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Preface

Preface

This manuscript documents my doctoral work in Andrew Dillin’s laboratory, UC

Berkeley, USA, started in January 2013.

My doctoral experience was the occasion to show my ability to construct an innovative
scientific project literally from the ground. Our laboratory’s main focus is the study of
aging mostly in C. elegans and mice as well as the study of cellular stresses. Even though
the laboratory’s expertise was not in stem cell biology, with Andrew Dillin’s support, I
decided to explore the role of stress pathways during cellular reprogramming. It was
therefore very challenging to build all the protocols and techniques in cellular
reprogramming by myself. But the outcome is very promising. For the first time we were
able to bridge two fields and offered a new way to look at cellular reprogramming
through the prism of protein quality control. The present manuscript will elaborate

exclusively on this work.

Besides this exciting project, I had the chance to build another project to study the tissue-
specific requirement of RPN-6, a subunit of the 19S proteasome, in C. elegans. Very
stimulating results came from this project but we decided to focus on the role of the
endoplasmic reticulum stress during cellular reprogramming. Therefore, no further

mention of this project will follow.

The time I spent in the Dillin lab was also a great opportunity to establish collaborations
and keep bridging fields. This also provided me with a platform to explore other model
organisms such as C. elegans and techniques like genome-wide CRISPR-Cas9 screens.
These collaborations are still ongoing and very promising. Some of this work already

gave rise to publications in very high profile journals:
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Kim, H., Rodrigues, A., Simic, M.S., Kohnz, A. R., Nomura, D. K., Durieux, J., Riera, C. E.,
Sanchez, M., Kapernick, E., Wolff, S. and Dillin, A. (2016). Lipid biosynthesis coordinates a
Mitochondrial to Cytosolic Stress Response. Cell (in press).

Douglas, P.M.*, Baird, N.A.*, Simic, M.S., Uhlein, S., McCormick, M.A., Wolff, S.C.,
Kennedy, B.K., and Dillin, A. (2015). Heterotypic Signals from Neural HSF-1 Separate
Thermotolerance from Longevity. Cell Rep. /2, 1196-1204.

Baird, N.A.*, Douglas, P.M.*, Simic, M.S., Grant, A.R., Moresco, J.J., Wolff, S.C.,
Yates, J.R., Manning, G., and Dillin, A. (2014). HSF-1-mediated cytoskeletal integrity
determines thermotolerance and life span. Science 346, 360-363.

Vilchez, D.*, Simic, M.S.*, and Dillin, A. (2014). Proteostasis and aging of stem cells. Trends
Cell Biol. 24, 161-170.

* equal contribution

The published version of the articles can be found in the appendix section.

In order to facilitate your reading and draw your attention to the important genes/proteins
that will be mentioned in the Result section, I underlined those genes/proteins in the
Introduction section.



Abstract

Abstract

Somatic cells can be reprogrammed into a pluripotent stem cells state and is
achieved by the forced expression of 4 transcription factors: OCT4, SOX2, KLF4
and c-MYC. This process theoretically requires a global remodeling of the
organelles and a drastic change in metabolism. Furthermore, reprogramming has
an inherent property of stochastic variation that is limiting and largely unknown.
We hypothesize that this variation is due, in part, by variable regulation of the
protein homeostasis network. We therefore postulated that the early steps of
reprogramming would result in the activation of a variety of stress pathways that
regulate the protein homeostasis network, which might in turn impact the efficiency
of reprogramming. We focused in particular on the endoplasmic reticulum unfolded
protein response (UPR™®).  We find that the UPR™ is activated during
reprogramming and that its activation can increase the efficiency of this process.
We find that stochastic activation of the UPR"™® can predict reprogramming
efficiency. These results suggest that the low efficiency of cellular reprogramming is
partly the result of the cell’s inability to initiate a proper stress response to cope
with the newly expressed load of proteins that will eventually change the fate of this
cell.
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Résume

Les cellules somatiques peuvent étre reprogrammées en cellules pluripotent en sur-
exprimant 4 facteurs de transcriptions: OCT4, SOX2, KLF4 et c-MYC. Ce
processus nécessite en théorie un remodelage des organelles et un changement
drastique du métabolisme. De plus, la reprogrammation cellulaire posséde une
composante stochastique qui est peu comprise et conduit a une faible efficacité.
Nous avons fait I’hypothése que cette variabilité est en partie due aux variations de
la régulation de I’homéostasie protéique. Nous nous attendons a ce que la premiere
phase de reprogrammation active les voies de stress qui régulent I’homéostasie
protéique, ce qui impacterait I’efficacité de reprogrammation. Notre attention s’est
dirigée vers le role de la réponse aux protéines dépliées du réticulum
endoplasmique. Nous avons découvert que cette voie est active pendant la
reprogrammation cellulaire et que son activation peut augmenter Pefficacité de ce
processus. Par ailleurs le niveau d’activation de cette voie peut prédire I’efficacité de
reprogrammation. Ces résultats suggerent que la faible efficacité de
reprogrammation cellulaire est en partie due a ’incapacité des cellules a activer
cette voie de stress afin de pouvoir correctement répondre a la nouvelle charge de
protéines synthétisées qui changera I’état de cette cellule.
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Introduction

I. A brief history of cellular reprogramming

a) The reversibility of differentiated states

The notion of cell fate dates back to the late 19" century when August Weismann made
the assumption that because germ cells mediate inheritance, there must be a deletion or
inactivation of the unnecessary genetic codes in somatic cells. This is known as the
Weismann barrier (Weismann et al., 1893). Later on, in the mid-20" century, Conrad
Waddington used the image of a ball rolling downhill to describe embryonic
development. The ball starts from the top of Waddington’s mountain symbolizing the
immature stem cells and rolls down in valleys representing the mature differentiated
states (Waddington, 1957). In this model the ball is “trapped” in the valley with no
possibility to come back or move to another valley because of gravity. Therefore, the

cells are committed to one lineage that will result in a permanent cell state (Figure 1,

p.13).

