 2% (3)
Nonmalignant diseases
   CNHCs 100% (197) 0% 0% 0% 0% 0%
   CNHC-MF 100% (7) 92% (2) 75% (1) 61% (1) 9% (1) 3% (1)
   CNHC-UMF 61% (42) 34% (10) 26% (7) 12% (5) 8% (4) 5% (3)
   CNHC-BF 61% (55) 42% (19) 14% (15) 5% (10) 2% (9) 1% (5)

CNHCs, circulating nonhematologic cells; CNHC-BF, CNHCs with benign features; CNHC-MF, CNHCs with malignant features; CNHC-UMF, CNHCs with uncertain 
malignant features.

* The percentages represent the positive responses made by the panel of cytopathologists for the diagnosis of the different categories of CNHC. The numbers in parentheses are 
the number of examined images.
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A B

C D

E F

❚Image 4❚ Different numbers of circulating nonhematologic cells (CNHCs) observed in nonmalignant and malignant diseases. 
A and B, Isolated CNHCs or fewer than 10 CNHCs. Thyroid hyperplasia. C and D, Between 10 and 100 CNHCs. Thyroid 
adenoma. E and F, More than 100 CNHCs. Malignant mesothelioma (A, C, and E, May-Grünwald-Giemsa, ×200; B, D, and F, 
May-Grünwald-Giemsa, ×1,000).
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studies in this field. It is interesting that in a series of 199 sub-
jects with nonmalignant diseases, the only patient with more 
than 2 CTCs detected by the CellSearch system (Veridex, 
San Diego, CA) had a hyperthyroid disorder.27 Thus, further 
comparison of the respective sensitivity and specificity of the 
ISET and CellSearch methods for CTC detection will be of 
great interest. Furthermore, new molecular markers should 
certainly be developed in the future and might help better 
identify and characterize CTCs. Immunocytochemical studies 
performed on cells obtained by the ISET method could be 
used to phenotype CNHCs with challenging cytopathologic 
features and distinguish epithelial from endothelial cells and 
megakaryocytes. Immunolabeling can also be of value to 
identify invasive CTCs and cells with an ongoing epithelial to 
mesenchymal transition. Studies performed on samples from 
patients with solid cancers at different stages and correlating 
immunocytochemical results with clinicopathologic data and 
patient follow-up need also to be planned. Most of the pub-
lished studies have demonstrated that the presence of CTCs 
correlates with tumors of high stage and/or metastases.6,25,28,29

However, the different results were obtained using different 
methods for CTC detection.6,25,28,29 Further studies are needed 
to determine in our cohort of carcinoma patients if the pres-
ence and number of CTCs detected by ISET correlate with 
tumors of higher stages.

Our data show that cytomorphologic examination, the 
reference diagnostic method in clinical oncology, is also rel-
evant in the field of CTC detection. However, we still have to 
investigate, in larger clinical studies, the potential pitfalls of 
this approach and its potential impact on cancer staging and 
follow-up. This seems to be worthwhile because combining 
cytomorphologic diagnosis with immunologic and molecular 
characterization should improve CTC detection and bring new 
hope to patients with solid cancers.

From 1Inserm ERI-21, Faculty of Medicine and University of 
Nice Sophia Antipolis, Nice, France; 2Human Biobank, Pasteur 
Hospital, Nice; 3Laboratory of Clinical and Experimental 
Pathology, Pasteur Hospital, Nice; 4EA 4319, Faculty of 
Medicine, Nice; 5Department of Pathology, AP-HP, Hôtel-Dieu, 
University of Paris Descartes, Paris, France; 6Department of 
Pathology, Nancy, France; 7Department of Pathology, Saint-
Antoine Hospital, Paris; 8Department of Pathology, la Tronche 
Hospital, Grenoble, France; 9Department of Pathology, Sud 
Hospital, Lyon, France, and Department of Pathology, Bron, 
France; 10Department of Pathology, Centre hospitalier affilié 
universitaire de Québec, Québec, Canada; 11Department
of Pneumology, Pasteur Hospital, Nice; 12Department of 
Dermatology, Archet II Hospital, Nice; 13Department of 
Thoracic Surgery, Pasteur Hospital, Nice; 14Department of 
Otorhinolaryngology, Pasteur Hospital, Nice; and 15Department
of Biopathology and Laboratory of Translational Research,, 
Gustave Roussy Institute, Villejuif, France.

Supported by grants from PHRC National 2008 (CHU de 
Nice, France) and the Conseil Général 06, Nice, France.



156     Am J Clin Pathol  2011;135:146-156
156     DOI: 10.1309/AJCP9X8OZBEIQVVI    

© American Society for Clinical Pathology

Hofman et al / Cytopathologic Detection of CTCs

 23. Leon SA, Shapiro B, Sklaroff DM, et al. Free DNA in the 
serum of cancer patients and the effect of therapy. Cancer 
Res. 1977;37:646-650.

 24. Sabile A, Louha M, Bonte E, et al. Efficiency of Ber-EP4 
antibody in isolating circulating epithelial tumor cells before 
RT-PCR detection. Am J Clin Pathol. 1999;112:171-178.

 25. Sher YP, Shih JY, Yang PC, et al. Prognosis of non-small cell 
lung cancer patients by detecting circulating cancer cells in 
the peripheral blood with multiple marker genes. Clin Cancer 
Res. 2005;11:173-179.

 26. Vona G, Sabile A, Louha M, et al. Isolation by 
size of epithelial tumor cells: a new method for the 
immunomorphological and molecular characterization of 
circulating tumor cells. Am J Pathol. 2000;156:57-63.

 27. Allard WJ, Matera J, Miller MC, et al. Tumor cells circulate 
in the peripheral blood of all major carcinomas but not in 
healthy subjects or patients with nonmalignant diseases. Clin 
Cancer Res. 2004;10:6897-6904.

 28. Tanaka F, Yoneda K, Kondo N, et al. Circulating tumor cell 
as a diagnostic marker in primary lung cancer. Clin Cancer 
Res. 2009;15:6980-6986.

 29. Wang L, Wang Y, Liu Y, et al. Flow cytometric analysis of 
CK19 expression in the peripheral blood of breast carcinoma 
patients: relevance for circulating tumor cell detection. J Exp 
Clin Cancer Res. 2009;28:57. doi:10.1186/1756-9966-28-57.

 16. Anker P, Mulcahy H, Stroun M. Circulating nucleic acids 
in plasma and serum as a noninvasive investigation for 
cancer: time for large-scale clinical studies? Int J Cancer. 
2003;103:149-152.

 17. Brandt B, Roetger A, Heidl S, et al. Isolation of blood-borne 
epithelium-derived c-erbB-2 oncoprotein-positive clustered 
cells from peripheral blood of breast cancer patients. Int J 
Cancer. 1998;76:824-828.

 18. Chen T-F, Jiang G-L, Fu X-L, et al. CK19 mRNA expression 
measured by reverse-transcription polymerase chain reaction 
(RT-PCR) in the peripheral blood of patients with non–small 
cell lung cancer treated by chemo-radiation: an independent 
prognostic factor. Lung Cancer. 2007;56:105-114.

 19. Clarke LE, Leitzel K, Smith J. Epidermal growth factor 
receptor mRNA in peripheral blood of patients with 
pancreatic, lung, and colon carcinomas detected by RT-PCR. 
Int J Oncol. 2003;22:425-430.

 20. Gervasoni A, Monasterio Muñoz RM, Wengler GS, et al. 
Molecular signature detection of circulating tumor cells using 
a panel of selected genes. Cancer Lett. 2008;434:267-279.

 21. Guo J, Xiao B, Jin Z, et al. Detection of cytokeratin 20 
mRNA in the peripheral blood of patients with colorectal 
cancer by immunomagnetic bead enrichment and real-time 
reverse transcriptase–polymerase chain reaction. 
J Gastroenterol Hepatol. 2005;20:1279-1284.

 22. Hayes DC, Secrist H, Bangur CS, et al. Multigene real-time 
PCR detection of circulating tumor cells in peripheral blood 
of lung cancer patients. Anticancer Res. 2006;26:1567-1575.



DOI:10.1111/j.1365-2303.2010.00835.x

Morphological analysis of circulating tumour cells in patients
undergoing surgery for non-small cell lung carcinoma using the
isolation by size of epithelial tumour cell (ISET) method

V. Hofman*,�,�,§1, E. Long*,�,�,§1, M. Ilie*,�,�,§, C. Bonnetaud�, J. M. Vignaud–,
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Morphological analysis of circulating tumour cells in patients undergoing surgery for non-small cell lung

carcinoma using the isolation by size of epithelial tumour cell (ISET) method

Background and objective: Recurrence rates after surgery for non-small cell lung cancer (NSCLC) range from

25 to 50% and 5-year survival is only 60–70%. Because no biomarkers are predictive of recurrence or the onset

of metastasis, pathological TNM (pTNM) staging is currently the best prognostic factor. Consequently, the

preoperative detection of circulating tumour cells (CTCs) might be useful in tailoring therapy. The aim of this

study was to characterize morphologically any circulating non-haematological cells (CNHCs) in patients

undergoing surgery for NSCLC using the isolation by size of epithelial tumour cell (ISET) method.

Methods: Of 299 blood samples tested, 250 were from patients with resectable NSCLC and 59 from healthy

controls. The presence of CNHCs was assessed blindly and independently by 10 cytopathologists on May-

Grünwald–Giemsa stained filters and the cells classified into three groups: (i) malignant cells, (ii) uncertain

malignant cells, and (iii) benign cells. We assessed interobserver agreement using Kappa (j) analysis as the

measure of agreement.

Results: A total of 123 out of 250 (49%) patients showed CNHCs corresponding to malignant, uncertain

malignant and benign cells, in 102 ⁄ 250 (41%), 15 ⁄ 250 (6%) and 6 ⁄ 250 (2%) cases, respectively. No CNHCs

were detected in the blood of healthy subjects. Interobserver diagnostic variability was absent for CNHCs, low for

malignant cells and limited for uncertain malignant and benign cells.
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Conclusion: Identification of CTCs in resectable NSCLC patients, using ISET technology and according to

cytopathological criteria of malignancy, appears to be a new and promising field of cytopathology with potential

relevance to lung oncology.

Keywords: circulating tumour cells, isolation by size of epithelial tumour cells, non-small cell lung carcinoma,

diagnosis, cytopathology, interobserver agreement.

Introduction

Detection of circulating tumour cells (CTCs) in the

bloodstream of cancer patients can be prognostic and

may have a large impact on the development of new

strategies for cancer treatment.1,2 CTCs can be

detected during follow-up after tumour resection

and in the metastatic phase.3 Moreover, these cells

can be isolated in patients undergoing surgery for

completely resectable tumours.4 CTCs can be detected

using indirect or direct methodological approaches.2,5

Among the indirect techniques, the Cell Search

method is probably the one most frequently em-

ployed, and has been authorized by the USA Food

Drug Administration for the follow-up of patients

with breast, colonic and prostate metastases.2 Cur-

rently, direct methods for detecting CTCs, although

less developed, have the advantage of allowing cyto-

morphological analysis, in a similar way to that

performed in exfoliative cytology and in fine needle

aspiration cytology.6,7 However, very few studies have

been carried out to describe and define the cytomor-

phological criteria of CTCs and to examine whether

the classical cytological criteria of malignancy can be

applied to CTCs.8–11 Among the direct methods, the

fibre-optical array scanning (FAST) technology has

been used recently to identify CTCs using cytomor-

phology, in a small number of lung, colonic and

prostatic cancer patients.9,12,13 Another direct meth-

od, called isolated by size of epithelial tumour cells

(ISET) technology, first described in the field of

oncology by Vona et al.7,10,11 has been used in patients

with liver or breast carcinomas. This latter technique

is sensitive, simple, has a low cost and allows

cytomorphological analysis and characterization of

CTCs.

Circulating non-haematological cells (CNHCs) can

be detected in the blood of patients with non-

malignant diseases, and more exceptionally in healthy

individuals.2 The origin of these epithelial cells is

uncertain and their morphological characterization is

unknown. Therefore in practice, even in cancer

patients, the detection of CNHCs could not always

be considered as malignant cells, particularly if these

CNHCs do not show cytological criteria of malignancy.

In this regard, the cytomorphological analysis of

CNHCs should be of great value in characterizing

CTCs.

Lung cancer is the most prevalent neoplasm and the

major cause of tumour-related mortality world-

wide.14–16 Despite recent advances in the manage-

ment of resected lung cancers and more effective

treatment of metastatic tumours, the cure rate of

patients with lung cancer remains low.14–16 In this

regard, sensitive and specific detection of CTCs in the

blood might be considered a potentially relevant

prognostic biomarker for patients with NSCLC.17 The

detection of CTCs in patients with lung carcinoma has

mainly been performed with indirect methods.18–28

One study reported the cytomorphological details of

CTCs isolated in one patient with lung adenocarci-

noma using an immunofluorescent staining protocol.9

Moreover, we recently demonstrated an interest in

prognostic biomarkers of CTCs detected by the ISET

method in NSCLC patients.29 However, stringent

cytomorphological criteria are now needed in order

to better identify the different population of CNHCs,

in particular those corresponding to malignant cells.

No study has been performed prior to our study for

morphological characterization of CTCs by a direct

method in patients undergoing surgery for resectable

NSCLC. This may be of interest, since in a subpopula-

tion of patients with complete surgical tumor resec-

tion, loco-regional and distant metastases can occur

rapidly, and the preoperative detection of CTCs could

allow selection of these patients with a higher risk. 30–32

This study was conducted in order to evaluate the

usefulness and efficacy of the ISET method for pre-

operative detection and characterization of CTCs in

NSCLC patients. For this purpose, CTCs were exam-

ined in a group of 250 patients with resectable NSCLC

by a panel of 10 cytopathologists. Cytomorphological

criteria had been established by this panel for classi-

fying CNHCs into the three following categories: (i)

Circulating tumour cells and cytological analysis 31
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CNHCs with malignant features, (ii) CNHC with

uncertain malignant features, and (iii) CNHC with

benign features. In this paper, and for the purpose of

simplicity, these categories of CNHCs were further

called circulating malignant, uncertain malignant and

benign cells, respectively. Interobserver agreement

between these 10 cytopathologists was then studied

for the three categories of CNHCs.

Methods

Patients and samples

Two hundred and fifty patients with NSCLC undergo-

ing surgery from December 2006 to March 2010 gave

their informed consent to participate in this study.

Biopsies had not been performed for at least 15 days

before surgery. The clinicopathological parameters of

these patients are summarized in Table 1. Among 150

adenocarcinomas, 95 expressed the TTF1 antigen, as

determined by immunohistochemical (anti-TTF1 anti-

body, diluted 1 : 100, Dako; Glostrup, Denmark) stain-

ing. Blood samples from 59 healthy volunteers were

used as negative controls. There were 39 men (median

age, 39 years; range, 25–65 years) and 20 women

(median age, 45 years; range, 22–53 years), who were

smokers (average, 14 pack years; range, 10–47 pack

years), without evidence of neoplastic disease.

Methods

Ten millilitres of peripheral blood were collected in

buffered EDTA before anaesthesia, maintained at 4 �C,

and processed within 1 hour. Surgical lung specimens

were taken for pTNM staging and histological evalu-

ation, according to international classifications.33,34

ISET was carried out as described previously.7 After

blood filtration, the membrane was gently washed

with PBS, disassembled from the filtration module

and allowed to air-dry. The spots were stained using

a modified May-Grünwald–Giemsa (MGG) staining

method with the following steps: May-Grünwald

(undiluted, 5 minute), May-Grünwald (diluted 50%

in PBS, 5 minute) and Giemsa (diluted 10% in PBS,

40 minute), followed by rinsing with PBS for 1 min-

ute. Stained spots were examined by light microscopy

using different steps: (i) observation at 100· and 200·
original magnification to look for non-haematological

cells and to count sheets of these cells, and (ii)

observation at 630· and 1000· original magnification

with oil immersion for detailed cytomorphological

analysis. Different criteria were taken into account to

characterize the detected non-haematological cells:

nucleo-cytoplasmic ratio, anisonucleosis, irregularity

of the nuclear membrane and size of the nucleus,

nuclear hyperchromasia, and presence of three-

dimensional sheets. Cells without visible cytoplasm

were not included in this study. When features

corresponding to early or late apoptotic cells (nuclear

shrinkage and fragmented nuclei) were noted, the

corresponding cells were not counted. Circulating

malignant cells were defined by the presence of at

least four of the following criteria: anisonucleosis

(ratio > 0.5), nuclei larger than three calibrated pore

sizes of the membrane (8 lm) (i.e. >24 lm), irregular

nuclei, high nucleo-cytoplasmic ratio, and presence of

three-dimensional sheets (Figure 1). CNHCs were

defined as circulating uncertain malignant cells when

they had fewer than two criteria, but at least one was

Table 1. Epidemiological and clinico-pathological data of

non-small cell lung carcinoma patients

Variables Overall*

Patient cohort 250

Age (years)

Mean 65

Range 33–82

Gender

Male 172 (69)

Female 78 (31)

Smoking status

Never smoked 30 (12)

Former or current smokers 220 (88)

Mean (range) pack years 46 (1–85)

Tumour size (cm)

Mean 4

Range 0.4–18

Histological cell type

Adenocarcinoma 150 (60)

Squamous cell carcinoma 67 (27)

Neuroendocrine carcinoma 7 (3)

Large cell carcinoma 9 (3)

Adenosquamous carcinoma 2 (1)

Sarcomatoid carcinoma 10 (4)

NSCLC (NOS) 5 (2)

pTNM stage

I 111 (44)

II 70 (28)

III 50 (20)

IV 19 (8)

*Values expressed as n (%).

pTNM, pathological tumour node metastasis; NSCLC,

non-small cell lung carcinoma; NOS, not otherwise specified.
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present (Figure 2). CNHCs defined as circulating

benign cells were characterized by the absence of

these criteria (Figure 3). A total of 917 pictures

(average mean, seven pictures per filter; range, 1–

32) were recorded and images were digitized at a

·1000 magnification and collected by three of the

authors (VH, CB and PH). All images were then

reviewed independently by the members of the panel

of cytopathologists from eight different institutions

(VH, CB, PV, SL, NM, JFF, TJM, JMV, EP and PH)

without knowledge of the diagnosis. There were single

observers in each institution, apart from at the Pasteur

Hospital, Nice, where there were three observers.

Images were scored independently by the cytopathol-

ogists and classified as circulating malignant, uncer-

tain malignant or benign cells for each patient.

Malignancy was confirmed if in at least one image a

CTC (i.e. a circulating malignant cell) was identified

and if at least five cytopathologists were in agreement.

Similarly, a patient was classified in the category of

patients with circulating uncertain malignant or

benign cells when at least five cytopathologists agreed

with this evaluation.

Statistical analysis

All calculations were performed with the statistical

software R, a free language and environment for

statistical analysis and graphics (version 2.9.0, Oregon

State University, Corvallis, OR, USA). We used Kappa

statistics, which reflect agreement between two mea-

surements after removing chance agreement, as a

(a) (b)

(c) (d)

Figure 1. Cytomorphological criteria of circulating malig-

nant cells isolated by the ISET method in patients with

NSCLC. (a) Patient with T1N0 adenocarcinoma. (b) Patient

with T2N1 adenocarcinoma. (c) Patient with T3N0 large cell

carcinoma. (d) Patient with T2N1 large cell carcinoma. (a–d,

original magnification ·1000, MGG staining; bars, 8 lm;

arrows, anisonucleosis; arrow heads, irregularity and large

nuclei; asterisks, three dimensional sheets; double arrows,

pores of filters.)

(a) (b)

(c) (d)

Figure 2. Cytomorphological criteria of circulating uncertain

malignant cells isolated by the ISET method in patients with

NSCLC. (a) Patient with T2N0 adenocarcinoma. (b) Patient

with T3N1 large cell carcinoma. (c) Patient with T2N0 large

cell carcinoma. (d) Patient with T1N1 squamous cell carci-

noma. (a–d, original magnification ·1000, MGG staining;

bars, 8 lm; double arrows, pores of filters.)

(a) (b)

(c) (d)

Figure 3. Cytomorphological criteria of circulating benign

cells isolated by the ISET method in patients with NSCLC. (a)

Patient with T2N0 adenocarcinoma. (b) Patient with T2N1

squamous cell carcinoma. (c) Patient with T2N1 large cell

carcinoma. (d) Patient with T2N0 adenocarcinoma. (a–d,

original magnification ·1000; bars, 8 lm; double arrows,

pores of filters.)
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measure of reliability.35,36 A value close to one

represents almost perfect agreement whereas values

close to or below zero represent poor agreement. A

useful scale for the interpretation of the Kappa

estimate was developed by Landis and Koch:

0.81–1.00, �almost perfect�; 0.61–0.80, �substantial�;
0.41–0.60, �moderate�; 0.21–0.40, �fair�; 0.00–0.20,

�slight�; and <0.0, �poor� agreement.36 We computed

the weighted Kappa when the classification scheme

had more than two categories; greater weight was

given to differences in non-adjacent categories than to

differences in adjacent categories.35 Conditional

agreement is reported using percentages. In addition

to these analyses, we examined whether the magni-

tude of agreement for a given pathological character-

istic differed at the level of another pathological

characteristic. The following criteria were evaluated

and compared using the chi-square statistical test;

presence or absence of CNHCs: presence or absence of

CNHCs according to the pTNM stages and the histo-

logical subtype; presence or absence of circulating

malignant, uncertain malignant and benign cells. The

Mann–Whitney test was used to compare quantitative

and qualitative variables. A P-value of 0.05 or less was

considered to be significant.

Results

Interobserver agreement between the three cytopa-

thologists working in the same institution (VH, CB and

PH) (Pasteur Hospital, Nice, France) was total (j = 1)

for detecting CNHCs on filters. CNHCs were present

preoperatively in 123 ⁄ 250 (49%) patients undergoing

surgery for NSCLC. In all cases (100%), five out the 10

cytopathologists agreed with the final diagnosis for

each patient (circulating malignant, uncertain malig-

nant or benign cells) (j = 1; Table 2). Circulating

malignant cells (CTC) were characterized morpholog-

ically in 102 ⁄ 250 (41%) of cases. It is noteworthy that

interobserver variation was low for the diagnosis of

malignant cells (Table 2). Patients showed circulating

uncertain malignant and benign cells in only 15 ⁄ 250

(6%) and 6 ⁄ 250 (2%) cases, respectively. Among all

the CNHC, circulating malignant, uncertain malignant

and benign cells, represented 83% (102 ⁄ 123), 12%

(15 ⁄ 123) and 5% (6 ⁄ 123) of cases, respectively.

CNHCs were not found in the blood of the 59 healthy

volunteers. Furthermore, the �5 ⁄ 10 cytopathologists�
group was defined as a standard in order to calculate

the inter-institution level of agreement (Table 3). It is

noteworthy that inter-institution variability was sim-

ilar, with or without stratification for the malignant

features. As expected, there was higher variability

between several institutions.

The frequency of detection of CNHCs in different

histological subtypes was similar (P > 0.05) (Table 4).

The cytopathological features of CNHCs from patients

with lung adenocarcinoma were not distinguishable

from those of CNHCs derived from the other histo-

logical subtypes (Figure 4). No correlation was

Table 2. Interobserver agreement between cytopathologists for identification of circulating malignant, uncertain malignant

and benign cells

Agreement ⁄ cytopathologist 10 ⁄ 10 9 ⁄ 10 8 ⁄ 10 7 ⁄ 10 6 ⁄ 10 5 ⁄ 10

Circulating malignant cells

Cumulative agreement ⁄ cases (%) 11

(9)

17

(14)

42

(34)

66

(54)

90

(73)

102

(83)

Circulating uncertain malignant cells

Cumulative agreement ⁄ cases (%) 2

(1)

3

(2)

4

(3)

7

(6)

9

(7)

15

(12)

Circulating benign cells

Cumulative agreement ⁄ cases (%) 1

(1)

2

(1)

3

(2)

4

(3)

5

(4)

6

(5)

Total

Cumulative agreement ⁄ cases (%) 14

(11)

22

(17)

49

(39)

77

(63)

104

(84)

123

(100)

Results from the five out of 10 institutions were used as a standard for calculating Kappa level of agreement between the

different institutions with or without stratification for malignant features. The percentages represent the number of positive

responses made by the panel of cytopathologists for the evaluation of the different categories of circulating non-haematological

cells. Numbers in brackets are the number of cases.
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observed between the detection of CNHCs and the

pTNM stage (P > 0.05) (Table 4).

Discussion

The present study shows that CNHCs can be detected

using ISET, a cytomorphological technology, in

around 50% of patients undergoing surgery for

resectable NSCLC. The presence of these CNHCs is

not correlated with pTNM or the histological subtype

of the primary tumour. In most cases, these cells were

identified by a large majority of the cytopathologists

on the panel as having malignant cytological criteria,

and hence have been classified as CTCs. However, the

invasive potential of these cells, as well as their

metastatic potential, cannot be correlated, to date,

with their cytological features. It would therefore be

of interest to correlate the presence and the number of

detected CTCs with patient follow-up. The different

cytological criteria of malignancy adopted to classify

the CNHCs as CTCs were those usually used in clinical

cytopathology.37 However, in the present study,

certain criteria were more frequently observed than

others. For example, anisonucleosis, increased size of

nuclei and irregular nuclei were more often observed

in CTCs than high nucleo-cytoplasmic ratio and three-

dimensional sheets of cells. This can be explained, at

least partially, by the fact that certain cytopathologists

on the panel did not consider these cells as true CTCs

(circulating malignant cells) and classified them as

circulating uncertain malignant cells. Interestingly,

isolated CNHCs in our population of patients were not

diagnostic for a histological subtype of the corre-

sponding primary NSCLC. In particular, no features of

keratinization or intracytoplasmic secretory vacuoles,

which could correspond to mucus secretion, were

noted in these cells. This may be explained by the fact

that these cells could correspond to cells pre-selected

as poorly differentiated cells, which could be the only

population able to cross the endothelial barrier and

Table 3. Kappa values of agreement between the different institutions, with or without stratification for malignant features of

cells

j values ⁄ institution 8 ⁄ 8 7 ⁄ 8 6 ⁄ 8 5 ⁄ 8 4 ⁄ 8 3 ⁄ 8*

With stratification for malignant cells 0.12 0.19 0.45 0.68 0.89 1

Without stratification for malignant cells 0.11 0.18 0.40 0.69 0.84 1

*The 3 ⁄ 8-institution group was defined as a standard (j = 1).

The results from the five out of 10 cytopathologists were defined as a standard (j = 1) for calculating the inter-institution

variability.

Table 4. Number of circulating non-

haematological cells detected by

isolation by the size of epithelial tumour

cell method, according to histological

classification of non-small cell lung

carcinoma and pTNM staging

Variables

ISET (+) ISET ()) Total

P-valuen (%) n (%) n (%)

Histological subtype

Adenocarcinoma 79 (53) 71 (47) 150 (100) 0.74

Squamous cell carcinoma 27 (40) 40 (60) 67 (100)

Large cell carcinoma 5 (56) 4 (44) 9 (100)

Neuroendocrine carcinoma 4 (57) 3 (43) 7 (100)

Adenosquamous carcinoma 1 (50) 1 (50) 2 (100)

Sarcomatoid carcinoma 4 (40) 6 (60) 10 (100)

NSCLC (NOS) 3 (60) 2 (40) 5 (100)

pTNM stage

I 55 (49) 56 (55) 111 (100) 0.50

II 34 (48) 36 (52) 70 (100)

III 24 (48) 26 (52) 50 (100)

IV 10 (52) 9 (48) 19 (100)

Overall 123 (49) 127 (51) 250 (100)

ISET, isolation by size of epithelial tumour cell; pTNM, pathological tumor node

metastasis; NSCLC, non-small cell lung carcinoma; NOS, not otherwise specified.

*P-value significant at the 0.05 level.

Circulating tumour cells and cytological analysis 35

Cytopathology 2012, 23, 30–38 ª 2011 Blackwell Publishing Ltd



migrate into the bloodstream.1,2,38 The presence of

CNHCs without any cytological criteria of malignancy,

called circulating benign cells, is questionable. They

may correspond to epithelial cells detached from

peritumoural areas or from other sites subjected to

tissue microtrauma leading to vascular barrier disrup-

tion. However, we cannot totally exclude the possi-

bility that they could be tumour cells without

cytological atypia. This situation is rarely observed in

�conventional� cytology obtained from exfoliative or

fine needle aspiration specimens, but might be poten-

tially more frequent in the morphological analysis of

CTCs. Finally, it is possible that a few of these cells

could be circulating endothelial cells, as these are

frequently detected in the blood of cancer

patients.39,40 We did not consider cells with apoptotic

features or naked nuclei for the diagnosis of CNHCs,

although in some patients they were numerous,

representing up to 30% of the isolated cells.

Some of the results of our study are not completely in

keeping with some of the data on cytomorphogical

observations described in a recent publication.9 In this

latter work, the authors showed a strong correlation

between the cytopathological features of CTCs and the

histological and cytopathological data observed in the

corresponding primary lung adenocarcinoma.9 More-

over, the majority of CTCs detected showed a low

nucleo-cytoplasmic ratio.9 The authors concluded that

these CTCs were not de-differentiated.9 This contradicts

the current concept claiming that only poorly differen-

tiated tumour cells can cross the endothelial barrier and

then migrate into the blood stream.1,2,38 However, the

results obtained by Marinucci et al.9 were observed in

only one patient and used the FAST method.

Despite the importance of conventional cytopatho-

logical analysis based on MGG staining, it would

certainly be of great interest to confirm these

morphological criteria by an immunocytochemical

study. However, immunocytochemistry of CTCs has a

number of limitations because the phenotype of CTCs

is usually different from that of the cells of the primary

tumour.1,2,38 Hence, and also as a consequence of the

epithelio-mesenchymal transition phenomenon,

some CTCs have a low or absent level of cytokera-

tins.1,2,38 Moreover, no antibody is currently available

for detecting the malignant potential of a given cell by

immunocytochemistry. Recently, the detection of

genomic aberrations in CTCs using an antigen-

independent FISH-based assay has been suggested as

a diagnostic and prognostic feature in patients

with NSCLC.41 Thus different molecular biological

approaches applied to CNHCs detected by ISET could

be very useful in the future to improve characteriza-

tion of the malignant potential of these cells.1,2,7,41

In conclusion, the ISET method is a powerful

approach not only for detection of CNHCs but also

(a1) (a2) (b1) (b2)

(c1) (c2) (d1) (d2)

Figure 4. Comparison of the cytopathological features of circulating malignant cells and histological features of corresponding

primary lung tumours. (a) Tubulo-papillary adenocarcinoma. (a1) H&E, original magnification ·400. (a2) Corresponding

circulating malignant cells, original magnification ·1000. (b) Squamous cell carcinoma. (b1) H&E, original magnification ·400.

(b2) Corresponding circulating malignant cells, original magnification ·1000. (c) Large cell carcinoma. (c1) H&E, original

magnification ·400. (c2) Corresponding circulating malignant cells, original magnification ·1000. (d) Sarcomatoid carcinoma.

(d1) H&E, original magnification ·400. (d2) Corresponding circulating malignant cells, original magnification ·1000.
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for characterizing some or all of these CNHCs as CTCs.

Our study shows that these CTCs are isolated in

around half of patients undergoing surgery for resect-

able NSCLC. Whether or not their presence is related

to prognosis remains to be evaluated. Quantification

of these CTCs using automatic imaging devices would

also be useful for looking for the prognostic impact

according to the exact number of CTCs detected.

Moreover, only the follow-up of our cohort of

patients, with or without CTCs detected by the ISET

approach, will tell us if these cells correspond to

passively shed cells with little or no malignant

potential, or actively migrating cells that are viable

and may form further metastatic foci. The combina-

tion of �classical� reference cytomorphological

approaches with newly developed molecular markers

derived from proteomic, molecular profiling and

genetic analyses of the cells detected, should allow

better classification and treatment of patients accord-

ing to prognosis. Moreover, this might identify these

CTCs as a pertinent molecular target for the develop-

ment of new antitumour agents and raises the

possibility that the presence of CTCs detected by ISET

may guide clinicians in tailoring future therapy.
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Predictive Clinical Outcome of the
Intratumoral CD66b-Positive Neutrophil-
to-CD8-Positive T-Cell Ratio in Patients
With Resectable Nonsmall Cell Lung Cancer
Marius Ilie, MD1,2,3; Véronique Hofman, MD, PhD1,2,3,4; Cécile Ortholan, MD, PhD5; Christelle Bonnetaud, MD4;

Céline Coëlle, MD4; Jérôme Mouroux, MD, PhD2,3,6; and Paul Hofman, MD, PhD1,2,3,4

BACKGROUND: The role of the interaction between tumor cells and inflammatory cells in nonsmall cell lung carci-

noma (NSCLC) is unclear. In this study, the authors assessed the prognostic impact of intratumoral cluster of differen-

tiation 66b (carcinoembryonic antigen-related cell adhesion molecule 8 [CD66b])-positive neutrophils and of the

intratumoral CD66b-positive neutrophil-to-cluster of differentiation 8 (cell surface antigen T8 [CD8])-positive lym-

phocytes (the CD66b-positive neutrophil-to-CD8-positive lymphocyte ratio [iNTR]) in patients with resectable

NSCLC. METHODS: Expression levels of CD66b and CD8 were evaluated by immunohistochemistry on tissue microar-

rays consisting of 632 NSCLC specimens from patients who underwent curative surgery. The relation between clinico-

pathologic variables and patient outcome was assessed. RESULTS: Intratumoral CD66b-positive neutrophils were

elevated in 318 patients (50%). In univariate analysis, an increase in CD66b-positive cells was associated with a high

cumulative incidence of relapse (CIR) (median CIR, 51 months for low CD66b-positive cell density; 36 months for

high CD66b-positive cell density; P ¼ .002) and trended toward worse overall survival (OS) (median OS, 57 months

for low CD66b-positive cell density; 54 months for high CD66b-positive cell density; P ¼ .088). The iNTR was ele-

vated in 190 patients (30%). An increased iNTR was strongly associated with both a high CIR (median CIR: 43

months for an iNTR �1; 34 months for an iNTR >1; P < .0001) and poor OS (median OS: 60 months for an iNTR �1; 46

months for an iNTR >1; P < .0001). In multivariate analysis, independent prognostic factors for a higher CIR were high

iNTR (hazard ratio [HR], 0.71; 95% confidence interval [CI], 0.56-0.90; P ¼ .005) and tumor stage >I, (HR, 0.39; 95%

CI, 0.30-0.52; P < .0001). Independent prognostic factors for worse OS were a high iNTR (HR, 0.70; 95% CI, 0.54-

0.91; P ¼ .007) and tumor stage >I (HR, 0.35; 95% CI, 0.26-0.47; P < .0001). CONCLUSIONS: The current results indi-

cated that the iNTR is a novel, independent prognostic factor for a high rate of disease recurrence and poor OS in

patients with resectable NSCLC. Cancer 2012;118:1726-37. VC 2011 American Cancer Society.

KEYWORDS: intratumoral CD66b-positive neutrophil-to-CD8-positive T-cell ratio, nonsmall cell lung cancer,

neutrophils, tissue microarrays, prognosis.

INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths in the world.1 Nonsmall cell lung cancer (NSCLC) represents
80% of lung cancers. Despite the different therapeutic strategies developed to date, patients with NSCLC have a poor
prognosis, and the overall survival (OS) rate after 5 years is <25% for all stages.2 Thus, current prognostic models that
include histologic subtype, tumor grade, tumor size, and pathologic tumor-lymph lymph node-metastasis (pTNM) classi-
fication urgently need to be improved by the integration of new prognostic biomarkers.3

Increasing evidence supports the involvement of systemic inflammation in cancer development and progression.4

Apart from their well established function as effector cells against invading pathogens, it is certain that neutrophils are
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involved in carcinogenesis.5 The mechanisms of action
involve intracellular signaling molecules and pathways,
including 1) the mutagenic effect and inactivation of mis-
match-repair enzymes that implicate reactive oxygen spe-
cies (ROS) and nitrogen intermediates, 2) activation of
the nuclear factor-jB pathway, and 3) modulation of the
expression of certain micro-RNAs.5 In addition, recently
reported evidence also suggests a pivotal role of neutro-
phils in tumor progression and invasion.5,6 Secreted fac-
tors of neutrophils, such as neutrophil gelatinase-
associated lipocalin or neutrophil elastase, are able to sup-
press or increase the invasion of carcinoma cells.7,8

Finally, neutrophils may be involved in tumor metastasis
by acting on transendothelial migration of carcinoma
cells,9 by degrading the extracellular matrix, and by
enhancing angiogenesis.10 Furthermore, ROS released
from activated neutrophils can generate mutations in mi-
tochondrial DNA that regulate tumor cell metastasis.11

Conversely, neutrophils can act as direct effector cells in
immune surveillance against cancer by releasing cytotoxic
mediators like ROS and proteolytic enzymes or through
antibody-dependent, cell-mediated cytotoxicity.12

Moreover, emerging immune hallmarks of cancer are
represented by the ability to evade immune recognition
and to suppress immune reactivity. Mice with T-cell and
B-cell deficiencies are more likely to develop malignant
tumors.13 There is evidence of the existence of antitumoral
immune responses in some types of cancer. For example, a
high density of tumor-infiltrating cluster of differentiation
8 (cell surface antigen T8 [CD8])-positive T cells is associ-
ated with a better prognosis in patients with colorectal car-
cinoma.14Moreover, cancer cells may recruit inflammatory
cells, including neutrophils, which can suppress the action
of cytotoxic lymphocytes. We hypothesized that the bal-
ance between conflicting inflammatory responses in tumors
is likely to prove instrumental in prognosis.

Recently, the presence of intratumoral neutrophils,
defined as cluster of differentiation 66b (carcinoembry-
onic antigen-related cell adhesion molecule 8 [(CD66b])-
positive cells, was identified as an independent prognostic
factor for poor survival in patients with renal cell carci-
noma.15 Moreover, a high preoperative blood neutrophil-
to-lymphocyte ratio reportedly was associated with a poor
outcome in various malignancies.16-18 However, to our
knowledge, the impact of intratumoral neutrophils as a
prognostic biomarker and the intratumoral neutrophil-
to-lymphocyte ratio (iNTR) (ie, the ratio of CD66b-
positive neutrophils to CD8-positive T lymphocytes) has
not been investigated in NSCLC.

To this aim, we performed in situ immunostaining
for intratumoral myeloperoxidase (MPO)-positive and
CD66b-positive neutrophils and CD8-positive T lym-
phocytes in tumor specimens from 632 patients who had
resectable NSCLC. We investigated the relation between
the type and density of neutrophils and the number of
CD8-positiveT lymphocytes within tumors and the clini-
cal outcome of these patients with resectable NSCLC.

Our results demonstrate that an increase in intratu-
moral infiltration by CD66b-positive neutrophils has
prognostic value for disease recurrence. Moreover, we
have identified the iNTR as an independent predictor of
poor survival after resection of primary NSCLC and as a
potential biomarker for the stratification of patients with
early stage NSCLC according to their risk of death.

MATERIALS AND METHODS

Patients

Patients who were diagnosed with resectable NSCLC at the
Department of Thoracic Surgery, University of Nice, Louis
Pasteur Hospital (Nice, France) between January 2001 and
April 2010 were screened for inclusion in this retrospective
study. The patients received the necessary information con-
cerning the study, and consent was obtained from each
patient. The study was approved by the Ethics Committee
of the University of Nice and was performed according to
the guidelines of the Declaration of Helsinki. Criteria for
inclusion were tumor stage I to III (according to the seventh
edition of the American Joint Committee on Cancer Staging
Manual).19 Patients underwent curative surgery of the pri-
mary tumor (wedge resection, lobectomy, or pneumonec-
tomy) and of mediastinal lymph nodes and had
clinicopathologic and outcome data available. Twelve of
632 patients (1.8%) who had tumors classified as pT4
underwent incomplete resection, and all 632 patients were
included in this study. Morphologic classification was
assigned according to World Health Organization criteria
and also included the latest recommendations of the Inter-
national Association for the Study of Lung Cancer.20,21

The main clinical and histopathologic parameters of the
study patients are summarized in Table 1.

Tissue Microarray Construction and
Immunohistochemistry

Tissue microarrays (TMAs) were constructed from
archival formalin-fixed, paraffin-embedded tissue blocks.
Representative tumor sections were selected for building
TMAs, and arrays were designed as previously

iNTR and Nonsmall Cell Lung Cancer/Ilie et al
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described.22 The selection of representative tumor material
(>60% tumor cells, nontumor zone or stromal reaction
removal, lack of necrosis) by the pathologist guaranteed
the reproducibility of the semiautomated image analysis.
Twenty array blocks that contained a total of 2250 cores
representing 632 tumors were built and tested by using
immunohistochemistry (IHC). TMA sections were incu-
bated for 60 minutes at room temperature with monoclo-
nal antibodies against CD66b (clone GF10F5; 1:600

dilution; BD Biosciences, San Diego, Calif), MPO (clone
RbPoAb; 1:1000 dilution; Dako, Carpenteria, Calif), and
CD8 (clone C8/144B; 1:50 dilution; Dako). The clone
C8/144B of the anti-CD8 antibody that was used in this
study may be expressed at a lower density on a subset of
CD8dim natural killer (NK) cells.