The first evidence that this theory was not accurate was discovered by Sir John Gurdon in
1962. He reported that cells could be reprogrammed to a different state using somatic cell
nuclear transfer (SCNT) (Gurdon, 1962). Gurdon transferred the nucleus of the intestinal
epithelium cells into an enucleated egg (Figure 1, p.13). This artificial chimera started to
divide and generated an embryo identical to the donor of the somatic cell. This
established that the somatic cell nucleus possesses all the genetic information that is
present in the embryonic stem cells. Thus, a somatic nucleus can be reprogrammed to an
embryonic state capable of generating an entire individual. Later during the 20" century,
other groups expanded SCNT to mammals with the charismatic cloning of the sheep
Dolly (Wilmut et al., 1997). Furthermore, mice were successfully derived by SCNT
using B cells, which had undergone VDJ-recombination (the mechanism responsible for

the high diversity of antibodies and T cell receptors found on B and T cells respectively)
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(Hochedlinger and Jaenisch, 2002). Therefore, terminally differentiated cells were able to

reprogram, breaking down the idea of irreversibility of the differentiation process.

The generation of heterokaryons, fusion of two different cell types that then contain two
different nuclei, showed that it was possible to reprogram the gene expression profile of
the cell (Figure 1, p.13). Genes that were usually silenced in one cell type could be
reactivated by the fusion with another cell type that expresses them (Blau et al., 1983;
Takagi et al., 1983). Very interestingly, this observation was expanded to the fusion of
somatic cells such as fibroblast with pluripotent cells, cells that have the potential to
produce any embryonic tissue. Pluripotency genes expressed predominantly by stem cells

such as octamer-binding protein 3/4 (OCT-3/4; OCT4) were then expressed in fibroblasts

opening the avenue to cell rejuvenation (Cowan et al., 2005; Tada et al., 2001). This
discovery implied the existence of factors coming from the stem cell that are able to
reprogram the somatic cell into a more “stem-like” cell state and more generally, that key
factors could change the fate of a cell. The forced expression of key transcription factors
known to mediate the cell identity was used to rewire the gene expression of different cell
types and turn them into another. This process is known as transdifferentiation or direct
cell conversion. For example, the forced expression of solely MYOD (myoblast
determination protein), a muscle differentiation protein, in mouse fibroblasts is sufficient
to turn the cells into myoblast-like (Davis et al., 1987). This finding was expanded to

other cell type transdifferentiation.

12
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Somatic cell nuclear transfer (SCNT)

@ - OH—e
Somatic cell Enucleated SCNT-
(nucleus) egg ES cell

Cell fusion with pluripotent stem cell (PSC)
@ o—@
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N 2.
5"\00 9% %
£ &%
SIS %,
RS 1 .
&L O Intermediate %2,
QQ'\zS\ (progenitor) 2%

Transdifferentiation

Direct cell conversion

<O + M\YOD —> 000 O

Fibroblast Myoblast

Figure 1: The plasticity of the cell fate. Cell fate acquisition was believed to be unidirectional, starting from an
immature pluripotent to a mature differentiated state. Waddington described this process as a ball rolling from
the top of the Waddington “mountain” to “valleys” where it will be “trapped”. Somatic cell nuclear transfer and
somatic cell fusion with pluripotent stem cell indicated that this hypothesis was wrong and established the first
indication of cellular fate plasticity. The epigenetic memory of the somatic cell can be erased. It was later shown
that ectopic expression of key transcription factors was able to convert a cell type to another. Overexpression of
MYOD (myoblast determination protein) in fibroblast converted them into myoblasts. The most sticking
evidence of cell fate plasticity came from the Yamanaka group showing that somatic cells were able to be
reprogrammed into a pluripotent stem cells state called induced pluripotent stem cell (IPSC) by the ectopic
expression of solely four factors: OCT4, SOX2, KLF4 and c-MYC (OSKM). PSC: pluripotent stem cell; ES:
embryonic stem; SCNT: somatic cell nuclear transfer. This figure is adapted from (Takahashi and Yamanaka,
2016).
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b) Induction of pluripotency

The idea that factors defining a particular cell state could be used to change the fate of
other cell types gave rise to the discovery of induced pluripotent stem cells (IPSCs) by
the group of Shinya Yamanaka (Takahashi and Yamanaka, 2006) (Figure 1, p.13).

i) Embryonic stem cells

ESCs are characterized by their ability to indefinitely self-renew and form all the
embryonic tissues. This property is named pluripotency. It is noteworthy that totipotency
defines cells that contribute to the formation of all the tissues from a developing organism
such as extra-embryonic and placental tissues and obviously embryonic tissue. Only the

zygote and the two first cleavage division cells possess this property.

The study of pluripotency was made easy by the derivation of ESCs lines form the inner
cell mass of blastocyst first in mouse (Evans and Kaufman, 1981; Martin, 1981), and then
in human (Thomson et al., 1998). Of interest, the culture conditions between mouse and
human ESCs were distinct maybe due to species differences and stage of the inner cell

mass cells from which they are derived from (Nichols and Smith, 2009).

ii) Identifying ES cell-associated transcripts (ECATS)

Several groups, including the Yamanaka group, developed tools to identify key factors
required for pluripotency and infinite proliferation, key characteristics of ESCs. This was
accomplished mainly by transcriptional profiling of mouse ES cells. These ES cell-

specific genes were termed ES cell-associated transcripts (ECATSs).