IHC was performed on serial 4-lm TMA sections
that were deparaffinized in xylene and rehydrated through
a graded series of ethanol concentrations. Antigen retrieval

Table 1. Correlation of intratumoral CD66b-Positive Neutrophils, CD8-Positive T-Cells, and the Intratumoral CD66b-Positive/CD8-
Positive Ratio With Clinicopathologic Parameters in 632 Patients with Nonsmall Cell Lung Cancera

Intratumor
CD66b1 Neu-
trophils: No. of
Patients (%)

CD81 T Cells:
No. of

Patients (%)

iNTR: No. of
Patients (%)

Feature Overall Low High Pb Low High Pb Low High Pb

Patient cohort 632 314 (50) 318 (50) 320 (51) 312 (49) 442 (70) 190 (30)

Age, y .13 .10 .52

<65 307 (49) 143 (47) 164 (53) 145 (47) 162 (53) 211 (69) 96 (31)

‡65 325 (51) 171 (53) 154 (47) 175 (54) 150 (46) 231 (71) 94 (29)

Sex .71 .78 .78

Men 467 (74) 230 (49) 237 (51) 238 (51) 229 (49) 328 (70) 139 (30)

Women 165 (26) 84 (51) 81 (49) 82 (50) 83 (50) 114 (69) 51 (31)

Smoking history .93 .45 .59

Never smoked 86 (14) 43 (50) 43 (50) 47 (55) 39 (45) 57 (66) 29 (34)

Former or current smokers 546 (86) 272 (50) 274 (50) 274 (50) 272 (50) 381(70) 165 (30)

Tumor size: Median�SD, cm 3.4�2.3 3.8�2.4 3.8�2.3 .90 3.9�2.5 3.8�2.1 .32 3.8� 2.4 4.0� 2.3 .28

Histologic cell type .35 .001 .15

Invasive adenocarcinoma 348 (55) 167(48) 181 (52) 157 (45) 191 (55) 252 (72) 96 (28)

Squamous cell carcinoma 207 (33) 111 (54) 96 (46) 124 (60) 83 (40) 133 (64) 74 (36)

Large cell carcinoma 29 (4) 16 (55) 13 (45) 21 (72) 8 (28) 20 (69) 9 (31)

Sarcomatoid carcinoma 48 (8) 20 (42) 28 (58) 18 (37) 30 (63) 37 (77) 11 (23)

pTNM stage .39 .92 .6

I 274 (44) 137 (50) 137 (50) 137 (50) 137 (50) 197 (72) 77 (28)

II 185 (29) 85 (46) 100 (54) 96 (52) 89 (48) 125 (68) 60 (32)

III 173 (27) 92 (53) 81 (47) 87 (50) 86 (50) 120 (69) 53 (31)

Tumor grade .21 .04 .19

1 244 (39) 127 (52) 117 (48) 140 (57) 104 (43) 172 (70) 72 (30)

2 209 (33) 92 (44) 117 (56) 100 (48) 109 (52) 137 (66) 72 (34)

3 159 (25) 83 (52) 76 (48) 73 (46) 86 (54) 116 (73) 43 (27)

4 20 (3) 12 (60) 8 (40) 7 (35) 13 (65) 17 (85) 3 (15)

Neoadjuvant chemotherapy .21 .11 .23

Yes 60 (9) 35 (58) 25 (42) 24 (40) 36 (60) 46 (77) 14 (23)

No 572 (91) 280 (49) 292 (51) 296 (52) 276 (48) 397 (69) 175 (31)

Adjuvant chemotherapy
Yes 289 (46) 162 (56) 127 (44) .21 136 (47) 153 (53) .15 150 (52) 139 (48) .51

No 343 (54) 174 (51) 169 (49) 182 (53) 161 (47) 168 (49) 175 (51)

Abbreviations: þ, positive; CD66b, cluster of differentiation 66b (carcinoembryonic antigen-related cell adhesion molecule 8); CD8, cluster of differentiation 8

(cell surface antigen T8); iNTR, intratumoral CD66bþ neutrophil-to-CD8þ T-cell ratio; pTNM, pathologic tumor, lymph node, metastasis classification; SD,

standard deviation.
a High levels of intratumoral CD66bþ neutrophils were defined as �49 cells/mm2. High levels of CD8þ cells were �110 cells/mm2. A high iNTR was defined as

>1 cell/mm2, as described in the text (see Materials and Methods).
b Chi-square tests or Student t tests were used to calculate P values.
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was performed in a microwave oven in ethylene diamine
tetra acetic acid buffer, pH 9.0 (Dako, Glostrup, Den-
mark), for 30 minutes. Intrinsic peroxidase activity was
blocked with 3% hydrogen peroxide for 20 minutes. Goat
serum (5%; Sigma-Aldrich, Zwijndrecht, the Netherlands)
was used to block nonspecific antibody binding. An auto-
mated single-staining procedure (Benchmark XT; Ventana
Medical Systems, Roche Group, Inc., Tucson, Ariz) was
used to perform the staining. For visualization, the
Envisionþ system (horseradish peroxidase enzyme-conju-
gated polymer backbone coupled to secondary antibodies)
and 3,30-diaminobenzidine chromogen (Dako) were used
according to the manufacturer’s instructions. Tissue
sections were counterstained with hematoxylin. Isotype-
matched mouse or rabbit monoclonal antibodies were used
as negative controls. Spleen, thymus, skin, and tonsillar
sections were included as positive controls. Representative
images of CD66b, MPO, and CD8 immunolabeling and
of the density of cells are provided in Figure 1.

Semiautomated Image Analysis

CD66b-positive neutrophils either were localized within
the blood vessels of tumors or were scattered diffusely
throughout the tumor. The distinction between intratu-
moral CD66b-positive neutrophils and vessel-only
CD66b-positive neutrophils was made by manually
excluding positive cells located in vessels from tumors on
selected spots by 3 pathologists (M.I., V.H., and P.H.).
Slides were analyzed using an image-analysis workstation
(SpotBrowser; Alphelys, Paris, France), as previously
described.23 Whole TMA slide digitalization, supported
by the dedicated software tool (SpotBrowser), which
allows image object quantization based on color and
intensity segmentation for unbiased analysis of immuno-
staining results, guaranteed the reproducibility of results.
The automation was monitored at every step by a single
pathologist (M.I.). Polychromatic, high-resolution spot
images (740 � 540 pixels; 1.181 lm/pixel resolution)
were obtained (at �100 magnification). The density was
recorded as the number of positive cells per unit of tissue
surface area. For each triplicate count, the mean density
was used for statistical analysis. The iNTR was calculated
according to the recently proposed measurement of the
immune imbalance of the local microenvironment.16

Statistical Analyses

Differences between groups were evaluated using the chi-
square test for categorical variables and the Student t test
for continuous variables. The coefficient of correlation (q)
between variables was calculated using the Spearman rank

test. For intratumoral CD66b-positive cells and intratu-
moral CD8-positive T cells, the median value was used as
a cutoff variable. The receiver operator characteristic
curve, which plots sensitivity against a specificity of 1, was
used in combination with the Youden Index (YI) as a

Figure 1. (A,C,E,G,I,K) These are representative examples of
immunostaining of cluster of differentiation 66b (CD66b)
(carcinoembryonic antigen-related cell adhesion molecule 8)-
positive and myeloperoxidase (MPO)-positive neutrophils or
CD8 (cell surface antigen T8)-positive T cells from adenocar-
cinoma tissue microarrays. Inflammatory cells (brown) and
tumor cells (blue) are visible. (B,D,F,H,J.L) These digital
images were analyzed with the image software SpotBrowser
(Alphelys, Paris, France). Blue indicates tumor tissue; orange,
intratumoral cells; green, vessel-only cells; red, blood vessels.
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measure of the optimal threshold cutoff for the iNTR
according to survival estimates. The median follow-up was
calculated using the method described by Schemper and
Smith.24 Survival rates were estimated using the Kaplan-
Meier method. The log-rank test was used to compare sur-
vival between groups. OS was calculated from the date of
surgery to the date of either death or last follow-up. The
cumulative incidence of relapse (CIR) was calculated from
the date of surgery to the date of first disease recurrence
(local or metastatic). A Cox proportional hazards model
was created to identify independent predictors of survival.
Variables that were associated with survival with a P value
< .20 in the univariate analysis were included in the multi-
variate regression. Because intratumoral CD66b-positive
neutrophils and CD8-positive T cells are strictly interde-
pendent on the iNTR, these data were excluded from the
multivariate analysis. Analyses were performed using the
SPSS 16.0 statistical software package (SPSS Inc., Chi-
cago, Ill). All statistical tests were 2-sided, and P values <
.05 indicated statistical significance.

RESULTS

Analysis of Immunohistochemical Parameters

According to the semiautomatic quantification analysis,
the median� standard deviation (SD) number of intratu-
moral CD66b-positive cells was 49 � 111 cells/mm2

(range, 0-577 cells/mm2), and the median � SD number
of vessel-only cells was 0 � 13 cells/mm2 (range, 0-102
cells/mm2). The median � SD number of intratumoral
MPO-positive cells was 117 � 210 cells/mm2 (range, 0-
589 cells/mm2), and the median � SD number of vessel-
only cells was 0 � 45 cells/mm2 (range, 0-483 cells/
mm2). The median� SD number of CD8-positive T cells
was 110 � 142 cells/mm2 (range, 1-968 cells/mm2).
CD66b-positive cells and MPO-positive cells were corre-
lated significantly (q ¼ 0.92; P ¼ .001). In contrast, high
levels of intratumoral CD66b-positive cells were associ-
ated with low levels of CD8-positive cells (q ¼ 0.28; P ¼
.016). The median � SD iNTR was 0.4 � 9 (range, 0-
206). For each tumor, triplicate selected spots revealed a
good level of homogeneity of stained cell densities.

Correlation Between CD66b-Positive,
Myeloperoxidase-Positive, and CD8-Positive
Cell Infiltrates and Clinicopathologic
Parameters

Table 1 indicates that CD8-positive T cells were corre-
lated significantly with histologic type, because 55%
of invasive adenocarcinomas and 63% of sarcomatoid

carcinomas had high levels of CD8-positive T cells (P ¼
.001). CD8-positive T cells also were correlated with
poorly differentiated tumors (global chi-square test, P ¼
.04; grade 1 vs grades 2-4, P¼ .009). However, no signifi-
cant correlation was observed between intratumoral
CD66b-positive neutrophils, the iNTR (Table 1), vessel-
only CD66b-positive neutrophils, intratumoral MPO-
positive neutrophils, or vessel-only MPO-positive neutro-
phils and clinicopathologic variables.

Survival Analysis

At the last follow-up, 269 of 632 patients (43%) had died,
including 203 of 632 patients (32%) who died specifically
from NSCLC progression. For the 363 patients (57%)
patients who were alive at the endpoint of this study, the
median follow-up was 30 months (range, 0-112 months).

The receiver operator characteristic curve and the YI
were used to determine the iNTR cutoff according to the
OS rate. The following 4 cutoff variables were relevant:
the 25th percentile (iNTR, 0.12; sensitivity, 0.83; speci-
ficity, 0.30; YI, 0.19), the median value (iNTR, 0.4; sensi-
tivity, 0.65; specificity, 0.61; YI, 0.26), the 75th
percentile (iNTR, 1.29; sensitivity, 0.38; specificity, 0.90;
YI, 0.20), and an iNTR of 1 (infiltration of CD66b-posi-
tive cells and CD8-positive T cells in equal proportions:
sensitivity, 0.54; specificity, 0.82; YI, 0.60). According to
this analysis, an iNTR of 1 was considered the optimal
cutoff variable for further survival analyses.

The median CIR was 40 months (95% confidence
interval [CI], 35-50 months). In univariate analysis, clini-
cal factors that were associated significantly with the CIR
were pTNM stage (median CIR: 57 months, 39 months,
and 22 months for stage I, II, and III, respectively; P <
.0001), tumor grade (median CIR: grade 1, 52 months;
grade >1, 33 months; P < .001), intratumoral CD66b-
positive cells (median CIR: low CD66b-positive cell den-
sity, 51 months; high CD66b-positive cell density, 36
months; P ¼ .002) (Fig. 2A), and the iNTR (median
CIR: iNTR �1, 43 months; iNTR >1, 34 months; P <
.0001) (Fig. 2B). Age, sex, history of smoking, histologic
subtype, CD8-positive T cells, vessel-only CD66b-posi-
tive neutrophils, and intratumoral or vessel-only MPO-
positive neutrophils were not associated with the CIR. In
multivariate analysis, the independent factors for lower
CIR were stage I disease (hazard ratio [HR], 0.39; 95%
CI, 0.30-0.52; P < .0001) and an iNTR �1 (HR, 0.71;
95%CI, 0.56-0.90; P¼ .005) (Table 2).

When considering the whole population of patients,
the median OS was 56 months (95%CI, 50-62 months).
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In univariate analysis, the clinical factors that were associ-
ated significantly with OS were pTNM stage (median
OS: 74 months, 57 months, and 33 months for stage I, II,
and III, respectively; P < .0001), tumor grade (median
OS: grade 1, 63 months; grade >1, 51 months;
P ¼ .006), CD8-positive cell density (median OS: low

CD8-positive cell density, 49 months; high CD8-positive
cell density, 60 months; P¼ .013) (Fig. 3B), and the iNTR
(medianOS: iNTR�1, 60months; iNTR>1, 46months;
P < .0001) (Fig. 3C). Intratumoral CD66b-positive neu-
trophil density had a marginal effect on OS (median OS:
low CD66b-positive neutrophil density, 57 months; high
CD66b-positive neutrophil density, 54 months; P¼ .088)
(Fig. 3A). Age, sex, history of smoking, histologic cell type,
vessel-only CD66b-positive neutrophils, and intratumoral
or vessel-only MPO-positive neutrophils were not associ-
ated with OS. In multivariate analysis, the independent fac-
tors that indicated better OS were stage I disease (HR, 0.35;
95% CI, 0.26-0.47; P < .0001) and an iNTR �1 (HR,
0.70; 95% CI, 0.54-0.91; P¼ .007) (Table 2). When con-
sidering the subgroups of patients with stage I, II, and III
NSCLC, the iNTR was prognostic for patients with stage I
disease (median OS, not reached vs 61 months; P ¼ .02)
and for patients with stage III disease (median OS, 39
months vs 25 months; P ¼ .009), but it was marginal for
patients with stage II disease (median OS, 59 months vs 46
months; P¼ .14) (Fig. 4).

DISCUSSION
In this study, we identify the iNTR as an independent
poor prognostic factor for CIR andOS in patients with re-
sectable stage I through III NSCLC. Patients who had
high intratumoral CD66b-positive neutrophil density
had a significantly increased CIR and had a trend toward
decreased OS. More important, a high iNTR had better
discriminatory power for identifying subgroups of
patients who had a significantly increased CIR and worse
OS. Thus, intratumoral CD66b-positive neutrophils and
the iNTR may serve as novel biomarkers to predict the
outcome of patients with resectable NSCLC.

Cancer-related inflammation is certainly a major con-
sequence of certain environmental factors that eventually
lead to increased proliferation, survival, and migration of
epithelial cells as well as angiogenesis in the adjacent stroma,
which promotes epithelial tumor development.25-27

Inflammatory cells operate in conflicting ways: Both tu-
mor-antagonizing and tumor-promoting leukocytes can be
identified in various proportions in most neoplastic
lesions.13 The panel of tumor-promoting inflammatory
cells includes neutrophils, macrophage subtypes, and mast
cells as well as T and B lymphocytes. In addition, partially
differentiated myeloid progenitors identified as myeloid-
derived suppressor cells (MDSCs), which seem to represent
a subpopulation of activated neutrophils, have been

Figure 2. These Kaplan-Meier curves illustrate the cumulative
incidence of relapse stratified according to (A) the level of
intratumoral cluster of differentiation 66b (CD66b) (carcino-
embryonic antigen-related cell adhesion molecule 8)-positive
(CD66bþ) neutrophils and (B) the ratio of intratumoral
CD66bþ neutrophils to CD8 (cell surface antigen T8)-positive
(CD8þ) T cells (iNTR) (B). (A) The green curve represents
patients with high intratumoral CD66bþ neutrophils (�49
cells/mm2), and the blue curve represents patients with low
intratumoral CD66bþ neutrophils (<49 cells/mm2). (B) The
green curve represents patients with a high iNTR (>1), and
the blue curve represents patients with a low iNTR (�1).
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identified in tumors.13,28,29 In this regard, growing
evidence suggests that neutrophils have an important effect
in reacting against the host in the setting of cancer.30

Patients suffering from inflammatory pulmonary
diseases, such as chronic obstructive pulmonary disease/
emphysema, have an increased risk of developing lung

cancer.27,31 One common characteristic of many chronic
inflammatory lung disorders is the influx of neutrophils.
It has been suggested that the accumulation of these neu-
trophils in the lumen of the lung is related to the risk of
lung cancer, suggesting a significant role of neutrophilic
inflammation in the carcinogenic response.32

Table 2. Median Cumulative Incidence of Relapse and Overall Survival Stratified According to
Pathologic and Immunohistochemical Variables

Variable Median
CIR, mo

P Median
OS, mo

P

Age, y .36 .65

<65 41 56

‡65 39 57

Sex .87 .15

Men 38 54

Women 40 67

Smoking history .78 .48

Never smoked 40 57

Former or current smokers 32 53

Tumor size, cm .36 .48

£3 43 57

>3 38 53

Histologic cell type .97 .07

Invasive adenocarcinoma 40 59

Squamous cell carcinoma 39 57

Large cell carcinoma 25 35

Sarcomatoid carcinoma 36 44

pTNM stage <.0001 <.0001

I 57 75

II 39 57

III 22 33

Tumor grade .003 .006

1 52 63

21314 33 51

Intratumoral CD66bþ neutrophils .002 .088

Low 51 57

High 36 54

CD8þ T cells .158 .013

Low 46 49

High 48 60

iNTR <.0001 <.0001

Low 43 60

High 34 46

Neoadjuvant chemotherapy .31 .72

Yes 45 58

No 42 56

Adjuvant chemotherapy .29 .68

Yes 43 59

No 40 56

Abbreviations: þ, positive; CD66b, cluster of differentiation 66b (carcinoembryonic antigen-related cell adhesion molecule

8); CD8, cluster of differentiation 8 (cell surface antigen T8); CIR, cumulative incidence of relapse; iNTR, intratumoral

CD66bþ neutrophil-to-CD8þ T cell ratio; OS, overall survival; pTNM, pathologic tumor, lymph node, metastasis

classification.
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Moreover, neutrophils have been implicated in pul-
monary carcinogenesis by their genotoxic capacity.32,33

This may occur through the release of mutagenic ROS
generated by activated neutrophils and through activation
of the metabolism of environmental chemical carcino-
gens, which provide a growth advantage.34,35 Activated
neutrophils are able to induce sister chromatid exchange,
strand breaks, and mutations in neighboring target cells.36

In addition, they are potent inhibitors of the nucleotide
excision repair pathway, causing delayed removal of pro-
mutagenic, bulky DNA adducts.37 Alternatively, activated
neutrophils may use cytokines, such as tumor necrosis fac-
tor-a, which is implicated in carcinogenesis, to stimulate
ROS and nitric oxide accumulation in neighboring epi-
thelial cells.38 It is noteworthy that cancer cells in bron-
chioloalveolar carcinoma, a subtype of lung
adenocarcinoma, are able to recruit neutrophils to the tu-
mor microenvironment by producing interleukin-8, a
chemoattractant of neutrophils.39 In addition, K-ras mu-
tant lung tumors in mice recruit neutrophils through
CXC chemokine release.40 With regard to the impact of
K-ras mutations on the survival of patients with
NSCLC,41 it may be of interest to perform further studies
comparing K-ras mutations with intratumoral CD66b-
positive neutrophils in a large series of NSCLC.

The tumor environment generates local conditions
that prolong neutrophil survival through the production
of antiapoptotic factors or pleiotropic cytokines.42 Recent
studies demonstrated that head and neck cancer cells up-
regulate the inflammatory activity and also up-regulate
the production of factors in neutrophils with the possible
ability to promote tumor progression.43

The existence of both tumor-promoting and tumor-
antagonizing inflammatory cells is generally accepted.

Therefore, another emerging hallmark of cancer is the
capability to evade immune destruction.13 Deficiencies in
the development or function of CD8-positive cytotoxic T
lymphocytes, CD4-positive T cells, or NK cells each led
to an increase in tumor incidence.13,44 However, immune
surveillance is not an effective barrier to tumorigenesis or
tumor progression.13 In this regard, the impact of CD4-
positive T cells or NK cells alone on the outcome of
patients with cancer has not been fully demonstrated,
because several studies failed to reveal a significant associa-
tion with survival.15,45

Highly immunogenic cancer cells may evade
immune eradication by disabling components of the
immune system that have been dispatched to eliminate
them.13,46 Subtle mechanisms operate through the
recruitment of inflammatory cells that are actively immu-
nosuppressive, including neutrophils that can suppress
the action of cytotoxic lymphocytes. Recently, a dual role
for neutrophils was proposed with regard to their action
on lung carcinoma and mesothelioma cells.47 It is note-
worthy that 2 different populations of neutrophils may be
present in tumors that are under the influence of trans-
forming growth factor b (TGF-b), a population that
favors tumor progression (tumor-associated neutrophils 2
[TAN2]) and a population that decreases tumor progres-
sion (TAN1).47-50 Infiltrating TAN2 may inhibit the cy-
totoxic response of CD8-positive T cells and thereby
allow tumor cells to circumvent immune surveillance.47 It
is noteworthy that, after TGF-b blockade, a shift to the
‘‘N1’’ phenotype occurs with acquisition of antitumor ac-
tivity, which is associated with increased activation of
CD8-positive T cells.47

Although the roles of the others immune cells, such
as tumor-associated macrophages, regulatory T cells,

Table 3. Multivariate Analysis of Clinicopathologic Factors and the Intratumoral CD66b-Positive/CD8-Positive Ratio with
Cumulative Incidence of Relapse or Overall Survival as the Endpoint in Patients With Nonsmall Cell Lung Cancer

Prognostic Factor Categories Compared HR 95% CI P

CIR
pTNM stage I vs other 0.39 0.30-0.52 <.0001

Tumor grade 1 vs other 0.82 0.40-1.71 .60

iNTR Low vs high (>1) 0.71 0.56-0.90 .005

OS
Sex Men vs women 0.91 0.78-1.07 .25

Histologic cell type Adenocarcinoma vs other 0.90 0.71-1.13 .35

pTNM stage I vs other 0.35 0.26-0.47 <.0001

Tumor grade 1 vs other 0.70 0.33-1.52 .37

iNTR High (>1) vs low 0.70 0.54-0.91 .007

Abbreviations: CI, confidence interval; CIR, cumulative incidence of relapse; HR, hazard ratio; iNTR, intratumoral CD66b-positive neutrophil-to-CD8-positive

T-cell ratio; OS, overall survival.
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cytotoxic T lymphocytes, or mast cells, in tumor progres-
sion have been demonstrated,4,51,52 the impact of neutro-
phils is less well understood.48 Recently, the presence of
activated, intratumoral, CD66b-positive neutrophils was

described as an independent negative prognostic factor for
patients with renal cell carcinoma.15 Neutrophil infiltrates
within alveolar spaces in bronchioloalveolar carcinoma
were associated with a poor clinical outcome.39 Substan-
tial infiltration with CD66b-positive neutrophils pre-
dicted poor survival in patients with advanced head and
neck squamous cell carcinoma.43

Given the major role played by tumor-promoting
neutrophils in the inhibition of the cytotoxic response of
the CD8-positive T cells,53 the peripheral neutrophil-to-
lymphocyte ratio has been correlated with a poor progno-
sis in several types of cancers, including NSCLC.17,54

Therefore, we sought to determine whether this balance
in cells of the immune system is modified in a tumor tis-
sue microenvironment. In the current study, high levels of
intratumoral CD66b-positive neutrophils were associated
with low levels of CD8-positive T cells. We demonstrated
that the iNTR was strongly correlated with a high CIR
and poor OS. These observations are in line with recent
data obtained from the clinic in which the iNTR was cor-
related with a poor prognosis in patients with hepatocellu-
lar carcinoma.55 Moreover, in the current study, it is
noteworthy that the iNTR predicted significantly poor
OS and a high CIR in early stage NSCLC. Our study
raises the possibility that the recruitment of neutrophils
may be doubly beneficial for the developing tumor by
directly promoting tumor progression while simultane-
ously affording a means to evade immune destruction, as
recently suggested.13 Given the exploratory nature of our
study, further investigations are needed to clarify the
mechanism of action of intratumoral neutrophils.

We observed that MPO-positive cells were greater
in number than CD66b-positive cells. However, we did
not observe any correlation between MPO-positive neu-
trophils and outcome. Only the CD66b-positive pheno-
type was associated significantly with poor survival,

Figure 3. These Kaplan-Meier curves illustrate the overall sur-
vival probability based on (A) the number of intratumoral
cluster of differentiation 66b (CD66b) (carcinoembryonic
antigen-related cell adhesion molecule 8)-positive (CD66bþ)
neutrophils, (B) the number of CD8 (cell surface antigen T8)-
positive (CD8þ) T cells, and (C) the intratumoral CD66bþ
neutrophil-to-CD8þ T-cell ratio (iNTR). (A) The blue curve
represents patients with high intratumoral CD66bþ neutro-
phils (�49 cells/mm2), and the green curve represents
patients with low intratumoral CD66bþ neutrophils (<49
cells/mm2). (B) The blue curve represents patients with high
CD8þ T cells (�110 cells/mm2), and the green curve repre-
sents patients with low CD8þ T cells (<110 cells/mm2). (C)
The blue curve represents patients with a high iNTR (>1), and
the green curve represents patients with a low iNTR (�1).
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because it clearly identified a subgroup of high-risk
patients with NSCLC. The CD66b-positive antigen is
expressed specifically on neutrophils and may be assigned
to a limited, activated subtype of neutrophils.15,56 The
CD66b antigen belongs to the family of carcinoembry-
onic antigen-related cell adhesion molecules that exhibit
rapid up-regulation after neutrophil activation.57 Because
there are no established IHC markers to date, we do not
know whether the CD66b-positive neutrophils within
tumors actually are granulocytic MDSCs that were
attracted to the tumor or whether they are blood-derived
neutrophils that subsequently were converted to a protu-
mor behavior by the tumor microenvironment. Recent in
vitro studies have suggested that TGF-b blockade changes
only local chemoattraction and/or the intratumoral adap-
tation of neutrophils rather than changing the general
phenotype of myeloid cells.47 Moreover, the functional
relevance of those peripheral bloodMDSCs to tumor pro-
gression in humans currently remains unclear.43

MPO is one of the principal enzymes released from
neutrophil azurophilic granules. For a long time, MPO
has been considered a key constituent of the neutrophil’s
cytotoxic armament, because it catalyzes the formation of
hypochlorous acid, a potent oxidant that displays bacteri-
cidal activity in vitro.58 However, MPO is an enzyme con-
tained in lysosomes of neutrophils and, to a lesser extent,
in monocytes and tissue macrophages.59 Therefore, the
amount of MPO-positive cells may not be an accurate
marker of activated intratumoral neutrophils. Moreover,
we identified no significant correlation between MPO-
positive neutrophils and the clinical outcome of patients
with NSCLC.

Although they have been few in number, clinical
studies that have examined TANs have demonstrated
their significant potential in predicting poor clinical out-
comes.15,43 Those studies were performed before the use
of advanced IHC techniques; therefore, only hematoxylin
and eosin-stained sections were examined, and that
method is unreliable for distinguishing between the differ-
ent inflammatory cell types.30,60

In conclusion, intratumoral CD66b-positive neu-
trophils in patients with resectable NSCLC had prognos-
tic value for disease recurrence. This indicates that the
time to recurrence may be governed at least in part by the
state of the local innate immune response. Moreover, we
demonstrated that the immune balance between intratu-
moral CD66b-positive neutrophils and CD8-positive T
cells detected on TMAs by IHC correlated better with a
high CIR and poor OS. Therefore, the number of

Figure 4. These Kaplan-Meier estimates illustrate the overall
survival probability for patients with (A) stage I nonsmall cell
lung cancer (NSCLC), (B) stage II NSCLC, and (C) stage III
NSCLC based on the intratumoral cluster of differentiation
66b (CD66b) (carcinoembryonic antigen-related cell adhe-
sion molecule 8)-positive neutrophil-to-CD8 (cell surface anti-
gen T8)-positive T-cell ratio (iNTR).
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intratumoral CD66b-positive neutrophils and the iNTR
may help substantially to identify a subset of high-risk
patients with resectable NSCLC, notably those with early
stage I NSCLC. The benefit of active surveillance in this
subpopulation of patients with a high risk of recurrence
should be considered further.
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Tumor and Stem Cell Biology

Expression of a Truncated Active Form of VDAC1 in Lung
Cancer Associates with Hypoxic Cell Survival and Correlates
with Progression to Chemotherapy Resistance

M. Christiane Brahimi-Horn1, Danya Ben-Hail7, Marius Ilie2,3, Pierre Gounon4, Matthieu Rouleau5,
V�eronique Hofman2,3, J�erôme Doyen1, Bernard Mari6, Varda Shoshan-Barmatz7, Paul Hofman2,3,
Jacques Pouyss�egur1, and Nathalie M. Mazure1

Abstract
Resistance to chemotherapy-induced apoptosis of tumor cells represents a major hurdle to efficient cancer

therapy. Although resistance is a characteristic of tumor cells that evolve in a low oxygen environment (hypoxia),
the mechanisms involved remain elusive. We observed that mitochondria of certain hypoxic cells take on an
enlarged appearance with reorganized cristae. In these cells, we found that a major mitochondrial protein
regulating metabolism and apoptosis, the voltage-dependent anion channel 1 (VDAC1), was linked to chemore-
sistance when in a truncated (VDAC1-DC) but active form. The formation of truncated VDAC1, which had a
similar channel activity and voltage dependency as full-length, was hypoxia-inducible factor-1 (HIF-1)-dependent
and could be inhibited in the presence of the tetracycline antibiotics doxycycline and minocycline, known
inhibitors of metalloproteases. Its formation was also reversible upon cell reoxygenation and associated with cell
survival through binding to the antiapoptotic protein hexokinase. Hypoxic cells containing VDAC1-DC were less
sensitive to staurosporine- and etoposide-induced cell death, and silencing of VDAC1-DC or treatment with the
tetracycline antibiotics restored sensitivity. Clinically, VDAC1-DC was detected in tumor tissues of patients with
lung adenocarcinomas andwas foundmore frequently in large and late-stage tumors. Together, ourfindings show
that via induction of VDAC1-DC, HIF-1 confers selective protection from apoptosis that allows maintenance of
ATP and cell survival in hypoxia. VDAC1-DC may also hold promise as a biomarker for tumor progression in
chemotherapy-resistant patients. Cancer Res; 72(8); 2140–50. �2012 AACR.

Introduction
It is well established that cells exposed to the limiting oxygen

microenvironment (hypoxia) of tumors acquire resistance to
chemotherapy-induced apoptosis (1). However, the mechan-
isms involved and the implication of the key factor of the
hypoxic response, the hypoxia-inducible factor (HIF), have not
been extensively investigated (2). We recently reported that

several types of cancer cells exposed to a hypoxic microenvi-
ronment showed enlarged mitochondria with reorganized
cristae; a result of modifications to fusion/fission (3). In
addition, we showed that these cells were resistant to chemo-
therapy-induced apoptosis.

Because mitochondria regulate both metabolism and apo-
ptosis (4–6) and that fusion/fission participates in apoptosis
(7), we investigated whether certain mitochondrial proteins
implicated in these processes play a role in resistance to
apoptosis in a HIF-dependent manner.

The voltage-dependent anion channel (VDAC) regulates
mitochondrial import and export of Ca2þ and metabolites
including ATP and NADH and interacts with antiapoptotic
proteins such as Bcl-2 andhexokinase in controlling the release
of cytochrome c (8–11). Of note, screening by RNA interference
identified VDAC1 as a protein implicated in resistance to
cisplatin-induced cell death (12). Inmammals VDAC is present
in 3 highly homologous isoforms: VDAC1, VDAC2, and VDAC3,
andVDAC1 is composed of 19 amphipathicb strands that form
a b barrel and of amobile N-terminala helix, located inside the
pore (13). Through binding to VDAC1 hexokinase, the enzyme
that catalyzes the first step of glycolysis is optimally positioned
for ATP capture (14) and hexokinase expression is increase
by HIF (15). Thus, these interactions influence the function of
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both hexokinase and VDAC in cell death and metabolism.
However, the role of VDAC in metabolism and apoptosis in
hypoxia is not known.

Materials and Methods
Cell culture
LS174, PC3, HeLa, 786-O, SKMel, and A549 cells were grown

in Dulbecco's Modified Eagle's Medium (Gibco-BRL) supple-
mented with 5% or 10% inactivated FBS as appropriate in
penicillin G (50 U/mL) and streptomycin sulfate (50 mg/mL).
Dr. van de Wetering provided LS174 cells expressing the
tetracycline repressor. A Bug-Box anaerobic workstation (Rus-
kinn Technology Biotrace International Plc.) set at 1% oxygen,
94% nitrogen, and 5% carbon dioxide was used for hypoxia.

Transfection of short interfering RNA
The 21-nucleotide RNAs were synthesized (Eurogentec).

siRNA sequences targeting SIMA (siCtl), and HIF-1a were
described previously (16). The short interfering RNA (siRNA)
sequences targeting human VDAC1, VDAC2, VDAC3, and
hexokinase II are given in the Supplementary Materials and
Methods. HeLa cells were transfected with 40 nmol/L of siRNA
24 hours before normoxia or hypoxia, as described (3).

Reconstitution of purified VDAC1 and VDAC1-DC into a
planar lipid bilayer, single-channel current recording
and data analysis
VDAC1 and VDAC1-DC were purified from hypoxic HeLa

cells after solubilizing in lauryldimethylamine-oxide (LDAO)
and chromatography on hydroxyapetite, as described (17).
Elution with increasing Pi concentrations separated VDAC1
and VDAC1-DC. The fractions containing either VDAC1 or
VDAC1-DC were used for channel reconstitution into a planar
lipid bilayer (PLB). A PLBwas prepared from soybean asolectin
dissolved in n-decane (50 mg/mL) and purified VDAC1 or
VDAC1-DC was added to the cis chamber containing 1 mol/L
NaCl and 10 m mol/L HEPES, pH, 7.4, unless otherwise
indicated. After one or a few channels were inserted into the
PLB, currentswere recorded by voltage clampingwith a Bilayer
Clamp BC-525B Amplifier (Warner Instruments), the current
trace durationwas 4 or 10 seconds. Currentwasmeasuredwith
respect to the trans side of the membrane (ground). The
current was digitized on-line with a Digidata 1200 interface
board and PCLAMP 6 software (Axon Instruments, Inc.).

Patients and tissue sample preparation
Forty-four patients who underwent surgery for lung adeno-

carcinoma between May 2007 and May 2010 at the Pasteur
Hospital (Department of Thoracic Surgery, CHU de Nice, Nice,
France) were selected. The patients received the necessary
information concerning the study and consent was obtained.
The study obtained approval of the ethics committee (CHU de
Nice). The main clinical and histopathologic data are summa-
rized in Supplementary Table S1. Morphologic classification of
the tumors was assigned according to the World Health
Organization (WHO) criteria (18). The tumors were staged
according to the international tumor-node-metastasis system

(19). Follow-up data for all the patients were collected regu-
larly. The median follow-up was 21 months (3.8–38.2 months).
Among these patients, 13 relapsed (29.5%) and 6 (13.6%) died.
Protein and miRNA were extracted from the same tissue
sample using the protocol AllPrep DNA/RNA/Protein from
QIAGEN.

Statistics
All values are the means � SD of the indicated number of

determinations (n), and significant differences are based on the
Student t test and P values indicated. All categorical data used
numbers and percentages. Quantitative data were presented
using the median and range or mean. Differences between
groups were evaluated using the c2 test for categorical vari-
ables and the Student t test for continuous variables. SPSS 16.0
statistical software (SPSS Inc.) was used. All statistical tests
were 2-sided, and P values less than 0.05 indicated statistical
significancewhereas P values between 0.05 and 0.10 indicated a
statistical tendency.

Results
Hypoxic cells with enlarged mitochondria are resistant
to chemotherapy and resistance implicates
mitochondrial proteins

We reported that certain tumor-derived cell lines exposed to
hypoxia showed a tubular mitochondrial network (PC3,
SKMel) whereas others showed enlargedmitochondria (LS174,
HeLa, A549; ref. 3). All cells showed a mitochondrial trans-
membrane potential (Dym) that was unchanged compared
with normoxic cells but the latter group was resistant to
staurosporine (STS)-induced apoptosis. We now show that
when hypoxic LS174 cells with enlarged mitochondria were
treated with STS, the Dym decreased in normoxia but
remained unaffected in hypoxia (Fig. 1A). In normoxia, LS174
cells released mitochondrial cytochrome c when incubated
with STS whereas hypoxic LS174 cells with enlarged mito-
chondria did not (Fig. 1B). To address the implication of
antiapoptotic proteins of the Bcl-2 family in hypoxic resistance
to STS-induced apoptosis, we tested the effect of the BH3
domain mimetic ABT-737, an inhibitor of Bcl-2 and Bcl-XL (20)
on the apoptosis resistance of hypoxic cells. ABT-737 restored
apoptosis as induced by STS in hypoxic LS174 cells (Fig. 1C),
suggesting that association with a BH3 domain protein is
implicated in resistance.

To better understand the molecular mechanisms behind
resistance we compared the normoxic and hypoxic levels of
anti- and proapoptotic proteins of the Bcl-2 family (Fig. 1D).
LS174 and PC3 cells incubated in hypoxia (72 hours) were
resistant or sensitive to STS-induced apoptosis, respectively.
Bax and tBID were not or only slightly detected in LS174 cells
(Fig. 1D) while the expression of Bak and Bcl-XL were slightly
enhanced in LS174 cells. Because Bcl-XL has been described to
interact with VDAC1 (21), we examined the level of VDAC. We
observed hypoxic induction of a faster migrating SDS-PAGE
form of VDAC in LS174 but not in PC3 cells (Fig. 1D). Immu-
noblots of mitochondrial fractions confirmed mitochondrial
origin (Supplementary Fig. S1).
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The hypoxic induction of the formation of a smaller
relative molecular mass form of VDAC is dependent on
HIF-1 activation

Because an additional VDAC form was observed in hypoxic-
resistant cells with enlargedmitochondria, and not in sensitive
cells, we focused on the hypoxic induction of this form.
As HIF-1 is essential in adaptation to hypoxia, we checked
whether HIF-1 was involved in the formation of this form.
When HIF-1a was silenced hypoxic cells did not contain the
faster migrating form (Fig. 2A), but a normal mitochondrial
morphology was restored (data not shown). Similar results
were obtained for LS174 and A549 cells (data not shown). Thus
HIF-1 initiates hypoxia-induced VDAC.

Expression of VDAC isoforms is not induced at themRNA
level by hypoxia and the hypoxia-mediated formof VDAC
is a C-terminal–truncated VDAC1

We quantified the mRNA expression of VDAC1, VDAC2,
and VDAC3 in normoxia and hypoxia but did not observe
hypoxic induction of these isoforms (Fig. 2B). siRNA directed
to the mRNA of the 3 isoforms gave knockdown of the
corresponding VDAC isoform (Fig. 2B). Knockdown was
confirmed at the protein level and identified the different
isoforms (Fig. 2C). The top band corresponded to VDAC1,
the intermediate band to VDAC3, and the bottom band to a
faster migrating form of VDAC1. The identity of VDAC1 was
confirmed with another VDAC1-specific antibody, but

Figure 1. Anti- and proapoptotic
proteins in the blockade of
cytochrome c release. A, flow
cytometric analysis of Dy of LS174
cells in normoxia (N) or hypoxia (H)
without (�) or with (þ)
staurosporine (STS); 3
experiments. STS was added for
18 hours at 1 mmol/L. B,
immunofluorescence to
cytochrome c (Cyto. c) of LS174
cells in normoxia or hypoxia with
STS, bar 7.3mm. The percentage of
apoptotic (apop.) cells is given. C,
caspase activity of cells incubated
in normoxia or hypoxia with or
without the Bcl-2 and Bcl-XL

inhibitor ABT-737 (10 mmol/L) for
the last 4 hours and without or
with STS treatment for the last
4 hours (n ¼ 8, 2 experiments).
D, immunoblot of anti- and
proapoptotic proteins and VDACs
in LS174 andPC3 cells in normoxia
or hypoxia. HK, hexokinase; DAPI,
40, 6—diamidino-2-phenylindole;
RLU, relative luciferase units.

Brahimi-Horn et al.

Cancer Res; 72(8) April 15, 2012 Cancer Research2142

on April 20, 2013. © 2012 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 2, 2012; DOI: 10.1158/0008-5472.CAN-11-3940 

http://cancerres.aacrjournals.org/


directed to the N-terminus, and both forms were silenced
with siRNA (Fig. 2D).
We considered the possibility that the fastmigrating VDAC1

resulted from alternative splicing or hypoxia-mediated trans-
lation by internal ribosome entry but did not find any evidence
to support either possibility (Supplementary Fig. S2).
Finally, the faster migrating VDAC1 was not detected with a

VDAC1 antibody directed to the C-terminus (Fig. 2D), suggest-
ing that the C-terminus of the protein was truncated (VDAC1-
DC). Doxycycline, a second-generation tetracycline that has
cytoprotective and metal chelator effects, was found to dimin-
ish the formation of VDAC1-DC (Fig. 2E). Because metal
chelators increase the stability of HIF-1a we examined the
level of HIF-1a but found only a slight increase when the fast
migrating form of VDAC1 was significantly decreased (60%, 60

mg/mL doxycycline; Fig. 2E). Minocycline, another tetracycline
antibiotic, which exerts uncoupling and inhibiting effects on
mitochondrial respiration (22), also inhibited formation (Fig.
2F), and partially restored normal mitochondrial morphology
(Fig. 2G). Because tetracycline is an inhibitor of matrix metal-
loproteases we tested a number of protease inhibitors, but they
did not inhibit formation of VDAC1-DC (data not shown). The
possibility of posttranslational cleavage of VDAC1, as
described previously (23), is the most likely explanation for
the appearance of VDAC1-DC.

VDAC1-DC is associated with cell survival in hypoxia
We then hypothesized that VDAC1-DC could be involved in

hypoxic resistance to apoptosis. Silencing of VDAC1 and
VDAC1-DC decreased the number of enlarged mitochondria

Figure 2. Hypoxia induced a HIF-1–
dependent novel form of VDAC1. A,
induction in hypoxia of a faster
migrating SDS-PAGE form of VDAC
is dependent onHIF-1a. Immunoblot
of HIF-1a and VDACs in HIF-1a
silenced HeLa cells in normoxia or
hypoxia in the absence (�) or
presence (þ) of HIF-1a siRNA. B,
expression of themRNA of VDAC1-3
in normoxia and hypoxia in HeLa
cells. Expression of VDAC1, 2, and 3
after transfection with control (siCtl)
or VDAC1 (siVDAC1), VDAC2
(siVDAC2), or VDAC3 (siVDAC3.1 or
siVDAC3.2) siRNA, results are
representative of 2 different siRNA
for each isoform. C, immunoblot to
HIF-1a and VDAC1 (ab15895) in
control (siCtl) or VDAC1 (siVDAC1),
VDAC2 (siVDAC2), or VDAC3-
(siVDAC3.1 or siVDAC3.2) silenced
HeLa cells in hypoxia. Hypoxia-
induced fast migrating VDAC1. D,
immunoblot using antibodies against
the N- or C-terminus of VDAC1 in
HeLa cells incubated in normoxia or
hypoxia transfected or not with
siRNA. E, immunoblot of HIF-1a and
VDAC1 (ab15895) of LS174 cells
incubated in hypoxia. Doxycycline
was added for the first 24 hours of
hypoxia. F, immunoblot of HIF-1a
and VDAC1 (ab15895) of HeLA cells
in hypoxia for 48 hours. Minocycline
was added for the 48 hours of
hypoxia. G, immunofluorescence to
cytochrome c of HeLa cells in
hypoxia without (þDMSO) or with
minocycline. DMSO, dimethyl
sulfoxide.
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and restored the tubular mitochondrial morphology (Fig. 3A).
To evaluate the sensitivity to an apoptotic stimulus of nor-
moxic and hypoxic LS174 cells, we determined the caspase-3
and -7 activity in cells exposed to STS, an inducer of mito-
chondrion-dependent apoptosis, and to etoposide, a topo-
isomerase II inhibitor used in cancer therapy (Fig. 3B). The
caspase activity was the same in cells in normoxia or hypoxia,
indicating that there was no induction of cell death in hypoxia.
Silencing of VDAC1 in hypoxia partially reestablished the
sensitivity of hypoxic LS174 cells to apoptosis (Fig. 3B).

Two additional cell lines were examined for enlarged mito-
chondria, VDAC1-DC, and resistance to STS-induced apopto-
sis. SKMel cells did not show any of these features whereas
A549 cells showed all of them (Supplementary Fig. S3), as for
HeLa cells (Figs. 2 and 3 and Supplementary Fig. S4). We then
questioned which form of VDAC1 (full-length or truncated)
was responsible for triggering resistance. In hypoxia, the level
of VDAC1 decreased by around 50% (Fig. 3C) whereas VDAC1-
DC increased by around 50%, which supported posttransla-
tional cleavage of VDAC1. The silencing of vdac1 in normoxic

Figure 3. Hypoxic induction of
VDAC1-DC in cells with enlarged
mitochondria show protection
from stimuli-induced apoptosis. A,
immunofluorescence to
cytochrome c in LS174 cells
silenced for VDAC1 in hypoxia.
Arrows indicate fragmented
mitochondria; bar, 7.3 mm. The
percentage of enlarged
mitochondria is given. B, caspase
activity of control and VDAC1-
silenced LS174 cells (n ¼ 8; 2
experiments; �, P < 0.001) in
normoxia or hypoxia without (�) or
with (þ) staurosporine (STS) or
etoposide (Etop) for the last
4 hours. C, immunoblot of VDAC1
in HeLa cells in normoxia or
hypoxia. Histograms show the
quantification of the bands. D,
immunofluorescence to
cytochrome c of normoxic HeLa
cells transfected with siRNA to
VDAC1. E, immunoblots of HIF-1a
or VDAC1 ofHeLa cells transfected
with increasing concentrations of
siVDAC1. F, immunoblots to HIF-
1a or VDAC1 of HeLa cells
incubated first in hypoxia and then
reoxygenated. Histograms show
quantification of the signal to
VDAC1 and VDAC1-DC. G,
expression of pVDAC1-5kDaDC
(0.5 and 5.0 mg plasmid) in
normoxia in HeLa cells and
endogenous VDAC1-DC
expression in hypoxia. H, caspase
activity of HeLa cells, in normoxia,
transfected with a control plasmid
or a plasmid expressing a 5 kDa C-
terminal–truncated VDAC1 with or
without STS treatment. The
percentage of cells with enlarged
(enlarg.) mitochondria (mito.) is
given. I, caspase activity (%) of
HeLa cells incubated in normoxia
or hypoxia with or without
doxycycline (Dox) or minocycline
(MC) and without or with STS for
the last 4 hours (n ¼ 8, 2
experiments). RLU, relative
luciferase units.
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cells was associated with a change in mitochondrial morphol-
ogy, as visualized with anticytochrome c (Fig. 3D) and a
decrease in VDAC1 in hypoxia (Fig. 3E). However, these cells
showed an increase in apoptosis with STS (Fig. 3B), suggesting
that the decrease in VDAC1 in normoxia was not responsible
for the protection against apoptosis. Moreover, silencing of
HIF-1a (þTet) in hypoxia with STS (Fig. 2A) restored sensi-
tivity to apoptosis (data not shown). We thus concluded that
resistance to apoptosis was associated with VDAC1-DC. To
evaluate this further, cells were placed in hypoxia and then
reoxygenated. The level of VDAC1-DC was maintained for 4
hours after reoxygenation, then progressively decreased after 8
hours and disappeared at 48 hours (Fig. 3F). As expected, the
level of VDAC1 was inversely proportionate to that of VDAC1-
DC. We showed previously that during the first 24 hours of
reoxygenation, cells were protected from apoptosis (3). Tran-
sient exogenous overexpression of a small form of VDAC1
truncated by 5 kDa in the C-terminus, pVDAC1-5kDaDC (Fig.
3G), in cells exposed for 4 hours to STS showed a slight
resistance to apoptosis (Fig. 3H). Finally, in the presence of
doxycycline (Fig. 2E) orminocyclin (Fig. 2F), hypoxic cells were
no longer protected from STS (Fig. 3I). Taken together, these
results show that both the enlarged morphology of mitochon-
dria and VDAC1-DC participate in protection against apopto-
sis in hypoxic LS174, A549, and HeLa cells exposed to STS or
etoposide.

VDAC1-DC has the same channel activity and voltage
dependency as VDAC1 and binds Bcl-XL

VDAC1 and VDAC1-DC proteins were purified from hypoxic
HeLa cells (Fig. 4A) and their channel activity was examined
following reconstitution into a PLB. The current through lipid
bilayer–reconstituted VDAC1 (fraction 12) or VDAC1-DC (frac-
tion 22) in response to a voltage step from 0 to �10 or to �40
mV (Fig. 4B and C) was the same for the 2 proteins. At�10mV,
the channel conductance of both proteins was the same (30
pA). At a higher voltage of �40 mV, the full-length channel
showed 2 major conducting states with higher occupancy at
the closed substate (S1), whereas VDAC1-DC showed higher
open-state occupancy (O) in comparison to the occupancy of
low-conducting substates (S1, S2; Fig. 4C). Both channels
showed similar but not identical voltage-dependent conduc-
tance. At the high voltages, VDAC1-DC showed slightly higher
conductance than VDAC1 (Fig. 4D), in agreement with the
single-channel experiments [Fig. 4B(ii) and C(ii)]. The volt-
age sensitivity of VDAC1-DC suggests the presence of the
N-terminus, conferring voltage gating of the channel (8).
VDAC1-DC showed similar Ca2þ conductance to VDAC1,
but at higher voltages spent a longer time in its open state, as
reflected in the decreased voltage sensitivity (Fig. 4E).
For example, at þ40 mV the Ca2þ conductance VDAC1-DC
was about 1.4-fold higher than that of VDCA1 (Fig. 4E).
VDAC1-DC, like VDAC1, interacted with purified Bcl-XL(DC)
and decreased its channel conductance (Fig. 4F). Similar
results were obtained with hexokinase I from rat brain (data
not shown). These results suggest that the C-terminal
domain is not required for the interaction of these anti-
apoptotic proteins with VDAC1.

VDAC1-DC forms a complex with hexokinase II and is
associated with cell survival in hypoxia

As hexokinase II is a major player in maintaining the highly
malignant state of cancer cells (24), we focused on interaction
between hexokinase II and VDACs in hypoxia. Immunopreci-
pitates with antihexokinase II contained VDAC1, VDAC3, and
VDAC1-DC (Fig. 5A). In addition, the hexokinase II expression
level was substantially increased in hypoxia (Fig. 5B). Silencing
of more than 90% of the hypoxia-inducible expression of
hexokinase II decreased considerably the level of VDAC1-DC
(Fig. 5B). Silencing of hexokinase II in normoxia did not affect
the level of VDAC1. Conversely, silencing of VDAC1 in nor-
moxia and hypoxia decreased slightly the level of hexokinase II
(Fig. 5B). These results were confirmed by immunofluores-
cence; no or little labeling was observed with anti-VDAC in
cells silenced for either hexokinase II or VDACs (Fig. 5C). In
addition, a more intense and punctate immunofluorescence
was observed with anti-VDAC in VDAC1-DC–containing cells
incubated in hypoxia than in normoxia (Supplementary Fig.
S5). Clotrimazole (CTM) and bifonazole (BFN) induce apopto-
sis by detaching hexokinase from mitochondria (17, 25). Both
agents increased mortality to a similar extent to that for VDAC
silencing (Fig. 5D) and the mortality was enhanced in cells in
hypoxia in their presence. This suggested that VDAC1-DC
interacted with hexokinase II, as did purified hexokinase I,
which decreased VDAC1-DC channel conductance. To better
understand the role of VDAC1 and hexokinase II in cell survival
in hypoxia, we silenced VDAC1 or hexokinase II and tested cell
proliferation/death and ATP and lactate production in nor-
moxia and hypoxia. Hypoxia does not kill cells (26), but it slows
proliferation, as shown by a 3-fold decrease in the area of
colonies of cells after 10 days in hypoxia (Fig. 5E). Transient
silencing of VDAC1 (siVDAC1) in hypoxia hadno impact on cell
survival but affected proliferation (P < 0.01), whereas silencing
of hexokinase II (siHKII) strongly inhibited survival (Fig. 5E). As
hexokinase II and VDAC1 form a complex and silencing of
hexokinase II decreased the level of VDAC1 in cells (Fig. 5B), we
hypothesized that hexokinase II interfered with ATP transport
and thereby its production via its interaction with VDAC1-DC.
Cells produced almost 2 times more ATP in hypoxia (Fig. 5F).
Silencing of VDAC1 decreased hypoxic but not normoxic
production of ATP, suggesting that VDAC1-DC influenced ATP
production (Supplementary Fig. S6). This could reflect the
impact of VDAC1 silencing on hexokinase II expression. As
expected the silencing of hexokinase II in hypoxia decreased
ATP. Lactate production, which reflects ATP synthesis via
glycolysis, was increased in hypoxia and diminished with
VDAC1 or hexokinase II silencing (Fig. 5G). Taken together,
these results confirm that VDAC1 is involved in energy homeo-
stasis and points to VDAC1-DC as an essential actor in both
glycolysis and mitochondrial energy production in hypoxia
probably through interaction with hexokinase.

VDAC1-DC is present in tissues of patients with lung
adenocarcinoma and is more frequently detected in
late-stage rather than in early-stage tumors

Because we detected both VDAC1 and VDAC1-DC in
hypoxic A549 lung carcinoma cells (Supplementary Fig. S3),
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we tested for VDAC1 and VDAC1-DC in lung adenocarci-
nomas tumor tissue from 44 patients. Tumor tissues were
divided into 2 groups: stage IA and IB (n ¼ 25) and stage
IIIA and IIIB (n ¼ 19). The clinical characteristics of the
patients are listed in supplementary Table S1. The level of

VDAC1-DC was determined in corresponding control
matched healthy (C) and tumor (T) tissue of patients with
lung cancer (Fig. 6A). The tumor tissue, but not healthy
tissue, contained VDAC1-DC and the level of VDAC1-DC in
stage III was several fold higher than in stage I (see also

Figure 4. VDAC1-DCchannel activity and binding of Bcl-XL-DC are identical to that of VDAC1. A, VDAC1 and VDAC1-DCpurification fromHeLa cells identified
by immunoblotting (anti-VDAC1; Calbiochem); fractions 21 or 22 were used. B and C, channel activity of bilayer-reconstituted purified VDAC1 or VDAC1-DC.
Currents through bilayer-reconstituted VDAC1 or VDAC1-DC in response to a voltage step from 0 to�10 mV [B(i) and C(i)] or to �40 mV [B(ii) and C(ii)] were
recorded. The dashed lines indicate the zero current level. The total current amplitude histogram traces (in the same recording), showing the relative
occupancy of the open state (O) and closed substate (S) or, for VDAC1-DC, of 2 or more substates (S1 and S2) during a 4-second recording are shown (B and
C). D, currents through theVDAC1 (*) or VDAC1-DC (o) channelswere recorded in the presence of 1mol/LNaCl and in response to a voltage step from0mV to
voltages between�60 toþ60mV. Relative conductance was determined as the ratio of conductance at a given voltage (G) to themaximal conductance (G0).
The results are representative of 9 similar experiments in which the value of each voltage represents the average of 3 to 6 swipes. E, currents through VDAC1
(*) or VDAC1-DC (o) as recorded in the presence of 0.2 mol/L CaCl2 and in response to a voltage step from 0 mV to voltages between �60 to þ60 mV. The
results are the average of 2 similar experiments with 3 swipes for each voltage. F, VDAC channel conductance was recorded before and 10 minutes after the
addition of purified Bcl-XL-DC to the cis chamber. A representative experiment of 3 similar experiments is shown.
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below). In addition, electron micrographs of mitochondria
of tumor and matched normal patients' tissues showed
enlarged mitochondria in only tumor samples (Supplemen-
tary Fig. S7).

The expression of carbonic anhydrase IX (CAIX; refs. 27, 28)
and of miR-210 (ref. 29; Fig. 6B), 2 HIF-induced gene products,
was analyzed to confirm the hypoxic status of the tissues (Fig.
6A andB). Positivity for CAIXwas about 76%and 71% for tumor

Figure 5. Hypoxic VDAC1-DC forms a complexwith hexokinase II and cell survival in hypoxia requires VDAC1-DCand hexokinase II. A, coimmunoprecipitation
of endogenous VDAC1 with hexokinase II. Lysates of hypoxic LS174 cells were immunoprecipitated with an antihexokinase II antibody. VDAC proteins in the
lysates and the immunoprecipitates are shown (arrow). Cytochrome c was used as a control. IB, immunoblot; IP, immunoprecipitate. B, immunoblot of
hexokinase II and VDAC in control (siCtl), VDAC (siVDAC1), or hexokinase II (siHKII) transfected HeLa cells in normoxia or hypoxia. Histograms show the
intensities normalized toa-tubulin for VDAC1 andVDAC1-DC (left) and hexokinase II (right). C, immunofluorescence of VDAC1 inHeLa cells silenced for VDAC
(siVDAC1) or hexokinase II (siHKII) in hypoxia. Bar, 7.3 mm. D, percentage of mortality (Trypan blue exclusion) of HeLa cells incubated in normoxia or hypoxia.
Cells were transfected with or without a siRNA to VDAC1 and incubated or not with clotrimazole (CTM-50 mmol/L) or bifonazole (BFN-50 mmol/L) for the last
hour of normoxia or hypoxia. E, viability assay of HeLa cells in control (siCtl), VDAC (siVDAC1), or hexokinase II (siHKII) silenced cells in normoxia or hypoxia.
Cells were transiently transfected twice with the indicated siRNA (40 nmol/L), then seeded, and incubated in normoxia or hypoxia for 10 days before staining.
The colony number and area was quantified with ImageJ software. Three experiments with 2 different sets of siRNA. The Student t test (�, P < 0.01). F, ATP
production of HeLa cells silenced (siVDAC1) or not (siCtl) for VDAC1 or hexokinase II (siHKII; n ¼ 8, 3 experiments; �, P < 0.001) in normoxia or hypoxia. G,
lactate production of HeLa cells silenced (siVDAC1) or not (siCtl) for VDAC1 or hexokinase II (siHKII; n¼ 2, 3 experiments; �, P < 0.01) in normoxia or hypoxia.
DAPI, 40, 6-diamidino-2-phenylindole.
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tissues from stage I and stage III patients, respectively (Fig.
6A). Only rare control tissues showed minimal CAIX expres-
sion. The quality control of the miRNA in the extracts was
confirmed by the level of miR-21. Significant relative expres-
sion of miR-210 was observed in tumors (Fig. 6B). The band
intensity for VDAC1 and VDAC1-DC was determined with
GeneTools software from Syngene, and the ratio of the
intensity of VDAC1-DC to VDAC1 was evaluated for early-
stage I (A and B) and late-stage III (A and B) tumors (Fig. 6A
and C). The overall ratio for the early- and late-stages
showed a significant increase when comparing healthy
control and tumor tissue (Fig. 6A, C, and D). When patient
tissues were subgrouped into tissue showing either a low or

high ratio (arbitrary threshold of 0.25) the number of
patients showing a high ratio was slightly increased for
stage III tumors (11 of 19 vs. 11 of 25), that is, 57.8% of
stage III tumors were positive compared with 44% of stage I
tumors (Fig. 6C). The difference between the matched
healthy and tumor tissue was substantially higher for both
early- and late-stage positive tumors (subgroup high ratio).
In particular, VDAC1-DC was detected more frequently in
larger tumors (41.7% in T1 and T2 tumors vs. 75% in T3 and
T4 tumors, P ¼ 0.08, statistical tendency; Fig. 6E, Table 1)
and higher lung adenocarcinoma stage—patients not oper-
ated on (83.3% stage IIIB vs. 42.1% in other stages, P ¼ 0.06,
statistical tendency; Fig. 6F, Table 1). The level of necrosis of

Figure 6. The ratio of VDAC1-DC to
VDAC1 was higher in tumor tissue
than in control tissue and
proportionately more stage III
tumors had a high ratio. A,
representative immunoblots of
VDAC in tissue extracts of healthy
control (C) and tumor (T) tissue
from 6 individual patients with lung
cancer with either early-stage I or
late-stage III tumors. CAIX was an
indicator of hypoxia in tumors. B,
the fold induction of miR-21 and
miR-210 was determined for
control and tumor tissues from
patients with stage I and III tumors.
The level of miR-21 indicated the
quality of the miRNA in extracts
whereas miR-210 is a hypoxia-
induced miRNA. C, ratio of the
intensity of the immunoblot signal
of VDAC1-DC to VDAC1
determined with GeneTools
software (Syngene) for healthy (C)
and tumor (T) tissue from patients
with lung cancer with either stage I
or III tumors. D, ratio of the
immunoblot signal to VDAC1-DC
to VDAC1 for each individual
patient for healthy (C) and tumor (T)
tissue. Patients with lung cancer
with stage I tumors (left graph) and
stage III tumors (right graph). E,
evaluation of the number of
patients with lung cancer either
negative or positive for VDAC1-DC,
respectively (VDAC1-DC neg.) and
(VDAC1-DC pos.), with small- (T1
and T2) or large- (T3 and T4) sized
tumors. F, evaluation of the number
of patients with lung cancer either
negative or positive for VDAC1-DC,
respectively (VDAC1-DC neg.) and
(VDAC1-DC pos.), with stages IA–
IB–IIIA or stage IIIB tumors.
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the patients' tissues was neither high nor substantially
different between stages I and III, 6% and 12%, respectively.

Discussion
Herein, we showed that hypoxia induces the appearance of a

C-terminal truncated form of VDAC1. The mechanism regu-
lating formation was HIF dependent and the truncated form
possessed channel activity, interacted with Bcl-XL and hexo-
kinase I, both of which protect against apoptosis.
Interaction of VDACs with Bcl-2 family members is

implicated in translocation of metabolites across the mito-
chondrial outer membrane (21). Nonetheless, it has been
reported that the 3 isoforms are dispensable for mitochon-
drial-dependent cell death, but this was showed in a
cellular and environmental context that was neither malig-
nant nor hypoxic (30). In addition, VDAC2 but not VDAC1
has been shown to inhibit Bak-mediated mitochondrial
apoptosis (31). It is possible to hypothesize that changes
in the expression of Bcl-2 proteins are implicated directly
in resistance. Cytoprotection of lung cancer cells to cis-
platin correlated with suppression of activation of Bax but
not Bak by cisplatin (12). However, in our study the Bax
protein was not detected in LS174 cells. In addition, there
exists an intricate crosstalk between the machineries of
mitochondrial dynamics (fusion and fission), thus mor-
phology, and apoptosis (32, 33). Both antiapoptotic (Bcl-
2) and proapoptotic (Bak and Bax) proteins interact with
proteins involved in mitochondrial fusion (mitofusins) and
fission (dynamin-related GTPases). Thus, we may speculate
that modifications in the expression of Bak and Bcl-XL

correlate with the morphologic alterations observed. In
addition, the increases in Bak and Bcl-XL in hypoxic LS174
cells correlated with the morphologic alteration in hypoxia.

It may also be hypothesized that the increase in the
expression of Bcl-XL and the modification of the open
configuration of the VDAC1-DC channel by Bcl-XL inhibits
mitochondrial ATP/ADP exchange, which favors ATP pro-
duction through glycolysis. A shift toward glycolysis is a
characteristic of hypoxic cancer cells and may explain
survival and thus resistance when confronted with a poten-
tially lethal agent. The observed change in organization of
the cristae of the mitochondria may also rupture the
interaction between VDAC and the adenine nucleotide
translocase thereby leading to a change in VDAC-mediated
ATP transport. In addition, if VDAC oligomerization is
responsible for cytochrome c release in apoptosis (11), a
change in its conformation may block cytochrome c in the
mitochondrial intermembrane space and thus diminish
apoptosis.

The notion that resistance of hypoxic regions of tumors to
chemotherapy (34) is associated with hypoxic VDAC1-DC and
Bcl-XL is supported by reports showing that protection of
HepG2 cells against etoposide-induced apoptosis was HIF-
1a dependent (35) and that Bcl-XL is induced by HIF (36).

Because we detected VDAC1-DC in tumor tissue of patients
(50%) and that the frequency of positivity for VDAC1-DC was
higher in late-stage tumors than in early-stage tumors, we
believe that VDAC1-DC represents a product of tumor pro-
gression. Gene expression of VDAC1 has been reported to
predict poor outcome in early-stage non–small cell lung cancer
(37). In addition, VDAC1 was shown to be upregulated in
prednisolone-sensitive acute lymphoblastic leukemia cells but
not in resistant cells (38).

In conclusion, our results point to modifications in mito-
chondrial dynamics and production of VDAC1-DC as a
survival response in hypoxic cancer cells that resist apopto-
sis. Because agents that promote apoptosis may hold ther-
apeutic benefit, these results may have important repercus-
sions for combating cancer cell resistance to chemotherapy.
A synthetic lethality approach targeting RAS tumor cells
identified a small-molecule inhibitor of VDAC2 that induced
changes in mitochondrial morphology and cell death (39).
We propose that VDAC1-DC may be a potential biomarker to
stratify patients with respect to tumor progression and that
the VDAC1-DC/hexokinase complex may be a cancer spe-
cific target for therapy.
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Table 1. Comparison of the characteristics of
the patients and their tumors with VDAC1-DC
detection

VDAC1-DC detection c2 (P value)

Gender
Female 5 (50%) P ¼ 0.87
Male 16 (47.1%)

Age, y
<60 13 (52%) P ¼ 0.51
�60 8 (42.1%)

Tumor size
T1 and T2 15 (41.7%) P ¼ 0.08
T3 and T4 6 (75%)

Node stage
N0 14 (50%) P ¼ 0.69
N1 and N2 7 (43.8%)

Initial stage
IA, IB, IIIA 16 (42.1%) P ¼ 0.06
IIIB 5 (83.3%)
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Abstract

The diagnosis of non-small cell lung carcinoma (NSCLC) at an early stage, as well as better prediction of outcome remains
clinically challenging due to the lack of specific and robust non-invasive markers. The discovery of microRNAs (miRNAs),
particularly those found in the bloodstream, has opened up new perspectives for tumor diagnosis and prognosis. The aim
of our study was to determine whether expression profiles of specific miRNAs in plasma could accurately discriminate
between NSCLC patients and controls, and whether they are able to predict the prognosis of resectable NSCLC patients. We
therefore evaluated a series of seventeen NSCLC-related miRNAs by quantitative real-time (qRT)-PCR in plasma from 52
patients with I-IIIA stages NSCLC, 10 patients with chronic obstructive pulmonary disease (COPD) and 20-age, sex and
smoking status-matched healthy individuals. We identified an eleven-plasma miRNA panel that could distinguish NSCLC
patients from healthy subjects (AUC = 0.879). A six-plasma miRNA panel was able to discriminate between NSCLC patients
and COPD patients (AUC = 0.944). Furthermore, we identified a three-miRNA plasma signature (high miR-155-5p, high miR-
223-3p, and low miR-126-3p) that significantly associated with a higher risk for progression in adenocarcinoma patients. In
addition, a three-miRNA plasma panel (high miR-20a-5p, low miR-152-3p, and low miR-199a-5p) significantly predicted
survival of squamous cell carcinoma patients. In conclusion, we identified two plasma miRNA expression profiles that may
be useful for predicting the outcome of patients with resectable NSCLC.
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Introduction

Lung cancer, predominantly non-small cell lung cancer

(NSCLC), is the leading cause of cancer-related deaths worldwide

[1]. Despite subtle progress over recent years in terms of treatment

strategies, the high mortality rate has not decreased significantly.

NSCLC is often diagnosed at advanced stages with an overall 5-

year survival less than 15% [2]. The poor prognosis of NSCLC

patients is largely due to the lack of routine, validated, effective

and low cost screening tools that allow detection of early-stage

tumors. Developing such biomarkers is a public health imperative

since diagnosis and treatment of early-stage NSCLC is associated

with 60–80% survival at 5 years [1,3]. One of the major clinical

determinants in NSCLC prognosis is tumor extension, roughly

characterized by the pTNM stage. However, a large variability in

disease outcome has been observed for a subset of patients with

similar clinical and pathological features, thus the current staging

system may be insufficient to consistently predict the treatment

outcome of NSCLC [4]. Therefore, prognostic assessment of the

patients is essential to choose the best therapeutic strategy and may

be improved by the integration of new robust prognostic

biomarkers.

The impact on outcome of NSCLC of screening procedures

such as chest X-rays, sputum cytology, spiral computed-tomogra-

phy (CT), or a combination of these, has been evaluated in large-

scale clinical trials. However, these analyses have not significantly

affected overall survival (OS) and have demonstrated low

sensitivity [5,6]. The search for non-invasive tumor biomarkers

is rapidly expanding and investigation into circulating biomarkers

is the subject of intense research. Several serum tumor markers

such as the carcinoembryonic antigen or Cytokeratin-21-Frag-

ment (CYFRA 21-1) may carry some prognostic and predictive
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information in NSCLC, although their use is currently limited and

the biochemical methodologies used to measure them are still

labor-intensive [7,8].

One of the most exciting molecular markers in tumor diagnosis

and prognosis are microRNAs (miRNAs) [9]. miRNAs are small

RNA molecules (18 to 24 nt) that effect substantially the

expression of multiple genes at a post-transcriptional level, via

mRNA destabilization or translational repression [10]. Deregula-

tion of miRNA expression is thought to be responsible of tumor

initiation and progression [11]. MiRNAs are frequently deregu-

lated in cancer and may act as oncogenes or tumor suppressors

having regulatory functions on hundreds of downstream genes

with different biologic functions [12,13]. Given the fundamental

role of miRNAs in tumors and their global deregulation, miRNA

profiles may provide a more accurate prediction of survival than

the expression of a single-marker or expression profiles of protein-

coding genes [13]. In addition, recent studies have demonstrated

that specific expression profiles of circulating miRNAs could be

promising blood-based non-invasive biomarkers useful for cancer

detection and prognosis in different types of cancer, including

NSCLC [14,15,16,17,18]. Human serum or plasma contains a

large amount of intact and stable miRNAs, which can be detected

with a simple assay such as quantitative real-time PCR (qRT-

PCR) [19]. Therefore, the high stability of miRNAs allows for

efficient identification in various clinical specimens including

sputum, plasma, serum, and frozen and formalin-fixed paraffin

embedded tissue samples [14,20,21,22].

The aim of our study was to: 1) select a large panel of miRNAs

that have been reported to be highly deregulated in NSCLC, 2)

determine whether the plasma expression profiles of these

miRNAs were altered in NSCLC patients compared to healthy

individuals and 3) evaluate whether the miRNA profile is able to

predict the prognosis of resectable NSCLC. We evaluated a panel

of seventeen miRNAs by qRT-PCR in the plasma of 52 patients

with resectable NSCLC and 30 controls, 10 patients with chronic

obstructive pulmonary disease (COPD) and 20-age, sex and

smoking status-matched healthy individuals.

Materials and Methods

Study population
Sixty-two patients hospitalized from March 2008 to March

2010 at the Pasteur Hospital (Departments of Pulmonary

Medicine, and Thoracic Surgery, CHU de Nice, France) were

enrolled in this study. Among these patients, 52 patients had

NSCLC and 10 had COPD. COPD patients did not have

symptoms of lung cancer or other malignancies. The diagnosis of

NSCLC patients was based on examination of all tumor specimens

using the 7th pTNM classification and on the last histological

classification of NSCLC [23]. In addition, twenty-age, -sex and -

smoking status-matched healthy volunteers participated in this

study. Written informed consent was obtained from participants

after explaining the nature of the study, which was approved by

the research ethics board of the Nice University hospital and was

performed according to the guidelines of the Declaration of

Helsinki. The main clinical and pathological data are summarized

in Table 1. Enrollment of patients in our study was conditioned by

stringent criteria such as obtained signed consent, availability of

resected surgical specimens along with plasma samples, good

quality RNA and minimum 18 months follow-up for surviving

patients.

miRNA isolation
Peripheral blood (5 ml) was taken prior to surgery and kept in

an EDTA-containing tube. The samples were centrifuged at

3000 rpm at 4uC for 10 minutes within 4 hours of collection. The

plasma was collected and stored at 280uC until use. Total RNA

containing small RNA was extracted from 100 ml of plasma using

the miRNeasy Mini Kit (Qiagen GmbH, Hilden, Germany)

according to the manufacturer’s protocol. The concentration and

purity of the RNA were determined with a NanoDrop 1000

(Thermo Fisher Scientific, Wilmington, DE).

Selection of control genes for quantification of plasma
miRNAs

To select good candidates, we used some guidelines from

Exiqon company (http://www.exiqon.com/ls/Documents/

Scientific/microRNA-serum-plasma-guidelines.pdf) Endogenous

controls such as U6, RNU19, miR-16-5p, miR-192-5p, and

miR-103a-3p were analyzed in these samples to identify a small

RNA expressed at a similar level in equal volume of sera from both

healthy subjects and patients with cancer to serve as a

normalization control. Only miR-16-5p, miR-192-5p, and miR-

103a-3p were expressed at a high level in the samples of this study

(median Ct,30; 100%, 100% and 85% detection, respectively)

and not statistically different between the analyzed classes (t-test;

P.0.05), and their levels were the least variable for the miRNAs in

all samples (SD,0.9) (data not shown). Moreover, miR-103a-3p

and miR-16-5p were used as markers of hemolysis [24].

Analysis of the miRNA expression level
Normalization of the results between patients was performed by

substracting the mean of miR-192-5p and miR-16-5p levels to all

data (DCT) as previously described for other cancers [25,26,27].

Thus, the global mean of the relative expression of each miRNA

was calculated and subtracted in order to have all miRNA

centered on zero for further studies (DDCT). For diagnosis-related

analysis, the mean was based on the cohort of healthy controls

DCT. For the prognosis-related study, the control DCT values

were removed for the analysis.

Statistical Analysis
The statistical analyses were performed with SPSS 16.0

statistical software (SPSS Inc., Chicago, IL). Hierarchical cluster-

ing and pictures were generated using MeV (TM4 Microarray

Software) [28]. The receiver–operator characteristic (ROC) curve

and AUC analyses were used to determine the accuracy of each

miRNA profile in a specimen with a given specificity rate and to

determine the optimal cut-off point. We categorized each miRNA

as high or low using the median value as the cut-off. The chi2,

Student or Mann-Whitney U-test tests were used to analyze the

correlation between the miRNA expression levels and clinico-

pathological features of the patients. To assess the association of

miRNA expression with disease-free survival (DFS), the Kaplan-

Meier method and the log-rank test were used to compare survival

times between groups. A Cox proportional hazards model was

created to identify independent predictors of survival. Variables

that were associated with survival with a P-value,0.20 in the

univariate analysis were included in the multivariate Cox

regression. All P-values shown were two sided, and a P-value#0.05

was considered statistically significant.

Plasma miRNAs and NSCLC
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Results

Levels of expression of plasma miRNAs
Based on the literature, we selected seventeen miRNAs reported

to be most frequently altered in primary NSCLC patients

(Table S1). To determine whether aberrations in the specified

miRNAs could be confirmed in independent plasma samples, we

assessed expression of the candidate miRNAs in duplicate assays

by qRT-PCR for 52 NSCLC plasma samples and 30 control

samples (20 healthy subjects and 10 patients with COPD).

Thirteen (76%) miRNAs including the overexpression of miR-

20a-5p, miR-25-3p, miR-155-5p, miR-191-5p, mir-223-3p, miR-

296-5p, and miR-320-3p along with the underexpression of let-7f-

5p, miR-24-3p, miR-126-3p, miR-145-5p, miR-152-3p, miR-

199a-5p, were consistently observed in all plasma samples

(DDCT,32) (Table 2). No expression was detected for miR-96-

5p, miR-129-5p, miR-373-5p, and miR-516-5p, and these

miRNAs were excluded from further analyses (Table 2).

MiRNA profiles of NSCLC patients and cancer-free
controls

The hierarchical clustering based t-test along with the ROC

curves were constructed to estimate the sensitivity and specificity of

the 13-plasma miRNA panel. The accuracy was 79.4% with a

sensitivity of 79% and a specificity of 71% (data not shown).

However, the ANOVA test, along with the ROC curve

estimation yielded a 12-miRNA signature with improved accuracy

in discriminating between cancer-free controls and NSCLC

patients (Figure 1). The expression of the twelve-plasma miRNA

panel including miR-155-5p, miR-20a-5p, miR-25-3p, miR-296-

5p, miR-191-5p, miR-126-3p, miR-223-3p, miR-152-3p, miR-

145-5p, miR-199a-5p, miR-24-3p, and let-7f-5p allowed signifi-

cant discrimination between controls and NSCLC patients with an

accuracy of 82.1% (95% CI: 0.792–0.850; P,0.001), demonstrat-

ing a sensitivity of 85% and a specificity of 75% (Figure 1). The

twelve plasma miRNAs significantly discriminated between

controls and stage I NSCLC patients (AUC = 0.806; Figure 1),

stage II NSCLC cases (AUC = 0.849; Figure 1) and stage III

NSCLC patients (AUC = 0.878; Figure 1).

Next, we carried out pairwise group comparisons to identify

miRNAs that contribute significantly to the different separations,

including NSCLC versus healthy controls, NSCLC versus COPD

patients, and lung adenocarcinoma or squamous cell carcinoma

patients versus either healthy individuals or COPD patients. There

was a clear separation of the NSCLC patients from the healthy

subjects based on an 11-plasma miRNA profile with an accuracy,

Table 1. Clinicopathological characteristics of the 52 NSCLC patients, 10 COPD patients and 20 healthy individuals included in our
study.

Variables
NSCLC patients
n (%)

COPD patients
n (%)

Healthy subjects
n (%)

Overall 52 (100%) 10 (100%) 20 (100%)

Age (years)

Mean ± SD 65.1611.1 68.966.7 67.565.3

Sex

Male 39 (75%) 8 (80%) 14 (70%)

Female 13 (25%) 2 (20%) 6 (30%)

Smoking status

Never smoked 8 (15%) 2 (20%) 5 (25%)

Former or current smokers 44 (85%) 8 (80%) 15 (75%)

Histological type

Adenocarcinoma 27 (52%) n/a n/a

Squamous cell carcinoma 25 (48%) n/a n/a

pTNM stage

IA 8 (19%) n/a n/a

IB 14 (33%) n/a n/a

IIA 5 (12%) n/a n/a

IIB 8 (19%) n/a n/a

IIIA 7 (17%) n/a n/a

Histologic grade

Well 22 (42%) n/a n/a

Moderate 19 (37%) n/a n/a

Poor 11 (21%) n/a n/a

Adjuvant treatment 21 (40%) n/a n/a

Life status

Alive 40 (77%) 10 (100%) 20 (100%)

Deceased; lung cancer 9 (17%) n/a n/a

Deceased; other cause 3 (6%) n/a n/a

doi:10.1371/journal.pone.0054596.t001
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sensitivity, and specificity of 87.9%, 81.1%, and 82.9%, respec-

tively (Figure 1). In addition, the diagnostic sensitivity of the 11-

plasma miRNA signature was higher for squamous cell carcinoma

(91.3%) than for adenocarcinoma cases (85.7%) (P,0.05;

Figure S1).

Furthermore, a small subset of only six miRNAs still separated

NSCLC from COPD with an accuracy, sensitivity, and specificity

of 94.4%, 90.9%, and 83.3%, respectively (Figure 1). Interestingly,

adenocarcinoma and squamous cell carcinoma cases shared five

miRNAs when compared to COPD patients, including miR-20a-

5p, miR-152-3p, miR-145-5p, miR-199a-5p, and miR-24-3p.

However, miR-191-5p identified only adenocarcinoma patients

versus COPD patients, and miR-25-3p, squamous cell carcinoma

cases only (Figures S1 & S2). Finally, only three plasma miRNAs

were differentially expressed when comparing adenocarcinoma

and squamous cell carcinoma patients. Higher plasma levels of

miR-20a-5p (P = 0.034) and miR-25-3p (P = 0.013) along with

lower levels of miR-191-5p (P = 0.008) were observed in squamous

cell carcinoma (Figure S2).

Correlation between plasma miRNAs and
clinicopathological features of NSCLC

We then compared the plasma levels of miRNAs with patient

clinicopathological parameters. Higher plasma levels of miR-20a-

5p (P = 0.012) and miR-25-3p (P = 0.04) along with decreased

levels of miR-191-5p (P = 0.023) were observed in squamous cell

carcinoma (Table S2; Figure S2). No significant association was

found between the levels of miRNAs and age, sex, history of

smoking, tumor grade, and pathological stage (P.0.05, Table S2).

Association of plasma miRNAs with DFS of NSCLC
patients

We further investigated whether the expression of plasma

miRNAs correlated with DFS in our group of NSCLC patients.

The mean DFS in our study population was 46 months (95% CI,

39.4 to 52.9). In the univariate analysis, the clinical factor that

significantly associated with DFS was the pTNM stage

(P,0.0001). The unadjusted survival analysis showed that high

plasma levels of miR-155-5p (P = 0.068) and miR-20a-5p

(P = 0.018) along with a low level of miR-152-3p (P = 0.049) were

associated with poor DFS of NSCLC patients (Figure S3). The

remaining miRNAs such as miR-223-3p (P = 0.348), miR-191-5p

(P = 0.671), miR-320-3p (P = 0.322), miR-126-3p (P = 0.131),

miR-145-5p (P = 0.705), miR-199a-5p (P = 0.612), miR-24-3p

(P = 0.364), miR-25-3p (P = 0.816), miR-296-5p (P = 0.853), and

let-7f-5p (P = 0.964) were not associated with survival (Figure S4).

Due to the biological differences in the miRNA expression the

survival analyses were conducted separately for adenocarcinoma

and squamous cell carcinoma patients. Interestingly, the high

plasma levels of miR-155-5p (P = 0.008), and miR-223-3p

(P = 0.038) with low plasma level of miR-126-3p (P = 0.008;

Figure 2) were significantly associated with poor DFS in lung

adenocarcinoma patients. In addition, low plasma levels of miR-

152-3p (P = 0.035) and miR-199a-5p (P = 0.05) along with a high

plasma level of miR-20a-5p (P = 0.001; Figure 2) significantly

correlated to decreased DFS in lung squamous cell carcinoma

patients. Age, gender, history of smoking, histological subtype, and

tumor grade were not associated with DFS. In a multivariate

analysis, the independent factors for improved DFS were stage I

(P,0.001), low plasma levels of miR-155-5p (P = 0.030) and miR-

20a-5p (P = 0.048) along with high plasma levels of miR-152-3p

(P = 0.029) and miR-199a-5p (P = 0.038) (Table 3).

Discussion

Despite recent advances in diagnosis and treatment strategies,

the prognosis of NSCLC across all stages remains unchanged and

early detection and prediction of outcome is critical in improving

survival. However, it can be sometimes difficult to obtain tissue for

diagnosis, in particular in patients with metastatic lung cancer.

Profiling of miRNA expression in lung tumor tissues discrim-

inated cancer patients from cancer-free individuals, and specific

miRNAs correlated with disease diagnosis and clinical outcome

[29]. Therefore, developing minimally invasive methods by

integrating the recent advances in the field of miRNAs for early

diagnosis and prognosis of NSCLC is of great interest. Accumu-

lating reports suggest that unique patterns of circulating miRNAs

may act as novel biomarkers for early detection of lung cancer and

for prediction of outcome [4,19,30]. Endogenous circulating

miRNAs are stable and resistant to RNases [14,21]. Because of

the simplicity and reproducibility of getting a blood sample, the

levels of easily testable miRNAs in plasma seem suited to

surveillance of NSCLC outcome [4]. However, it seems that the

expression of a single miRNA may not be a reliable biomarker for

cancer diagnosis and prognosis [31,32]. Simultaneous assessment

of a panel of tumor-specific circulating miRNAs may improve the

sensitivity and specificity for diagnosis of lung cancer and may

better predict development of the cancer. Therefore, the

investigation of a plasma miRNA signature in NSCLC patients

using a qRT-PCR assay, as shown in this study, may be of great

clinical interest as a routine procedure.

In our study, an 11-plasma miRNAs signature significantly

discriminated healthy individuals from NSCLC patients. The

accuracy, sensitivity, and specificity for NSCLC detection by the

11-plasma miRNA panel are 87.9%, 85% and 82.9%, respective-

ly, which are higher to those of blood-based single biomarker, such

as CYFRA 21-1 (AUC<0.84, sensitivity<50%, specificity<95%),

tissue polypeptide specific antigen (AUC<0.74, sensitivity<34%,

Table 2. Plasma expression levels of candidate miRNAs in all
sample sets.

miRNA CT Mean SD
Deregulation in
NSCLC cases

Let-7f-5p 30.76 2.99 Down-regulated

miR-20a-5p 23.08 2.39 Up-regulated

miR-24-3p 23.93 2.97 Down-regulated

miR-25-3p 24.29 1.80 Up-regulated

miR-126-3p 24.20 2.46 Down-regulated

miR-145-5p 31.18 3.01 Down-regulated

miR-152-3p 28.41 2.75 Down-regulated

miR-155-5p 30.50 1.80 Up-regulated

miR-191-5p 25.21 2.88 Up-regulated

miR-199a-5p 30.25 3.61 Down-regulated

mir-223-3p 22.54 3.21 Up-regulated

miR-296-5p 32.16 2.09 Up-regulated

miR-320-3p 22.62 2.18 Up-regulated

mir-96-5p undetectable undetectable undetectable

mir-129-5p undetectable undetectable undetectable

mir-373-5p undetectable undetectable undetectable

mir-516-5p undetectable undetectable undetectable

doi:10.1371/journal.pone.0054596.t002
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specificity<95%), and CEA (AUC<0.8, sensitivity<53%, speci-

ficity<95%) [33]. Interestingly, the diagnostic sensitivity of the 11-

plasma miRNA signature was higher for squamous cell carcinoma

than cases of adenocarcinoma.