OCT4 and SOX2 (SRY box-containing factor 2) were among the first well-described
core transcription factors of pluripotency networks. They regulate the expression of other

pluripotency-associated genes (Tokuzawa et al., 2003; Tomioka et al., 2002).

14
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By using the transcriptional profile of mouse ES cells, the Yamanaka group identified
NANOG homeobox as an ECAT showing its crucial role in the maintenance of
pluripotency (Mitsui et al., 2003). NANOG overexpression was able to overcome the
absence of LIF (Leukemia inhibitory factor, an essential cytokine for mouse cell
pluripotency used in serum-containing media (Smith et al., 1988)). LIF stimulates the
STAT3 (signal transducer and activator of transcription 3) pathway preventing ES cell
differentiation in culture (Matsuda, 1999; Niwa et al., 1998). By comparing the
expression profile of NANOG overexpression in ES cells with and without LIF (Mitsui et
al., 2003; Smith et al., 1988), the Yamanaka group showed that Kriippel-like factor 4
(KLF4) was a target downstream of the LIF-STAT3 signaling pathway.

KLF4 overexpression was able to sustain ES cells self-renewal in a LIF-independent
manner indicating that KLF4 is a core component of the pluripotency network (Niwa et
al., 2009). With numerous other studies, this helped dissect and establish the core

pluripotency circuitry in ESCs (Figure 2, p.16).

Other molecules such as c-MYC (a proto-oncogene promoting cellular proliferation and
survival) (Cartwright et al., 2005)), B-catenin (a WNT signaling pathway regulator) (Sato
et al.,, 2004), TCL1 (T-cell leukemia/lymphoma protein 1, an activator of the PI3K
pathway), and the dominant-negative form of GRB2 (growth factor receptor-bound
protein 2) (Burdon et al., 1999a, 1999b; Cheng et al., 1998) were reported to be necessary
for the maintenance and/or specific to ES cells. Based on these observations and others,
the Yamanaka group established a list of 24 potential candidates for mediating cellular

reprogramming (Figure 2, p.16).
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Gene name Expression Function
1 Khdh3 (ECAT1) pluripotent cells, Putative RNA-interacting protein
germ cells
2 Esgl{ECAT2 Dppa$) i cells  RNA protein
- E EE EEEEEEEEEEEE TR EEEEE E T . .. 3 Foxo15 (ECAT3) pluripotent cells, Target of Oct3/4 and Sox2
: S germ cells
. 4 Nanog (ECAT4) pluripotent cells, Core transcription factor in
: TropheCtOderm germ cells pluripotent cells
' 4 Handl ERas (ECATS) pluripotentcells  Activator of PI3K pathway
.
H - = Dnmt3l (ECAT7) ip cells,  DNAmethyltransferase family
'm) ' o germ cells required for matemal genomic
. Eomes imprints
' < = 5 > = = =
7 Tdrd12 (ECATS) pluripotent cells, RNA-interacting protein required
: germ cells for germ cell development
\ : Ectode rm 8  Gdf3(ECAT9) ph:;;poten; cells,  amember of TGF superfamily
—_ early mesoderm
'E’ Lhx5 9 Soxis pluri i
potent cells Sox family member has redundant
\ / function with Sox2
Otxl 10 Dppa4 (ECAT15-1) i cells,  DNA ing factor
D) |~ — | - e
L mj ] 11  Dppa2 (ECAT15-2) pluripotent cells, DNA-interacting factor
cm F0OX01 germ cells playsimportant role in lung
- development
12 Fthl17 (ECATZ0) pluripotent cells Ferritin, Heavy Polypeptide-Like
N e Mesoderm [
Myfs 13 Sall4(ECAT24) lurip: cells, factor plays
germcells important role in pluripotency
14 Oct3/4 pluripotent cells, Core transcription factor in
/ germ cells pluripotent cells
G 15 Sox2 pluripotent cells, Core transcription factor in
SC germ cells, neural pluripotent cells
cells
" d 16  Rexl 2] ripotent cel Target of Oct3/4
Daxl) | .. Endoderm o Zhpa2) B
FO Xa 2 17  Utfl pluripotent cells, Target of Oct3/4 and Sox2
Self-renewal and o ) — ::‘"‘““‘ S
. 1 cll uripotent cel ctivator of pathway
pluripotency \/ Gataé ) germcelis
_— 19 Dppa3 (Stella, PGCT) d cells,  DNA-i ting molecul
H germ cells protects against DNA
Li neage demethylation in early embryos
commitment 20 K4 videly factor plays
important role in pluripotency
21 B-catenin idely d Regqul. of of cell adhesion and
(stabilized mutant) gene transcription as a target of
‘Wht pathway
Nature Reviews | Molecular Cell Biology 22 <My vdely T factor plays
(stabilized mutant) important role in pluripotency
23 Stat3(domi active) idely d Transcription factor plays
important role in pluripotency
24  Grb2 widely expressed Adaptor molecule of Ras/MAPK
{dominant negative) pathway

Figure 2: The stem cell core circuitry and potential reprogramming factors. A complex set of signaling controls embryonic stem cell (ESC) pluripotency and self-
renewal. This circuitry is mostly base on mice data but seems to be conserved in humans. OCT4 (also known as POUF5F1), SOX2 and NANOG form a transcriptional
module essential for ESC maintenance. Both SOX2 and NANOG (not shown) interact with OCT4 and positively regulate their three transcripts. These genes activate the
expression of other pluripotency genes (left of the core circuitry) and at the same time repress lineage commitment genes (right of the core circuitry). The list of the 24
candidate genes for reprogramming selected by the Yamanaka group are enumerated in the table on the right. The core circuitry figure was adapted from (MacArthur
et al., 2009) and the list of the 24 candidate genes from (Takahashi and Yamanaka, 2016).
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iii) Looking for the reprogramming factors

Takahashi and colleagues (Takahashi and Yamanaka, 2006) tested the 24 candidates for
their ability to transform mouse fibroblasts into embryonic stem cell-like cells. None of
them on its own was able to support survival in their experimental design. Interestingly,
the combination of the 24 factors gave rise to colonies resembling those of embryonic
stem cells. By removing single factors of the 24-pool, they were able to narrow down the
list to ten factors that were able to reprogram fibroblasts. Further removal of a particular
combination of 4 factors showed to inhibit the formation of the colonies. Conversely, the

expression of those 4 factors was able to give rise to colonies. Those factors referred as

the Yamanaka factors consist of OCT4, SOX2, KLF4 and c-MYC, also know as OSKM.

The Yamanaka group using the same combination of transcription factors then expanded
this discovery to human cells (Takahashi et al., 2007). Interestingly, almost at the same
time, James Thomson’s group at University of Wisconsin, Madison, generated human
IPSCs using an alternative combination of transcription factors keeping OCT4 and SOX2
but differing by including NANOG and LIN28 (a cytoplasmic RNA-binding protein) (Yu
et al., 2007) instead of KLF4 and c-MYC.

¢) The power of IPSCs and their limits

i) Applications for regenerative medicine and disease research

ESCs are an infinite source of cells that could be used for regenerative medicine and a
powerful tool to study the steps of development and differentiation. Yet, ethical concerns
were raised due to the use of embryos and the likely immune rejection obstructed the

potential use of ESCs.

The possibility to derive IPSCs lines from patient’s cells removes these roadblocks.
Autologous patient-specific stem cells can be derived avoiding the complications due to
immune rejection. The derivation of these cells comes from the patient somatic tissue

therefore escaping the use of embryos.
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In order to use IPSCs for clinical applications, it was necessary to achieve
reprogramming without changing the genome of the somatic cell by integrating the
reprograming factors. Several techniques were developed such as Cre/Lox (Soldner et al.,
2009) or piggyback (Kaji et al., 2009) system, non-integrating viruses (Fusaki et al.,
2009), episomal vectors (Yu et al., 2009), and direct mRNA (Warren et al., 2010) or
protein (Kim et al., 2009) delivery of the reprogramming factors.

Of great interest is the possibility to study diseases using patient-derived cells with all the
genetic alterations. It is therefore possible to establish an in vitro system to investigate a
particular disease and to potentially establish therapies (Robinton and Daley, 2012).
Moreover, the combination with the newly developed genome editing strategies
combined with IPSCs technologies open astonishing avenues for tackling those issues

(Hockemeyer and Jaenisch, 2016).

ii) IPSCs quality and their resemblance to ESCs

IPSCs and ESCs share many similarities such as morphology, overall gene expression,
telomeres and mitochondria biology (Suhr et al., 2010; Van Haute et al., 2013).
Nevertheless, studies pointed out differences in the genome, epigenome, transcriptome
and proteome raising concerns about their use for therapeutic applications (Gore et al.,
2011; Hussein et al., 2011; Laurent et al., 2011). The observed genetic abnormalities
could be the result of oncogenic stress induced by the reprogramming factors (Gonzalez
et al.,, 2013). Indeed, cells exposed to OSKM or OSK show higher levels of
phosphorylated histone H2A.X (an early response to double strand breaks). Other studies
failed to find genetic and epigenetic abnormalities that would distinguish IPSCs from
ESCs (Bock et al., 2011; Cheng et al., 2012; Gore et al., 2011; Guenther et al., 2010;
Newman and Cooper, 2010). Interestingly, these data showed that the extent of variations
between IPSCs and ESCs were similar to those seen within different IPSCs and ECSs
(Vitale et al., 2012).

Table 1, p.19 briefly summarizes the similarities between ESCs and IPSc and their

potential for diverse applications.
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Table 1: Comparison of embryonic stem cells and induced pluripotent stem cells. Both cells are pluripotent stem
cells suitable for the study of stemness, development and differentiation. They differ in their potential to study
disease specific models, their applicability for clinical applications and their origin.

Embryonic stem cells Induced pluripotent stem

cells

Express stemness markers YES YES

Pluripotent YES YES

Study development and YES YES

differentiation

Use for disease models Some YES, cells are patient-derived

Immune rejection for Very likely, cells are NO, cells are autologous

clinical applications allogeneic patient-specific

Requires embryos or oocytes YES NO

d) Mechanisms of reprogramming: a two-step route

The exact way cellular reprogramming is achieved still remains unknown. The cells have
to overcome a series of roadblocks such as apoptosis, cell-cycle arrest and senescence
(Banito et al., 2009; Marion et al., 2009; Utikal et al., 2009), oxidative burst (Ji et al.,
2014), and DNA damage (Ruiz et al., 2015) in order to successfully become IPSCs. It
also includes the silencing of somatic cell genes, switch from an oxidative to a glycolytic
metabolism (Panopoulos et al., 2012; Zhang et al., 2012) and requires a mesenchymal-to-
epithelial transition (Li et al., 2010; Samavarchi-Tehrani et al., 2010). Population and
single-cell based studies suggest a two-step process for cellular reprogramming. These
results mainly rely on observations from mouse reprogramming, but seem to be