It has been widely demonstrated across studies that the miRNA

expression profiles strongly differentiate lung adenocarcinoma

from squamous cell carcinoma [16]. However, a great number of

miRNAs are shared in both histological types of NSCLC, as

previously reported, which seems to be the case for our selected

miRNA panel [16,34,35]. In addition, only three plasma miRNAs

were differentially expressed when comparing adenocarcinoma

and squamous cell carcinoma patients. In our study, higher plasma

levels of miR-20a-5p and miR-25-3p along with lower levels of

miR-191-5p were observed in squamous cell carcinoma, as

previously reported [16,35,36,37]. Therefore, although most

miRNA expression differences were similar for both tumor types,

our limited panel of miRNAs still showed fine differences that

suggested that the NSCLC subtypes may follow subtle different

pathways to tumorigenesis, as previously suggested [38].

Moreover, miRNA detection in plasma may be an effective

procedure for the early detection of NSCLC in high-risk patients

with COPD. COPD, along with tobacco smoking, is not only a

common lung cancer co-morbidity but it is also associated with a

higher risk of development of lung cancer [39,40]. In our study we

found six miRNAs differentially expressed in plasma of NSCLC

patients when compared to COPD patients, which is consistent

with previous reports [39,41]. This finding could represent a

powerful clinical application of the six-miRNA molecular classifier

Figure 1. Heat-map clustering analysis of the deregulated miRNA expression levels of NSCLC patients, COPD patients and healthy
individuals. Average linkage and 1-Pearson correlation as distance metric were used for the clustering.
doi:10.1371/journal.pone.0054596.g001
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in COPD patients, which has been explored as a method for early

diagnosis of questionable lung densities [39,41].

Although comparison of smokers and never smokers did not

demonstrate significant results in our study, possibly because of the

small number of never smokers, it was interesting to note that

three of the miRNA of the six-plasma miRNA panel, including

miR-152-3p, miR-199a-5p and miR-20a-5p, differentially ex-

pressed between COPD patients and squamous cell carcinoma

patients were able to significantly predict cancer relapse, as

previously reported [16,35,36,37]. Our findings emphasize the

potential role of these miRNAs as plasma biomarkers playing an

important role in lung tumorigenesis and squamous cell carcinoma

progression. Finally, we identified a three-plasma miRNA

signature including high plasma levels of miR-155-5p and miR-

223-3p with low plasma level of miR-126-3p associated with a

higher risk for lung adenocarcinoma progression.

Several recent studies have proposed sets of plasma miRNAs as

potential markers to monitor the development of lung cancer and

its prognosis, in particular for NSCLC [4,14,17,19,30]. However

the results of different studies are quit variable and often identified

different miRNAs signatures. The reason for this variability is

complex, but likely arises from the differences in patients’

ethnicities, sample subtypes (plasma vs. serum vs. whole blood),

sample collection methods, technology platforms (microarray or

qRT-PCR), as well as the bioinformatic analyses, as previously

suggested [42]. We therefore carefully designed our study in order

to ensure the identification of reliable miRNAs as plasma

biomarkers and employed established methods that reveal

valuable clinical information. We only analyzed Caucasian

patients to reduce the effect of ethnicity. NSCLC patients were

matched according to histology in order to minimize pathological

subtype effects and to amplify the molecular homogeneity of

tumor specimens. The patients were strictly selected from

individuals who had not been previously treated with neoadjuvant

treatment to avoid therapy bias. In addition, we demonstrated that

our markers could be conveniently measured by qRT-PCR in

plasma.

Interestingly, the two panels of plasma miRNAs comprising our

lung squamous cell carcinoma and adenocarcinoma progression

classifiers have been reported individually to have a prognostic

impact in other studies.

Figure 2. Kaplan-Meier DFS curves for lung adenocarcinoma patients (upper panels) and lung squamous cell carcinoma patients
(lower panels) stratified according to plasma levels of miR-155-5p (A), miR-223-3p (B), miR-126-3p (C), miR-152-3p (D), miR-20a-5p
(E), and miR-199a-5p (F). The P-values were calculated using the log-rank test between patients with high- and low-fold changes.
doi:10.1371/journal.pone.0054596.g002
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Several studies have recently validated the prognostic utility of

the high plasma levels of miR-20a-5p in lung squamous cell

carcinoma patients [16,35,36,37]. Furthermore, in our study,

miR-199a-5p was a consistent element of the plasma miRNA

signature for NSCLC diagnosis in comparison to both healthy

individuals and COPD patients. This finding was in agreement

with previous results obtained in a tobacco-specific carcinogen-

induced lung cancer model that suggested a key role of miR-199a-

5p as a part of an early-response miRNAs signature associated

with pulmonary tumorigenesis [43]. Chen et al. reported a

profiling study on serum miRNA expression among 400 NSCLC

cases and 220 controls. MiR-152-3p and miR-223-3p were among

the 10-serum miRNAs differentially expressed between cancer

patients and control subjects in their cohort [44]. In addition, the

serum expression level of miR-223 was associated with cancer-

specific mortality in stage IA/B NSCLC patients [17]. Moreover,

by negatively regulating tumor-suppressor genes, miR-155-5p

promotes malignant transformation and cancer progression in

many types of cancer, including NSCLC [45,46]. In our study, the

up-regulation of miR-155-5p was found to be an independent

negative prognostic factor in lung adenocarcinoma patients, as

previously reported [34,47]. Shen et al. reported a four-miRNA

panel in plasma, including miR-126 that distinguished NSCLC

from healthy controls with a sensitivity and specificity of 73% and

96%, respectively [30]. One study reported the role as prognostic

biomarker for miR-126-3p in NSCLC patients [48]. Finally, the

fact that the six plasma miRNAs identified with prognostic utility

in our study are common to other studies of NSCLC patients

validates our findings.

In conclusion, we developed a robust methodology to study

miRNAs in the plasma of NSCLC patients by using a clinically

applicable qRT-PCR method. We identified two-plasma miRNA

signatures-histology related that are highly predictive of cancer

progression. Three-plasma miRNA panel, including miR-152-3p,

miR-199a-5p and miR-20a-5p, was associated with a higher risk

for squamous cell carcinoma recurrence, and three-plasma

miRNA signature including miR-155-5p, miR-223-3p and miR-

126-3p was associated with a higher risk of lung adenocarcinoma

progression. However, further studies are needed to fully validate

these signatures, so as to investigate the mechanism by which

miRNAs enter the bloodstream, to further elucidate the biological

significance of miRNAs in the circulation and to evaluate

therapeutic response.
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squamous cell carcinoma.

(TIF)
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Abstract The objective of this study was to evaluate the

potential detection of circulating tumor cells (CTCs) using

the CellSearch (CS) AssayTM in patients with locally

advanced head and neck squamous cell carcinoma

(HNSCC) and then to identify the clinical factors predic-

tive of the presence of CTCs. The presence and number of

CTCs were determined using the CS system before treat-

ment, and in 10 healthy individuals (control group). The

CS system was able to successfully identify the presence of

CTCs in 8 of 49 patients (16 %) before therapy. No CTC

was found in the control group. CTCs were detected before

therapy in 1 of 19 patients (5 %) with N0 tumor and in 7 of

30 patients (23 %) with N1-2c tumor (p = 0.12; Fisher’s

exact test). CTCs were identified in a relatively low pro-

portion of patients with locally advanced HNSCC.

Keywords Head and neck squamous cell carcinoma �
Oral cavity � Oropharynx � Circulating tumor cells �
CellSearch system

Introduction

Head and neck squamous cell carcinomas (HNSCC) are the

sixth cause of cancer deaths worldwide [1]. At diagnosis,

approximately two-thirds of patients with HNSCC have

locally advanced tumors and about 50 % of them will die

from their cancer [1]. While locoregional recurrence is the

main cause of treatment failure, distant metastases arise in

around 10–20 % of cases and are associated, despite some

recent improvements in palliative chemotherapy, with a

very poor prognosis [2]. In addition to conventional clinical

prognostic factors such as T-stage and N-stage, there is an

urgent need for a reliable blood test to determine prognosis

in patients with locally advanced HNSCC in order to

identify those patients who may be at increased risk of

locoregional recurrence and/or distant metastasis. The

potential benefit of this test would be to selectively increase

the intensity of treatment in a high-risk subgroup of

patients [3]. The role of induction chemotherapy or

molecular targeted therapies in association with conven-

tional radiochemotherapy regimens is still to be defined in

A. Bozec (&) � O. Dassonville � G. Poissonnet � J. Santini

Department of Surgery, Institut Universitaire de la Face

et du Cou, 31 Avenue de Valombrose, 06103 Nice, France

e-mail: alexandre.bozec@nice.unicancer.fr

A. Bozec � M. Ilie � E. Long � P. Hofman

Faculty of Medicine, IRCAN Inserm U1081 Team 3,

06107 Nice, France

M. Ilie � E. Long � P. Hofman

Laboratory of Clinical and Experimental Pathology,

Pasteur Hospital, 06002 Nice, France

M. Ilie � E. Selva � P. Hofman

Human Biobank, Pasteur Hospital, 06002 Nice, France

E. Chamorey � M. Ettaiche � D. Chauvière

Department of Statistics, Antoine Lacassagne Centre,

06189 Nice, France

F. Peyrade � C. Hebert

Department of Medical Oncology, Antoine Lacassagne Centre,

06189 Nice, France

K. Benezery

Department of Radiotherapy, Antoine Lacassagne Centre,

06189 Nice, France

A. Sudaka � J. Haudebourg

Department of Pathology, Antoine Lacassagne Centre,

06189 Nice, France

123

Eur Arch Otorhinolaryngol

DOI 10.1007/s00405-013-2399-y



HNSCC and could be of particular interest in patients

identified at high risk of treatment failure [3–5].

Circulating tumor cells (CTCs) have been identified using

various technical procedures in several types of human

malignancies including HNSCC [6–14]. Studies have linked

CTCs to poor prognosis in particular in breast, lung, prostate

and colorectal cancers [11–14]. Nevertheless, the clinical and

prognosis impact of the presence of CTCs in patients with

HNSCC is still elusive. Most published studies on CTCs in

patients with HNSCC have enrolled a small cohort of

patients and have used heterogeneous techniques of CTC

isolation [6–10]. The reproducibility and reliability of these

techniques is a critical issue and most of them are currently

unvalidated in a clinical setting. Reverse transcriptase PCR-

based analyses appear to be very sensitive methods, but are

conducted without morphological cellular confirmation

which may result in a high rate of false positive cases [7, 8].

The CellSearch (CS) AssayTM (Veridex, NJ, USA) is the

only method of CTC identification approved by the Food and

Drug Administration in the United States for the follow-up of

patients with breast, colon or prostate metastatic carcinomas

[11]. This is an EpCAM-based method for enrichment of

CTCs in the blood of patients. Because the CS assay relies on

the positive selection of EpCAM-expressing cells and the use

of anti-cytokeratin antibodies, this method of CTC identifi-

cation could be inadequate if cancer cells did not express this

cell adhesion molecule and/or cytokeratins [8].

The objective of this study was to evaluate the detection

and the number of CTCs using the CS assay in patients

with locally advanced HNSCC and then to identify the

clinical factors predictive of the presence of CTCs in this

population.

Materials and methods

Population

Forty-nine patients diagnosed with locally advanced (stage

III–IVB) HNSCC involving oral cavity or oropharynx at

our institution between November 2009 and July 2011

were enrolled in our study. Patients with a previous history

of cancer, severe cardiac, pulmonary, hepatic or renal

dysfunction or chronic inflammatory systemic disease were

excluded. The patients received the necessary information

concerning the study, and consent was obtained from each

of them. The study was approved by the regional ethics

committees. All patients underwent a CT examination of

the head, neck, chest and abdomen and panendoscopy as

part of routine clinical care. Patients were staged according

to the 2002 American Joint Committee on Cancer (AJCC)

staging system. The treatment plan was determined by a

multidisciplinary team. All patients were treated with

curative attempt with either surgery or radiotherapy

(±chemotherapy) or both. Their main clinical characteris-

tics are summarized in Table 1.

CTC detection

The presence of CTCs was determined in all patients prior

to the initiation of therapy and in 10 healthy individuals

(control group).

The CS system was used to isolate CTCs. Peripheral

blood (7.5 mL) was taken and collected in the CellSave

preservative tube (Veridex, NJ, USA). Samples were

maintained at room temperature and processed within 72 h

of blood collection. Briefly, the CS system (Veridex, NJ,

USA) consists of a CellPrep system, the CellSearch epi-

thelial cell kit and the CellSpotter Analyzer [13, 14]. The

CellPrep system is a semiautomated sample preparation

system, and the CellSearch epithelial cell kit consists of

ferrofluids coated with epithelial cell-specific EpCAM

antibodies to immunomagnetically enrich epithelial cells.

In the final processing step, the cells are resuspended in the

MagNest Cell Presentation Device (Veridex, NJ, USA).

This device consists of a chamber and two magnets that

orient the immunomagnetically labeled cells for analysis

using the CellSpotter Analyzer. The criteria for definition

of a CTC include a round to oval morphology, a visible

nucleus (DAPI positive), positive staining for cytokeratin

Table 1 Clinical characteristics of patients

Characteristics Number of patients (%)

Gender: male/female 34 (69)/15 (31)

Age: \60/[ 60 years 24 (49)/25 (51)

Performance status: 0/1/2 36 (73)/12 (25)/1 (2)

ASA score: 1/2/3 14 (29)/30 (61)/5 (10)

Alcohol consumption 27 (84)

Tobacco consumption 19 (58)

Anemia 11 (22)

Neutropenia 1 (2)

Thrombopenia 4 (8)

Tumor site: oral cavity/oropharynx 16 (33)/33 (67)

Tumor differentiation: low/moderate/well 8 (16)/17 (35)/24 (49)

T-stage*: T1/T2/T3/T4 3 (6)/12 (24)/14 (29)/20

(41)

N-stage*: N0/N1/N2a, b or c 19 (39)/11 (22)/19 (39)

Overall tumor stage*: III/IV 15 (31)/34 (69)

Treatment characteristics:

• Primary surgery and postoperative

RT ± CT

22 (45)

• Surgery alone 4 (8)

• Definitive RT ± CT 23 (47)

RT radiotherapy, CT concurrent chemotherapy

*2002 American Joint Committee on Cancer (AJCC) staging system
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in the cytoplasm and negative staining for CD45. CTC

enumeration was expressed as the number of positive cells

per 7.5 ml of blood. The results of samples from patients

and healthy individuals entered in the study were analyzed

by two operators working blindly, without knowledge of

the clinical and pathological characteristics of the patients.

The cutoff was one detected cell per CS.

Statistical analyses

Univariate analyses were performed to assess the impact of

the following factors on the presence of CTCs before

therapy: patient’s age and gender, patient’s height and

weight, performance status, ASA score, alcohol and

tobacco consumption, tumor site (oral cavity versus oro-

pharynx), T-stage (T4 versus T1–3), N-stage (N [ 0 versus

N0), tumor differentiation, anemia and thrombopenia.

Statistical analyses were done using Chi-squared tests

confirmed by Fisher’s exact tests for qualitative factors (all

factors except patient’s age, height and weight), and using

Student’s t tests for quantitative factors (patient’s age,

height and weight). All statistical tests were performed

with the R.2.10.1 software program for Windows, with a

significance threshold of 5 %.

Results

The CS system was able to successfully identify the pres-

ence of CTCs in 8/49 (16 %) patients with locally

advanced oral or oropharyngeal SCC before therapy. The

number of CTCs detected per 7.5 mL of blood sample,

ranged from 0 to 5 (0 CTC: n = 41 patients; 1: n = 5; 2:

n = 1; 3: n = 1; 5: n = 1). No CTCs were found in the

control group. None of the 10 healthy individuals included

in the control group developed any significant disease

during the study period.

Gender, patient’s height and weight, performance status,

ASA score, alcohol and tobacco consumption, tumor site,

T-stage, tumor differentiation, anemia and thrombopenia

had no impact on the presence of CTCs before therapy (see

Table 2). The mean patient age was 66 years and 59 years,

respectively, in patients with and without CTCs (p = 0.09;

t test). CTCs were detected before therapy in 1 of 19

patients (5 %) with N0 tumor and in 7 of 30 patients

(23 %) with N1-2c tumor (p = 0.12; Fisher’s exact test).

Six months after the end of the treatment, 13 patients

had recurrent or progressive disease (clinical and CT

evaluation) and six patients were lost to follow-up. CTCs

had been detected before therapy in two of the 13 patients

(15 %) with recurrent or progressive disease 6 months after

therapy. There was no significant correlation between the

presence of CTCs before therapy and progressive or

recurrent disease after therapy (p = 0.87).

Discussion

Despite aggressive multimodal therapeutic regimens,

approximately 50 % of patients with locally advanced

HNSCC still die from their cancer [1]. Locoregional

recurrences remain the leading cause of death in

HNSCC patients [2, 3]. Nevertheless, with the continuous

improvement of local control rates, distant metastases

represent an increasing cause of treatment failure [2, 3].

Despite some recent improvements, metastatic HNSCC

patients still harbor a very poor prognosis [2]. The presence

of CTCs could explain the development of metachronous

distant metastasis in patients with locally advanced

HNSCC even after aggressive initial therapeutic regimens

[8]. CTCs and tumor cells disseminated in the bone marrow

of patients probably constitute the key reservoir for the

subsequent development of distant metastasis [8, 11].

Furthermore, it has recently been demonstrated that CTCs

could contribute to the development of local recurrences

through colonization of their primary tumor site in a

‘‘tumor self-seeding’’ process [15]. This phenomenon

might explain the appearance of local recurrence despite

ostensibly complete tumor excision. Therefore, the pres-

ence of CTCs could offer a useful marker of poor prognosis

in HNSCC patients, thus predicting the development of

local or metastatic recurrences.

Table 2 Predictive factors of the presence of CTCs before therapy

Clinical factors Presence of CTCs

p value*

Gender 1

Age 0.09

Patient’s height 0.74

Patient’s weight 0.46

Performance status 0.47

ASA score 0.19

Alcohol consumption 1

Tobacco consumption 0.36

Anemia 1

Thrombopenia 1

Tumor site 0.70

Tumor differentiation 0.59

T-stage 1

N-stage 0.12

* p values calculated by Chi-squared tests confirmed by Fisher’s

exact tests for qualitative factors (all factors except patient’s age,

height and weight), and by Student’s t tests for quantitative factors

(patient’s age, height and weight)
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Few studies have investigated the presence of CTCs in

patients with HNSCC [6–10]. Since early-stage tumors are

associated with a very low rate of distant metastasis and a

favorable prognosis, patients with locally advanced disease

are more likely to exhibit CTCs [3, 8]. Until now, the

largest series looking for the presence of CTCs in HNSCC

patients was reported by Jatana et al. [10]. This study

enrolled 48 patients with HNSCC of any stage and site.

Using a negative depletion method, the authors found

CTCs in 71 % of the patients. Moreover, despite a limited

follow-up, they reported a correlation between the presence

of CTCs and disease-free survival [10]. The high rate of

CTC-positive patients in this series, which included a

significant proportion of patients with early-stage HNSCC,

appears surprising when compared with other published

studies in HNSCC patients showing CTC detection rates

around 30–40 % [8]. This highlights one of the main issues

when assessing the presence of CTCs in cancer patients,

i.e., the reproducibility of the CTC detection technique.

As previously mentioned, the CS system is the only Food

and Drug Administration-approved technique for CTC

detection in the United States [13, 14]. This technology,

currently used in clinical practice for patients with metastatic

breast, colon and prostate cancer, is based on positive

immunomagnetic enrichment of cells using surface expres-

sion of the epithelial cell adhesion molecule EpCAM [13,

14]. Till now, there was only one published study using the

CS system for CTC detection in HNSCC patients [7]. This

study, reported by Nichols et al. [7] identified the presence of

CTCs in 6 of 15 patients with advanced HNSCC at any site.

Our series is the largest published study investigating the

presence of CTCs in HNSCC patients using the CS assay.

We enrolled a homogeneous population of 49 patients with a

locally advanced oral or oropharyngeal squamous cell car-

cinoma. We found CTCs in 16 % of patients before therapy.

The rate of CTC-positive patients seems relatively low in our

series in comparison to most published studies [6–10]. The

use of the CS system, which is a positive selection method,

supposes that all tumor cells express the targeted cell surface

molecule EpCAM, but also cytokeratins [8]. While this

system is undeniably effective for the identification of

EpCAM-positive cells, it will not be adequate for those cells

that do not express this marker [8]. Interestingly, in an

experimental study using a panel of breast cancer cell lines,

Sieuwerts et al. [16] demonstrated that some aggressive

breast cancer cell lines with a low EpCAM expression were

poorly recovered by the CS system. Epithelial-to-mesench-

ymal transition (EMT) is one of the main phenomena

implicated in the invasion and metastatic process of cancer

cells, particularly in HNSCC [8]. This EMT is associated

with decreased expression of characteristic epithelial markers

and potentially of cell adhesion molecules such as EpCAM

[8]. This constitutes a substantial bias which could produce a

significant level of false-negative cases when using the CS

method for CTC detection. This might explain the relatively

low rate of CTC-positive patients encountered in our study.

In this regard, it will be interesting, in future studies, to check

the potential of other methods for CTC isolation, in particular

the isolation of epithelial cells by size technology (ISET),

since this method can also detect CTCs even with a mes-

enchymal phenotype and independently of EpCAM or

cytokeratins expression [14, 17].

Our study showed that the rate of CTC-positive patients

before treatment tended to increase with the patient’s age

and N-stage. Interestingly, the correlation between the

presence of CTCs and N-stage was also reported in a study

by Hristozova et al. [9]. The correlation between tumor

stage (T and/or N-stage) and the presence of CTCs in

HNSCC patients was not unanimously reported in recent

studies [6–10]. However, previous studies had already

described an association between tumor stage and the

presence of disseminated tumor cells in the bone marrow of

HNSCC patients [8, 18, 19].

Given the relatively low rate of CTC-positive patients in

our study, assessment of the correlation between presence

of CTCs and prognosis would have required including a

larger number of patients. Nevertheless, there is accumu-

lating evidence that the detection of CTCs correlates to

poor survival in HNSCC patients [6–10]. Therefore, CTC

identification could be a promising tool in appropriately

tailoring treatment intensity to the particular prognosis of

each patient.

Conclusion

The CS system identified CTCs in a low proportion of

patients with locally advanced oral or oropharyngeal SCC.

Although not statistically significant, our results may

indicate a positive association between CTC detection,

patient age and lymph node metastasis. Further studies are

necessary to improve reliability and reproducibility of CTC

detection technologies and to clearly determine the prog-

nostic significance of CTCs in HNSCC patients.
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1999) or the components of the IL-31
receptor might be involved in the
pathogenesis of sporadic PCA.
Although additional work is required to
translate our current finding to disease
management, modulation of MCP-1
level and function, through IL-31-
dependent and -independent pathways,
may offer a new approach for
therapeutic development for FPCA.

CONFLICT OF INTEREST
The authors state no conflict of interest.

ACKNOWLEDGMENTS
This work was funded by grants from the National
Health Research Institutes (MG-099-PP-09, MG-
099-PP-01), the National Science Council, Executive
Yuan, Taiwan (99-2314-B-010-003-MY3), and the
National Research Program for Biopharmaceuticals
(101HD1006). We thank those patients who gave
their consent to the skin biopsies for our research.

Yu-Ming Shiao1, Hsiang-Ju Chung1,
Chih-Chiang Chen2, Keng-Nan Chiang1,
Yun-Ting Chang2,3, Ding-Dar Lee2,3,
Ming-Wei Lin4,5, Shih-Feng Tsai1,6,7 and
Isao Matsuura1

1Institute of Molecular and Genomic Medicine,
National Health Research Institutes,
Zhunan, Taiwan; 2Department of Dermatology,
Taipei Veterans General Hospital, Taipei,
Taiwan; 3Department of Dermatology,
Faculty of Medicine, National Yang-Ming
University, Taipei, Taiwan; 4Institute of Public
Health, National Yang-Ming University,
Taipei, Taiwan; 5Office of Research and

Development, National Yang-Ming University,
Taipei, Taiwan; 6Genome Research Center,
National Yang-Ming University, Taipei,
Taiwan and 7Department of Life Sciences and
Institute of Genome Sciences, National
Yang-Ming University, Taipei, Taiwan
E-mail: imatsuura@nhri.org.tw

SUPPLEMENTARY MATERIAL

Supplementary material is linked to the online
version of the paper at http://www.nature.com/jid

REFERENCES

Arita K, South AP, Hans-Filho G et al. (2008)
Oncostatin M receptor-bmutations underlie
familial primary localized cutaneous amyloi-
dosis. Am J Hum Genet 82:73–80

Burysek L, Syrovets T, Simmet T (2002) The serine
protease plasmin triggers expression of MCP-1
and CD40 in human primary monocytes via
activation of p38MAPK and Janus kinase
(JAK)/STAT signaling pathways. J Biol Chem
277:33509–17

Cashman JR, Ghirmai S, Abel KJ et al. (2008)
Immune defects in Alzheimer’s disease: new
medications development. BMC Neurosci 9
(Suppl 2):S13

Chattopadhyay S, Tracy E, Liang P et al. (2007)
Interleukin-31 and oncostatin-M mediate dis-
tinct signaling reactions and response patterns
in lung epithelial cells. J Biol Chem 282:
3014–26

Cornelissen C, Marquardt Y, Czaja K et al.
(2012) IL-31 regulates differentiation and
filaggrin expression in human organotypic
skin models. J Allergy Clin Immunol
129:426–33

Fiala M, Lin J, Ringman J et al. (2005) Ineffective
phagocytosis of amyloid-b by macrophages of

Alzheimer’s disease patients. J Alzheimers Dis
7:221–32

Jougasaki M, Ichiki T, Takenoshita Y et al. (2010)
Statins suppress interleukin-6-induced mono-
cyte chemo-attractant protein-1 by inhibiting
Janus kinase/signal transducers and activators
of transcription pathways in human
vascular endothelial cells. Br J Pharmacol
159:1294–303

Lin MW, Lee DD, Liu TT et al. (2010) Novel IL31
RA gene mutation and ancestral OSMR
mutant allele in familial primary cutaneous
amyloidosis. Eur J Hum Genet 18:26–32

Merlini G, Bellotti V (2003) Molecular mecha-
nisms of amyloidosis. N Engl J Med 349:
583–96

Ollague W, Ollague J, Ferretti H (1990) Epidemiol-
ogy of primary cutaneous amyloidoses in
South America. Clin Dermatol 8:25–9

Pflanz S, Kernebeck T, Giese B et al. (2001) Signal
transducer gp130: biochemical characteriza-
tion of the three membrane-proximal
extracellular domains and evaluation of their
oligomerization potential. Biochem J 356:
605–12

Rovin BH, Lu L, Saxena R (1999) A novel poly-
morphism in the MCP-1 gene regulatory
region that influences MCP-1 expression.
Biochem Biophys Res Commun 7:344–8

Tan T (1990) Epidemiology of primary cutaneous
amyloidoses in Southeast Asia. Clin Dermatol
8:20–4

Yagi Y, Andoh A, Nishida A et al. (2007) Interleukin-
31 stimulates production of inflammatory
mediators from human colonic subepithelial
myofibroblasts. Int J Mol Med 19:941–6

Zhang Q, Putheti P, Zhou Q et al. (2008) Structures
and biological functions of IL-31 and IL-31
receptors. Cytokine Growth Factor Rev
19:347–56

Usefulness of Immunocytochemistry for the Detection
of the BRAFV600E Mutation in Circulating Tumor Cells
from Metastatic Melanoma Patients
Journal of Investigative Dermatology (2013) 133, 1378–1381; doi:10.1038/jid.2012.485; published online 10 January 2013

TO THE EDITOR
Metastatic melanoma patients harboring
a BRAF gene mutation on codon 600
can be treated with targeted therapies
(Flaherty, 2012). Depending on the
content of tumor cells and on the
analytical sensitivity, BRAF mutations

are found in 50–70% of metastatic
melanoma patients (Davies et al.,
2002). Around 80% display a valine-
to-glutamic acid substitution (V600E)
and B16% harbor a valine-to-
lysine substitution (V600K) causing
constitutive kinase activation (Wan

et al., 2004; Rubinstein et al., 2010).
BRAFV600E mutation analysis is currently
performed in daily clinical practice on
tissue samples using various molecular
biology technologies. Moreover, the
detection of the BRAFV600E mutation in
blood samples from melanoma patients
in the context of translational research
and clinical trials has been des-
cribed (Board et al., 2009; Sakaizawa
et al., 2012). Metastatic dissemination

Abbreviations: CMCs, circulating melanoma tumor cells; CTCs, circulating tumor cells; ICC,
immunocytochemistry; IHC, immunohistochemistry; ISET, isolation by size of epithelial tumor cells
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correlates with the presence of
circulating tumor cells (CTCs) detected
in blood samples (Paterlini-Brechot
et al., 2011; Alix-Panabières et al.,
2012). The detection of circulating
melanoma tumor cells (CMCs) can be
performed using different technologies,
in particular by the isolation by size
of epithelial tumor cells (ISET) method,
a direct method that allows cyto-
pathological analysis of CMCs (De
Giorgi et al, 2010). Moreover, ancillary
methods for CTC characterization can
be performed on cells isolated by ISET
(De Giorgi et al., 2010; Ilie et al., 2012).
Recent studies highlighted the value
of immunohistochemistry (IHC) using
the VE1 antibody for the detection of
the BRAFV600E mutation in melanoma
(Capper et al., 2012). The aim of this
work was to combine ISET and
immunocytochemistry (ICC) using
the VE1 antibody to investigate the
presence of BRAFV600E in CMCs from
metastatic melanoma patients.

Therefore, 98 metastatic melanoma
patients were screened for BRAFV600E

both by pyrosequencing and by IHC
anti-VE1. Concomitantly and blindly,
ICC for the BRAF mutation was per-
formed on CMCs isolated by ISET (See
Supplementary Data). Population data
are shown in Supplementary Table S1.

Of 98 patients, 53 (54%) had a
BRAFV600E mutation detected by pyro-
sequencing in tissue samples. Among
these patients, 51/53 (96%) showed
strong immunostaining with the
VE1 antibody in tissue sections
(Supplementary Table S2). Homogenous
intracytoplasmic staining without asso-
ciated nuclear staining was demon-
strated in melanoma cells only
(Figure 1). Among the tumors negative
for the BRAF mutation by pyrosequen-
cing, none had positive VE1 immunos-
taining (Supplementary Table S2;
Figure 1). An excellent concordance
was found between these two methods
(Supplementary Table S2). The IHC anti-
VE1 demonstrated 96% sensitivity and
100% specificity when compared with
the sequencing results. CMCs were iso-
lated in 87/98 (89%) patients. Of 87
patients, 54 (62%) demonstrated posi-
tive immunostaining on ISET filters as
detected by VE1 ICC (Table 1; Figure 1).
Forty-six out of fifty-four (85%) patients

with CMCs positively stained by ICC
had a BRAFV600E mutation detected
in tissue specimen by pyrosequencing
(Table 1; Figure 1). Eight out of fifty-four
(15%) patients with positive VE1-immu-
nostained CMCs lacked BRAFV600E in
tumor tissues, analyzed both by pyrose-
quencing and IHC (Table 1; Figure 1).
The ICC VE1 CMC-based assay
revealed 100% sensitivity and 81%
specificity when compared with the
pyrosequencing results on the corre-
sponding tumor specimens. Among the
87 patients with CMCs isolated by ISET,
5 had BRAFV600K mutation in melanoma
tissue, without positive staining with the
VE1 antibody, both in tissue sections
and in CMCs (Figure 1). Control immu-
nostaining on CMCs using anti-CD45
was negative (not shown).

This study shows that CMCs isolated
by ISET can be used to detect the
BRAFV600E mutation in patients with
advanced melanoma by using the VE1
antibody. We demonstrated that this
noninvasive approach is highly sensitive
and relatively specific for the detection
of BRAFV600E in CMCs, having high
level of concordance with results in
tissue samples. In comparison with
other approaches used for the detection
of BRAFV600E from blood samples, ISET
allows cytopathological detection of
CMCs before the analysis for a mutation,
affording correlation of cytomorphologi-
cal and ICC data and avoiding interpre-
tation bias (Paterlini-Brechot et al.,
2007). Moreover, ISET is a rapid and
low-cost method that can easily be
repeated, thereby allowing the
monitoring of CMC detection in
patients on targeted therapy. The use

of ICC for the detection of the
BRAFV600E mutation on CMCs has
advantages, but also a few potential
drawbacks. Interestingly, eight patients
included in the present series showed
CMCs positively stained by ICC using
the VE1 antibody, whereas BRAFV600E

was not found in the corresponding
tumor tissue samples. As molecular
heterogeneity is a common event in
tumors, it is possible that the tissue
sample used for both pyrosequencing
and IHC analysis may not harbor the
BRAFV600E mutation (Longo, 2012). In
these cases, BRAFV600E-mutated CMCs
derived from other parts of the tumor
would have invaded the blood stream,
initiating metastatic dissemination.
Second, even if pyrosequencing is a
sensitive technology (B5%), the
presence of a small amount of mutated
cells in the tissue sample may give a
false negative result (Gonzalez de Castro
et al., 2012). It has been described
previously that VE1 immunostaining
may be useful for the detection of
smaller amounts of BRAFV600E-mutated
cells in tissue sections (Capper et al.,
2012). The hypothesis of a false positive
ICC result on CMCs can be reasonably
eliminated, as negative controls made in
parallel on CMCs isolated by ISET did
not show any staining. Future
developments on the investigation of
the BRAFV600E mutation in CMCs
isolated by ISET, both by ICC and DNA
sequencing, should add more
information to this issue. For now, the
low number of detected CMCs (from two
to eight CMCs) in these eight patients did
not allow us to obtain conclusive results
by pyrosequencing performed on

Table 1. Correlation between the mutational status of the BRAF gene
detected by pyrosequencing on tumor specimens and BRAFV600E expression
detected by ICC with the VE1 antibody on circulating melanoma cells
isolated by ISET from 87 metastatic melanoma patients

ICC anti-VE1, n (%)

Pyrosequencing (n) Positive Negative j-Index P-value1

V600E (46) 46 (85%) 0 (0%) 0.62 o0.001

V600K (5) 0 (0%) 5 (15%)

Wild-type (36) 8 (15%) 28 (85%)

Overall 54 (62%) 33 (38%)

Abbreviations: ICC, immunocytochemistry; ISET, isolation by size of epithelial tumor cells.
1A w2 test was used. P-value significant at the 0.05 level.
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extracted DNA from CMCs. Larger
studies are now needed to determine
whether the detection of BRAFV600E in
CMCs using VE1 immunostaining could

allow the selection of patients for a
targeted therapy, despite the absence of
detection in tissue sample. In conclu-
sion, CMCs can be detected by ISET in

patients with advanced melanoma, and
can be analyzed by using ICC with the
VE1 antibody for the identification of the
BRAFV600E mutation in melanoma cells.
This approach is noninvasive, rapid, very
sensitive, and specific, and opens new
options for taking care of metastatic
melanoma patients in the era of
innovative targeted treatments.

All patients enrolled in the study
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The study was approved by the Ethics
Committee of the Nice University Hos-
pital Centre and was performed in
adherence to the Helsinki Guidelines.
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Plasma MicroRNA-21 Is Associated with Tumor Burden in
Cutaneous Melanoma
Journal of Investigative Dermatology (2013) 133, 1381–1384; doi:10.1038/jid.2012.477; published online 10 January 2013

TO THE EDITOR
In the wake of new treatments for
advanced melanoma (Chapman et al.,
2011; Robert et al., 2011), the
identification of novel blood biomar-
kers to monitor therapeutic response
and disease recurrence is timely.
MicroRNAs (miRNAs) are promising
because they can be assayed directly
from blood. Over 1,000 of these exist
(Griffiths-Jones et al., 2008) showing
alterations in both cancer tissue (Calin
et al., 2002) and blood (Mitchell et al.,
2008). MiR-21 is one of the most widely
studied and is upregulated in many
cancers (Volinia et al., 2006). In
melanoma, its genetic locus shows
gains (Zhang et al., 2006), and in
histologically ambiguous melanocytic
lesions it is associated with sentinel
lymph node status (Grignol et al.,
2011) and correlates with prognosis
(Jiang et al., 2011). Our hypothesis was
that plasma miRNAs are biomarkers of
melanoma burden. We used miR-21 as
a proof of concept to test this because it
has been widely studied in cancer.

We analyzed 160 melanocytic tumors
(Supplementary Table S1 online) and 56

blood samples. First, miR-21 expression
was measured in 51 melanomas using
quantitative PCR, finding a significant
association with Breslow thickness and
ulceration, two important prognostic
features (Balch et al., 2009), P¼0.02,
0.024, respectively, Supplementary
Table S2 online. To assess inde-
pendent prognostic value, another set
of 79 melanomas was analyzed
(Supplementary Table S1 online), 40
having disease-free survival 45 years
and 39 having metastasis within 5 years.
Logistic regression showed that the stage
(IB/IIA versus IIB/IIC) and miR-21
(dichotomized at median) both signifi-
cantly predicted progression-free survi-
val with an odds ratio of 4.83
(confidence interval (CI), 1.79–13.04),
P¼0.002 and 2.72 (CI, 1.01–7.34),
P¼0.048, respectively. The covariates
explained between 16 and 21% of the
total variation (Cox and Snell R2 and
Nagelkerke R2, respectively). The addi-
tion of miR-21 to the American Joint
Committee on Cancer (AJCC) stage
increased the model accuracy (w2¼4.10,
d.f.¼1, P¼ 0.043). These data suggest
that tissue miR-21 has independent

prognostic value. We next assessed miR-
21 expression during tumor progression
in 51 melanomas, 13 common nevi,
and 11 congenital nevi using cultured
melanocytes as calibrator (Figure 1a).
Expression was significantly different
(F¼ 5.65, d.f.¼2, P¼0.005). Post hoc
analysis revealed a trend of increasing
expression from common nevi and con-
genital nevi to melanoma (F¼11.05,
d.f.¼1, P¼0.001). Colorimetric in situ
hybridization confirmed tumor cell
expression (Figure 1b–d). The relatively
high expression in congenital nevi is
intriguing, perhaps reflecting their
increased risk of progressing to mela-
noma (Krengel et al., 2006). These
data fit well with recently reported
data in melanoma tissues and cell lines
(Satzger et al., 2012). We next looked at
whether miR-21 expression in meta-
static tumor tissue related to plasma
levels, finding a strong correlation,
n¼5, r¼0.997, P¼0.0002 (Figure 2a).
These data confirm that miR-21 is an
important tissue biomarker in melanoma
and that tissue expression reflects plasma
level.

We then looked at whether plasma
miR-21 correlated with melanoma
burden measured by the AJCC stage.
We collected blood from 18 patientsAbbreviations: AJCC, American Joint Committee on Cancer; CI, confidence interval; miRNA, microRNA
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Abstract: New treatment options in advanced non-small cell lung carcinoma (NSCLC) targeting activating epidermal growth factor 
receptor (EGFR) gene mutations and other genetic alterations demonstrated the clinical significance of the molecular features of specific 
subsets of tumors. Therefore, the development of personalized medicine has stimulated the routine integration into pathology departments 
of somatic mutation testing. However, clinical mutation testing must be optimized and standardized with regard to histological profile, 
type of samples, pre-analytical steps, methodology and result reporting. Routine molecular testing in NSCLC is currently moving beyond 
EGFR mutational analysis. Recent progress of targeted therapies will require molecular testing for a wide panel of mutations for a 
personalized molecular diagnosis. As a consequence, efficient testing of multiple molecular abnormalities is an urgent requirement in 
thoracic oncology. Moreover, increasingly limited tumor sample becomes a major challenge for molecular pathology. Continuous efforts 
should be made for safe, effective and specific molecular analyses. This must be based on close collaboration between the departments 
involved in the management of lung cancer. In this review we explored the practical issues and pitfalls surrounding the routine 
implementation of molecular testing in NSCLC in a pathology laboratory.  

Keywords: Molecular testing, non small cell lung carcinoma, pathology, pitfalls, EGFR, KRAS, BRAF,ALK, targeted therapy, quality 
assurance.  

1. INTRODUCTION 

Lung cancer is the leading cause of cancer-related deaths 
worldwide, with “classical” treatment options lacking adequate 
specificity and efficacy [1,2]. Despite these therapies, the 5-year 
survival rate is about 15% for patients with lung cancer across all 
stages of the disease [3]. However, in recent years, the treatment 
options have changed from cytotoxic chemotherapies alone to 
single-agent and combination targeted therapies [4]. Recent 
advances in the understanding of cancer biology have allowed the 
development of molecularly targeted therapies that block oncogenic 
signaling pathways that characterize lung cancer cells (Fig. 1). 
Therapeutic decisions are based on the molecular analysis of lung 
cancer tissue specimens. The development of personalized 
medicine has challenged the routine integration into pathology 
laboratories of somatic genetic testing, with molecular assessment 
being regarded as a powerful supplement to the histopathological 
diagnosis [5,6].  

Epidermal growth factor receptor (EGFR) gene mutations are 
commonly found among molecular abnormalities analyzed in non-
small-cell lung cancers (NSCLCs), particularly in lung 
adenocarcinomas [7,8]. The epidermal growth factor receptor 
(EGFR, HER-1/ErbB1) is a receptor tyrosine kinase (TK) of the 
ErbB family, which consists of four closely related receptors: HER-
1/ErbB1, HER-2/neu/ErbB2, HER-3/ErbB3 and HER-4/ErbB4. 
Upon ligand binding, receptor homo- or hetero-dimerization and 
phosphorylation activate the EGFR signal downstream of the 
PI3K/AKT pathway, which is involved in cell survival, or activate 
the RAS/RAF/MAPK pathway leading to cell proliferation [9,10]. 
Patients harboring activating EGFR mutations demonstrate 
response rates higher than 70%, 14-month progression-free survival 
and 27-month median overall survival when treated with EGFR-
tyrosine kinase inhibitors (EGFR-TKIs; gefitinib, erlotinib) (Fig. 1) 
[11-13].  

Since 2009, gefitinib (Iressa™, AstraZeneca, Macclesfield, 
Cheshire, UK) was the only licensed oral preparation for use in 
adult patients with locally advanced or metastatic NSCLC with 
activating EGFR mutations in all lines of therapy [11]. Recently,  
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erlotinib (Tarceva™, Roche Group, Basel, Switzerland) has been 
granted European and US approval for the use as a first-line 
monotherapy in patients with locally-advanced or metastatic 
NSCLC with EGFR activating mutations. This molecule was 
already FDA and EMEA approved for use in maintenance and 
second-line treatment of NSCLC [14]. 