conserved during human cell reprogramming (Figure 3, p.20).
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Figure 3: Mechanisms of reprogramming in two steps. During the first stochastic phase, OSKM (OCT4, SOX2,
KILF4 and ¢-MYC) act as pioneer factors and bind many different regions of the genome that are not OSKM
targets in embryonic stem cells. This generates a dynamic state of the chromatin. Among the early genes OSKM
binds to are: identity genes of the somatic cell (i.e. mouse embryonic fibroblast: MEF genes) such as epithelial-
to-mesenchymal transition identity genes (EMT) and mesenchymal-to-epithelial transition identity genes (MET)
(orange box); genes involved in cellular proliferation, apoptosis and metabolism (red box); unknown target
thought to facilitate the genomic fluidity (light grey); and distal regions of early pluripotency genes (dark grey).
The light blue box represents the late pluripotency genes that are at this time refractory to be bound by OSKM.
A second phase that is more hierarchical occurs. The first part of it is very speculative; in rare cells the early-
activated pluripotency genes can start a more deterministic activation of core pluripotency genes such as Sox2
through a direct or hierarchical fashion. Sox2 is part of pluripotency initiating factors (PIFs) indispensable for
the initiation of the core pluripotency circuitry. The endogenous pluripotency proteins OCT4, SOX2 and Nanog
(OSN) bind their target genes (Boyer et al., 2005) and maintain the pluripotency of the induced pluripotent stem
cells (IPSCs) in the absence of the exogenous targets. This figure was taken from (Buganim et al., 2013).

In the first step, OSKM bind to various loci not restricted to the ones they would usually
bind to in ES cells (Soufi et al., 2012). For example, c-MYC binds to methylated H3K4
regions, marking open chromatin, which includes enhancers and promoters of the somatic
genes leading to their silencing (Soufi et al., 2012; Sridharan et al., 2009). This first wave
of gene activation is also characterized by the expression of genes implicated in
cytoskeleton organization, metabolism, chromatin organization, cell cycle, mitochondria,
DNA repair, RNA processing and proliferation (Hansson et al., 2012; Polo et al., 2012a;
Zhang et al., 2012). At the same time, OSKM bind to promoters and enhancers of early

20



Introduction-A brief history of cellular reprogramming

pluripotency-associated genes leading to their expression (Soufi et al., 2012). The nature
of this early step is rather stochastic and inefficient (Buganim et al., 2012) due in
particular to repressive methyl histone marks. These marks cover genes required for

pluripotency induction and are responsible for closed chromatin conformations (Soufi et
al., 2012).

In a second step, OSKM accesses loci of late pluripotency genes in a more hierarchical
and predictable way (Buganim et al., 2012). The access to these late pluripotency gene
loci can only occur after the first step. This enables the core pluripotency network to be

stably activated.

e) Enhancing the efficiency of reprogramming

Cellular reprogramming is a very inefficient process, depending on the technique and the
cell type used; it ranges from 0.001% to 0.1%. Additional factors and molecules were
proposed to facilitate reprogramming and increase its efficiency. They are usually

referred as “reprogramming enhancers”.

i) Genes associated with pluripotency

The expression of other pluripotency-associated genes can increase and in some cases

even replace one of the 4 reprogramming factors.

Together with OSKM, TBX3 (T-box transcription factor 3) in mouse and UTF1
(undifferentiated embryonic cell transcription factor 1) or SALL4 (Sal-like protein4) in
human, can increase the reprogramming efficiency (Han et al., 2010; Tsubooka et al.,
2009; Zhao et al., 2008). KLF4 can be replaced by ESRRp (Oestrogen-related receptor )
in mouse and NANOG in humans (Feng et al., 2009; Picanco-Castro et al., 2010).
Similarly, NR5A2 (nuclear receptor subfamily 5 group 2) and TCL1A can substitute
OCT4 (Heng et al., 2010; Picango-Castro et al., 2010). Enhancers of reprogramming or
substitutes for OSKM can also be predicted by their role in the maintenance of ES cells

pluripotency. Therefore, it is not surprising to find that ESRRJ is an enhancer. Indeed, it

21



Introduction-A brief history of cellular reprogramming

is a direct target of NANOG that can rescue pluripotency in NANOG deficient ES cells
(Festuccia et al., 2012).

ii) Genes involved in cell cycle-regulation

Infinite self-renewal is another characteristic of PSCs. c¢c-MYC promotes cell
proliferation. Cell proliferation is required to achieve cellular reprogramming. Tumor
suppressor p53 inhibits proliferation and thus its inactivation increases cellular
reprogramming probably by overcoming DNA damage and senescence (Banito et al.,
2009; Hong et al., 2009; Kawamura et al., 2009; Li et al., 2009; Marién et al., 2009;
Utikal et al., 2009). In line with this observation, CIP1, INK4A and ARF (all cell cycle-
dependent kinase inhibitors) block cellular reprogramming (Banito et al., 2009; Li et al.,
2009; Utikal et al., 2009). Expression of REM2 or cyclin D1 (two cell-cycle enhancers
GTP-binding proteins) increases cellular reprogramming (Edel et al., 2010).

iii) Epigenetic modifiers

The passage from a differentiated to a pluripotent state requires a dramatic change in the
gene expression profile implying a wide range of epigenetic changes. Therefore, by either
promoting the expression of pluripotency genes or lowering the expression of somatic
genes can increase the reprogramming efficiency. This altered gene expression profile is
dependent on epigenetic marks and the roles they have on the transcriptional regulation
of the genes. For example, WDRS5 (WD repeat-containing protein) (Ang et al., 2011),
DOTIL, SETDB1 and SUV39HI (Onder et al., 2012) can positively or negatively affect
the efficiency of reprogramming. Vitamin C, by enhancing the activity of JHDM1A and
JHDMI1B (histone demethylases), increases the efficiency of reprogramming (Wang et
al., 2011).
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II. Alternative routes for increasing the reprogramming

efficiency and understanding its mechanism

a) Protein quality control as a necessity for ESCs maintenance

So far, in order to increase the efficiency of reprogramming, studies focused on mainly
trying to improve the resemblance of cells to be reprogrammed to ESCs at a
transcriptional level and by helping erase the epigenetic memory of the somatic cells in
order to speed up the process and hopefully restore the expression of the core
pluripotency genes network. This has been proven to be very efficient. We hypothesized
that helping somatic cells obtain additional characteristics of ESCs could improve the
efficiency of reprogramming. Because of their ability to indefinitely self-renew it is
important for the ESCs to protect their protein homeostasis (proteostasis) over many cell
divisions. This characteristic has to be shared with other stem cells such as adult stem

cells.