The short in-frame deletions in exon 19 and the exon 21 L858R 
point mutation account for approximately 90% of all EGFR 
mutations and are the most predictive of EGFR-TKIs efficacy in 
advanced lung adenocarcinomas [15-17]. However, several EGFR 
mutations contribute to primary or acquired resistance to EGFR-
TKIs treatment [18]. The most conserved (~49% NSCLC cases) 
mechanism of resistance to TKIs is associated with the emergence 
of a single recurrent missense mutation T790M within the EGFR 
kinase domain [19]. Other secondary EGFR gene mutations such as 
D761Y, L747S, and T854A mutations have been associated to TKIs 
resistance, but with extremely low frequencies [18]. 

Intense research has led to a more detailed understanding of 
mechanisms of resistance in these tumors [20]. There is emerging 
evidence that mutations in other genes of the EGFR family (HER2) 
or related tyrosin-kinase receptors (cMET) as well as their 
downstream genes (in particular, KRAS, BRAF, PIK3CA, AKT1, 
MEK1) are present in NSCLC [21]. The presence of these 
mutations can be associated with a lack of response to the first-
generation EGFR-TKIs in the treatment of NSCLC [22-24]. The 
amplification or mutation of cMET (20%) and PIK3CA gene 
mutations (5%) are among the most frequent “bypass mechanisms” 
which may determine resistance to TKIs, with continue activation 
of critical intracellular signaling pathways, despite continued EGFR 
inhibition. [23]. In addition, with the greater understanding of 
tumor biology, agents that specifically target these oncogenes are 
currently under development and are being evaluated into clinical 
trials (Fig. 1).  

Recent studies have suggested that resistance to EGFR-TKIs 
may be mediated through cMET amplification or point mutations 
[25]. About 20% of patients with an EGFR mutation who initially 
respond to an oral EGFR inhibitor and finally progress are found to 
have a cMET amplification or somatic mutation [26]. Several 
agents targeting cMET are currently under clinical investigation as 
single agents as well as in combination regimens (Fig. 1) [27]. The 
selective, non-ATP competitive orally administered MET inhibitor, 
tivantinib (ARQ-197), has recently completed a phase II clinical 
trial and demonstrated an important progression-free survival 
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improvement when combined with erlotinib, particularly among 
patients with non-squamous histology, EGFR wild-type status and 
KRAS mutations [28]. Cabozantinib (XL184), a multikinase 
inhibitor that targets cMET, VEGFR2, AXL, KIT, TIE2, FLT3, and 
RET, dramatically decreased tumor cell proliferation coupled with 
increased apoptosis and dose-dependent inhibition of tumor growth 
in breast, lung, and glioma tumor in vitro models [29]. Finally, the 
dual cMET and ALK inhibitor, crizotinib (PF-02341066), 
demonstrated tumor and metastasis inhibitory effects in both cMET 
and ALK-positive patients [30,31]. This compound is under 
investigation in a phase I study that combines this multikinase 
cMET inhibitor with the irreversible pan-HER inhibitor PF-
00299804 [32]. 

HER2 (ErbB2) gene mutations are found in approximately 2% 
of NSCLC [33]. The mutations are predominantly small, in-frame 
insertions in exon 20 and lead to constitutive activation of the 
mutant HER2 kinase. In NSCLC, activating mutations of EGFR 
and HER2 occur in a mutually exclusive manner [34]. Therefore, 
tumors harboring HER2 mutations do not respond to treatment with 
anti-EGFR inhibitors or to anti-HER2 antibody therapy alone (eg., 
Transtuzumab; Fig. (1)) [33]. Instead, HER2 insertions potentially 
predict sensitivity to treatment with pan-HER molecules that target 
EGFR and HER2 (e.g., Lapatinib) [35]. Moreover, anti-tumor 
effects were observed when afatinib (BIBW 2992) that inhibits 
EGFR and HER2 was used in combination with mTOR inhibitors 
(eg., Sirolimus; Fig. (1)) [33]. The pan-HER inhibitor PF-
00299804, with affinity for EGFR, HER2, and HER4, has 
demonstrated activity in a phase II study, and seems to have activity 
in preclinical models of gefitinib resistance. However, it may not 
overcome resistance generated by cMET amplification [20]. In 
addition, several small-molecule TKIs that inhibit receptors such as 
VEGFR-2, EGFR, MET, PDGFR, and KIT simultaneously have 
demonstrated clinical value over agents with single targets [26]. 

Additionally, intense efforts to target mutant KRAS are under 
way, including dual inhibition of the critical downstream RAS 
effector pathways PI3K/AKT/mTOR and RAS/RAF/MEK (Fig. 1) 
[36].  

The frequency of KRAS gene mutations varies according to 
tumor histology (15%–35% of adenocarcinomas), patient ethnicity 
(more frequent in Caucasians than Asian patients) and smoking 
history (more frequent in smokers than never smokers). In addition, 
KRAS mutations are non-overlapping with other oncogenic 
mutations found in NSCLC [37]. It seems that KRAS mutations 
work better as a negative predictor of response to EGFR-TKIs than 
EGFR mutations do as a positive predictor [36,38]. A number of 
agents targeting KRAS have been developed and are currently under 
clinical investigation. Farnesyl transferase inhibitors (FTIs; 
tipifarnib and lonafarnib), antisense molecules (e.g. ISIS 2503), and 
peptide vaccines are being tested in combination with cytotoxic 
therapy in clinical trials in NSCLC [26].  

Somatic BRAF mutations are associated with increased kinase 
activity and as part of the MAP kinase pathway, are involved in cell 
proliferation, differentiation, and transcriptional regulation (Fig. 1). 
BRAF mutations have been initially identified in melanomas [39]. 
The BRAF mutations prevalence in NSCLC is approximately 1–3%, 
most of which are adenocarcinomas [33]. In contrast to melanoma 
where the punctual V600E mutation in BRAF kinase domain is the 
most prevalent (~90%) somatic alteration, NSCLCs can harbor 
mutations at other positions V600E (50%), G469A (39%), and 
D594G (11%) [40]. BRAF mutations are non-overlapping with 
other oncogenic mutations found in NSCLC (e.g. EGFR or KRAS 
mutations, ALK rearrangements) [33]. In lung cancer in vitro 
models BRAF mutations predicted decreased sensitivity to the 
EGFR-TKIs [22]. Most of the current clinical data concerning the 
BRAF inhibitors comes from promising studies conducted with 
these molecules in melanoma. Improved rates of overall survival 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Currently available therapies targeting relevant oncogenic pathways in NSCLC.  
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and progression-free survival have been reported in a phase III trial 
comparing vemurafenib to dacarbazine in previously untreated, 
metastatic melanoma harboring BRAF V600E mutation [41]. The 
activity of sorafenib, the multikinase inhibitor of BRAF, VEGFR-1, 
-2, -3, and PDGFR was evaluated in NSCLC, but showed no 
significant difference in survival of patients [33]. However, the 
potential impact of BRAF mutations as predicting biomarkers of 
response to selective BRAF or MEK inhibitors is currently under 
investigation in NSCLC.  

MEK1 (also known as MAP2K1) is a serine-threonine protein 
kinase downstream of BRAF and is a central mediator in the MAP 
kinase signaling pathway involved in cellular growth and 
proliferation (Fig. 1). The frequency of somatic MEK1 mutations is 
low (~1%) in NSCLC and these are more common in 
adenocarcinoma than squamous cell carcinoma. MEK1 mutations 
are mutually exclusive to EGFR, KRAS, HER2, and BRAF 
mutations [33]. The presence of MEK1 mutations has been 
associated with in vitro resistance to EGFR-TKIs [24]. Inhibitors of 
MEK, which target further downstream along the RAS/RAF 
pathway, have recently been developed (CI-1040, PD-0325901, and 
AZD6244) (Fig. 1). Preclinical and clinical studies with these 
agents have shown promising antitumor activity in the treatment of 
NSCLC [24].  

Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases with a 
key role in the mediation between growth factor receptors and 
intracellular downstream signaling pathways (Fig. 1). Preclinical 
data support the major role of the PI3K pathway in cell 
proliferation, growth, apoptosis, cytoskeletal rearrangement, disease 
progression and resistance to chemo- and radiotherapy in NSCLC 
cell lines [42,43]. The PI3K/AKT/mTOR signaling pathway may be 
activated in cancer through multiple mechanisms including 
mutations in PIK3CA, which encodes the catalytic subunit of PI3K, 
loss or mutation of phosphatase and tensin homolog (PTEN), AKT 
mutations and deregulation of mammalian target of rapamycin 
(mTOR) complexes [44,45]. Somatic mutations in PIK3CA have 
been identified in 1-4% of all NSCLC [46]. These mutations occur 
more frequently within two "hotspot" areas within exon 9 and exon 
20 [47]. PIK3CA mutations appear to be increased in squamous cell 
carcinomas than in adenocarcinomas and occur in both never 
smokers and ever smokers [47]. PIK3CA mutations may occur 
concurrently with EGFR, KRAS, BRAF and ALK abnormalities 
[48]. Pre-clinical data demonstrated that PIK3CA activating 
mutations are sensitive to the dual PIK3CA/mTOR inhibition (Fig. 
1) [45]. In exchange, recent studies suggested that coexisting KRAS 
and PIK3CA mutations may be associated with resistance to 
PIK3CA/mTOR inhibitors [49]. Multiple PI3K inhibitors are in 
early clinical development, but thus far the response rates to single 
agents are low [33]. In addition, PIK3CA mutations have been 
detected in EGFR mutant lung cancers with acquired resistance to 
EGFR TKIs therapy [23,50].  

AKT is a downstream effector of PI3Ks and is constitutively 
activated in NSCLCs (Fig. 1) [51]. The prevalence of AKT1 
mutations in NSCLC is about 1%, and they have only been 
identified in squamous-cell carcinoma [52]. Recently, pre-clinical 
data suggested that the combination treatment with selective MEK 
(AZD6244) and AKT inhibitors (MK2206) had a significant 
synergistic effect on tumor growth in vitro and in vivo leading to 
increased survival rates in mice bearing advanced human lung 
tumors [53].  

PTEN is as tumor suppressor gene by negatively regulating the 
PI3K/AKT signaling (Fig. 1). PTEN may be down regulated 
through several mechanisms, including mutations, loss of 
heterozygosity, methylation, and protein instability, which 
contributes to lung carcinogenesis [26]. PTEN somatic mutations 
were identified in 4.5% of all NSCLCs. PTEN mutations were 
found in ever-smokers and were significantly more frequent in 

squamous cell carcinoma than in adenocarcinoma In pre-clinical 
studies, PTEN loss in EGFR mutant lung tumors is associated with 
decreased sensitivity to EGFR-TKIs [54].  

mTOR plays a critical role in transducing proliferative signaling 
mediated through the PI3K and AKT signaling pathways, that is 
essential for cancer cell growth and proliferation (Fig. 1) [20]. It’s 
inappropriate activation is involved in the pathogenesis of 
numerous tumor types, including NSCLC [26]. Numerous 
molecules interfere with the PI3K/AKT/mTOR pathway at multiple 
levels. Some of them, such as the mTOR inhibitors temsirolimus 
and everolimus, are already approved by the FDA and EMEA for 
other indications, such as renal-cell carcinoma based on previously 
published phase III randomized trials. mTOR inhibition 
demonstrated promising results in KRAS-mutated cell lines [49].  

Frequently mutated tumor suppressor genes in NSCLC include 
TP53 (50%), CDKN2A (p16) (17%), and LKB1 (STK11) (11%) [55, 
56]. TP53 mutations are more common in squamous cell carcinoma 
(62%) than in adenocarcinoma (39%), with the most frequent 
mutations occurring in exons 5–8 [55]. TP53 mutations are more 
commonly found in the presence of EGFR mutations in never-
smokers patients [56]. LKB1 is more frequently mutated in 
adenocarcinoma than in squamous cell carcinoma (15% vs. 5%), in 
Caucasian vs. Asian patients (17% vs. 5%), and rather limited to 
male smokers. LKB1 mutations may co-exist with KRAS or BRAF 
mutations [57,58]. Notably, cell line studies have shown that 
NSCLC tumors with concurrent mutations in LKB1 and KRAS 
demonstrate sensitivity to mTOR and MAPK inhibition that is not 
apparent with either mutation alone [59]. Moreover, studies using 
gene therapy by replacement of tumor suppressors in preclinical, 
and in some early-phase clinical trials for NSCLC, have been 
performed. In this regard, the most evaluated strategy was that of 
restoring wild-type p53 expression in lung tumor cells [60]. In 
general, these trials have demonstrated safety, with low efficacy. 
Although, some phase I studies of p53 replacement with adenoviral 
vectors suggested clinical responses with a few partial responses, 
phase II studies failed to demonstrate difference in response rates 
for Ad.p53/chemotherapy-treated lesions chemotherapy alone [61]. 
There are no current trials ongoing in the United States or Europe 
using this approach in lung cancer. In the opinion of the 
researchers, the lack of strong bystander effects, along with the low 
transfection efficiency of adenoviral vectors, limited the potential 
application in lung cancer, unless more efficient vectors are 
developed [60]. In recent years, the field of gene therapy in NSCLC 
has shifted toward “immuno-gene therapy”. This strategy requires 
enough gene transduction to stimulate an endogenous immune 
response and to create a strong bystander effect. Although these 
strategies seem to be successful in initiating anti-tumor immunes 
responses, it is generally recognized that there some limits remain 
(e.g. large tumor volumes; significant immuno-inhibitory networks 
created by the tumors involving cytokines such as TGF-β, 
interleukin-10, prostaglandin E2, and vascular-endothelial cell 
growth factor; and inhibitor cells such as T-regulatory cells and 
myeloid-derived suppressor cells) [62].  

Recent data showed that fibroblast growth factor receptor 1 
(FGFR1) may be a new promising molecular target for the 
treatment of smoking-associated lung cancer [63]. FGFR1 controls 
a wide range of biological functions in embryogenesis, 
development, wound healing, angiogenesis and metabolism, by 
regulating cellular proliferation, survival, migration and 
differentiation [64]. High-resolution genomic profiling 
demonstrated that the chromosomal region at 8p12 spanning the 
FGFR1 gene locus is amplified in up to ~20% of squamous cell 
lung carcinoma, and is a rare event (1-2%) in lung adenocarcinoma 
[65,66]. FGFR1 copy number aberration can be detected by several 
techniques, including fluorescent in situ hybridization (FISH) 
analysis [65]. The treatment of mice with FGFR1-amplified 
squamous cell lung cancer xenografts with a small anti-FGFR1 
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molecule (PD173074) resulted in significant tumor shrinkage in 
vivo [65]. In addition, this pathway may function as a mechanism of 
resistance to anti-EGFR and anti-VEGF treatment [67,68].  

In 2007, the echinoderm microtubule-associated protein-like 4 
(EML4)-anaplastic lymphoma kinase (ALK) fusion gene was 
identified in NSCLC [69]. EML4-ALK fusion results in protein 
oligomerization and constitutive switch on the RAS/RAF signaling 
pathway [49]. Transgenic mice expressing EML4-ALK under the 
control of a lung epithelial cell promoter develop multiple lung 
adenocarcinomas, demonstrating the oncogenic nature of this fusion 
gene [33]. EML4-ALK fusion is a rare abnormality detected in 
approximately 2-7% of unselected patients with NSCLC, a 
frequency that increases (13%) in a population of patients with at 
least two of the following characteristics: female sex, young adults, 
Asian ethnicity, never (<100 cigarettes in a life time) or light (≤15 
pack-year) smoking history, and adenocarcinoma histology [70]. 
EML4-ALK rearrangements are generally found in tumors with 
wild-type EGFR, KRAS and BRAF [71]. As for EGFR-TKIs, ALK 
inhibitors have been found to be highly effective in lung cancers 
that have this translocation [72]. The small molecule TKI crizotinib 
(PF02341066; Pfizer, New York, NY, USA) is an orally ALK 
inhibitor of phosphorylation and signal transduction. This inhibition 
is associated with G1-S phase cell cycle arrest and induction of 
apoptosis in positive cells in vitro and in vivo [26]. In a phase 1–2 
trial, disease control was achieved in 47 (57%) of 82 patients and 
27 (33%) patients with ALK-fusion-positive tumors had stable 
disease [73]. These dramatic findings led to two subsequent clinical 
trials of PF-02341066. The first is a randomized phase III trial of 
PF-02341066 compared with standard second line chemotherapy by 
pemetrexed or docetaxel in EML4-ALK rearranged NSCLC. The 
second is a phase II clinical trial of single agent PF-02341066 in 
EML4-ALK positive NSCLC designed for patients not eligible for 
the phase III trial or patients randomized to chemotherapy who 
subsequently developed progressive disease [26]. Therefore, in 
August 2011, crizotinib (Xalkori®, Pfizer, Inc., New York, USA) 
was approved by the FDA for the treatment of patients with locally 
advanced or metastatic NSCLC that express the ALK 
rearrangement. The FDA also approved the Vysis ALK Break-
Apart FISH Probe Kit (Abbott Molecular, Inc., Des Moines, IL, 
USA) concurrently with the crizotinib approval [74]. Moreover, 
patients who harbor this fusion gene do not benefit from EGFR-
TKIs and should be directed to trials of ALK-targeted agents [70].  

 Finally, an area of increasing interest is the development of 
rationale combinations of conventional cytotoxic drugs with 
molecularly targeted therapies, or for combining molecular targeted 
alone to increase the therapeutic potential by blocking cancer cell 
survival mechanisms. However, at this point no general guidelines 
to deal with such combinations exist. Here, we reported several 
positive results with some combinations, although most of them 
were reported in pre-clinical studies. The drug interaction patterns 
observed in vitro may not be similar to those observed clinically. 
As previously noted, the synergy between cytotoxic and targeted 
therapies cannot always be reliably predicted from preclinical 
models and inevitably requires clinical validation [20]. Recently, in 
the INTACT-1, INTACT-2, TALENT, and TRIBUTE clinical 
trials, the addition of gefitinib or erlotinib to first-line 
chemotherapy failed to improve survival of NSCLC patients [75]. 
Some hypotheses were proposed to explain these disappointing 
results. First, further research efforts are necessary to select 
biomarkers that may predict response to targeted therapies. Second, 
all trials applied chemotherapy and targeted drugs simultaneously 
[76]. Recently, a pharmacodynamic separation model was proposed 
to bypass this issue: EGFR-TKIs primarily cause cell cycle arrest 
and accumulation of cells in G1; and thus, when administered 
concurrently with chemotherapy, may push tumor cells to the 
dormant phases of the mitotic cycle and render them resistant to 
classic cytotoxic agents [77]. Therefore, as no guidelines are 

available for the moment, the definition of the optimal schedule of 
administration of chemotherapy with molecularly targeted 
therapeutic agents largely remains a controversial clinical issue. 

Taken together, these molecular events define molecular 
subsets in NSCLC that have been identified as potentially having 
clinical relevance to targeted therapies [33]. Therefore, additional 
molecular analyses of genes other than EGFR have become 
necessary to improve patient selection for EGFR or other driver 
mutation targeted therapies. Before the implementation of EGFR 
molecular testing as a clinical practice, EGFR genotyping was 
performed within the context of experimental settings or clinical 
trials. In this context, tissue samples, tissue processing, and storage 
conditions were homogeneous, whereas in a routine setting, these 
different elements are more heterogeneous [78]. Currently, 
molecular testing for predictive biomarkers in NSCLC is neither 
standardized nor validated and is yet to be implemented as routine 
practice in a pathology laboratory. Considering the medical 
consequences of EGFR genotyping and the need to ensure high 
quality and reproducible analyses, technical guidelines and 
recommendations for EGFR testing in NSCLC were proposed 
[2,79]. These recommendations emphasize the key role of the 
pathologist in the selection and preparation of tissue samples, 
EGFR assay selection, and standardized reporting of results.  

This review will address the need for standardization and set 
out the main pitfalls of molecular testing in routine practice in the 
management of NSCLC patients.  

2. RELEVANCE OF MORPHOLOGICAL SAMPLE ASSESS-
MENT FOR MOLECULAR TESTING  

Targeted therapies directed against specific molecular 
alterations require precise histological sub-classification of NSCLC 
[80]. Data regarding EGFR mutations predicting responsiveness to 
EGFR-TKIs have established the importance of histology in 
treatment outcome with EGFR inhibitors. Medical oncologists 
place high demands on pathologists to distinguish squamous cell 
carcinoma from adenocarcinoma and NSCLC not otherwise 
specified (NOS) in patients with advanced lung cancer [81]. 
However, it is noteworthy that approximately 70% of lung cancers 
are well diagnosed and staged by small biopsies or cytology rather 
than by surgical resection specimens. As expected, more limited 
samples will result in a less specific diagnosis, in particular with the 
recent increase in the use of transbronchial needle aspiration 
(TBNA), endobronchial ultrasound-guided TBNA and esophageal 
ultrasound-guided needle aspiration [82]. The latest classification of 
lung adenocarcinoma emphasizes the use and integration of 
immunohistochemical (i.e., thyroid transcription factor [TTF-1]/p63 
staining), and histochemical (i.e., mucin staining) studies for more 
accurate diagnosis [81]. As well as helping subtype NSCLC, 
immunohistochemistry (IHC) is sometimes required to discriminate 
between primary and metastatic disease. However, the IHC profile 
does not always confirm diagnosis of squamous cell carcinoma or 
adenocarcinoma. These cases should be reported as ‘NSCLC’, but 
with the added caveat ‘probably squamous cell’ or ‘probably 
adenocarcinoma’ (Table 1) [83]. If there is doubt about the 
histological subtype then molecular testing should be performed. 
Performing unnecessary IHC tests wastes time, tissue, money and 
laboratory capacity. This is of great importance, especially when 
the reference pathology laboratory performs molecular testing on 
outsourced specimens without knowledge of the percentage of 
tumor cells left on the paraffin embedded tissue block after the 
immunohistochemical study. To evaluate tumor content, it is 
recommended that the pathologist assess a hematoxylin and eosin 
stained section of the tissue area of the paraffin block designated for 
mutation analysis before DNA extraction (Table 1).  

Small tissue specimens have to be well managed not only for 
morphological diagnosis but also to maximize the amount of tissue 
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Table 1.  Overview of Different Pitfalls and Recommendations at Each Step of Molecular Testing 
 

Step Pitfalls Recommendation 

Morphological 
sample assessment 

Distinguish squamous cell carcinoma 
from adenocarcinoma and NSCLC 

NOS 

Immunohistochemical (TTF1/p63 staining) and histochemical (mucin) studies 
May report “probably adenocarcinoma” 

Material for 
molecular analysis 

No knowledge of the percentage of 
tumor cells Perform HE stain before molecular test 

Time point Extended turnaround time At diagnosis or at disease progression if possible 

Who may order? Extended turnaround time Treating physicians or pathologists 

Sample quality 
Warm ischemia time 
Cold ischemia time 

Rapid transfer to the pathology laboratory (e.g., pneumatic air tube transport system) 

Type of fixative 
10% NBF should be used. Bouin’s or fixative substitutive fixatives should be avoided.  

Cryopreservation should be the standard method for tissue fixation and preservation Fixation 

Delay of fixation Avoid prolonged fixation 

Type of specimen Limited size or available sample Biopsy preferred to cytology specimens 

Low percentage of tumor cells Enrichment for tumor cells (macro- or microdissection) 
Tumor content Minimum percentage of tumor cells 

required for molecular analysis Adaptation according to the estimated analytical sensitivity of each method. Refusal if to low or absent. 

DNA extraction 

Between 1 and 10 FFPE sections of 5- to 10-µm thickness. 
Avoid contamination (e.g., separate dedicated lab areas, changing blades, sample-to-sample traceability, 

regular cleaning and decontamination, dedicated sterile scalpel for dissection). 
Fresh-frozen material should be the standard. 
Interfering substances removal (e.g., melanin) 
Test DNA quality (Control PCR amplification) 

Optimized and controlled reagents. 

Sample preparation  

Analysis success rate 95% of samples with successful DNA extraction. 

Validated methods vs.  
”in-house” tests 

Should validate and verify each method 

Screening vs. targeted methods According to clinical needs in agreement with physicians 

Sensitivity 
The lower detection limit should be set at 1% of tumor cells for highly sensitive methods and 25-30% for 

direct sequencing. 

Specificity 
False-negative results may occur and can be avoided by regular external quality assessment controls. 

Mutations should always be independently confirmed in order to avoid false-positive results.   

Reduced performance of mutation 
immunohistochemistry Needs further validation 

Interpretation of positive ALK 
rearrangement by FISH analysis At least two experienced pathologists should perform the reading. Use positive and negative controls. 

Analysis success rate 97% of samples with correct mutation test results.  

Quality assurance Needs accreditation / Guidelines /  External Quality Assessment Programs 

Analysis methods 

Final report 

Should be reported, in conjunction with the identification of patient and health care professional, the 
pathology diagnosis, details on the tissue block tested, sample source, sample size and quality, estimation of 
the proportion of tumor cells in the sample extracted for DNA amplification, the method used, estimated test 
sensitivity and specificity, test results (mutant or wild-type allele) and interpretation of results in the context 

of the indication for testing 

 
available for molecular studies. As 10 to 30% of tissue specimens 
continue to be diagnosed as NSCLC-NOS, the International 
Association for the Study of Lung Cancer (IASLC) has published 
recommendations for strategic use of the minimum amount of 
specimen necessary for accurate diagnosis to preserve as much 
tissue as possible for potential molecular studies made in a second 
intention [81].  

3. REQUESTING MUTATIONAL STATUS 

The patient EGFR mutational status remains the best predictor 
of benefit from EGFR-TKIs therapy [36]. EGFR somatic mutation 
testing is certainly the first molecular test prescribed in advanced 
stage lung adenocarcinomas [2]. KRAS and EGFR mutations are 
mutually exclusive molecular events [84]. Given that the EGFR-

KRAS signaling cascade is considered to function as unidirectional 
linear outside-in signaling, tumors harboring mutant KRAS are 
independent of EGFR activation, and are resistant to EGFR-
targeted therapy [36]. One question surrounding KRAS testing is 
whether routine screening of KRAS mutations before EGFR testing 
to identify patients who do not benefit from EGFR-directed 
therapy, is worthwhile in terms of improving outcome in clinical 
practice, without negative consequences from delaying treatment 
until results are available [17,85]. 

In our pathology molecular laboratory (LPCE, Pasteur Hospital, 
Nice, France), KRAS testing is performed in conjunction with 
EGFR analysis. Detection of a KRAS mutation is a useful finding in 
a small-volume or poor-quality test samples, removing what may 
otherwise be an understandable concern regarding a false negative 
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EGFR mutation test [83]. Although KRAS mutation analysis is not 
recommended to exclude EGFR mutations and therefore to make 
EGFR-directed treatment decisions in clinical practice, there may 
be a place in the near future for this molecular test in making other 
treatment decisions. In this regard, the BATTLE program is 
assessing potential biomarkers for a variety of NSCLC treatment 
strategies, including the potential utility of KRAS for predicting 
treatment success with antiangiogenic agents (i.e; sorafenib) [86].  

Genetic mutations in the genes encoding proteins involved in 
EGFR signaling pathways (KRAS, BRAF, PIK3CA, AKT1, 
MAP2K1, and MET) are mutually exclusive somatic events with 
exception for PIK3CA gene mutations [87]. Development of new 
therapies targeting the downstream RAS effector pathways 
PI3K/AKT/mTOR and RAS/RAF/MEK will probably require 
knowledge about the mutational status for these latter molecules 
[4]. The future value of testing for the KRAS or BRAF mutational 
status may be to exclude the possibility of an EGFR mutation or 
ALK translocation or to identify a molecular subset of patients with 
NSCLC in whom a drug development strategy that targets the 
KRAS pathway is pursued [36].  

There is a need to define a standardized stepwise algorithm for 
molecular testing in the management of NSCLC patients in 
relationship to available targeted therapies. Fig. (2) shows our 
current workflow for routine molecular testing of advanced lung 
adenocarcinoma.  

This algorithm has already been used by several large academic 
centers in the United States and Europe [4]. Moreover, pathologists 
may order mutational testing at the time of the diagnostic workup in 
order to reduce the turnaround time for molecular testing and also 
to provide a complete histological/ molecular diagnosis (Table 1).  

Considering the multiple genetic alterations occurring in 
NSCLC, how pathology departments that do not have adequate 
molecular laboratory support will manage NSCLC specimens is a 
strong issue. Testing by outside laboratories brings up another 
challenge, such as integration of all available data about the tumor 
(e.g., histology, stage, and mutational profile) in the final pathology 
molecular report and in the patient’s medical records, which is 
much easier if testing is performed in a single pathology laboratory 
[4]. Close collaboration, communication flow, and coordination 
between the departments involved in the management of lung 
cancer are essential to implement mutation testing in routine 
practice. Moreover, the development of the concept of integrative 
pathology associating a morphological pathology laboratory, a 
molecular pathology laboratory and a biobank in close proximity is 
probably a good system for optimal patient care.  

4. PRE-ANALYTICAL ISSUES 

4.1. Specimen Collection 

As therapy for NSCLC evolves into more individualized 
approaches, it becomes increasingly important to optimize the 
collection, handling, and storage of tissues to improve the 
consistency and accuracy of molecular analysis. Furthermore, DNA 
integrity is strongly impacted by the choice of tissue sample and the 
method of preservation [80]. The influence of pre-analytical steps 
on biospecimen quality is well-recognized by tumor biobanks. 
Several markers of sample quality have been identified [88]. One 
pre-analytical variable of particular interest is the time of ischemia, 
which may affect the DNA integrity. This includes the time of 
warm ischemia (from the time of blood vessel ligation to surgical 
excision) and the time of cold ischemia (from excision to freezing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (2). Current workflow for lung adenocarcinoma molecular testing at the Laboratory of Clinical and Experimental Pathology, CHU de Nice, France. 
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or fixation). Ideally, the length of both times should be kept to a 
minimum and both should be recorded [89]. Clearly this is more 
difficult for the time of warm ischemia, which depends on the 
surgical procedure being of absolute priority [89]. Pneumatic air 
tube transport systems can provide safe, efficient and rapid means 
to optimize the time of cold ischemia [90]. This should be 
implemented in pathology services, notably in those performing 
molecular testing.  

4.2. Fixation 

Another key point in the pre-analytical steps is the fixed tissue 
on which molecular analyses are performed in the molecular 
pathology laboratory. Molecular testing is generally performed on 
formalin-fixed paraffin-embedded (FFPE) specimens. To date, 
formaldehyde as 10% neutral buffered formalin (NFB) is the most 
widely used universal fixative as it preserves a wide range of tissues 
and tissue components. The acid environment of the Bouin’s 
fixative damages both DNA and RNA, and should be definitively 
avoided for molecular testing [91]. The use of formalin substitute 
fixatives eliminates exposure of laboratory staff to formaldehyde. 
However, the DNA quality is somewhat variable when formalin 
substitute fixatives are used. In addition, the cost of formalin 
substitute fixatives must also be taken into consideration, and they 
still contain components that are potentially toxic for humans and 
are also inflammable [92]. Studies conducted on the preservation 
status of nucleic acids in FFPE tissues generally agree on the 
alteration of DNA [92,93]. Considerable evidence suggests that the 
DNA quality and PCR productivity from FFPE tissues is inferior to 
frozen tissue, although it may yield adequate results in many cases 
depending on the type of fixative solution and time of fixation 
before embedding. We are aware that the integration of tissue 
cryopreservation could be quite challenging in many pathology 
services due to the high cost or to the extra storage space required. 
Moreover, morphological control of a frozen section performed 
before DNA extraction is always necessary. However, immediate 
freezing of tumor samples in liquid nitrogen and storage at –80°C 
or in liquid nitrogen vapor represents the best method for tissue 
fixation and preservation and can be challenging in routine practice 
for future multiple molecular analyses and deep sequencing 
performed from small samples [94]. Finally, the two general rules 
to prevent DNA damage during storage are “low temperature" and 
"as dry as possible” [78]. 

Prolonged fixation in NFB rarely yields good quality DNA 
[93,95]. As a general rule, short fixation times, 6-12 hours for 
biopsy specimens and 8-24 hours for larger resection specimens in 
10% NFB should be optimal for DNA-based tests, as well as for 
FISH assays [96].  

5. TUMOR TISSUE SAMPLE 

Many issues regarding tumor samples dedicated to molecular 
testing remain to be defined, notably in routine practice, such as the 
type of specimen, the tumor content, the area of necrosis, the biopsy 
site, and the reliability of molecular analyses on other specimens, 
such as cytology or plasma samples. To optimize molecular testing 
in NSCLC patients, there is a need to maximize tumor tissue 
acquisition, as described above. Currently, most of the NSCLCs are 
diagnosed at an advanced stage, and the current trends favor 
minimally invasive diagnostic procedures, which are challenging 
since it is difficult to get enough tumor tissue for molecular 
assessment. Cytological specimens are frequently available for 
diagnosis. Different methods using cell blocks, scraped cells from 
archival slides, and fresh cells have been used for molecular testing 
[97]. However, cytology specimens have not been widely used for 
molecular testing due to the heterogeneity within samples, and to 
the sparse cellularity [98-100]. Even though cytological samples 
may be suitable for analysis, this method needs validation for 

routine molecular testing, and further research is needed to fully 
understand the clinical reliability of mutational data obtained from 
these samples. Collection and handling of cytological samples still 
have to be optimized for molecular testing in routine practice. Until 
then, clinicians should be encouraged to provide tissue biopsy 
samples whenever possible. In this regard, the NSCLC Working 
Group published recommendations indicating that FFPE tissue 
blocks are the preferred sample type for EGFR molecular assays 
(Table 1) [99]. Finally, imaging-guided needle biopsy seems to be 
satisfactory for mutation analysis. An average of 1.8 needle passes 
with small (18–20 gauge) core needles yields sufficient and reliable 
samples for mutation analysis [101].  

For mutational analysis, the proportion of malignant cells 
within the sample is critical for the detection of gene mutations 
[79]. Enrichment for tumor cells may be required to improve the 
reliability and accuracy of the detection of tumor-specific somatic 
mutations, particularly for direct sequencing [79,99]. Selection of 
material is based upon histological examination of HE sections, 
and, most often, macrodissection of glass-mounted unstained 
sections to select for suitable tissue. Laser capture microdissection 
is a more elegant and accurate approach, but time-consuming, cost 
effective and less often available or practical and usually not 
required [83,102]. The minimum number of tumor cells required for 
adequate mutational analysis is not defined. The European EGFR 
Working Group has recommended that a sample should contain at 
least 200 tumor cells, with no abundant necrotic tissue, with at least 
50% of tumor cells in order to reduce false negative results from 
sequencing [79]. Reliable results can be obtained with a tumor 
percentage as low as 10 to 20% when sensitive technical procedures 
are used. Several methods with higher analytical sensitivity than 
direct sequencing can detect mutations present at very low levels 
(1–5% gene copies mutated), allowing the possibility of detection 
of mutations when the tumor cell proportion is less than 10% of the 
test sample [103]. In any case, the analytical sensitivity of the 
method used must be referred to in the final molecular report, as 
well as the percentage of tumor cells observed in a mirror tissue 
sample (Fig. 3).  

Although pathologists are aware that they should strive to 
increase the proportion of tumor cell in material for analysis to well 
above the threshold of the method used, they should not rely upon 
the sensitivity of the test to compensate for poor specimens [83]. 
Moreover, one question surrounding the size and the minimum 
tumor content is whether to exclude clinical specimens for 
molecular testing. We strongly believe that the refusal to do 
molecular analyses should be based on specific validated planned 
exclusion in close collaboration between the physicians and the 
departments involved in the management of lung cancer. Recently, 
the European EGFR Working Group recommended that rebiopsy at 
the time of recurrence or disease progression, or even during initial 
patient work-up, must be considered specifically for mutation 
testing if the initial samples are inadequate for mutation analysis 
[79]. 

The biopsy site, such as primary versus different metastatic 
tumors, may also influence the final molecular results. Several 
studies have demonstrated a substantial rate of discordance in 
results of mutational and FISH assays between primary and 
metastatic lesions, suggesting tumor heterogeneity at the molecular 
level during the process of metastasis [104-108]. This heterogeneity 
may depend on the gene. Usually, clinicians sample only the most 
easily accessible tumor tissue [79]. However, it seems more 
relevant to perform molecular testing on the metastatic sites and on 
tissue from recurrent tumors. 

6. TISSUE PROCESSING FOR MOLECULAR TESTING 

FFPE processing impairs the extraction efficacy and quality of 
DNA, thus preventing the possibility of conducting high-quality 
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molecular analyses and potentially affecting the results of 
molecular analyses. Fresh-frozen tissue represents an ideal source 
of archival material for molecular investigations but is not usually 
possible in routine practice [109].  

In most pathology laboratories, DNA-extracts from FFPE 
samples are the most common source of template for PCR 
amplification. Although commercial kits for molecular pathology 
testing are now available, most of the current tests use in-house 
methods since they are much cheaper. Thus, there is a urgent need 
for standardization of procedures in molecular pathology, starting 
from nucleic acid extraction [110]. The choice of a method of 
nucleic acid extraction depends on several factors, including assay 
targets (RNA/DNA-based), specimen type, sample throughput, 
laboratory workflow, cost, and the performance of the extraction 
system. Thus, we have to keep in mind that the sample preparation 
processes of DNA/RNA extraction and purification are time-
consuming and labor-intensive. Several steps are required, 
including lysis, nucleic acid extraction, impurity washes, and 
DNA/RNA elution. 

In regard to the type of tissue preservation, the extraction 
methods are different when using either FFPE or fresh-frozen 
samples [103]. FFPE sections require a supplementary time of 
deparaffination. Moreover, the xylene used to remove paraffin is 
toxic. It can cause serious health problems and must be handled 
under a safety hood. 

Sections cut from the FFPE tissue blocks are the standard 
resource for DNA extraction. Between one and ten sections of 5- to 
10-µm thickness should be used (Table 1) [2]. Laboratories that use 

laser capture microdissection will require thinner sections [2]. To 
avoid contamination or sample-to-sample carry-over, some 
precautions are required, such as performing extraction and 
amplification in separate dedicated laboratory areas (preferably a 
self-contained area or laminar flow hood) using dedicated material, 
changing blades between each paraffin block, ensure sample-to-
result traceability by appropriate labeling of the container at each 
transfer step, regular cleaning and decontamination of all material 
and instruments. If the percentage of tumor cells is too low, or if the 
section contains necrotic tissue, fatty tissue, hemorrhagic tissue or a 
melanin rich area (e.g. lung metastasis of malignant melanoma), 
then the section must be dissected. It is highly recommended to use 
a dedicated sterile scalpel to select the tissue part in order to enrich 
the sample in tumor cells.  

The DNA-extraction protocols range from homemade to 
commercial kits and can be divided into several groups, such as 
DNA extraction with or without precipitation or purification, and 
silica based adsorption columns. There is no consensus as to 
whether a single protocol is highly superior to others [110]. There is 
also general agreement that for molecular testing performance the 
quality of amplifiable DNA is more important than its quantity [79]. 
Most testing laboratories report a technical failure rate of 3–8%, 
which is often due to PCR failure as a result of poor quality DNA, 
most probably due to overfixation, or insufficient DNA [83]. It is 
highly recommended to perform a control PCR amplification to test 
the DNA quality and also to give the quality results to the clinician 
in the molecular pathology report (Fig. 3). If a sample that does not 
meet quality criteria has a wild-type genotype, it should be reported 
that a mutation was not found but that the presence of a mutation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Example of a final report of mutational analysis in the pathology molecular laboratory (LPCE, Pasteur Hospital, Nice, France) 
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cannot be excluded due to the poor quality of the sample [79]. We 
consider that no matter the method used for nucleic acid isolation, it 
is recommended to employ only optimized and controlled reagents 
in order to avoid variability in results. Some commercial nucleic 
acid extraction kits with automated instruments have been 
developed for molecular testing [111]. The automation of DNA 
extraction has the advantage of standardized sample treatment and 
avoidance of error during routine sample handling and 
contamination due to intermediate processes [111,112]. However, 
there is some debate as to the efficiency of DNA extraction by 
automated methods in comparison with manual extraction methods 
when a limited sample volume is used [113].  

7. METHODS FOR MUTATION TESTING 

There is a wide range of methods available for mutation 
detection in the oncology field. Many of these methods use 
laboratory-based assays and are not commercially available for use 
in routine molecular testing. Other methods are available as 
commercial test kits [114]. It is noteworthy that only a few of these 
tests have met the requirements of the European Directives (CE-
Mark) for molecular diagnostic use.  

All these methods have certain advantages and disadvantages, 
and there is no consensus agreement on which is the preferred 
method [79]. The technologies can be divided into two subgroups, 
screening and targeted mutation detection technologies [99]. Many 
of the tests available for EGFR molecular testing are also available 
for KRAS and BRAF mutation analysis, and vice versa.  

EGFR gene mutations have been commonly detected by direct 
sequencing, this method is available in many molecular pathology 
laboratories. This technique allows the detection of all variants, 
including novel variants. The detection of unreported mutations 
should always be independently confirmed to avoid false-positive 
results due mainly to fixation and long storage conditions [78]. 
With sequencing there is no need for batching of samples and it 
provides better control of contamination as the exact, specific 
mutation in the sample can be determined. However, the sensitivity 
of direct sequencing is suboptimal in comparison with targeted 
methods (10-30% mutant DNA in a normal DNA background of 
heterogeneous tumors) [83]. In the setting of NSCLC, in which 
diagnosis is often based on small sized samples with a low 
percentage of tumor cells, detection of a mutation by direct 
sequencing may frequently lead to false-negative results [115]. 
Moreover, this method requires experienced operators and tends to 
be more labor-intensive, frequently resulting in an extended 
turnaround time for reporting results [116].  

Beside this method, there are a variety of “in-house” developed 
screening tests. These latter methods are subject to higher inter- and 
intra-laboratory variability and are not always prone to adequate 
quality assurance, which ensures the reproducibility of the results 
[114]. Furthermore, highly sensitive methods were used, with the 
caveat that only targeted mutations are identified. The assessment 
of the EGFR mutational status has mainly focused on the detection 
of the most common EGFR-sensitizing mutations: exon 19 in-frame 
deletions and point mutations in exon 21 (L858R and L861Q) 
[117]. The technologies used may detect only the mutations assayed 
and therefore are less time consuming. Sensitivity is increased 
compared to screening tests (1 to 10% mutant DNA in a normal 
DNA background of heterogeneous tumors) [115]. Moreover, some 
of these techniques do not require a large amount of tissue and have 
quite equivalent performance rates for either fresh tissue or FFPE 
samples [116,118,119]. However, despite its low sensitivity direct 
sequencing is still considered the gold standard for gene mutation 
analysis, as some of the targeted assays require sequencing for 
confirmation of results. Furthermore, the significance of low-
abundance mutations detected in heterogeneous samples is 
uncertain and these mutations need further determination of their 

clinical or predictive significance [4]. Highly sensitive methods 
may also increase the risk of false-positive results [83]. Because of 
the need for mutation-specific primers, comprehensive detection of 
in-frame deletions in EGFR exon 19 may not always be possible 
[115]. The advantage of commercially available tests is the 
validation process that they have gone through, but cost factors 
could hamper the adoption of these kits [114]. As new targeted 
therapies against oncogenic targets other than EGFR are developed, 
there is an increasing need for multiple mutations testing in 
NSCLC. Multiplexed PCR are being developed to screen mutations 
in several clinically relevant genes within a single reaction. These 
methods seem robust and reliable in FFPE-derived DNA samples, 
although they are currently under evaluation [120].  