In order to find key regulators of the reprogramming process we decided to study the
features harbored by SCs to maintain their stemness through the prism of protein quality
assurance. By doing that we hoped to find potential cellular pathways that we could

modulate in somatic cells in order to increase the efficiency of reprogramming.

The following review is an effort to highlight characteristics of ESCs and also adult SCs
that could be important for cellular reprogramming. The mechanisms in play in both
ESCs and adult SCs to ensure their self-renewal and maintenance could be used to
increase the efficiency of reprogramming. It underlines the need to maintain a healthy
proteostasis in SCs in order to ensure their function during development and throughout
the course of life. How SCs are able to maintain their function through aging and

development are important characteristic of stemness.
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This review summarizes how our laboratory relates protein quality control and stemness.
We greatly encourage you to read it to have a broader view of our working hypothesis but

it is not necessary for understanding the rest of the dissertation:

Vilchez, D.*, Simic, M.S.*, and Dillin, A. (2014). Proteostasis and aging of stem cells. Trends
Cell Biol. 24, 161-170.

* equal contributions
Appendix p. 118

While we were writing this review, we were excited to see the publication of studies that
linked mechanisms ensuring the quality of proteostasis and the efficiency of
reprogramming. Interestingly, two major pathways ensuring the protein quality control in
the cells were also playing an important role during cellular reprogramming: autophagy
(Wang et al., 2013; Wu et al.,, 2015) and the ubiquitin-proteasome system (UPS)
(Buckley et al., 2012a; Qin et al., 2014). Inhibition of the proteasome activity by either
drug treatment with MG132 or genetically by knocking down PSDM 14 (a deubiquinating
enzyme), decreased significantly the efficiency of reprogramming (Buckley et al.,
2012a). Conversely, the knockdown of FBXW7 (F E3 box ligase) increased the
reprogramming efficiency (Buckley et al., 2012). Recently, in a genome-wide RNAi
screen, Qin and colleagues (Qin et al., 2014) also identified the UPS as a potent barrier

for reprogramming.

Even though controversial results have been published, it appears that autophagy also
plays an important role in reprogramming. Autophagy is transiently induced during the
early stages of reprogramming (Wang et al., 2013; Wu et al., 2015). Whether it plays a
positive or negative role is up to debate. Wang and colleagues (Wang et al., 2013)
reported that knockdown of ATGS, a key player in the autophagosome formation,
resulted in an impaired reprogramming. Wu and colleagues (Wu et al., 2015) reported the
opposite; they knocked-down additional player in autophagy such as BECN1 and VSP34
and observed a higher efficiency of reprogramming suggesting a negative role of

autophagy during reprogramming.
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Based on these observations, we reasoned that not only the quality of the proteostasis has
to be high in ESCs but also the path towards the acquisition of pluripotency during
reprogramming has to enable the renewal and ensure the quality of the proteaome. This
would explain why autophagy is transiently activated during reprogramming (Wang et
al., 2013; Wu et al., 2015). Mechanisms important for the maintenance of pluripotency
are intrinsically important during the loss of pluripotency that happens during
development and differentiation. Because reprogramming seems to be to some extent the
reversal of development and differentiation we hypothesized that cellular pathways
ensuring the quality of the proteome during normal development and differentiation

should also be required for reprogramming.

b) Insights from developmental biology

In order to narrow down which pathways could be the most important for cellular
reprogramming, we turned to development. Indeed, reprogramming can be
comprehended as a reversal of development. Using a mouse secondary reprogramming
system, Cacchiarelli and colleagues (Cacchiarelli et al., 2015) observed distinct waves of
gene network activation corresponding to developmental genes characteristic of early
embryonic patterning genes and followed by a pre-implantation gene signature, such as
miR371, DPPA3 (developmental pluripotency-associated 3) and DNMT3L (DNA
methyltransferase 3-like). This being the case, we hypothesized that key cellular
processes required during normal development and differentiation could be potential
candidates to study reprogramming and increases its efficiency. Besides the obvious
epigenetic remodeling that is required to change cell fate, we propose that the
maintenance of the cell proteostasis should be of great benefit to reprogram efficiently

and successfully.
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¢) The role of the UPR™® during development and differentiation

Cellular reprogramming by its nature requires a wide morphological change of the
somatic cell. Remodeling of organelles such as mitochondria has been shown to take
place during reprogramming (Wang et al., 2013; Wu et al., 2015). To our knowledge, no
data have been published regarding the remodeling of the ER. This was surprising
because the ER homeostasis can be disrupted during tissue development, cell
differentiation, senescence (Pluquet et al., 2015), by altered redox status (Merksamer et
al., 2008), DNA damage (Fornace et al., 1988) or during an increase of protein synthesis

(Kozutsumi et al., 1988). All these changes also happen during cellular reprogramming.

Interestingly, evidence suggests that the ER stress and UPR effectors are required during
development. Indeed, the homozygous deletion of either Hspa5 (Luo et al., 2006), Grp94
(Wanderling et al., 2007), Grp58 (Garbi et al., 2006), Irela (Iwawaki et al., 2009), Xbp1
(Reimold et al., 2000), Calreticulin (Mesaeli et al., 1999), or deletion of both A#f6a and
Atf6b (Yamamoto et al., 2007) leads to embryonic lethality in mice. This is particularly
interesting if reprogramming has reversal features of development; it would not be
surprising that the ER stress and UPR modulators would be beneficial for
reprogramming. To further support this idea, several components of the endoplasmic
reticulum unfolded protein response (UPR™®) have been shown to have an important role
during differentiation. IREI increases lymphopoiesis of B cells (Zhang et al., 2005),
XBP1 induces osteogenic and plasma differentiations (Iwakoshi et al., 2003), and CHOP
plays an important role in the differentiation of B cells, erythrocytes, osteocytes and
chondrocytes (Cui et al., 2000; Pereira et al., 2004; Skalet et al., 2005; Yang et al., 2005).
The UPR™, as a stress-coordinated pathway, is important in the regulation of

differentiation of the mouse intestinal epithelial stem cell (Heijmans et al., 2013).
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III. The importance of the ER and UPR™®

a) The integrative role of the ER

The ER is the main organelle responsible for the synthesis, maturation and post-
translational modification of secreted and membrane proteins. It is involved in the
synthesis of 1/3 of the cell proteome, the biogenesis of membranes structures and
metabolic process such as ion storage (Kleizen and Braakman, 2004). Fatty acid
desaturation and other lipogenic reactions such as those involved in ceramides, sterols,
triacylglycerols and most phospholipids synthesis, occur on the cytosolic face of the ER
membrane. The ER houses enzymes involved in fatty acid oxidation and
gluconeogenesis. Its membrane forms the nuclear envelope and contributes to the
biogenesis of autophagic membranes, peroxisomes and lipid droplets. The transfer of
various molecules, lipids and calcium are facilitated by its numerous contacts with other

membranes structures of the cell (Rutkowski and Hegde, 2010).

Hence, the ER integrates these various aspects of cellular and organismal homeostasis
into a unique molecular response: the unfolded protein response (UPR™®). The UPR™ is
an important pathway as shown by its conservation among various species from yeast to
mammals (Ruberti and Brandizzi, 2014). This integration has to take into account the
nature of the perturbation, intensity and duration in order to properly maintain

homeostasis.

b) The molecular mechanism of the UPR™®

Kozutsumi and colleagues (Kozutsumi et al., 1988), and later Dorner and colleagues
(Dorner et al., 1990) observed that the impairment of ER protein folding in consequence
to toxin exposure can lead to the induction of ER chaperones. This set the path to look for
signaling mechanisms from the ER to the nucleus and eventually uncover this more

general pathway that is the UPR™®.
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Upon ER stress, three main responses take place (Ron and Walter, 2007). First, a
transient adaptation occurs by lowering protein synthesis and translocation in the ER.
Second, UPR™® targets are transcriptionally activated in order to increase the capacity to
handle the unfolded proteins, in particular chaperones. Lastly, if the ER isn’t able to

restore its homeostasis, cell death is triggered as a response to protect the organism.

Yeast has a simple UPR™, a single arm compared to vertebrates. Irelp (the ER-resident
transmembrane kinase) upon ER stress activates Haclp, a transcription factor responsible

for the activation of numerous genes (Sidrauski et al., 1998).

In vertebrates, the UPR™ involves three ER-resident transmembrane proteins: IREl
(inositol-requiring protein-1), PERK (protein kinase RNA (PRK)-like ER kinase) and
ATF6 (activating transcription factor 6). Upon acute stress, these three branches reduce

the import of proteins into the ER by specific mechanisms.

These three ER-resident transmembrane proteins have a luminal portion able to sense
protein-folding environment in the ER, and a cytoplasmic portion transducing the state of
the ER to the rest of the cell via transcriptional and translational means. Figure 4, p.29,
summarizes the mechanism of the UPR™; a more detailed description of the three

pathways involved follows.
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Figure 4: The molecular mechanisms of the UPR" . A: In stressed cells, IRE1 oligomerizes and
trans-autophosphorylates, which unmasks its dormant endoribonucleolytic activity. Active IRE1
excises a small RNA fragment in XBPI mRNA. This spliced version encodes a potent transcription
factor, XBP1s, which activates a variety of genes including chaperones. This helps to deal with the
unfolded proteins. In parallel, active IRE1 degrades specific mRNAs, which results in a reduced
protein load on the ER. B: Upon stress, ATF6 is delivered to the Golgi apparatus where it is cleaved
by SP1 and SP2. The cytosolic portion of ATF6 is then imported into the nucleus where it activates
UPR target genes. C: Similarly to IRE1, PERK oligomerizes and is activated by trans-
autophosphorylation during stress. Subsequent phosphorylation of eIF2a at Ser51 leads to a global
decrease of translation. Through a particular mechanism, ATF4 translation is increased. ATF4
activates CHOP and GADD34. The later is important to dephosphorylate elF2a and stop the
activation of the PERK pathway. The figure was adapted from Walter and Ron (Walter and Ron,
2011).