Another assay that needs further validation, as it may provide a 
rapid and cost-effective molecular test, is IHC. IHC has the 
advantage of being widely available in a pathology laboratory, 
relatively easy to perform and retains morphological informative 
data [83]. Interestingly, two mutant-specific monoclonal antibodies 
directed against the most common mutant forms of EGFR have 
been recently developed for IHC use: the 15-bp deletion 
(E746_A750del) in exon 19 and the L858R point mutation in exon 
21 [121]. So far, both antibodies demonstrated reduced clinically 
performance with sensitivities ranged between 23% and 99% for 
exon 19 deletions and 75%-100% for the L858R mutation 
[122,123]. Therefore, EGFR IHC is still challenging for EGFR 
testing in NSCLC in routine practice [79]. 

 Although, until now, routine testing for ALK rearrangements is 
not currently recommended outside clinical trials, several molecular 
tests are available, such as FISH, reverse transcriptase-PCR (RT-
PCR), multiplex PCR and IHC [124-126]. At present, the FISH 
assay, using commercial break-apart ALK probes has been the 
method of choice for selection of patients in the current clinical 
trials. However, some limitations exist. Although, the 
recommended type of fixative is the 10% NFB, prolonged tissue 
fixation may lead to progressive degradation of signal intensity. 
The acid fixatives damage DNA and should be definitively avoided 
for FISH analysis [91]. The interpretation of a positive 
rearrangement through the introduction of a gap between the red 
and green probes could be challenging. Moreover, morphological 
indicators of tumor cells versus non neoplastic cells are almost 
totally lost under fluorescence [116]. In this regard, analyses must 
be performed by experienced pathologists with a recommended 
two-person scoring approach when the percentage of positive cells 
is close to the cut-off (between 5% and 25%) (Table 1). It is critical 
to use adequate positive and negative control specimens in each 
assay. By FISH analysis, the actual gene rearrangement is not 
known, although the clinical significance between isoforms is 
uncertain. RT-PCR as a screening method seems to be less adapted 
to clinical use. Moreover, the success rate of RT-PCR on FFPE 
tissues is unsatisfactory, with low efficiency of RNA extraction and 
impaired reverse transcriptase reaction by formalin-induced 
degradation [4]. The IHC seems to be a relatively specific technique 
for identification of ALK rearrangements, although commercially 
available antibodies have demonstrated poor sensitivity [127]. 
Molecular pathology laboratories should test the sensitivity of 
immunohistochemistry in their local conditions to be made aware of 
its limitations in routine practice [127].  

Overall, the choice of a particular molecular methodology will 
depend upon the available technology or what is most appropriate 
for individual pathology departments or cancer networks to develop 
[83]. This has to consider the balance between efficacy, robustness, 
sensitivity and specificity, method validation, analysis success rate, 
and costs. Testing may be developed “in-house” or in conjunction 
with existing local molecular pathology/genetics laboratories with 
the necessary expertise and technology.  
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8. QUALITY ASSURANCE 

All molecular pathology testing must be provided and practiced 
under a quality assurance framework, which is subject to adaptation 
and interpretation by regulatory and professional organizations. 
Accreditation has been recognized as an effective procedure to 
assure the analytical and diagnostic quality for optimal patient care 
(Table 1) [128]. To address the need for standardized molecular 
mutation testing and if no legislative requirements are in place, 
professional societies for pathology may play an important role in 
forming settings for adaptation of existing accreditation systems to 
the needs of molecular pathology testing. This should also be the 
basis for international recognition of providers of external quality 
assessment programs. While internal quality procedures begin to be 
implemented in every laboratory, External Quality Assessment 
Programs (EQAP) are important tools to increase the analytical or 
diagnostic proficiency of the molecular pathology laboratory. 
Although there is general recognition of the necessity of EQAPs, 
they are usually not mandatory in EU countries. The establishment 
of reference laboratories in Europe may also be helpful: such 
laboratories exist for KRAS mutation testing in colorectal cancer 
[129,130]. Finally to prevent poor-quality mutation testing, 
professional organizations have developed guidelines, 
recommendations and checklists to which molecular pathology 
laboratories must comply (http://www.oecd.org) [2,79].  

9. MUTATIONAL ANALYSIS FINAL REPORT 

Accurate characterization of molecular features is crucial with 
the expanding role of targeted therapy in advanced NSCLC 
patients. The mutational analysis should be reported in conjunction 
with the identification of patient and health care professionals, the 
pathological diagnosis, details on the tissue block tested, sample 
source, sample size and quality, the estimation of the proportion of 
tumor cells in the sample extracted for DNA amplification, the 
method used, estimated test sensitivity and specificity, test results 
(mutant or wild-type allele) and interpretation of results in the 
context of the indication for testing (Table 1) (Fig. 3). 

A turnaround time of 2 weeks from the diagnostic procedure to 
the final report has been suggested, but organizing a system that 
would include multiple departments seems to be challenging [4]. 
However, such an engagement cannot be completely respected 
especially when molecular testing is ordered on samples from 
external laboratories. Furthermore, in our institution, pathologists 
order mutational profiling at the time of diagnosis as described 
above, to reduce the turnaround time for molecular testing.  

CONCLUSION 

The emerging biomarkers may potentially modulate the 
sensitivity of tumors to targeted inhibitors and could therefore 
contribute to the improvement of predictive models and the 
optimization of therapeutic options. The role of pathologists in 
guiding treatment decisions is increasing because the molecular 
profiling, together with the morphological analysis, represents the 
future of personalizing medicine for patients with NSCLC [131]. 

As new therapies targeting the growing list of mutant or 
amplified oncogenes (e.g., EGFR, KRAS, EML4-ALK, PIK3CA, 
HER2, BRAF) in NSCLC are developed, it is likely that we will 
have to move toward a more global approach of molecular testing, 
such as testing for a panel of mutations or possibly using gene 
expression profiling to identify molecular subtypes of NSCLC 
[36,49]. There is no doubt, that such global gene expression 
screening methods will be used in the future in an attempt to 
identify predictive signatures. Establishing new methods of 
mutational analyses is an active area of research that aims to reduce 
time and expense with acceptable sensitivity and to use specimens 
other than resected tissue [3].  

Routine clinical testing for molecular abnormalities in NSCLC 
still needs to be optimized and standardized in regard to mutational 
methods, specimens and tumor types, and result reporting.  
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ABBREVIATIONS 

AKT = Protein Kinase B 
ALK = Anaplastic lymphoma kinase  
AXL = AXL receptor tyrosine kinase 
BRAF = v-raf murine sarcoma viral oncogene 

homolog B1 
CDKN2A/p16Ink4A = Cyclin-dependent kinase inhibitor 2A 
EGFR/HER-1/ErbB1 = Epidermal growth factor receptor 
EGFR-TKIs = EGFR tyrosine kinase inhibitors 
EMEA = European Medicines Agency 
EML4 = Echinoderm microtubule-associated 

protein-like 4  
EQAP = External Quality Assessment Programs  
FDA = US Food and Drug Administration 
FFPE = Formalin-fixed paraffin-embedded  
FGFR1 = Fibroblast growth factor receptor 1  
FISH = Fluorescent in situ hybridization  
FLT3 = FMS-like tyrosine kinase receptor-3 
FTIs = Farnesyl transferase inhibitors  
HER2/neu/ErbB2 = Human Epidermal Growth Factor 

Receptor 2 
HER3/ErbB3 = Human Epidermal Growth Factor 

Receptor 3 
HER4/ErbB4 = Human Epidermal Growth Factor 

Receptor 4 
IASLC = International Association for the Study of 

Lung Cancer  
IHC = Immunohistochemistry  
KIT = Tyrosine-protein kinase Kit or Mast/stem 

cell growth factor receptor 
KRAS = Kirsten rat sarcoma viral oncogene 

homolog 
LKB1/STK11 = Liver kinase B1 or Serine/threonine 

kinase 11  
MAPK = Mitogen-activated protein kinase 
MEK/MAP2K1 = Mitogen-activated protein kinase kinase 

1 
MET = Met proto-oncogene or hepatocyte 

growth factor receptor 
mTOR = Mammalian Target of Rapamycin 
NFB = Neutral buffered formalin  
NOS = Not otherwise specified  
NSCLC = Non-small cell lung cancer 
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PDGFR = Platelet-derived growth factor receptor 
PIK3CA = Phosphoinositide-3-kinase, catalytic, 

alpha polypeptide 
PTEN = Phosphatase and tensin homolog  
RET = Ret proto-oncogene/Rearranged during 

transfection 
RT-PCR = reverse transcriptase-PCR  
TBNA = Transbronchial needle aspiration  
TIE2 = Tyrosine kinase with immunoglobulin 

and EGF homology domains 
TK = Tyrosine kinase  
TP53 = Tumor protein 53 
TTF-1 = Thyroid transcription factor 1 
VEGFR2 = Vascular endothelial growth factor 

receptor 2 
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Abstract Specific inhibitors targeting the epidermal
growth factor receptor (EGFR) can increase survival rates
in certain lung adenocarcinoma patients with mutations in
the EGFR gene. Although such EGFR-targeted therapies
have been approved for use, there is no general consensus
among surgical pathologists on how the EGFR status
should be tested in lung adenocarcinoma tissues and
whether the results of immunohistochemistry (IHC), fluo-
rescence in situ hybridization (FISH), and mutational
analysis by molecular methods correlate. We evaluated the
EGFR status in 61 lung adenocarcinomas by IHC (using
total and mutant-specific antibodies against EGFR), by
FISH analysis on tissue microarrays (TMAs), and by direct
sequencing. The results of each method were compared
using χ2 and κappa statistics. The sensitivity and negative

predictive value estimating the presence of abnormal EGFR
for each test was calculated. The results show that, with
respect to expression patterns and clinicopathological
parameters, the total and mutant-specific EGFR detected
by immunohistochemistry and FISH analysis on TMAs are
valid and are equivalent to conventional methods per-
formed on whole-tissue sections. Abnormal EGFR was
detected in 52.4% of patients by IHC, FISH, and
sequencing. The best sensitivity (100%) and negative
predictive value (100%) was determined by evaluating the
EGFR status with all methods. Testing for molecular
changes in EGFR using a single test is likely to underes-
timate the presence of EGFR abnormalities. Taken together,
these results demonstrate the high potential of TMAs to test
for the major mechanisms of EGFR activation in patients
with lung adenocarcinoma.

Keywords EGFR . Lung adenocarcinoma .

Tissue microarrays . Immunohistochemistry . FISH .

Sequencing

Epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs) such as gefitinib (Iressa®, Astra-Zeneca,
UK) and erlotinib (Tarceva®, OSI/ Genentech, USA) show
objective responses in 10% to 27% of patients with
advanced non-small-cell lung cancer (NSCLC) after failure
of standard chemotherapy [1, 2]. Moreover, recent clinical
trials demonstrated substantial benefit of gefitinib adminis-
tration in selected patients with advanced NSCLC
with EGFR mutation-positive tumors [3]. Therefore, the
European Medicines Agency (EMEA) supported the
approval of gefitinib for patients with locally advanced or
metastatic NSCLC with activating mutations of EGFR,
across all lines of therapy (http://www.ema.europa.eu/
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humandocs/Humans/EPAR/iressa/iressa.htm. Accessed 24
April 2010). In this regard, the French National Institute of
Cancer (INCa) launched, at the end of 2009, a national
program financing the detection by sequencing of EGFR
mutations in patients with lung adenocarcinoma.

EGFR (HER-1/ErbB1) is a TK receptor of the ErbB
family that plays a major role in tumor development and
progression [4]. EGFR activation on the surface of cancer
cells promotes the activation of the Ras-antiapoptotic
cascade, cell growth, survival, and cell cycle progression,
differentiation, and angiogenesis [5–7]. Together with its
ligands, it is expressed in 40–80% of patients with NSCLC
[8]. However, it appears that certain patients obtain more
benefit from EGFR-TKIs than others. A higher probability
of response appears to be associated with clinical character-
istics, such as gender (female), never smoking status, Asian
ethnic origin, and adenocarcinoma sub-type [9]. Neverthe-
less, strategies for patient selection using molecular
diagnostics of EGFR activation increase the efficacy of
EGFR-targeted therapies and greatly optimize response to
treatment in patients with lung adenocarcinoma. Various
mechanisms of EGFR activation in cancer cells have been
demonstrated: overexpression of ligands and receptors,
gene amplification, and activating mutations [10]. For these
reasons, selection of patients who will benefit from EGFR
inhibition according to their genetic status is an important
issue in EGFR-targeted therapy in NSCLC.

The relationship between EGFR protein expression and
tumor sensitivity to TKIs is currently unclear [11–15].
Retrospectives studies failed to demonstrate a predictive
value for EGFR overexpression measured by immunohis-
tochemistry (IHC) in patients with NSCLC who are treated
with TKIs [12, 13]. However, other recent trials found a
relationship between EGFR protein expression and better
overall survival in patients with relapsed or refractory
NSCLC who received TKI therapy [11, 14, 15]. Conversely,
some studies showed that high polysomy or amplification of
the EGFR gene analyzed by fluorescence in situ hybridiza-
tion (FISH) tended to be the best predictor of response, even
better than detection of gene mutations in EGFR [11, 16, 17].
Finally, other studies assert the superiority of the detection of
EGFR mutations for prediction [18, 19]. The two most
frequent EGFR mutations are short in-frame deletions of
exon 19 and a point mutation (CTG to CGG) in exon 21 at
nucleotide 2573, which results in substitution of leucine by
arginine at codon 858 (L858R) [20]. Together, these two
mutations account for almost 90% of all EGFR mutations
in NSCLC [20]. Response rates to EGFR-TKIs range from
48% to 90% for patients with EGFR mutations, while
responses are less common in patients without a mutation
(5–31%) [21]. Interestingly, two mutant-specific antibodies
directed against the most common mutant forms of the
EGFR oncoprotein have been recently developed for IHC

use: 15-bp deletion (E746_A750del) in exon 19 and the
L858R point mutation in exon 21 [22].

Limited studies have analyzed the possible correlation
between different EGFR abnormalities measured by IHC,
for total protein expression or for the two mutants
(specific antibodies), FISH and sequencing [23–27].
The variability in the results of trials that tested these
methods of detection of the EGFR status may reflect
variations in the methodology and the interpretation of
the test results, as well as patient demographics and
cohorts [26, 28, 29].

This study was conducted to demonstrate the potential
interest of the tissue microarray (TMA) method to assess
protein expression, gene amplification, and mutational status
of EGFR in a retrospective cohort of lung adenocarcinoma
patients. For this purpose, the relationship between protein
expression, gene copy number, andmutational status of EGFR
(using mutant-specific antibodies) was evaluated in TMA
built with 61 lung adenocarcinomas. Results were then
compared with direct sequencing of exons 19, 20, and 21 of
EGFR, performed in parallel from DNA extracted from
mirror frozen tumor tissues. Finally, the correlation between
the genetic status and clinicopathological parameters of
patients was evaluated. The results show that the TMA
method could be useful in detecting EGFR overexpression,
mutational status, or gene amplification and may be suitable
in a larger series of NSCLC patients.

Patients and methods

Patients

Selected paraffin blocks of formalin-fixed tissues from 61
patients diagnosed with lung adenocarcinoma from January
2007 to November 2009 were retrieved from the archives
of the Laboratory of Clinical and Experimental Pathology
(Pasteur Hospital, Nice, France). Patients were all
Caucasians and were matched for gender and smoking
status. The median age was 67 years (range, 42–83 years).
Tumors were histologically classified according to WHO
guidelines [30]. They included 29 mixed adenocarcinomas
with a bronchioloalveolar component, 27 mixed adenocar-
cinomas, and 5 bronchioloalveolar carcinomas. All tumors
were staged according to the international Tumor–Node–
Metastasis (TNM) classification [31]. There were 32 I-
stage, 9 II-stage, 15 III-stage, and 5 IV-stage tumors. To
build TMAs, selection of the cases to be included in the
study was based on parameters such as collection by
rigorous adherence to banking protocols [32], the absence
of neoadjuvant treatment, and the availability of sufficient
tissue to examine molecular abnormalities and protein
expression by IHC. A well-qualified sample is one where
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there is over 60% cancer cells and no necrosis [33]. The
study was done with the approval of the ethics committee
(CHU of Nice). The patients received the necessary
information concerning the study, and informed signed
consent was obtained from each patient.

Preparation of tissue microarrays

Representative tumor regions were selected for building
TMAs after thorough evaluation of H&E slides, and arrays
were designed as previously described [34]. Three core
tissue biopsies, 600 μm in diameter, corresponding to the
selected morphologically representative region of each
paraffin-embedded tumor, were transplanted onto a recipient
block using an automated tissue arrayer (Beecher Instruments,
Silver Spring, MD, USA and Alphelys, Paris, France).
Moreover, the cores were selected from different tumor
regions, including the center and the periphery of the lesion.
Three additional core tissue biopsies were selected from
morphologically normal lung tissue adjacent to each tumor
and served as a negative control.

Immunohistochemistry

IHC for total EGFR was performed on serial 4 μm
deparaffinized TMA sections, as described [34], using
an automated single-staining procedure (Benchmark XT,
Ventana Medical Systems, Roche Group, Inc., Tucson,
AZ). A mouse monoclonal antibody anti-EGFR (clone
3C6; Ventana, Strasbourg, France) was used according to
the manufacturer’s instructions. Sections were blindly and
independently analyzed by two observers (MI and VH) at
low magnification (×200). Total EGFR protein overexpres-
sion was evaluated on TMA cores using an IHC scoring
system as described: 0, no membrane staining; 1+, faint,
partial membrane staining; 2+, weak, complete membrane
staining in >10% of tumor cells; 3+, intense complete
membrane staining in >10% of tumor cells [25].

IHC with the two mutation-specific antibodies, one
recognizing the exon 21 L858R EGFR mutation and the
other the E746-750 15-bp deletion in exon 19, was done
manually as described [22]. Briefly, after deparaffinization,
antigen retrieval was performed using EDTH pH 9 (Dako,
Glostrup, Denmark) for 30 min, and the primary antibody
(1:100, rabbit, monoclonal, Cell Signalling, Danvers, USA)
was applied. For detection, the EnVision FLEX kit (Dako)
was used. The intensity of EGFR mutant-specific IHC was
scored as previously described: 0 = no or faint staining in
<10% of tumor cells; 1+ = faint staining in >10% of tumor
cells; 2+ = moderate staining; 3+ = strong staining [35].
Total EGFR overexpression was considered as 2+ and 3+
and positive mutant-specific EGFR expression as between
1+ and 3+. Whole-tissue sections from tumor blocks of all

cases were stained for total EGFR and compared with the
corresponding TMAs spots using the above-mentioned
scoring criteria. IHC with the mutant-specific antibodies
was performed on whole sections of all positive cases by
direct sequencing. In parallel, seven randomly selected
negative cases were evaluated on whole-tissue sections.

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed
on paraffin-embedded TMAs and whole-tissue 4-μm
sections according to a protocol described previously [36].
At least 100 non-overlapping interphase nuclei per core
were analyzed blindly and independently by two patholo-
gists (MI and VH). Patients were classified into two strata
according to previously described criteria [16]: (1) FISH-
negative, with no or low genomic gain (≤4 copies of EGFR
in >40% of cells) or (2) FISH-positive with either high
polysomy (≥4 copies of EGFR in >40% of cells) or with
gene amplification. Gene amplification was considered
positive when tight gene clusters were present and a gene/
chromosome ratio per cell of ≥2 or homogenously staining
regions with ≥15 copies in ≥10% of cells were detected. A
FISH analysis was performed in parallel on whole-tissue
sections corresponding to all the positive cases and on
seven randomly selected negative cases on TMA and
compared with the corresponding TMA spots using the
above-mentioned scoring criteria.

DNA extraction and direct sequencing of the EGFR gene

Genomic DNA was extracted from frozen tissue samples
with >60% tumor cells using the MagNA Pure Compact
Nucleic Acid Isolation Kit Large Volume (Roche Group,
Inc., Tucson, AR) according to the manufacturer’s instruc-
tions. After initial denaturation at 94°C for 5 min, gDNA
(100 ng) for exons 19, 20, and 21 of EGFR analysis was
subjected to 35 cycles of polymerase chain reaction (PCR)
(94°C for 30 s, 56°C for EGFR exon 20, 60°C for EGFR
exons 19 and 21 for 30 s, and 72°C for 30 s) using Taq
platinum (Invitrogen), followed by a final extension at
72°C for 10 min. Primer pairs used for amplification were
those described by Choong et al. [37]. Aliquots of all PCR
products were examined by 2% agarose gel electrophoresis.
After amplification, post-PCR purification was performed
using ExoSAP-IT (GE Healthcare Life Sciences) according
to the manufacturer’s procedures. All samples were
bidirectionally sequenced on an ABI Prism 310 sequencer
using the Applied Big Dye Terminator v1.1 kit (Applied
Biosystems, Inc., Foster City, CA). Mutations in the
EGFR gene in patients were reanalyzed with the BioEdit
software program [38] by additional amplification and
sequencing.
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Statistical analysis

Analyses were performed using SPSS 16.0 statistical
software (SPSS Inc., Chicago, IL). The degree of agree-
ment between data from whole-tissue sections and the mean
value of the three spots corresponding to each case on
TMAs was assessed using the Cohen’s κ coefficient. The
optimal sensitivity and the negative predictive value of t
he EGFR test were determined by ROC curve analysis.
The χ2 and Mann–Whitney tests were used to explore the
association between EGFR test results and the clinico-
pathological variables of patients. All statistical tests were
two-sided, and a significant p value was set at 0.05.

Results

EGFR mutations were detected by direct sequencing in
16.4% (10 of 61) of cases. All cases had an exon 19
mutation (100%). Among the ten EGFR mutations in exon
19, there were 15-bp deletions (n=8), 18-bp deletions (n=1),

and insertion/duplication of 18 bp (n=1) (Fig. 1). No
mutation was identified in exons 20 and 21 of EGFR.

Positive immunolabeling for total EGFR detected by
IHC on TMAs was noted in 36% (22 of 61) of all cases and
in 40% (4 of 10) of mutant cases (Fig. 2a; Table 1). The
EGFR expression levels observed on the TMA spots
faithfully reflected the staining intensity of the protein
on whole-tissue sections from corresponding tumor blocks
(κ=0.92). Although total EGFR overexpression strongly
correlated with the mutational positive status detected by
direct sequencing (p=0.024), there was poor agreement
between these two latter methods (κ=0.03; Table 1). Six
mutant tumor samples (60%) stained faintly on IHC,
whereas 35% (18 of 51) of wild-type cases overexpressed
EGFR (Table 1).

Thirteen of 61 (21.3%) cases demonstrated high
polysomy and amplification by FISH analysis in both
whole-tissue sections and corresponding TMA cores
(Fig. 3; Table 2). The κappa index was used to measure
the agreement between these two methods, and a total
concordance was found (κ=1; p<0.0001). Moreover, the

Fig. 1 Mutations in the EGFR
gene detected by direct
sequencing of the cohort. a
Three representative nucleotide
patterns of mutations in EGFR
exon 19. b Three representative
electropherograms of mutations
in EGFR exon 19
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Fig. 2 Lung adenocarcinomas with different levels of immunohisto-
chemical staining. a From absent to high total EGFR protein
expression. b A tumor sample showing positive immunolabelling to
the exon 19 mutant-specific and total EGFR antibodies and negative
staining to the EGFR L858R mutant-specific antibody. c Wild-type

tumor sample showing positive staining to total EGFR and negative
staining to the two mutant-specific antibodies (exon 21, L858R and
exon 19, E746-750 15-bp deletion). Scale bar in a–c, 100 μm and in b
and c inserts, 200 μm

Table 1 Correlation between the mutational status of EGFR obtained by direct sequencing and of total EGFR protein expression obtained by
immunohistochemistry on TMAs

Sequencing Total EGFR IHC Κ index p value*

0 1+ 2+ 3+

Wild-type (n=51) 15 (29.4%) 18 (35.2%) 14 (27.4%) 4 (7.8%) 0.03 0.024
Exon 19 mutations (n=10) 3 (30%) 3 (30%) 0 (0%) 4 (40%)

*p=0.05; a χ2 test was used
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FISH-positive status was strongly related to total EGFR
overexpression when performed on TMAs (p=0.013), and
we found fair agreement between the two tests (κ=0.33;
Table 2). The relationship between mutational status
obtained by direct sequencing and EGFR gene copy
number analyzed by FISH on TMAs was evaluated. There
was a significant correlation between these two methods
(p=0.045) and fair agreement between them (κ=0.30;
Table 3).

Out of all cases, 13 were positive with the exon 19
EGFR mutant-specific antibody when performed on TMAs
(Fig. 2b, c; Table 4). Similar expression levels were

observed in whole-tissue sections from corresponding
tumor blocks in a subset of 20 tumors (κ=0.91). The
staining was both cytoplasmic and membranous. There was
no significant correlation to total EGFR protein over-
expression (p=0.23) and the κappa index showed slight
agreement (κ=0.18; Table 4). All the eight cases (100%)
with a 15-bp deletion in exon 19, detected by direct
sequencing, were positive for IHC with the EGFR
mutant-specific antibody (Table 5). However, positive
immunostaining with the exon 19 mutant-specific antibody
was also observed in four cases without mutations and in
one case with an 18-bp deletion. The EGFR exon 19

Fig. 3 Detection of the copy
number of the EGFR gene by
FISH (red signal EGFR, green
signal CEP 7) in lung
adenocarcinomas. Negative
FISH test (a) and clustered
gene amplification (b) on a
whole-tissue section (top).
Negative FISH analysis
(c) and increased copy numbers
of EGFR (d) showing gene
amplification on TMA cores
(bottom). Scale bar 400 μm

Table 2 Correlation between the total EGFR protein expression
obtained with TMAs by immunohistochemistry and the EGFR gene
copy number obtained by FISH analysis

Total EGFR IHC FISH Κ index p value*

FISH + (n) FISH − (n)

Positive 9 13 0.33 0.013
Negative 4 35

*p=0.05; a χ2 test was used

Table 3 Correlation between the mutational status obtained by direct
sequencing and the EGFR gene copy number obtained with TMAs by
FISH analysis

Sequencing FISH Κ index p value*

FISH + (n) FISH − (n)

Wild-type 5 5 0.30 0.045
Exon 19 mutations 8 43

*p=0.05; a χ2 test was used
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mutant-specific antibody detected 90% of exon 19 mutants
with a specificity of 92%. Furthermore, these two methods
demonstrated strong statistical correlation (p<0.001) and
substantial concordance (κ=0.73 and κ=0.76, respectively;
Table 5). Finally, we found a significant relationship
(p=0.004) with fair agreement (κ=0.41) between a high
EGFR gene copy number and an exon 19 mutational status
as determined by mutant-specific IHC, where both analyses
were performed on TMAs (Table 6). However, when the
15-bp deletion cases were considered for analysis, the
κappa index was lower (κ=0.26), and there was only a
tendency for association with the positive FISH status
(p=0.09; Table 6).

Among the 61 cases, 26 of 61 (43%) were negative with
all four methods. Using the method described by Gupta et
al. to define a “true positive result” by identifying a positive
result with any of these methods, we found that total EGFR
IHC demonstrated the highest percentage of positivity
(36%) when EGFR tests were individually considered
(Fig. 4a). By adding the results of the gene copy number
analysis to the mutational status, we found larger benefit,
which was higher when IHC for total EGFR was performed
with either three of the methods (Fig. 4b). Finally, the
highest percentage of positive EGFR tests was obtained
with all four methods taken together (Fig. 4c).

When the results of a single method were evaluated, IHC
had the highest sensitivity (62.86%; Table 7). EGFR protein
expression detected by IHC and the mutational status
determined either by direct sequencing or by mutant-specific
IHC together demonstrated an acceptable sensitivity (80%) and
a negative predictive value (79%; Table 7). Finally, we found a
total sensitivity (100%) and a total negative predictive value
(100%) when all methods were evaluated (Table 7).

We performed statistical analysis to evaluate a possible
relationship between the results of these three methods and
the clinicopathological variables of patients. The results
obtained by direct sequencing alone were used to define the
mutational status, with regard to its strong correlation with
mutant-specific IHC. The proportion of EGFR exon 19
deletions detected by direct sequencing was significantly
associated with the never smoking status (p=0.01) and with
female sex (p=0.01; Table 8). No other correlation was
found with age, histological sub-type, or pathologic
tumour-node-metastasis (pTNM) stage.

Discussion

There is urgent need for methods that allow the high-
throughput analysis of the EGFR status in biopsy samples
using IHC markers and FISH analysis based markers. Some
studies have focused on validation of immunohistochemical
analysis of EGFR expression on TMAs, while only limited
reports have validated FISH analysis or recently developed
mutant EGFR-specific antibodies for IHC using TMAs in
several types of cancer [35, 36, 39]. We are aware of the
limited interest in TMA technology as a daily routine test.
However, given the rising interest in new prognostic and
theranostic biomarkers, our study, although quite limited in
the number of cases, demonstrates the potential of detecting
such biomarkers in larger studies for efficient translational
research [40].

Table 4 Relationship between EGFR exon 19 mutant-specific TMA
immunohistochemistry and total TMA EGFR protein expression

EGFR mutant-specific
IHC

Total EGFR IHC Κ
index

p
value*

Positive
(n)

Negative
(n)

Positive 7 6 0.18 0.23
Negative 15 33

*p=0.05; a χ2 test was used

Table 5 Relationship between EGFR exon 19 mutant-specific TMA
immunohistochemistry and mutational status obtained by direct
sequencing

EGFR mutant-
specific IHC

Sequencing Κ
index

p
value*

Exon 19
mutations (n)

Wild-type
(n)

Exon 19 mutations

Positive 9 4 0.73 <0.001
Negative 1 47

15-bp deletion cases

Positive 8 4 0.76 <0.001
Negative 0 47

*p=0.05; a χ2 test was used

Table 6 Relationship between EGFR exon 19 mutant-specific TMA
immunohistochemistry and the EGFR gene copy number as detected
by FISH analysis of TMAs

EGFR mutant-specific
IHC

FISH Κ
index

p
value*

FISH +
(n)

FISH −
(n)

Exon 19 mutations

Positive 7 6 0.41 0.004
Negative 6 42

15-bp deletion cases

Positive 4 4 0.26 0.09
Negative 9 44

*p=0.05; a χ2 test was used
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We show that total EGFR IHC, mutant-specific IHC, and
FISH analyses performed on whole-tissue sections can be
performed with TMAs. Previous studies revealed a variable
level of concordance between whole-tissue sections and
assessable TMAs when other markers, like HER2, MYC,
CCND1, and MDM2, were tested by FISH [41–43]. Since
the intratumor heterogeneity would have the most signifi-
cant impact on the results in tumors with low levels of
protein expression or gene amplification, we compared both
whole sections and TMA. We recently validated the TMA
methodology in lung oncology for analysis of the expres-
sion of other proteins in a large series of 555 NSCLC cases
[44]. We found an excellent correlation between FISH
analysis on whole-tissue sections in comparison with
corresponding TMAs. Intratumor variation in the EGFR
gene copy number can be more dramatic at higher levels of
EGFR gene amplification. However, this variation would
have a minimal impact on the designation of a tumor as
being EGFR amplified or not amplified in most cases on
whole-tissue sections [43]. EGFR-FISH analysis on TMAs
in lung adenocarcinoma may therefore be suitable for
evaluation of the EGFR gene copy number in a large series
of lung adenocarcinoma. In addition, we found fair
concordance between total EGFR IHC staining and FISH
analysis on TMAs, as EGFR protein overexpression is
often associated with EGFR gene amplification [45].
Moreover, our results indicate that EGFR amplification,
preferentially of the mutant allele, often accompanies
EGFR mutation, as already suggested [25]. Thus, TMAs

Fig. 4 Percentage of EGFR-positive tests obtained by immunohisto-
chemistry with total EGFR and EGFR exon 19 mutant-specific
antibodies, fluorescence in situ hybridization, and direct sequencing in
61 lung adenocarcinomas. a Test results with one method. b Test results
with two methods. c Test results with three or all methods together

Table 7 Sensitivity and negative predictive value of immunohisto-
chemistry, FISH analysis, or direct sequencing for evaluation of the
EGFR status

Method Sensitivity (%) NPV (%)

IHC 62.86 67

IHC mut 22.86 49

FISH 37.14 54

Seq 28.57 51

IHC+IHC mut 80 79

IHC+FISH 74.29 74

IHC+Seq 80 79

IHC mut+FISH 48.57 59

IHC mut+Seq 51.43 60

FISH+Seq 51.43 60

IHC+IHC mut+FISH 85.71 84

IHC+IHC mut+Seq 97.14 96

IHC mut+FISH+Seq 62.86 67

All methods 100 100

NPV negative predictive value, IHC total EGFR immunohistochemistry,
IHC mut EGFR mutant-specific immunohistochemistry, Seq sequencing
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can be an appropriate tool for analyzing EGFR protein
expression and EGFR gene amplification, allowing a more
precise evaluation of these mechanisms of activation in a
larger series of patients [46–48].

Having validated immunostaining for the total EGFR
protein and FISH analysis of the EGFR gene copy number
on TMAs, we evaluated the mutational status either by
using a recently developed mutant EGFR-specific antibody
on TMAs or by direct sequencing. Our results show that
EGFR exon 19 mutant-specific IHC on TMAs highly
correlated with whole-tissue section analysis. Because the
large sections may be much more frequently considered as
mutant-specific IHC-positive than TMA spots, it might be
assumed that false positives on large sections may represent
either biologically irrelevant focal findings or local artificial
staining, as described [43]. Because of the size of the tissue
area to be stained, artificial staining results can be a greater
problem on large sections than on TMAs. Although there
was a strong correlation between IHC staining on TMAs
and results obtained by direct sequencing, false positive
results (8%) and the 92% specificity emphasize the need
for further molecular validation in routine use. Moreover,
EGFR gene amplification was associated with IHC
staining for mutant-specific exon 19 EGFR on TMAs but
not for the 15-bp deletion. Although EGFR amplification
occurs preferentially on the mutated allele [25], this may
suggest that there is no amplification of a specific type of
mutation.

We found that EGFR genomic gain and mutations were
much less frequent cellular events than EGFR overexpres-
sion, as previously described [24]. However, the highest

percentage of positive EGFR tests was obtained with all
four methods taken together. Furthermore, we evaluated the
sensitivity of these methods. Total EGFR IHC had the
highest sensitivity, which was not surprising considering
the high frequency (34–84%) of EGFR protein over-
expression, as already reported in NSCLC [49–51]. Total
EGFR protein expression and the mutational status gave a
very good negative predictive value (96%) according to a
recent report [26]. However, only the evaluation by all four
methods reached a high 100% sensitivity and a 100%
negative predictive value in detecting EGFR abnormalities.
Therefore, great attention should be made when choosing
less than three or four methods for EGFR testing in routine
clinical practice. This latter finding suggests that the
presence of EGFR abnormalities, which might significantly
predict response to TKIs, may be underestimated when
using direct sequencing alone.

Although IHC staining for total EGFR statistically
correlated with a positive mutational status, there was poor
agreement between these two methods. In addition, IHC
could not predict the EGFR mutational status since, in our
study, it missed 60% of mutant tumors, as previously
shown [25]. Moreover, a large number of IHC-positive
tumors lacked mutations. However, we believe that this test
should not be completely proscribed as it demonstrated the
best sensitivity (62.86%) and negative predictive value
(67%). When considered along with EGFR molecular
modifications (i.e., gene amplification and mutations), we
found an even higher negative predictive value (96%).
Previous studies have reported the lack of correlation
between an EGFR mutation and IHC positivity [11, 52]

Variablesa FISH p value* IHC p value* Seq p value*

+ − + − + −

Age

>65 years 7 27 0.99 13 21 0.99 7 27 0.51

≤65 years 5 22 7 20 3 24

Sex

Female 9 21 0.093 11 19 0.99 9 21 0.01

Male 3 28 9 22 1 30

Smoking history

Never smoked 7 17 0.23 10 14 0.36 9 15 0.01

Former or current smokers 5 32 10 27 1 36

Histologic sub-type

Mixed ADC 9 18 0.50 8 19 0.17 3 24 0.24

Mixed ADC+BAL 4 25 12 17 7 22

BAL 0 5 0 5 0 5

pTNM stage

I+II 8 33 0.87 16 25 0.68 7 34 0.87

III+IV 5 15 6 14 3 17

Table 8 Clinicopathological
characteristics of 61 patients
with lung adenocarcinoma
according to EGFR protein
expression detected by TMA
immunohistochemsitry, the gene
copy number determined by
FISH analysis, and mutational
status determined by direct
sequencing

Seq sequencing, ADC adenocar-
cinoma, BAL bronchioloalveolar
carcinoma, TNM tumor node
metastasis
aχ2 or Mann–Whitney tests when
appropriate

*p value significant at the 0.05
level
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and EGFR mutant tumors with an absence of IHC positivity
[14] in TKIs-treated NSCLC patients.

There are many published reports attempting to
correlate EGFR protein overexpression and benefit of
TKIs in lung adenocarcinoma patients [11–15]. However,
the data regarding the role of EGFR expression in
predicting the tumor sensitivity to TKIs are inconsistent
and confusing [29]. In this regard, retrospective analyses
of patients with NSCLC who received TKIs therapy found
no obvious relationship between the amount of EGFR
protein, assessed by immunohistochemistry (IHC), and the
objective response rate [12, 13]. Perez-Soler et al.
suggested that the detection of EGFR overexpression by
IHC may not offer predictive information [13], although
Tsao et al. have shown a significant correlation between
EGFR overexpression detected by IHC and response to
TKIs therapy [15]. Similarly, in the ISEL phase III study
that compared gefitinib treatment with placebo, patients
with EGFR-positive tumors who received gefitinib
demonstrated significantly prolonged survival compared
with patients with EGFR-negative tumors [14]. Among
the patients whose tumors were negative for EGFR protein
expression, a trend toward decreased overall survival was
observed for the 83 patients treated with gefitinib
compared with those treated with placebo. The lack of
consensus regarding the predictive value of EGFR protein
expression might reflect the use of a variety of antibodies,
the different protocols, or the quantification criteria and
the subjectivity in interpretation. In addition, this might be
a result of a lack of clarity surrounding the definition and
biological implication of protein expression vs overex-
pression, with the latter implying a pathological state.

Inconsistent results have also been reported regarding a
correlation between detection of EGFR gene amplification/
polysomy as detected by FISH and benefit of TKIs. Hirsch
et al. and others have proposed that detection of polysomy
and gene amplification by FISH analysis provides a
valuable predictive test [23]. Sone et al., in a study of 59
patients, showed a correlation between EGFR mutations
detected by PCR and amplification detected by FISH [53].
In contrast, Cappuzzo et al. did not show similar results
[11]. Bell et al. and Endo et al. did not find a correlation
between the results of FISH and molecular analysis and
proposed that EGFR kinase mutations and gene amplifica-
tion appear to identify different genetic subsets of pulmo-
nary adenocarcinoma [17]. The study of Bell et al. is of
particular interest since they used quantitative PCR, a
precise method to evaluate the EGFR gene copy number
and to distinguish specific amplification from non-specific
aneuploidy [17]. However, this study did not evaluate the
results with statistical methods [17]. A recent study by Li et
al. using PCR to detect deletions within exon 19 and the
L858R mutation in exon 21, IHC for expression of EGFR,

and chromogenic in situ hybridization for EGFR amplifi-
cation showed that EGFR amplification is often associated
with an EGFR mutation [25]. EGFR mutations were
predictive biomarkers in 78% of studies, but there was no
consensus concerning the methodology [28]. Most studies
have evaluated exon 19 in-frame deletions, exon 18 and 21
single nucleotide substitutions, and exon 20 in-frame
duplications [28]. Mitsudomi et al. [54] suggested that
patients with point mutations at the EGFR 19 locus have a
lower response rate to gefitinib than individuals with
deletions in the same exon, whereas Sasaki et al. have
reported that exon 19 deletions offer no predictive value
[55]. In addition, the mutant and wild-type EGFR could be
influenced by mutations in genes coding for proteins
associated with downstream EGFR pathways. Therefore,
different patterns of phosphorylation are associated with
EGFR mutations and may be used as surrogate markers for
therapeutic decisions. Moreover, even the wild-type EGFR
pathway may be active through these alternative routes, and
these patients may benefit from treatment with TKIs [56].
Therefore, it may be of great interest to study the functional
activity of these proteins and their relationship to a TKIs
response.

Three major recent clinical trials, BR.21, IDEAL, and
IPASS concluded that EGFR protein overexpression was
not predictive of response to erlotinib or gefitinib therapy
and that these drugs provided maximum benefit in patients
with TK mutations [3, 17, 53]. However, a recent meta-
analysis of 5,000 lung adenocarcinoma patients reported in
27 studies showed that IHC, FISH, and sequencing were all
associated with a significant response to TKIs therapy [28].
This latter review also identified considerable variability in
the methodologies used in the different studies and in the
predictive value of the results for response to gefitinib and
erlotinib therapy [28]. Regarding the methodology used for
EGFR analysis, the TMA methodology could be a good
approach to reduce such variability, as we showed that all
the major mechanisms of EGFR activation can be detected
and analyzed on TMAs. For this purpose, a stringent
quality control of samples is needed, as awareness of the
importance of preanalytical factors is becoming apparent
[33, 57]. High-quality tumor tissue is the key to optimal
molecular and proteomic analysis. Therefore, the collection,
processing, storage, and shipment of biosamples for analysis
must be performed under well-documented and rigorously
quality-controlled procedures as each of one of these critical
steps can modify the nucleic acid and protein structures [33].
Moreover, new fixatives may improve such analyses. A
recent study addressed this issue and showed that non-
aldehyde fixatives were less convenient for TMA construc-
tion [58]. Moreover this study showed that non-aldehyde
fixatives can increase the DNA integrity of fixed samples
[58]. Intratumoral heterogeneity is the major issue for
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consideration when using TMAs to analyze for biomarkers.
The key to obtaining a high concordance between analysis of
whole paraffin sections and TMA core samples is the
selection of representative tumor material (>60% tumor
cells, non-tumor zone or stromal reaction removal, lack of
necrosis) by the surgical pathologist. Loss of material during
pretreatment stages can be another limitation. For this
purpose, a minimum of three cores from each tumor sample
is recommended [59].

Considering the complexity and redundancy of the
EGFR pathway, it is natural to assume that one cannot
expect a sole determinant for clinical benefit of EGFR-TKIs
[60]. In the present study we evaluated the EGFR status in
61 patients with lung adenocarcinoma by IHC staining for
total EGFR and for exon 19 mutant-specific EGFR by
FISH on TMAs and by direct sequencing. We demonstrate
the high potential of the TMA methodology in detecting the
abnormal EGFR status. We showed that the test results are
independent variables, suggesting that there is a need to
develop evidence-based and consensus standardization
guidelines for the performance and interpretation of EGFR
tests in routine clinical practice.
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for both EGFR and KRAS [12]. Oncogenic fusion genes
consisting of ALK and echinoderm microtubule associated
protein like 4 (EML4) encode chimeric proteins with
constitutive kinase activity, which confers sensitivity to ALK
TKI [7]. Inhibition of ALK signalling benefits most patients
with ALK rearrangements [11].
Based on these findings, it has been proposed to use EGFR

and ALK genetic analyses to guide treatment decisions in
patients with advanced-stage lung adenocarcinoma. In order to
increase the yield of genetic assays, investigators have proposed
to use immunohistochemical assays, which are conveniently
carried out on the formalin-fixed paraffin-embedded biopsy
samples that are examined for pathological diagnosis. The
results of several such studies support that
immunohistochemistry is a sensitive and specific method to
identify EGFR mutations [13–16] or ALK rearrangements [10,
17, 18] in paraffin-embedded lung adenocarcinoma specimens.
In this paper, we report the results of immunohistochemical

assays to identify mutated EGFR or ALK rearrangements in
patients with lung adenocarcinoma belonging to a cohort that
was designed primarily to study lung cancer in NS. The higher
prevalence of EGFR mutations or ALK translocations in NS
compared with ES was expected to facilitate the evaluation of
immunohistochemistry as a mean to assess genetic status.

methods

patients
All patients had been treated by surgery for lung adenocarcinoma. No
patient had received chemotherapy before surgery. Patients belonged to two
cohorts based on their smoking status. NS had a lifetime exposure of < 100
cigarettes. ES were matched with NS by centre, sex and stage. Formalin-
fixed paraffin-embedded tumour samples were available for 154 patients,
including 80 NS and 74 ES. This study was part of the Lung Genes (LG)
project, which was approved by the Institut National du Cancer Review
Board (Programme National d’Excellence Spécialisé Poumon).

sequencing of EGFR and KRAS
Genomic DNA was extracted from frozen samples containing at least 50%
tumour cells (Qiagen, Courtaboeuf, France). Direct sequencing was carried
out after on amplified EGFR exons 18, 19, 20, 21 (NM_005228.3) and
KRAS codons 12 and 13 of exon 2 (NM_033360.2), respectively. Purified
DNA was sequenced using BigDye® Terminator Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA). Sequencing reactions were analysed
on 16-capillary ABI3130 or on 48-capillary 3730 DNA Analyzer® in both
sense and antisense directions from two independent amplifications.
Sequences reading and alignment were carried out with SeqScape® software
(Applied Biosystems). Sequencing data had been published for 46 NS [19].

FISH study
FISH to detect ALK rearrangements was carried out on paraffin-embedded
sections using Vysis LSI ALK dual colour split probe (Abbott Molecular,
Des Plaines, IL). Deparaffinised slides were immersed in pretreatment
solution (Dako, Glostrup, Denmark) for 10 min at 95°C. After cooling, the
pepsin solution was applied for 6–8 min at room temperature and then
stopped in wash buffer. The ALK probe was heated for 5 min at 84°C and
applied overnight at 44°C. Slides were washed with a stringent buffer for 10
min at 65°C, air-dried and counterstained with DAPI.

One hundred tumour cells were analysed for each case. The number of
fluorescent signals within the nuclear boundary of each interphase tumour
cell was counted using an Axiophot-ZEISS fluorescent microscope at ×1000
magnification. Only nuclei with unambiguous signals were scored. The
normal pattern of the ALK probe was seen as two yellow (or red and green
overlapping) signals. The rearrangement was identified by split signals in >
15% tumour cells: only one yellow signal was detected and well separated
green and red signals were seen. Samples were also deemed FISH positive
in case of isolated 30 signals (red) representing partial deletion of the 50

part of ALK (green) in > 15% tumour cells [11]. The chromosome 2/ALK
polysomy was detected if > 2 yellow signals were visible in one nucleus.

reverse transcription–polymerase chain reaction
RNA was extracted (Qiagen) and qualified using Agilent Bioanalyzer
(Agilent, Massy-Palaiseau, France). Reverse transcription and PCR
amplification was carried out using the published primers and protocol
[11].

mutant EGFR immunohistochemistry
Immunohistochemistry was carried out using two mutation-specific rabbit
monoclonal antibodies that were raised against peptides matching the
E746-750 exon 19 15-bp deletion mutant sequence (clone 6B6; Cell
Signalling Technology, Denvers, CO) or the exon 21 L858R mutant
sequence (clone 43B2; Cell Signalling Technology) of human EGFR [13].

Preliminary assays showed no difference in staining intensity and
proportion of labelled cells when the primary antibodies were incubated
overnight or for 1 h, following the protocols described by Yu et al. [13] or
Brevet et al. [16] and Simonetti et al. [15], respectively. The preliminary
study included mismatching cases (e.g. immunohistochemistry negative
with both incubation times and sequencing positive). We selected 1 h
incubation time such that the procedure could be fully automated.

Deparaffinised slides were subjected to antigen retrieval by microwave
boiling in 1 mmol/l EDTA pH 9.0 (Dako) for 30 min. The staining
procedure was carried out using an automate (Benchmark XT; Ventana
Medical Systems, Roche Group Inc., Tucson, AR). Intrinsic peroxidase
activity was blocked by 3% hydrogen peroxide for 20 min. Goat serum (5%;
Sigma, St Louis, MO) solution was used for blocking non-specific antibody
binding. The primary antibodies were applied at the recommended 1 : 100
dilution. Slides were washed in PBS before incubation with labelled
polymer-horseradish peroxidase anti-rabbit secondary antibody for 30 min
at room temperature. For visualisation, the iVIEW DAB Detection kit was
used according to the manufacturer’s instructions (Ventana Medical
Systems, Faulquemont, France).

The intensity of staining as well as percentages of positive cells were
assessed semi-quantitatively as previously described [13, 16]: 0 = no or faint
staining in < 10% of tumour cells; 1 + = faint staining in > 10% of tumour
cells; 2 + = moderate staining; 3 + = strong staining. Positive mutant-
specific EGFR expression was considered as between 1 + and 3 + [13, 16].

Immunohistochemical staining in specimens was independently assessed
by two pathologists (MI and PH) blinded to clinical and genotype data.
When discrepancy between the two pathologists was noted, the slides were
reviewed in order to obtain a consensus.

The level of discordance between the two pathologists was 3% (4/139)
for the E746_A750 deletion antibody and 5% (7/137) for the L858R point
mutation antibody.

ALK immunohistochemistry
Immunohistochemistry was carried out using the mouse monoclonal
antibody 5A4, which was raised against a recombinant protein
corresponding to a region which spans the tyrosine kinase catalytic domain
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and part of the C-terminus of NPM-ALK transcript (419–520 aa) (Abcam,
Cambridge, UK).

An increased sensitivity was obtained using the intercalated antibody-
enhanced polymer method as developed by Takeuchi et al. [17]. Briefly,
slides were heated in Target Retrieval Solution (pH 9.0; Dako) for 40 min
at 97°C. They were incubated at room temperature with Protein Block
Serum-free Ready-to-Use solution (Dako) for 10 min. Then anti-ALK 5A4
antibody was applied for 30 min at a recommended dilution of 1 : 50.
Slides were incubated at room temperature with EnVision FLEX +Mouse
Linker (Dako) for 15 min. The immune complexes were then detected with
the dextran polymer reagent.

The percentage of labelled tumour cells and intensity of staining was
recorded for each specimen. Immunohistochemical staining in specimens
was independently assessed by two pathologists (MI and PH) blinded to
clinical and genotype data. No discordance was noted between the two
pathologists.

statistical analysis
The frequencies of EGFR and KRAS mutations were compared using the
two-tailed chi-square test.

results

clinicopathological characteristics
The 154 patients were predominantly women (88%). The
median age was 65 years (interquartile range = 55–73 years).
The stages according to UICC classification [20] were stage I
for 87 patients, stage II for 19 patients and stage III for 48
patients. The adenocarcinomas comprised 119 mixed, 23
acinar, 5 papillary and 7 solid histological subtypes. NKX2-1
was expressed in 92% tumours.

EGFR mutations
EGFR status could be assessed in 151 tumours. Mutations were
found in 62 cases (41%). They were more frequent (P = 0.0002)
in NS (49 of 78, or 63%) than in ES (13 of 73, or 18%).
Mutations were found mainly in exon 19 (36 tumours, or

58%) and in exon 21 (21 tumours, or 34%). Mutations in exon
19 and mutations in exon 21 were exclusive. Five tumours
harboured mutations in exons other than exon 19 or exon 21:
two tumours in exon 18, two tumours in exon 20 and one
tumour in both exon 18 and exon 20. All mutations were in
frame.
The 36 mutations in exon 19 included 22 c.2235_2249 or

c.2236_2250 deletions, p.Glu746_Ala750del (61%), 12 small
indels (33%) and 2 small insertions. The 21 mutations in exon
21 included 17 c.2373 substitutions, p.Leu858Arg (81%), 2
c.2582 substitutions, p.Leu861Gln and 2 c.2582 substitutions,
p.Leu861Glu.

KRAS mutations
KRAS status could be assessed in 151 tumours. Mutations were
found in 36 cases (24%). They were more frequent (P < 0.0001)
in ES (30 of 73, or 41%) than in NS (6 of 78, or 7.5%).
Mutations were found in codon 12 (33 tumours, or 92%) and
in codon 13 (3 tumours, or 8%) of exon 2. KRAS mutations
were exclusive of EGFR mutations.

ALK rearrangements
Tumours wild type for both EGFR and KRAS in NS were
selected for assaying ALK rearrangements using FISH. Among
20 tumours that could be analysed, 4 (20%) displayed ALK
rearrangements: 3 had split ALK 50 and 30 probe signals in >
50% cells and 1 had isolated 30 signals in > 50% cells.
Representative examples of these signals are shown in
supplemental Figure S1 (available at Annals of Oncology
online). Table 1 summarises the clinicopathological
characteristics of the four patients with ALK rearrangement.
Ten tumours demonstrated chromosome 2 trisomy or

polysomy, including one case with high-level polysomy (more
than six copies).

EML4-ALK fusion transcripts
EML4-ALK fusion transcripts were found in 3 among 19
tumours wild type for both EGFR and KRAS that could be
analysed by RT-PCR. Those three tumours had the ALK
rearrangement as shown by the split ALK 50 and 30 probe
signals. The fourth tumour with a rearrangement as shown by
the 30 isolated signal did not contain EML4-ALK fusion
transcripts.

expression of EGFR proteins
Table 2 summarises the immunohistochemical data according
to exon 19 or exon 21 EGFR status. Representative examples of
immunohistochemical staining are shown in supplemental
Figure S2 (available at Annals of Oncology online).
Using the described criteria [13, 16], 16 (9%) tumours were

positive (1 + : 5 cases; 2 + : 7 cases; 3 + : 4 cases) with the 6B6
clone that was generated using a peptide containing the p.
Glu746_Ala750del mutation, while 6 (4%) tumours were
positive (1 + : 2 cases; 2 + : 3 cases; 3 + : 1 case) with the 43B2
clone that was generated using a peptide containing the p.
Leu858Arg mutation.
Among 36 tumours harbouring exon 19 mutations, 13

(36%) were positive with 6B6, including 5 cases with 1 +
positivity. Among 22 tumours harbouring the c.2235_2249 or
c.2236_2250 deletion, p.Glu746_Ala750del mutation, 12
(54.5%) were positive with the 6B6 clone. Among 114 tumours

Table 1. Clinicopathological characteristics in four never smokers with ALK rearrangements

Sample ID Sex Age (years) TNM Histological subtype Differentiation NKX2-1 expression

26 Female 77 IB Mixed Poor Positive

66 Female 57 IIIa Mixed Poor Positive
86 Female 47 IIIB Acinar Intermediate Positive
220 Female 46 IB Solid Poor Positive
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wild type for exon 19, 111 (97%) were negative with the 6B6
clone.
Among 21 tumours harbouring exon 21 mutations, 4 (19%)

were positive with 43B2, including 1 case with 1 + positivity.
Among 17 tumours harbouring c.2573 substitution, p.
Leu858Arg mutation, 4 (23.5%) were positive with the 43B2
clone. Among 124 tumours wild type for exon 21, 122 (98%)
were negative with the 43B2 clone.

One tumour harbouring the c.2236_2250del, p.
Glu746_Ala750del mutation was positive with the 43B2 clone,
whereas none of the tumours harbouring exon 21 mutations
was positive with the 6B6 clone. None of the five tumours
harbouring only mutations in exon 18 or exon 20 was positive
with the antibodies.

expression of ALK protein
Table 3 summarises the results of FISH, RT-PCR and
immunohistochemistry to identify ALK rearrangements in
tumours wild type for both EGFR and KRAS.
Four samples displayed moderate staining in 70%–90% of

tumour cells, while 16 other samples displayed no staining.
The four samples displaying diffuse staining were deemed
positive.
Among four tumours harbouring ALK rearrangement as

determined by FISH, two were positive with the 5A4 clone.
Among 13 tumours without ALK rearrangement that could be
analysed with the 5A4 clone, 11 (85%) were negative.
Representative examples of immunohistochemical staining

for ALK rearrangement are shown in supplemental Figure S3
(available at Annals of Oncology online).

discussion
We studied lung adenocarcinomas by means of
immunohistochemistry with monoclonal antibodies that were
reported to be specific and sensitive tools to identify EGFR or
ALK mutations. The procedures were carried out by closely
following published protocols including steps that were
developed to increase sensitivity [13, 15–17]. The results were

Table 3. Results of FISH, RT-PCR and immunohistochemistry in patients with wild-type EGFR and KRAS

ID sample ALK break apart FISH RT-PCR for EML4-ALK fusion transcripts Immunohistochemistry ALK with 5A4 clone

3 Normal Negative Positive

21 2p23 trisomy Negative Negative
25 Na Negative Negative
26 Split signal Positive Positive
28 2p23 trisomy Negative Na
31 2p23 trisomy Negative Negative
36 2p23 trisomy Negative Na
52 Normal Negative Negative
53 2p23 polysomy Negative Negative
62 2p23 polysomy Negative Negative
66 Split signal Positive Positive
67 2p23 trisomy Negative Negative
86 Isolated 30 signal Negative Negative
87 Normal Na Negative
92 Normal Negative Negative
169 Normal Negative Negative
186 Na Na Negative
196 Normal Negative Negative
218 2p23 high-level polysomy Na Negative
220 Split signal Positive Negative
222 2p23 polysomy Negative Positive
237 2p23 polysomy Negative Negative

Table 2. Immunohistochemical reactivity according to EGFR mutation in
exon 19 and in exon 21

Immunohistochemical reactivity

6B6 clone 43B2 clone

Positive Negative Positive Negative

Exon 19
Mutation
p.Glu746_Ala750del 12 10 1a 19
indels 0 12 0 12
insertions 1 1 0 2
all 13 23 1 33

Wild type 3 111 5 106
Exon 21
Mutation
p.Leu858Arg 0 17 4 13
p.Leu861Gln 0 2 0 2
p.Leu861Glu 0 2 0 2
all 0 21 4 17

Wild type 16 113 2 122

aWas positive for both antibodies
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analysed using previously reported criteria [13, 16]. The
classification into positivity and negativity was straightforward
as positive cases had a large proportion of reacting tumour
cells, while no or minimal background staining could be seen
in negative cases. In our hands, the specificity of
immunohistochemistry could be considered good (from 85%
to 98%), indicating that the antibodies were indeed able to
specifically react in paraffin-embedded material with the
peptides against which they were raised and that we used these
antibodies with appropriate technical care. The sensitivity of
immunohistochemistry, however, was clearly less than expected
by previous reports [10, 13–18]: less than half of all the genetic
alterations were identified by immunohistochemistry in our
study. This was disappointing as genetic analyses of unselected
patients with lung cancer yield few positive results.
The frequency of EGFR mutations was high (41% for the

whole cohort and 63% for NS), consistent with the high
prevalence of EGFR mutations that were recently reported in
European [21] or Asian [22] NS with lung non-small-cell
carcinoma. The frequency of ALK rearrangements (∼20%) in
NS with both wild-type EGFR and KRAS validates the selection
of this subpopulation to increase the likelihood of finding ALK
rearrangements [12]. Moreover, among the four patients with
ALK rearrangements, the adenocarcinomas were of the solid
subtype in one case and of the mixed subtype with low
differentiation in two cases, which implies a substantial solid
histological component. Our data are thus consistent with the
histology seen in patients with ALK rearrangements [11].
In our study, immunohistochemistry was carried out in

surgical samples that may be less homogeneously preserved by
fixation procedure than biopsy samples. This does not seem to
be a confounding factor as the measures of sensitivity as
sensitivities previously reported in immunohistochemical
studies using surgical samples were acceptable for EGFR exon
19 mutation (79%) or exon 21 mutation (83%) [14] and
excellent for ALK translocation (100%) [10]—proportions not
very different from those recorded using biopsy samples [13,
15, 16, 18]. Moreover, the whole section of each sample in our
series was carefully screened by both pathologists. Overnight
incubation with primary antibodies may increase sensitivity of
immunohistochemistry on surgical samples. However, in our
preliminary study, there was no difference of immunolabeling
results in EGFR-mutant cases, including mismatching cases,
between 1 h and overnight incubation. The cut-off for
positivity is also important. Cases with faint positivity in > 10%
cells were all truly positive, validating the use of this low cut-
off. It cannot be ruled out that few samples were not optimally
fixed, thus preventing detection of fragile epitopes. Although
suboptimal fixation of few samples could not explain the low
sensitivity in the whole cohort, it could have been a major
problem had the results of immunohistochemistry been used
in the context of personalised medicine.
We report a sensitivity of 36% and 19% for

immunohistochemistry when considering all exon 19 or 21
EGFR mutations, respectively. When restricting the analysis to
the common mutations translating into peptides against which
antibodies were generated, the sensitivity increased to 54.5%
with 6B6 (p.Glu746_Ala750del) and to 23.5% with 43B2 (p.
Leu858Arg). With one exception, the antibodies almost

completely failed to recognise the other less common EGFR
mutations, which accounted for 31% of exon 19 mutations and
19% of exon 21 mutations. The failure to recognise the less
common EGFR mutations is evidence of specificity, but it may
have contributed to low sensitivity. The 54.5% sensitivity
reported here using B6 to detect p.Glu746_Ala750del is at the
lower range of the confidence interval around the 69%
sensitivity reported by Simonetti et al. [15] for exon 19
mutations. These authors also reported that most of the
uncommon EGFR mutations in exon 19 were negative with
6B6. This is an unavoidable limitation of
immunohistochemistry using currently available antibodies, as
those less common mutations are able to activate EGFR
signalling.
Our results with the ALK antibody also suggest a lack of

sensitivity for immunohistochemistry as two of four
rearrangements were missed by immunohistochemistry. It is
easily explained by the fact that ALK rearrangements in lung
cancer are usually associated with low levels of ALK expression
in contrast to anaplastic lymphomas with ALK rearrangements
where the protein is robustly detected by
immunohistochemistry [23]. We selected the 5A4 mouse
monoclonal antibody that was reported to give the best results
among five monoclonal antibodies that were compared in a
comprehensive study [17]. One could argue that an increase in
sensitivity can be achieved using a higher affinity antibody such
as the rabbit monoclonal antibody used by Mino-
Kenudsonet al. [18], although it is not currently commercially
available.
RT-PCR also failed to identify one ALK rearrangement,

presumably because not every ALK rearrangement leads to
EML4-ALK fusion genes [11].
In conclusion, our results support that

immunohistochemistry is a relatively specific means for
identification of EGFR mutations and ALK rearrangements. In
our hands, however, it suffers from poor sensitivity. As patients
in our study were all treated by surgery, it is clear that the
results of the genetic analyses would have not guided
therapeutic decisions. Nevertheless, the surgical samples were
very convenient to evaluate the actual performance of the
antibodies in routinely fixed and paraffin-embedded lung
tumours. We strongly recommend that laboratories should test
the sensitivity of immunohistochemistry in their local
conditions to be aware of its limitation in their routine practise.
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The Potential Value of Immunohistochemistry
as a Screening Tool for Oncogenic Targets of

Personalized Lung Cancer Therapy
Marius Ilie, MD., and Paul Hofman, MD., Ph.D.

Abstract

The advent of personalized molecular therapeutics in routine clinical practice for
nonsmall cell lung cancer (NSCLC) has revolutionized the field of thoracic
oncology. Strong evidence now shows that molecular pathology has become the
driving force for optimal management in personalized oncology. The development
of this field has greatly stimulated the integration into pathology departments of
routine molecular testing for a wide panel of oncogenic targets. Although DNA-
based assays are the standard methods for detection of molecular alterations in
NSCLC, they are probably not ready for immediate integration into all pathology
laboratories. However, immunohistochemistry (IHC) is a well-established and cost-
effective method, which is used broadly for routine lung biopsy tissue diagnosis in
the daily clinical practice. The extended diagnostic requirement from increasingly
limited material provided by minimally invasive biopsy techniques and the cost-
effectiveness of the DNA-based assays are major challenges for pathology
departments. There is a need for efficient diagnostic screening algorithm method
of molecular alterations using the IHC method. The IHC may provide an efficient
screening tool for ''druggable'' genomic alterations by taking advantage of a
growing list of available mutation-specific antibodies. This article reviews the use
of immunohistochemical assays for the detection of driving molecular alterations
in NSCLC, including epidermal growth factor receptor (EGFR), anaplastic
lymphoma kinase (ALK), BRAF, ROS1, and MET, as an alternative or supplemental
tool to molecular biology techniques.

Keywords: immunohistochemistry; mutation-specific antibody; molecular testing;

NSCLC; targeted therapy; molecular pathology; EGFR; BRAF; ALK; ROS1; MET

The major advances made, in the last few years, in the understanding of the
pathophysiology of lung carcinoma have shifted the traditional way of
treatment toward personalized targeted therapy.1 Based on these advances,

small molecules that inhibit tumor growth through targeting specific genomic
alterations have been rapidly developed.2 The most consistent targeted therapeutic
advances in nonsmall cell lung cancer (NSCLC) have been made in lung
adenocarcinoma (ADC). The current treatment of lung ADC patients is now
orientated toward the administration of several effective molecular-targeted
therapies, because there is an urgent need to improve the poor outcome of this
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cancer.1 The overall survival of a subset of
patients with advanced-stage IIIB/IV lung ADC
can be improved by treatment specifically target-
ing activating mutations of the epidermal growth
factor receptor (EGFR) gene and rearrangements
of the anaplastic lymphoma kinase (ALK) gene.
Additional therapies targeting somatic mutations
on other oncogenes, such as the BRAF, ROS1, or
MET genes, are currently under development or
being studied in clinical trials.3,4 Moreover,
pulmonary ADCs that are initially responsive to
EGFR-tyrosine kinase inhibitors (TKIs) or ALK
inhibition eventually develop acquired resistance
due to one or more of several possible mechan-
isms. Therefore, there is a need of predictive
biomarker tests for lung cancers that develop
resistance to current first-generation EGFR or ALK
inhibition therapies.3

The vast majority of lung cancers are diag-
nosed in an advanced stage of disease that cannot
potentially undergo surgical resection. In this
regard, about 70% of lung cancers are diagnosed
on small-sized biopsies and/or cytological speci-
mens, and additional tissue samples may not be
obtained.3 Therefore, the introduction of targeted
molecular therapies has added a strong value and
introduced a new role for pathologists in the care
of lung cancer patients, as therapeutic decisions
are nowmostly based on the molecular analysis of
lung cancer tissue specimens.5,6 Moreover, ac-
cording to the latest World Health Organization
classification of lung ADC, the morpho-molecular
characterization of lung ADC is now critical for
the optimal selection by oncologists of several of
these new therapies.3,7

The current hot molecular targets such as
EGFR, ALK, ROS1, or BRAF alterations are rather
rare molecular events in Caucasian lung ADC
patients. We, and others, question the optimal
management of patients having a probability of
less than 5–10% of carrying somatic mutations
on these targets.8,9 A large number of methods
can be performed on formalin-fixed paraffin-
embedded biopsies that allow morphological and
immunohistochemical characterization, as well
as gene-based assays. However, it is questionable
as to whether the majority of lung cancer patients
will be assessed for these genomic alterations due
to financial and logistic restrictions. Similar
restrictions also overshadow the accessibility of
cancer patients to exome/genome sequencing
followed by targeted therapy for most drugs still
to be developed.8 Thus, the management of small

specimens must be optimized and a decision
algorithm, taking into consideration the current
ancillary methods, must be strictly defined to
efficiently select targeted therapies. Although the
DNA-based assay is the standard method of
determining the altered genomic status in lung
ADC, it is quite expensive and not available in all
pathology laboratories. The extended diagnostic
requirement from increasingly limited material
provided by minimally invasive biopsy techniques
and the cost-effectiveness of the DNA-based
assays are major challenges for pathology depart-
ments. There is a need for efficient diagnostic
screening algorithm method of ''druggable''
molecular alterations using the immunohisto-
chemistry (IHC) method.

IHC may provide a rapid and cost-effective
molecular test in most routine diagnostic pathol-
ogy laboratories. IHC has the advantage of being
widely available in clinical pathology labora-
tories. It is relatively easy to perform and retains
informative morphological data. Currently, there
is ongoing debate in the oncology community
regarding the adequacy of samples obtained for
molecular analysis from NSCLC patients.
Although initial data suggested that cytological
samples were not adequate for molecular analy-
sis, recent findings suggest that minimally
invasive techniques might suffice.10 Potentially,
IHC may be more adapted to small tissue
samples, fine needle aspiration cytology, and
cell blocks from body fluids.11,12 Overall, there is
a need to integrate and develop screening
algorithms by using IHC and DNA-based assays.

This review addresses the recent advances in
the development of mutation-specific antibodies,
the description, and performances of different
testing methodologies with their advantages and
disadvantages, provides a suggested screening
algorithm using IHC and DNA-based assays for
somatic mutational status in personalized lung
cancer therapy, and puts forward a proposal for
an external quality assessment program in IHC,
with an emphasis on the EGFR, ALK, and BRAF
genes.

detection of egfr mutations by ihc

The discovery of the strong association between
activating mutations in the tyrosine kinase
domain of the EGFR gene and the clinical
response with TKIs has revolutionized the field
of thoracic oncology. Although there are several
activating mutations in the EGFR gene, the two
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most common mutations accounting for ap-
proximately 85–90% of EGFR mutations are the
L858R point mutation in exon 21 and the short
15-bp (E746_750A) in-frame deletion in exon 19.
These mutations are the most predictive of EGFR-
TKI efficacy in advanced lung NSCLC.13–15

Yu et al. generated 2 monoclonal antibodies
(mAbs) against the E746_A750del (6B6 clone)
and L858R point mutations (43B2 clone; Cell
Signaling Technology) in the EGFR gene, which
were evaluated by Western blotting, immuno-
fluorescence, and IHC.16 The authors tested
these antibodies in a series of different cell lines
and in tumor tissues from 340 patients with
primary NSCLC, comparing the IHC results with
DNA sequencing. They reported a sensitivity of
92% and a specificity of 99% for the IHC assay.16

Several studies examined further the presence
of EGFR mutations in NSCLC by IHC using these
2 mAbs. The range of the overall sensitivity and
specificity varied from 23% to 100% and from
85% to 99%, respectively, across studies using
the same antibodies17–24 (Fig. 1).

A first-pass screening of NSCLC patients with
these antibodies would rapidly identify 90% of
patients responsive to EGFR-TKIs.16 However,
these antibodies cannot recognize the other
less common EGFR mutations, which account
for 10% of mutations. When keeping in mind
the fact that these less common mutations are
also able to activate the EGFR-signaling pathway,
the methodology using the currently available

mutation-specific antibodies against EGFR has its
limits. The detection of the remaining mutations
will require the development of additional
mutation-specific antibodies or DNA-based as-
says.21,23 Moreover, no antibodies have been
generated to date against mutations associated
with resistance to EGFR-TKI. Considering that a
negative result for IHC does not necessarily
indicate the absence of an EGFR mutation, all
negative cases should be tested by molecular
analysis to confirm the mutational status.
Including basic clinical and histological para-
meters in a screening algorithm may improve the
prediction of response to EGFR-TKI therapy,
which may be of value if EGFR mutation status
is not available.25 Moreover, an algorithm inte-
grating a screening step by IHC was recently
proposed for this purpose.17

Although the IHC approach can support the
routine assessment of specific EGFR mutations,
different scoring schemes of the immunostain-
ing have been adopted. Most of the studies have
used an intensity scoring method based on
membranous and cytoplasmic intensity staining
of more than 2+, avoiding the false-positive
results.17,26,27 In contrast, the University of
Colorado's IHC H-score criteria and Kozu et al.
adopted a different scoring system.19,28 How-
ever, no statistical methodology has been used to
validate the optimal scoring method of IHC
intensity. A recent study has suggested that the
ratio between the histological score, based on

Figure 1. Representative Immunostaining with EGFR-Mutation-Specific Antibodies in Lung ADC.

The 6B6 clone against the E746_A750del (A) and the 43B2 clone against the L858R point mutation (B) directly visualized

the location of lung ADC cells with the EGFR mutation (immunoperoxidase, original magnification �200).
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the estimation of the percentage of positive cells
and the intensity of the staining of the mutant,
EGFR protein and EGFR expression may improve
the sensitivity of the test.26 However, this score
system is not readily applied to cytological
material and small biopsies. The relatively low
sensitivity of these antibodies due to the
high cutoff of 2+ for positive cases should not
represent an obstacle to implementation in the
clinical practice, since cases interpreted as
negative by IHC should still be analyzed by
molecular testing according to the previously
recommended algorithm.22 Therefore, it is
necessary to use a stringent cutoff for the
interpretation of a positive IHC test, as patients
with a false-positive result can show adverse
effects if given TKI instead of chemotherapy.25

Immunostaining to detect specific mutant
EGFR shows a good correlation with mutation
analysis and can be used as a screening method to
identify patients for TKI therapy. IHC methodol-
ogy is potentially useful when molecular analysis
is not available and for use in small biopsies when
material is too scant for molecular tests. Impor-
tantly, mutation-specific antibodies are useful in
determining EGFR status in tissues obtained from
bone biopsy as decalcification processes used in
molecular-based studies often result in DNA
degradation hindering mutation detection.22

However, considering the overall perfor-
mance of IHC assays across studies in terms of
sensitivity and specificity, it cannot be ruled out
that some samples may not be optimally fixed,
thus preventing detection of fragile epitopes.
Suboptimal fixation of tumor samples could be a
major problem in particular for multicentric
independent validation in the context of perso-
nalized medicine.

Furthermore, immunocytochemistry (ICC)
with these antibodies is of great interest for
cytological specimens. Because minimally inva-
sive diagnostic procedures are most often used in
a diagnostic setup for lung cancer, and because
only 30% of patients with NSCLC present as
surgical candidates, small-sized tissue and cyto-
logical samples are the main sources of tissue for
molecular testing to date. Moreover, studies using
DNA-based sequencing on cytological samples
have shown a rather good correlation with results
from surgically obtained tissue.12 However, a
small but significant proportion of cytological
specimens has given inconclusive results or fail-
ure of EGFR molecular analysis. Preservation and

quality of the extracted DNA seem to matter more
than the actual number of tumor cells present in
the samples. However, major issues still reside in
the amount of material, the interference from
background nonneoplastic cells, and standardiza-
tion of parameters for cytological samples.12,27,29

This may lead to ''rebiopsy'' in order to obtain
more biological material for the molecular analy-
sis. In this context, small tissue specimens have to
be well managed not only for morphological
diagnosis but also to maximize the amount of
tissue available for molecular studies. Moreover,
the effective number of tumor cells present in the
samples may alter the recovery rate and may
constitute a problem in obtaining sufficient
material for molecular analysis.12 Therefore, in
these situations, immunohistochemical or immu-
nocytochemical staining with the mutation-spe-
cific antibodies against EGFR may be of great
clinical utility.

Although, recommendations for strategic use
of the minimal tissue sample necessary for
diagnosis have been recently made, there will
still be cases with scant material. There is a need
for every institution to develop a multidisciplin-
ary strategy to obtain these small specimens and
process them not only for diagnosis but also for
molecular testing.30

DETECTION OF THE ALK REARRANGEMENT
BY IHC

Recently, the echinoderm microtubule-asso-
ciated protein-like 4 (EML4)-ALK fusion gene
was identified in NSCLC.31 The ALK rearrange-
ment is a rare molecular event that is detected in
approximately 5% of unselected patients with
NSCLC, a frequency that increases to 22% in a
subset of patients including males, young pa-
tients, never or light smokers, patients with an
advanced stage at presentation, and an ADC
histology with solid architecture and signet ring
cell features. Among never/light smokers with-
out EGFR mutation, the frequency of EML4-ALK
may be as high as 33%.32 ALK rearrangements
are generally mutually exclusive events with EGFR
and KRAS gene mutations.33

The dual ALK and MET inhibitor Xalkori
(crizotinib) demonstrated strong efficacy in
treating patients with ALK-positive lung ADC.34

Moreover, the ALK fusion gene seems to be
associated with EGFR-TKI resistance in patients
with metastatic disease.32
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Several methods may be used for the detec-
tion of ALK in ADC samples including the reverse
transcriptase polymerase chain reaction (RT-
PCR), fluorescent in situ hybridization (FISH),
and IHC for the ALK protein. Because each
method inevitably has both advantages and
disadvantages, we should be aware of their
characteristics before applying them to clinical
samples.35 Analysis by RT-PCR requires good
quality RNA and multiple primers because of the
multiple break points and the large number of
partner genes of ALK.27,36 Currently, FISH is the
gold standard procedure for the detection of an
ALK rearrangement allowing the retention of
tumor morphology. However, this method is
expensive and time consuming, has a limited
availability, can be a more labor-intensive tech-
nique than IHC, and requires well-trained
pathologists for the interpretation. Therefore,
the development of a robust screening method
for detecting of cases of ALK fusion is essential
for successful treatment using the ALK inhibitor.
ALK IHC may represent a cost-effective and
efficient means of screening for an ALK rearran-
gement in ADC. This assay holds the advantages
of using archival tissue and the ability to detect
any partner gene. Although IHC does not detect
the ALK fusion gene itself, ALK is not detectable
in any normal tissues other than the brain.35

Therefore, an ALK-positive reaction is associated
with dysregulated expression of the gene, due to

the altered promoter activity that is highly
characteristic of an ALK inversion.35

Several ALK antibodies are currently available,
including the ALK1 clone (Dako, Glostrup, Den-
mark), the 5A4 clone (Novocastra, Leica Biosys-
tems, Abcam, CliniSciences), and the D5F3 clone
(Ventana, Roche Group). Immunohistochemical
analysis using the monoclonal antibody ALK1
has been successfully used to detect the ALK
fusion protein in anaplastic large cell lymphoma
(ALCL) and inflammatory myofibroblastic
tumors. The early studies with IHC using the
ALK1 antibody reported difficulty in detection
with background interference. The ALK mRNA
transcriptional activity seems to be lower in lung
cancer compared to that in ALCL; therefore, the
false-negative results appear to be caused by
lower sensitivity.35 The two clones 5A4 and D5F3
were reported to be high-affinity antibodies with
sensitivity rates ranging from 92% to 100% and
specificity from 75% to 100%23, 37–44 (Table 1).

Moreover, when highly sensitive detection
systems were used, either clone correctly identi-
fied ALK-rearranged lung ADCs with high re-
producibility, although D5F3 may demonstrate
pseudomembranous staining in some ALK-
negative tumors (Fig. 2).35

Interestingly, our group recently demonstrated
the feasibility of detection of an ALK-gene
rearrangement by ICC and FISH on circulating
tumor cells (CTCs), thus, paving the way for a

Table 1. Sensitivity and Specificity of the ALK-Rearrangement Antibodies Across Studies.

Study Number of Patients ALK Clone Sensitivity (%) Specificity (%)

Conklin et al.37 337 NSCLC 5A4 (Novocastra) 100 87.5

D5F3 (Cell Signaling Technology) 100 75

5A4 (Leica) ALK1 100 62.5

ALK1 (Dako; FLEX) 66 100

ALK1 (Dako; ADVANCE) 66 87.5

Hofman et al. 23 154 lung ADC 5A4 (Abcam) 100 89

McLeer-Florin et al. 38 441 lung ADC 5A4 (Abcam) 95 100

Park et al. 43 1166 NSCLC 5A4 (Novocastra) 100 98.7

Paik et al. 40 465 NSCLC 5A4 (Novocastra) 100 95.8

Yi et al. 40 101 lung ADC ALK1 (Dako; ADVANCE) 90 97.8

Mino-Kenudson et al.39 174 lung ADC ALK1 (Dako) 67 97

D5F3 (Cell Signaling Technology) 100 99

Jokoji et al.44 254 lung ADC 5A4 (Abcam) 100 100
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CTC-based predictive approach for noninvasive
ALK status prescreening of lung cancer patients
(Fig. 3).45

Because IHC does not directly demonstrate an
ALK fusion, certain pitfalls have been described
previously.35 Certain small cell lung cancers and
hepatocellular carcinomas may show positive
reactions, without an ALK translocation.35 This
positive reaction did not appear to be associated
with gene amplification, and the reason for the
positive reaction was unknown. Another caveat
is a certain rate of false-negative results in ADC
with signet ring cell features, even when using a
high-affinity antibody with a highly sensitive
detection method. A large amount of cytoplas-
mic mucin can often push the cytoplasm into the
rim, and the thinned cytoplasm demonstrates a
weak positive reaction in certain cases.35 How-
ever, pure signet ring cell carcinoma is extremely
uncommon in lung cancer, and the other tumor
components can show positive reactions, or a
FISH analysis can be used instead.35

Overall, IHC seems to be a reliable screening
tool for the identification of an ALK rearrange-
ment in lung ADC. Moreover, several studies
have demonstrated that adenosquamous lesions
may also harbor EGFR mutations and ALK
rearrangements.33,46 Although large cohort stu-
dies have not demonstrated EGFR mutations or
ALK rearrangements in a significant proportion
of squamous cell carcinoma, isolated reports
have described these alterations in squamous cell
carcinoma.47

As for mutant EGFR IHC, Lung Cancer Socie-
ties have reported guidelines for ALK testing.35

The standard procedure may involve screening
with IHC and confirmation with FISH. IHC
should be performed concurrent with EGFR
mutation testing in ADCs, large cell carcinomas,
poorly differentiated carcinoma and NSCLC not
otherwise specified (NOS). Lesions diagnosed on
a small sample with histological subtypes other
than ADC may be considered for testing, because

Figure 2. Representative Immunostaining with ALK Antibodies.

Diffuse cytoplasmic staining with the 5A4 clone (Abcam) (A) and the D5F3 clone (Cell Signaling Technology) (B) in ALK-

rearranged lung ADC (immunoperoxidase, original magnification �200).

Figure 3. Cluster of Circulating Tumor Cells Showing
an Intense Cytoplasmic and Pseudomembranous ALK
Immunostaining Using 5A4mAb (Abcam, Immunoperox-
idase, Original Magnification �1000; Bar: 16 mm).

Source: adapted from Ilie et al.45
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limited sampling does not effectively exclude an
adenocarcinomatous component. FISH analysis
should then be used to confirm positive cases (1+
to 3+) as well as negative cases in a subset of
patients on clinical (age lower than 40years,
patients with no or a minimal history of smok-
ing), or histological considerations (mucinous
cribriform pattern, signet ring cells, and Thyroid
Transcription Factor-1 (TTF)-1 positivity in
mucinous ADCs). Although histologic findings
may help to identify cases for ALK testing, none of
the histologic parameters are completely sensitive
or specific to ALK rearrangement, and morphol-
ogy should not replace confirmatory molecular or
immunohistochemical studies.47 Because each
method has advantages and disadvantages, the
use of more than one method to detect ALK
fusion is recommended. More data on a large
independent series and parallel testing with
different antibodies are needed for successful
validation of IHC as a screening method.48

DETECTION OF THE BRAF MUTATION BY
IHC

With the advent of specific inhibitors active
against BRAF-mutated cancers, the detection of
the single point mutation at codon 600 of the
BRAF gene (V600E) has become of great clinical
relevance. The prevalence of the BRAF mutation
in lung ADC is approximately 3%.4 In contrast to
melanoma where the BRAFV600E mutation is

the most prevalent somatic alteration, the
BRAFV600E mutation represents approximately
50% of the BRAF mutations detected in lung
ADCs.49 Notably, 39% of BRAF mutations involve
the G469A point mutation, which may reflect a
tobacco-related carcinogenic effect.49 This lower
incidence of V600E mutations is important, as
current second-generation RAF inhibitors, in
light of the near ubiquity of the V600E mutation
in melanoma, have been tailored to have specific
activity against the V600E mutant kinase. BRAF
mutations are nonoverlapping with other onco-
genic mutations found in NSCLC (eg, EGFR or
KRAS mutations, ALK rearrangements).4 So far,
the BRAF mutation status is assessed using DNA-
based methods, which are expensive and labor-
intense, and thus suboptimal for routine diag-
nostic applications.50Recently, a monoclonal
antibody specifically recognizing the V600E mu-
tation (clone VE1; Spring Bioscience, Roche
Group) was generated.51 Thus, the BRAFV600E
mutation has been successfully detected by IHC
using the novel mutation-specific antibody VE1
on different types of cancer.50–54 Several studies
have shown that this antibody is highly sensitive
and specific (Table 2).

A recent study demonstrated that VE1 IHC
was able to detect BRAFV600E-positive tumor
cells in 66.6% cases with inconclusive gene-
sequencing results including several cases with
minute small cell aggregates embedded in
healthy tissue evading recognition by sequencing

Table 2. Sensitivity and Specificity of the BRAFV600E Mutation-Specific Antibody VE1 Across Different Studies.

Study Type of Cancer Number of Patients
VE1

Sensitivity (%)
VE1 Specificity

(%)

Long et al.55 Melanoma 100 97 98

Colomba et al.56 Melanoma 111 100 100

Feller et al. 57 Melanoma 35 100 100

Capper et al.51 Melanoma, papillary thyroid cancer 47 (melanoma)
21 (papillary thyroid
cancer)

100 100

Capper et al.50 Brain metastasis (melanoma, ovarian,
colorectal, lung, thyroid, choriocarcinoma)

1120 97 97

Bosmuller et al.58 Serous ovarian carcinoma 141 100 100

Ilie et al.59 Lung ADC 450 90.5 100

Andrulis et al.53 Hairy cell leukemia 52 100 91

Sahm et al.54 Langerhans cell histiocytosis 89 95 97
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due to insufficient copy number of mutant
alleles.8,50 Moreover, the antibody seems to be
able to identify single cells with the V600E
mutation. Recently, an ICC assay using the VE1
antibody was used for the detection of the
BRAFV600E mutation in circulating melanoma
cells (CMCs) isolated from metastatic melanoma
patients and demonstrated a high concordance
between the tissue samples and the correspond-
ing CMCs. Interestingly, a subset of patients
showed CMCs positively stained with the VE1
antibody, whereas the corresponding tumor
tissue was BRAFV600E-negative.60 This finding
opens a range of novel opportunities and ques-
tions about the origin and evolution of tumors.
VE1 immunostaining is relatively easy to inter-
pret with positivity being considered when a
distinct, strong, and homogenous signal is
observed in the cytoplasm of all carcinoma cells
(Fig. 4).50

A false-positive interpretation may be given by
untrained pathologists, possibly due to a faint to
moderate cytoplasmic staining with any type of
isolated nuclear staining in tumor cells with a
scant cytoplasm. Nuclear staining, as well as
staining of monocytes/macrophages, and a weak
staining of single interspersed cells have been
described as the most frequent artifacts. The
analysis should be done with caution in the
presence of nuclear staining even if moderate
cytoplasmic staining is present.50,59 Capper et al.
observed a strong reduction in the staining
intensity in postcryofixed tissue compared with
directly formalin-fixed tissue that might have led

to a negative interpretation of the IHC with
VE1.51

The use of a specific and sensitive antibody
should provide a rapid and cost-effective method
for the detection of the BRAFV600E mutation.
However, the VE1 antibody does not detect
BRAF non-V600E mutations, which are relatively
frequent in lung ADC.59 Currently, a strategy
involving IHC-based screening for the
BRAFV600E mutation supplemented by molecular
biology analysis of negative, doubtful, or inter-
pretable cases can be recommended.8

PERSPECTIVES AND CONCLUSIONS

New molecular targets such as MET expression
or ROS1 protein tyrosine kinase fusions are
continuously emerging in NSCLC. A recent
report described early evidence of clinical
response to crizotinib in ROS1-rearranged
NSCLCs.61 Rimkunas et al. recently developed a
ROS1 rabbit mAb (clone D4D6) and evaluated it
by Western blotting and IHC.62 They first
validated ROS1 D4D6 on cell lines and xenograft
models and then screened 556 primary NSCLC
tumors, comparing the IHC results with those of
FISH and RT-PCR. They reported a sensitivity of
100% and a specificity of 98% for the IHC D4D6
assay.62 This is the first study describing a ROS1
IHC assay, and further validation needs to be
performed. However, the utility of such a
method is underlined by the expansion of the
clinical utility of crizotinib in patients with
NSCLC who express ROS1 fusions.

Finally, MET expression occurs in about 25–
75% of NSCLC and has been associated with
poor prognosis.63 Whereas amplification of the
gene coding for MET is rare in baseline tumor
samples from EGFR-TKI naive patients, preclini-
cal data suggest that MET-gene amplification
may be responsible for approximately 20% of
acquired resistance to EGFR-TKI of patients with
EGFR-mutant tumors.64 In addition to blocking
ALK and ROS1, crizotinib is also a potent MET
inhibitor, which demonstrates strong responses
in MET-amplified NSCLC patients.65 Moreover,
several MET inhibitors are currently being tested
in phase II/III trials. Increased MET expression
may be detected by IHC, gene expression
analysis, or FISH.66 Although, several antibodies
directed against the total MET protein (phos-
phorylated and nonphosphorylated), a particular
effort is ongoing with the aim of discovering the

Figure 4. Representative Immunostaining with the VE1
Clone of a BRAFV600E-Mutated ADC (Immunoperoxi-
dase, Original Magnification �100).
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optimal companion diagnostic associated with
MET treatment efficacy and patient selection.67

In conclusion, detection of predictive molecu-
lar biomarkers is the most reliable basis for
selecting NSCLC patients who are likely to
respond to selective inhibitors. With a growing
list of emerging mutant or amplified oncogenes
in NSCLC, we will have to move toward stepwise
strategies for molecular testing. Despite a
plethora of molecular biology methods, these
tests may not be widely available due to high
costs, technical complexity, and the requirement
of highly trained personnel. Although the DNA-
based assays (eg, sequencing, FISH) are the gold
standard methods in determining an altered
genomic status in lung ADC, they are relatively
expensive for routine use in clinical laboratories
and are not available in all pathology laboratories.
In addition, they depend greatly on the quality of
the tumor samples. Moreover, the evolution of
sequencing technologies with the development of
the next-generation sequencing (NGS) approach
complicates the scene. NGS holds a number of
potential advantages over the traditional molecu-
lar methods, including the ability to fully
sequence large numbers of genes in a single
test.68 However, significant challenges, particu-
larly with respect to extensive computational
expertise, infrastructure, and massive costs, or
high turnaround time, will have to be overcome
to bring NGS into a clinical context.68

However, IHC may provide a rapid and cost-
effective molecular test in most routine diagnos-
tic pathology laboratories. IHC has the advantage
of being a standardized assay, which is widely
available in clinical pathology laboratories, and
relatively easy to perform. Of most importance, it
retains informative morphological data and
demonstrates high sensitivity and specificity.
Moreover, it can also be applied to small tissue

samples, fine needle aspiration cytology, and cell
blocks from body fluids.11,12 However, there is a
need for mutation-specific antibodies to be
extensively evaluated by Western blotting, im-
munofluorescence, and IHC to determine their
sensitivity and specificity in NSCLC patient
tumor samples. However, as for the molecular
biology methods, implementation in the routine
clinical context requires that high-quality mole-
cular IHC be performed by meeting good
laboratory practices or accreditation guidelines
set by regulatory and professional organizations
in certain countries.9,69,70

An immunohistochemical approach for the
detection of mutant proteins should be consid-
ered as an alternative or complement to mole-
cular techniques, in particular for small
formalin-fixed biopsies and cytological samples.
This assay has the potential to be widely available
in most pathology laboratories. In addition, it
has the advantage of a rapid turnaround time in
comparison with the more time-consuming
molecular tests.

More importantly, the use of mutation-speci-
fic antibodies has the benefit of detecting the
mutant protein at the single-cell level with very
high sensitivity for diagnosis. Thus, IHC using
antibodies targeting different molecular genetic
alterations may be useful in molecular diagnosis.
Finally, IHC with mutation-specific antibodies
may be used as a substitute for genetic testing in
cases where the diagnostic material is unsatis-
factory for molecular use such as in scant
cellular preparations and/or when there is no
tumor DNA available.
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Abstract 

Degradation of signaling proteins is one of the most powerful tumor suppressive mechanisms by which a 

cell can control its own growth. Here, we identify RHOA as the molecular target by which autophagy 

maintains genomic stability. Specifically, inhibition of autophagosome degradation by the loss of the v-

ATPase a3 (TCIRG1) subunit is sufficient to induce aneuploidy. Underlying this phenotype, active RHOA is 

sequestered via p62 (SQSTM1) within autolysosomes, and fails to localize to the plasma membrane or to 

the spindle midbody. Conversely, inhibition of autophagosome formation by ATG5 shRNA dramatically 

increases localization of active RHOA at the midbody, followed by diffusion to the flanking zones. As a 

result, all of the approaches we examined that compromise autophagy (irrespective of the defect: 

autophagosome formation, sequestration or degradation) drive cytokinesis failure, multinucleation, and 

aneuploidy, processes that directly have an impact upon cancer progression. Consistently, we report a 

positive correlation between autophagy defects and the higher expression of RHOA in human lung 

carcinoma. We therefore propose that autophagy may act in part as a safeguard mechanism that 

degrades and thereby maintains the appropriate level of active RHOA at the midbody for faithful 

completion of cytokinesis and genome inheritance. 

 

Abbreviations: Atg, autophagy-related; bafA1, bafilomycin A1; CQ, chloroquine; GAP, GTPase-activating 

protein; GEF, guanine nucleotide exchange factor; LAMP, lysosomal-associated membrane protein; LC3, 

microtubule-associated protein 1 light chain 3; PCT, proximal convoluted tubule; �-MLC, phospho-

myosin light chain; RHOGDI, RHO guanine nucleotide-dissociation inhibitor-1; shRNA, short hairpin RNA; 

v-ATPase, vacuolar-ATPase. 
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Introduction 

Cells are faced with the tasks of dividing, of keeping the genome intact, and even of dying when 

appropriate. At their heart, these cell fates are dictated by tumor-suppressor mechanisms. One such 

mechanism is autophagy, which is commonly mutated or downregulated in human cancers (1). Indeed, 

the essential autophagy gene BECN1 is deleted or mutated in 40 to 75% of breast, ovarian, colon and 

prostate cancers. Consistently, the notion that autophagy suppresses tumor development came from the 

demonstration that allelic loss of Becn1 predisposes mice to lymphomas, hepatocellular carcinomas, and 

lung carcinomas (2, 3). Likewise, defects in other autophagy genes (Atg4c, Atg5, Uvrag, Ambra1, and Bif-

1/Sh3glb1) render cells or mice tumor prone (4-8).  

Physiologically, autophagy ensures in all cell types the turnover of all organelles and most long-

lived proteins by a pathway, which begins with the formation of a double-membrane compartment, 

termed a “phagophore” that sequesters them. The phagophore expands into a completed vesicle, an 

“autophagosome”, and subsequently, the autophagosome rapidly fuses with a lysosome to become an 

“autolysosome” where the content is finally degraded. Originally identified as a housekeeping process, 

emerging data suggest that constitutive autophagy (i.e., under nutrient–rich conditions) might also fight 

cancer by limiting inflammation (9), facilitating senescence (10) or clearing signaling proteins (11). 

Likewise, recent studies reveal that both BECN1 and ATG5 function as 'guardians' of cellular genome. 

Epithelial cells with loss of Becn1 or Atg5, display gene amplification, and aneuploidy (7, 8). In support, 

activation of autophagy was demonstrated to reduce genomic instability within hepatocarcinoma cells 

(12). However, despite the importance of aneuploidy in cancer development (13, 14), the mechanisms 

underlying how autophagy deficiency compromises genomic stability are still unknown. 

To address this issue, we explored the possibility that signaling proteins essential for cell growth 

might be degraded by autophagy. Whereas significant advances have been made in the discovery of 
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autophagy machinery, less is known about the nature of the autophagy substrates. Therefore, a key 

feature of our strategy was to inhibit the autophagy pathway at the degradation step, in order to achieve 

sequestration and accumulation of substrates within autolysosomal structures (Fig. S1A). 
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Materials and Methods 

Cell culture and treatments 

To inhibit the maturation of autophagosomes into degradative autolysosomes, renal cells derived from 

proximal convoluted tubules of wild-type (WT, a3+/+) or the lysosomal v-ATPase a3/TCIRG1-null mice 

(a3−/−) were isolated and immortalized with the pSV3 neo vector. The renal epithelial cell lines that do or 

do not express a3 were referred to as WT and a3−/− cells, respectively. As controls, cells were stimulated 

with an inhibitor of v-ATPase activity, bafilomycin A1 (100 nM, bafA1; Sigma); or a weak base that raises 

intralysosomal pH, chloroquine (100 μM, CQ; Sigma). Alternatively, the formation of autophagosomes 

was inhibited at the initiation step by Atg5 or Atg7 short hairpin RNA (shRNA). As a further control, we 

analyzed the phenotype of Atg5 KO MEFs (provided by N. Mizushima) (15), and ATG5-depleted A549 

lung epithelial cells. We also prevented the sequestration of autophagy substrates within the autophagic 

vesicles by p62 shRNA. For details on cell culture and shRNA sequences see supplemental information. 

Clinical samples  

Primary NSCLC (pairs of pathological and control tissues from the same patient) were obtained from 

patients in Nice (France) and collected by the Tumor Biobank of Nice Hospital (Nice CHU, agreement 

2010–06). 

Analysis of autophagy  

The activity of the autophagy pathway was monitored by four hallmarks: i) the formation of autophagic 

vesicles; and the degradation of three well-established autophagy substrates: ii) membrane-associated 

LC3-II; iii) p62/SQSTM1; and iv) long-lived proteins.  
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Ploidy determination and chromosomal abnormalities by metaphase spread 

At 70% confluency, cells were arrested with colchicine (Invitrogen) in metaphase. Chromosomes were 

stained with giemsa and ~150 mitotic figures per cell line were photographed and the number of 

chromosomes was counted by Metafer M-Search Metaphase Finder and Ikaros softwares 

(Metasystems).  

Time-lapse video microscopy 

For monitoring cell progression through mitosis, exponentially growing cells cultured in complete growth 

medium were imaged every 5 min during 18 h on an inverted microscope (Carl Zeiss) equipped with a 

CO2-equilibrated chamber.  

Analysis of the RHOA pathway 

The activity of RHOA pathway was monitored by i) the levels of active GTP-bound RHO (RHOTEKIN RHO 

Binding Domain Pull-down and ELISA-based G-LISA assays, Cytoskeleton Inc.); ii) the recruitment of RHOA 

to membranes; and iii) the downstream phosphorylation of myosin regulatory light chain (P-MLC) and 

reticulation of ACTIN cytoskeleton.  

RHOA immunoprecipitation 

Cells were lysed in RIPA and RHOA was immunoprecipitated with anti-RHOA antibody followed 

by western blotting with anti-ubiquitin, anti-p62, anti-LC3 and anti-RHOA antibodies.  

RHOA stability 

HEK 293 cells and A549 cells (Control, ATG5, or p62 shRNA transduced cells) were transfected 

with FuGeneHD (Promega) and plasmids encoding the active (RHOA Q63) or inactive (RHOA N19) RHOA 

mutants. 20 h after transfection, cells were treated with cycloheximide (CHX; Sigma; C-4859; 10-20 
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μg/mL) to stop de novo protein synthesis for 7-57 h, alone or in combination with proteasomal (MG132, 

Sigma; 10 μM) and lysosomal (CQ; 100 μM) inhibitors and the drop in the levels of RHOA mutants was 

assayed by anti-myc western blotting (Millipore; P01106; 1:1000). 

Complete and detailed description of all methods employed are available as Supplementary Data. 

Statistical analysis 

When adequate, results are presented as means ± SD from the indicated number n of separate 

experiments. Statistical comparisons were done using Khi2 or Student T tests as appropriate. A p value 

<0.05 was considered significant. 
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Results 

The V-ATPase a3-dependent autophagy defect is characterized by the formation 

of giant multinucleate cells 

To gain a deeper insight into the role of autophagy, we established cell-lines from v-ATPase a3/TCIRG1-

null mice (16). PCT (proximal convoluted tubule) cells were chosen as they express the highest level of v-

ATPase (17); the a3 subunit is localized in the lysosomal limiting membrane (18). In agreement with the 

other reported defect of v-ATPase (19, 20), we show that the a3 loss increased autophagy sequestration 

and simultaneously impaired autophagic degradation, as evidenced by the accumulation of ATG12–ATG5 

conjugate, of autolysosomes and of autophagic substrates (long-lived proteins, LC3-II, and p62) (Fig. 1A 

and S1B). In contrast, a3-null cells seemed to have functionally intact proteasomes (Fig. S1C). 

Remarkably, this a3-dependent autophagy defect was characterized by an increase in cell size and a 

flattened morphology with the accumulation of vesicles and nuclei (Fig. 1B-C), supporting the 

importance of autophagy in maintaining cell size (21, 22). By using different approaches, we excluded a 

role for senescence as a cause of enlarged morphology (Fig. S2). Consistently, FACS analysis revealed that 

a3−/− cells were dividing and displayed increased DNA content (3–4 N, Fig. S2C). Of interest, no subdiploid 

or subtetraploid cells were detected, indicating that the a3 loss did not induce cell death. Subsequent 

karyotypes of a3−/− cells confirmed a near-triploid karyotype (group average, 131; Fig. 1D). Therefore, 

despite aneuploidy, the a3−/− cells continued to proliferate, and escaped apoptosis or senescence. All 

these abnormalities, which are hallmarks of cancer cells, were reminiscent of that reported for Atg5–/– or 

Becn1–/+ cells (8). Collectively, these data support the notion that defects of the entire autophagy 

pathway [i.e. either at the step of formation (Atg5–/– or Becn1-/+) or degradation (herein, V-ATPase a3–/–) 

of autophagosomes] could result in aneuploidy. 
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The multinucleate phenotype of a3−/− cells arises from cytokinesis failure 

We hypothesized that the aneuploidy of a3−/− cells might arise through cytokinesis failure. Multiple 

mitotic defects leading to aneuploidy were indeed identified in a3−/− cells, as these cells often showed 

multipolar spindles and several chromosome segregation defects: improper attachment of chromosomes 

to spindle microtubules, lagging chromosomes, chromosome bridges connecting daughter cells, and 

micronuclei. Strikingly, a large proportion of a3−/− cells were connected via an asymmetric bridge, in 

contrast to the short intracellular bridge observed in the middle of the two WT daughter cells (Fig. S3). 

Using real-time imaging, we showed that the WT cells completed cytokinesis in only 15 min (Fig. 

2A, Movie S1). By contrast, the cytokinesis was incomplete upon v-ATPase inhibition by bafilomycin A1 

treatment (Fig. 2B) or a3 loss (Fig. 2C-G, Movies S2-S5). 72% of a3−/− cells that entered mitosis normally 

failed abscission (Fig. 2C) and instead remained connected by an intracellular bridge for up to eight h 

before separating (Fig. 2D, Movie S2), re-entering mitosis synchronously (still bound to the sister cell, Fig. 

2E Movie S3) or collapsing back, forming a single binucleate cell (Fig. 2F-G, Movies S4-S5). Moreover, we 

did not observe cell-cell fusion, cell engulfment and endoreplication during live-cell imaging (n=200). 

Thus, impairment of cytokinesis at the membrane abscission step was the key event responsible for the 

formation of multinucleate a3−/− cells.  

The inhibition of autophagy degradation by v-ATPase a3 loss stabilizes RHOA-

GTP within autolysosomes 

We then explored which signaling proteins might be degraded by autophagy and could underlie this 

phenotype. One candidate was the small GTPase RHOA, that dictates cell shape and completion of 

cytokinesis via F-ACTIN reticulation (23). In this regard, a striking hallmark of a3−/− cells was a dramatic 

remodeling of ACTIN cytoskeleton with the loss of stress fibers and the formation of ACTIN patches (Fig. 

3A and S4A,B). The current consensus is that fine-tuning of RHO activity involves the guanine nucleotide 
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exchange factors (GEFs) that activate them, the GTPase-activating proteins (GAPs) that inactivate them, 

and the guanine nucleotide-dissociation inhibitors (GDIs) that maintain RHO inactive within the 

cytoplasm (23). Exciting findings have revealed that RHO GTPases, their upstream regulators and 

downstream targets might also be subjected to irreversible proteasome-dependent degradation (24-32). 

Instead of proteasome, however, we determined that active RHOA was constitutively maintained 

at low levels by autophagy. Indeed, the active RHOA was barely detected at the plasma membrane of 

a3−/− cells but instead accumulated intracellularly, within autolysosomes positive both for the autophagy 

marker LC3 and lysosomal marker LAMP1 (Fig. 3B, S4B inset). Notably, the level of RHOA-GTP was 

elevated in resting a3−/− cells, as evidenced by the RHOTEKIN-binding pull-down assay, the recruitment 

of RHOA to cellular membranes and the downstream phosphorylation of myosin regulatory light chain 

(P-MLC, Fig. 3C and S4B). 

A role for autophagy in controling RHOA-GTP level was then suggested by the shRNA-mediated 

inhibition of autophagosome formation: expression of Atg5 shRNA increased the localization of active 

RHOA at the plasma membrane of a3−/− cells, which allowed ACTIN polymerization into filaments (Fig. 

3D). Consistently, the Atg5 shRNA-transduced a3−/− cells displayed a smaller size and tight cohesion 

within the colony (Fig. 3D). Importantly, the control of RHOA by autophagy was remarkably specific, as 

the related GTPase RAC (Fig. S4E), as well as the RHOA regulator, RHOGDI, were not affected (Fig. 3C). 

Together, these data highly suggest a working model in which autophagy might sequester and degrade 

active RHOA. Inhibition of v-ATPase by a3 loss would stabilize RHOA-GTP within autolysosomal 

structures, protecting it from autophagy degradation, and at the same time this would preclude 

reticulation of ACTIN cytoskeleton (Fig. S1A). 
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p62-dependent autophagy specifically degrades active RHOA 

As proof-of-concept, pharmacological inhibition of autophagy degradation by bafA1 or chloroquine (CQ) 

treatment similarly increased the levels of membrane-bound RHOA together with the autophagy 

substrates LC3-II and p62 (Fig. S5). This occurred in multiple cell types, including fibroblast, kidney, and 

lung epithelial cells (Fig. S5A). In contrast, impairment of proteasome by MG132 failed to alter the levels 

of the membrane-bound RHOA in every cell line tested (Fig. S5A). As expected, all features of a3−/− cells 

(i.e., RHOA autolysosomal recruitment, F-ACTIN depolymerization, and increased cell size) were 

mimicked by bafA1, but not MG132 treatment, further supporting the model that activity of the RHOA 

pathway can be controlled by the autophagy-lysosome pathway (Fig. S5B–C). Consistently, the active, 

but not inactive, RHOA mutants were long-lived proteins selectively degraded by autophagy (Fig. 4). 

Indeed, upon inhibition of protein synthesis with cycloheximide (CHX), the active RHOA (RHOA+, Q63) 

was degraded within 28 h and stabilized by inhibiting lysosomal degradation (CQ, Fig. 4A), or 

autophagosome formation (ATG5 shRNA, Fig. 4B and S6A-B) but not proteasomal activity (MG132, Fig. 

4A). Inversely, the inactive form of RHOA (RHOA−, N19) was unstable and as expected stabilized by 

inhibition of proteasome, but not by inhibition of lysosomal activity or of autophagy (Fig. 4A-B), in 

agreement with previous reports (24-30).  

At this stage, it was of interest to address how autophagy may specifically targets the active 

RHOA. One adaptor by which autophagy acquires specificity is p62 (SQSTM1) that targets ubiquitinated 

substrates to the autophagy machinery (33). Of interest, p62 appears as a prime candidate for regulating 

RHOA as it is the sole autophagy adaptor involved in cell mitosis (34), cell spreading (35) and tumor 

growth (36-38). We observed that p62 not only co-immunoprecipitated (Fig. 4C) and co-localized (Fig. 

4D) with ubiquitinated RHOA and LC3-II in CQ-treated cells but also was essential in the selective 

clearance of active RHOA by autophagy (Fig. 4B and D). Upon p62 silencing and CQ treatment, 

autophagosomes formed normally (as evidenced by LC3-II conversion, Fig. S6A), but the autophagic 
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sequestration (Fig. 4D) and degradation (Fig. 4B) of active RHOA were defective. Collectively, these 

results strongly suggest a new signaling role for p62-dependent autophagy in the control of RHOA 

pathway. 

Regulation of the amount of active RHOA at the midbody during cytokinesis by 

autophagy 

The multinucleate phenotype of a3−/− cells raised the question of whether autophagy may control 

cytokinesis through regulation of RHOA. Autophagy was suggested to clear the midbody ring after 

cytokinesis completion (39, 40). Likewise, the depletion of several autophagy genes (Atg5, Becn1, Uvrag, 

Bif-1 And Vps34) was demonstrated to lead to polynucleation, but the role of autophagy in controlling 

RHOA activation during cytokinesis was not documented (8, 41). 

Although several key RHOA activators have been identified (42), little is known about the 

mechanisms that confine active RHOA at the midbody. Using the a3−/− cells, we observe that little, if any, 

active RHOA was at the equatorial furrow and was instead sequestered within autolysosomes, close to 

the midbody (Fig. 5A), likely as a result of increased sequestration. Inversely, when we blocked 

autophagosome formation by ATG5 shRNA (Fig. S6A), RHOA was highly enriched at the equatorial furrow 

of cytokinetic A549 lung cancer cells (Fig. 5B and S7A). Notably, the RHO activity zone in ATG5-depleted 

cells was three times as wide and bright as in controls (control shRNA = 3.7 ± 0.8 μm; ATG5 shRNA = 11.4 

± 2.6 μm; mean ± SD, Fig. 5C–D). Outside the cell equator, RHOA activity was also abnormally high at the 

cell cortex (Fig. 5B and S7). Accordingly, Atg5 knockdown in mouse embryonic fibroblasts (Fig. 5E), and 

ATG7 or p62 depletion in A549 cells (Fig. S6) faithfully recapitulated the same phenotype with regard to 

the RHOA pathway. Likewise, closer examination indicated that the upstream regulators required for 

narrowed activation of RHOA such as the kinesin MKLP1, the RHOA GEF ECT2 and spindle microtubules 

concentrated at the midbody of cytokinetic cells (Fig. S8A-B) (43). It is also highly likely that the loss of 
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ATG5 would creates defects in the generation and the delivery of new membranes to the cleavage 

furrow, a process that is central to cytokinesis. As shown in Figure S8C, the delivery of endosomes to the 

midbody appeared not to be affected by ATG5 depletion: the endosomes were delivered to the cleavage 

furrow and clustered on either side of midbody of ATG5-depleted cells, as observed in control cells. By 

contrast, ATG5-depleted cells exhibited in addition to RHOA a broader distribution of downstream F-

ACTIN that triggers the formation of actomyosin ring (Fig. S7B). Our data therefore suggest that the 

degradation of RHOA by autophagy may function as a key, but hitherto uncharacterized, mechanism 

concentrating active RHOA at midbody. 

Autophagy defects fuel chromosomal instability in lung cancer cells 

Considering the apparent connection between autophagy and RHOA, a key issue is how defects in 

autophagy might affect cell behavior in a way relevant for cancer progression. Maintaining the 

appropriate amount of active RHOA at midbody is critical for faithful cytokinesis as it dictates the 

position, the formation and the contraction of actomyosin ring (42, 44). If our model were correct, one 

would expect that the inhibition of autophagy sequestration in autophagy-competent A549 tumor cells 

would be sufficient to disturb cytokinesis and thereby drive the genomic instability required for tumor 

progression. As shown in Figure 6, in control A549 cells, the clustering of RHOA in a narrow zone resulted 

in the formation of a unique and compact ring whose position and size remained constant throughout 

furrow ingression (Fig. 6A-B, upper panels). As a result, control cells successfully completed cytokinesis 

(Movie S6). Without functional autophagy, the subsequent hyperactivation of RHOA zone would 

jeopardize the assembly of an efficient contractile ring, as expected from the cytokinesis defects 

observed for active RHOA mutants (Fig. S4C). Indeed, ATG5-depleted A549 cells progressed through 

mitosis until the furrow started to constrict, then 52% of the cells demonstrated unstable and loose 

furrowing that suddenly fell apart, reformed and constricted more slowly than control furrows, delaying 
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cytokinesis completion (Fig. 6A-B, lower panels, Movie S6). As result of cytokinesis failure, these 

autophagy compromises (ATG5 shRNA and p62 shRNA) were sufficient to increase the percentage of 

cells with multiple nuclei (Fig. 6C), and the frequency of chromosomal gains and losses in nearly all of the 

chromosomes (Fig. 6D), one hallmark of aggressive cancer. Together, these findings highly suggested 

that autophagy may act in part as a master safeguard mechanism of active RHOA localization during 

cytokinesis for faithful genome inheritance. 

Overexpression of RHOA is correlated with autophagy defects in lung 

carcinomas 

The biochemical, cellular, and genomic changes (increased RHOA activity, increased cellular sizes, and 

aneuploidy) we consistently observed herein following autophagy inhibition (irrespective of particular 

autophagy defects) are noteworthy because they accompany the onset and progression of cancers. 

RHOA overexpression has been observed in many aggressive cancers, such as breast, colon, prostate, 

and lung cancers, but has been attributed largely to increased RHOA transcription (45). Consistent with a 

role of autophagy in RHOA degradation, we found that RHOA, together with p62 and LC3-II were 

overexpressed in late stages of non-small cell lung cancers (NSCLC; T; pTNM stage IIIA), compared to 

normal epithelia (N) and stage I adenocarcinomas (Fig. 7A-B). An impaired autophagic degradation rather 

than an increased transcription was correlated with RHOA overexpression, as the levels of RHOA 

expression and activity increased progressively with the accumulation of the autophagy substrates p62 

and LC3-II (Fig. 7A), and no significant changes in RHOA mRNA expression were measured (Fig. 7A, right 

panel). Of interest, the inactivation of autophagy and the subsequent RHOA upregulation were not early 

events, but instead were late events in the progression of lung cancer, when these cancers acquire a 

more genomic instability. All tumor cells positive for p62 were also RHOA-positive (Fig. 7B). p62 

overexpression, as a readout of an autophagy defect, was associated with a reduced or absent RHOA 
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membrane localization, which instead displayed intracellular localization (T, right panels). In sharp 

contrast, normal bronchial epithelial cells that barely expressed p62 showed strong membrane 

expression of RHOA primarily at their apical ciliated cell surface (N, left panels).   
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Discussion 

So far, most studies suggest that signal termination and irreversible progression through cell-cycle 

depend largely on the proteasomal degradation of key regulatory proteins (46). Recently, Gao et al. 

provide the first evidence that autophagy negatively regulates Wnt signaling by degrading Dishevelled; 

however, this occurs under nutrient starvation (11). Therefore, the ability of autophagy to degrade 

signaling proteins under basal conditions and thereby to ensure tumor suppressive functions remains to 

be established. 

We show here that autophagy promotes the degradation of active RHOA. In support of this, 

(i) RHOA-GTP was elevated in cells deficient in autophagosome clearance; (ii) importantly, RHOA failed to 

localize to midbody and instead accumulated within autolysosomes; (iii) a role for autophagy in 

regulating RHOA-GTP was then suggested by the shRNA-mediated inhibition of autophagosome 

formation: ATG5 shRNA dramatically increased the localization of RHOA-GTP at the equatorial furrow of 

cytokinetic cells. One related RHO GTPase, RAC, was not targeted by autophagy. As a result, defects of 

the entire autophagy pathway [i.e. either at the formation (ATG5 or ATG7 shRNA), sequestration (p62 

shRNA) or degradation of autophagosomes (v-ATPase a3−/− cells)] similarly drive the formation of 

unstable and loose furrowing, disturbing cytokinesis completion and genome inheritance; processes that 

directly contribute to cancer development. 

The regulation of RHOA is unique in that it involves GEF, GAP, and GDI proteins, along with the 

proteasome (47) and autophagy. Depending on its activation state, we provide the first lines of evidence 

that RHOA used distinct routes for degradation: while the proteasome degraded the cytosolic and 

inactive forms, the autophagy pathway specifically degraded the membrane-associated and active pool 

of RHOA. This is consistent with the recently reported degradation of two constitutively active RHO, 

RHOH and RHOB, within lysosomes (48, 49) and the redistribution of active RHOA to undefined 
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perinuclear localization after treatment of enterocytes with an autophagy inducer, LPS (50). We 

therefore propose that autophagy may act as a tumor suppressor pathway in part by turning off RHOA 

activation (Fig. 7C). In this model, the remarkable dynamics of autophagy together with its integration of 

extracellular cues might dictate the time and place where a RHOA is active, and able to interact with its 

downstream substrates. Accordingly, we reported the targeting of autolysosomes at midbody during 

cytokinesis, the same subcellular and temporal localizations where RHOA should be controlled. 

Therefore, autophagy might be critical for localized degradation of active RHOA at midbody and thereby 

proper ACTIN dynamics during accurate completion of cytokinesis and faithful genome inheritance.  

The development of a cancer depends on the ability of tumor cells to acquire growth 

advantages. Whatever the mutations, deletions, and epigenetic silencing of autophagy genes, our 

findings provide new information on how autophagy defects can drive tumor progression through 

deregulation of RHOA pathway. As autophagy is commonly downregulated in cancers (1) where RHOA is 

overexpressed (47), this new paradigm may be a general mechanism for the acquisition of aneuploidy 

and progression of human cancer cells.  
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Figure Legends 

Figure 1. The a3-dependent autophagy defect is characterized by the formation of giant multinucleate 

cells. 

A, Accumulation of autolysosomes (LC3-II and LAMP1 positive; fluorescence images) that were defective 

in the degradation of long-lived proteins (upper left inset), LC3-II and p62 (right insets). Right: note the 

accumulation of the ATG12–ATG5 conjugate (a marker of autophagosome formation) in response to the 

a3 loss. (See Fig. S1). 

B, Cell and nuclei area of WT and a3−/− cells (n = 400). 

C, Representative photomicrographs showing that the WT cells were all small (200 ± 47 μm2) with one 

nucleus, while the a3-null cells were heterogeneous in size. 30-40% of a3–/– cells showed a gigantic size 

(200-7,300 μm2), and a flattened shape with the accumulation of vesicles and nuclei. 

D, Representative karyotype figures showing aneuploidy and structural abnormalities in a3−/− cells.  

Figure 2. Cytokinesis is specifically impeded by v-ATPase inactivation. 

Control (A, treated with DMSO, Movie S1; inset: high magnification of the last frame where the daughter 

WT cells are outlined in white to help visualize their successful division), bafA1-treated WT cells (B, 100 

nM, 8 h after the addition of bafA1) or a3−/− cells (C-G, Movies S2–S5), all under complete medium were 

followed for 18 h using phase-contrast time-lapse microscopy.  

C, Frequency of cytokinesis failure in a3−/− cells (n = 125).  

D, Still images of a mitotic a3−/− cell that remained connected by an intracellular bridge for up to eight h 

before abscission (Movie S2). 

E, Pairs of a3−/− cells that entered mitosis synchronously are outlined in white (Movie S3). Lower panel: 

two mitotic cells (white arrows) remained connected by an intracellular bridge (empty arrow). 
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F, Still-images of an a3−/− cell that exited mitosis as a binucleated cell after 18 attempts of cleavage 

furrow formation. Note that this cell developed ectopic furrows, which led to the formation of anuclear 

fragments (white filled arrows) that fused back to the cell (Movie S4).  

G, Still-images of a mononucleate a3−/− cell that formed a tetranucleate cell after two rounds of abortive 

mitoses (Movie S5).  

Both giant and small a3−/− cells failed cytokinesis, resulting in multinucleation and differentially sized 

daughter cells. All daughter cells were viable throughout imaging (up to 18 h). White empty arrows 

indicate cleavage furrow formation, arrowheads indicate nuclei, and time points are in h:min from the 

initiation of metaphase (zero time point).  

Figure 3. The inhibition of autophagy degradation by v-ATPase a3 loss stabilizes RHOA-GTP within 

autolysosomes. 

A, Phalloidin labeling showed the loss of stress fibers in a3−/− cells that instead developed ACTIN patches 

(empty arrows).  

B, Intracellular ring of RHOA (arrows) that colocalized with LC3-II and LAMP1 (insets, see also the color 

images in Fig. S4B left) in a3−/− cells in contrast to the WT cells that displayed RHOA at their plasma 

membrane (arrowhead). 

C, Accumulation of RHOA-GTP in a3−/− cells was evidenced by RHOTEKIN binding (pull-down assay and G-

ELISA kit; left and middle panels, respectively); the recruitment of active RHOA proteins to Triton X-100 

insoluble cell membranes; and the downstream phosphorylation of myosin regulatory light chain (�-

MLC; lower panels). Bound proteins (upper panel) and total cell lysates (lower panels) were analyzed by 

western blotting. Note that a3 loss increased the ratio of activated (membrane-associated):total RHOA 

from 2% (WT) to 4% (a3−/− cells). Western blots are representative of three independent experiments. 
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RT-PCR analysis showing that RHOA-GTP accumulation was not due to an increased RHOA transcription 

(right panel).  

D, Atg5 shRNA rescues RHOA localization at the plasma membrane (arrowhead) of a3−/− cells. Cells were 

infected with Atg5 shRNA lentivirus and selected with media containing puromycin for 72 h. Shown are 

representative images where DAPI marks nucleus and F-ACTIN denotes the filamentous ACTIN stained by 

phalloidin.  

Figure 4. p62-dependent autophagy controls the levels of active RHOA. 

A, The active RHOA is specifically degraded by a lysosomal pathway. HEK cells were transfected with 

plasmids encoding the active (Q63, RHOA+) or inactive RHOA (N19, RHOA–) mutants, and incubated with 

cycloheximide (CHX; 10 μg/mL) for the indicated time in the presence or absence of CQ (100 μM) or 

MG132 (10 μM) to inhibit the lysosomal or proteasomal functions, respectively. Expression of RHOA 

mutants was analyzed by anti-myc western blotting. (See Fig. S5). 

B, Inhibiting autophagy sequestration in A549 cells by ATG5 or p62 depletion stabilized the active but not 

the inactive RHOA mutant. Control, ATG5, or p62 shRNA-transduced-A549 cells were transfected with 

the RHOA mutants, and treated with CHX (20 μg/mL) for 57 h. Equal protein loading was verified by anti-

TUBULIN immunoblotting. The data are representative of at least 3 independent experiments. (See Fig. 

S6A–B). 

C, The ubiquitin-binding protein p62/SQSTM1 acts as a receptor that targets the active RHOA to 

autophagy. Ubiquitinated RHOA species (gray arrowheads) formed a complex with p62 and LC3-II in CQ-

treated A549 cells.  

D, p62 affects RHOA localization. Left: RHOA colocalized with p62, LC3-II, and LAMP1 upon autophagy 

inhibition by CQ. Right: decreasing p62 levels by shRNA reduced colocalization of RHOA with LC3-II and 

rescued RHOA localization at the plasma membrane of CQ-treated cells.  
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Figure 5. Autophagy defects disturb the clustering of active RHOA at the midbody during cytokinesis. 

A, Confocal images of cytokinetic a3−/− PCT cells showing that RHOA failed to localize to midbody 

(arrowhead) and instead accumulated within autolysosomes (LC3 and LAMP1 positive). Inset: RHOA-

positive vesicles were not degraded and accumulated within the lumenal space of autolysosomes. 

B, ATG5 depletion in A549 tumor cells caused aberrant RHOA diffusion along the cell cortex during 

cytokinesis. RHOA, normally detected in a narrow zone at midbody of control cells, accumulated within a 

looser equatorial zone (arrows) and outside (arrowheads) of cleavage furrow of ATG5-depleted cells. 

(See Fig. S6A and S7). 

C, RHOA staining at similar stages of furrowing in control (left) and ATG5-depleted (right) A549 cells. 

Representative intensity profile that measures RHOA zone width along the cell edge (middle). 

D, The increases in the RHOA zone width (P=5.34 10-8) and RHOA intensity (area under curve, 

P=0.000266995) reflect a net increase in RHOA activation at equatorial region of ATG5-depleted cells. 

Results are mean ± SD; n=15. 

E, Compared to WT cells, Atg5–/– MEF cells showed severe RHOA diffusion over the entire cell surface, 

ectopic furrowing during cytokinesis, as well as enlarged nuclei and cell morphology, and enhanced F-

ACTIN polymerization. 

Figure 6. Autophagy defects cause genomic instability in lung cancer cells. 

A, Persistent ectopic furrowing as ATG5-depleted A549 cells entered cytokinesis. Phase-contrast images 

of control and ATG5-depleted A549 cells were acquired at the indicated times (h:min; Movie S6). 

Virtually all control cells showed normal compact furrowing during cytokinesis (85%; n=100, upper inset), 

whereas the majority (52%; P= 2.8 10-19; n=50) of telophase ATG5-depleted cells exhibited unstable and 

loose furrowing. The black arrowheads indicate ectopic furrows and the bar marks the width of the 

equatorial furrow.  
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B, Representative picture of a telophase ATG5-depleted cell that exhibited unstable furrowing, with 

numerous cortical constrictions and blebs (arrowheads), in contrast to the unique and compact furrow of 

a control cell. (See Fig. S7). 

C, Defects at the stage of autophagosome formation (ATG5 or ATG7 shRNA) or the recruitment of 

autophagy substrates (p62 shRNA) resulted in a seven- to ten-fold increase of multinucleate cells 

compared with control shRNA-transduced cells. The different autophagy defects are indicated on the x 

axis (n =900). The y axis shows the percentage of multinucleate cells. (See Fig. S6C). 

D, Frequency of whole chromosome gains (black) and losses (grey) in control, ATG5-depleted, and p62-

depleted A549 cells (n = 7). Chromosome numbers are indicated on the x axis. Note that the 

chromosomal gains or losses occurred with low frequency in the autophagy-competent A549 tumor cells 

and were limited to fewer chromosomes in comparison with ATG5-depleted cells and p62-depleted cells, 

which showed widespread chromosomal gains and losses in nearly all of the chromosomes. 

Chromosome 2 loss (n=7) and chromosome 19 gain (n=5) were recurrent in p62-depleted A549 cells. 

Figure 7. Correlation between RHOA protein levels and autophagy in human lung cancers. 

A, Immunoblotting of NSCLC samples (T, tumor: early stage n=4; late stage n=4; see Table S1) versus 

normal peritumoral tissues (N, normal) using the indicated antibodies. p62 serves as a positive control 

for autophagy impairment (36), and ACTIN as a loading control. Similar RHOA mRNA levels in tumor and 

normal tissues (right panel, not statistically significant). 

B, Immunohistochemical staining revealed a high overexpression of RHOA and p62 in late stages of 

NSCLC. In line with a3−/− cell results (Fig. 3), the defect in lung cancer samples was a defect in 

autophagosome degradation with the concomitant accumulation of the three autophagy substrates LC3, 

p62, and active RHOA (RHOA recruitment to intracellular cell membranes; and downstream �-MLC). 
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C, Proposed model by which autophagy sequesters and degrades the active RHOA that would otherwise 

diffuse from midbody to flanking zones. Together with RHO GEF, autophagy seems essential to confine 

RHOA activation at midbody, allowing the assembly of a unique and compact contractile ring, for 

successful cytokinesis and faithful genome inheritance.  
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