i) IRE1 pathway

IRE1 (inositol-requiring protein-1) was discovered in yeast screen aiming at identifying
blockers of the UPR™ activation. IRE1 is type 1 ER-resident transmembrane protein. Its
cytoplasmic domain contains a kinase domain (Cox et al., 1993; Morl et al., 1993).
During stress, IREl oligomerizes and trans-autophosphorylates the juxtaposed
cytoplasmic kinase domain (Figure 4A, p.29). Interestingly, IRE1 is its own and only

substrate unlike classic cascade of kinase activation (Shamu and Walter, 1996). This
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results in the activation of its endoribonucleolytic activity (Sidrauski and Walter, 1997).
IRE1 cuts twice the only precursor mRNA Hac! in yeast (Cox and Walter, 1996; Mori et
al., 1996) and XBP1, x-box binding protein 1, in metazoans (Calfon et al., 2002; Yoshida

et al., 2001). A spliced version is then generated after the ligation of the 5’ and 3> mRNA
ends that encodes an activator of UPR™ target genes. Interestingly, in metazoans, both
the precursor and the spliced forms are translated (Calfon et al., 2002). The spliced form
of XBP1 is more stable and is a more potent activator of UPR target genes while the
precursor encodes a protein that represses UPR target genes (Calfon et al., 2002; Yoshida
et al., 2001). Among those genes are HSPAS (also known as BIP or GRP78) and p58IPK
(Lee et al., 2003).

Levels of XBPI mRNA will continue to rise even when the ER stress decreases and IRE1
is inactivated (Yoshida et al., 2006). This potentially serves to terminate the activation of
the UPR™® since the precursor XBPI mRNA encodes for a repressor of the UPR™® target

genes that could compete with the spliced form for binding sites.

In parallel, IRE1 is able to cleave diverse mRNA at the ER membrane, therefore reducing

the load of proteins in the ER by a mechanism called RIDD (regulated IRE1-dependent
decay) (Hollien and Weissman, 2006).

i) ATF6 pathway

Haze and colleagues (Haze et al., 1999) searched for proteins able to bind UPR-activated
promoters and found ATF6 (activating transcription factor 6). Synthesized as an inactive

precursor, ATF6 is tethered to the ER membrane and has a stress-sensing portion in the

lumen. Upon ER stress, ATF6 is shuffled from the ER to the Golgi where two Golgi-
resident proteases will cleave it (Figure 4B, p.29). The first is S1P (site 1 protease) and
the second S2P (site 2 protease), which cleave ATF6 in an intramembrane region
releasing its cytosolic DNA-binding domain that can in turn go to the nucleus and
activate target genes (Haze et al., 1999). This binding domain is a basic leucine zipper

(bZIP) domain; it binds to ER stress response element in the promoter of genes such as
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HSPAS5, CHOP, XBP1, GRP94 (glucose-regulated protein 94, an HSP90 chaperone
family member) (Yoshida et al., 2000).

iii) PERK pathway

PERK (protein kinase RNA (PKR)-like ER kinase) is another ER-localized type I
transmembrane protein. It has a stress-sensing luminal domain and a cytoplasmic portion
that contains a protein kinase domain. Upon stress, PERK is able to trans-
autophosphorylate after oligomerization (Figure 4C, p.29). PERK phosphorylates the a-
subunit of elF2a (eukaryotic initiation factor-2) at Ser51. This inhibits the pentameric
guanine nucleotide exchange factor elF2B and prevents the recycling of elF2a to its
active GTP-bound form. Less active elF2a are available which results in less translation
initiation, reducing the load of proteins in the ER (Harding et al., 1999). Parallel to its
role in reducing the global translation, phosphorylation of elF2a at Ser51 leads to the
transcriptional activation of genes involved in the UPRFR (Harding et al., 2003; Lu et al.,
2004). In mammalians, phosphorylated elF2a results in the translation of ATF4, a
transcription factor responsible for the activation of a wide variety of UPR™® genes. The
5’-untransltated region of ATF4 (uORF1, upstream open reading frame 1) facilitates the
scanning and reinitiation of ribosomes at downstream coding regions. Under unstressed
conditions, ribosomes scan downstream of uORF1 and reinitiate at the next coding
region: uORF2, an inhibitory element, which inhibits ATF4 translation. Under stress,
levels of the active GTP-bound elF2a form decrease and results in a delayed reinititation
of the ribosomes at the uORF2. This allows the ribosomes to scan through uORF2 and to
reinitiate at the coding region of ATF4 (Vattem and Wek, 2004). Two key target genes of
the PERK pathway are CHOP (transcription factor C/EBP homologous protein) and
GADD34 (growth arrest and DNA damage-induced 34). CHOP is induced by ATF4 and
controls the expression of genes involved in apoptosis (Marciniak et al., 2004).
Therefore, the PERK signaling pathway can be very protective under low activation and
initiate apoptosis when the stress is prolonged and stronger. CHOP induces the

expression of GADD34 which restores the protein translation by dephosphorylating

31



Introduction-The importance of the ER and UPRER

elF2a (Gorman et al., 2012). In order to fine tune the activity of CHOP and prevent the
premature activation of apoptosis, it has been observed that p58'"™™ (protein 58 inhibitor
protein kinase) binds and inhibits the PERK kinase domain, which stalls its activity (Yan
et al., 2002).

It is noteworthy that other signaling pathways such as amino-acid deprivation or double-
stranded RNA accumulation lead to the phosphorylation of elF2a and the activation of
common target genes with the UPR™®. For this reason, the signaling pathway downstream
of the elF2a phosphorylation was called integrated stress response (ISR) (Harding et al.,
2003). ATF4, in mammalian cells, accounts for about half of the PERK-dependent UPR
genes induction, suggesting the existence of other effectors downstream of

phosphorylated elF2a (Harding et al., 2003).

¢) Stress recognition

The exact mechanism of how these three transmembrane proteins sense stress and
misfolded proteins is still unclear. A titration type hypothesis was proposed to explain the
activation of the UPR™®. Under normal conditions, the ATP-dependent ER chaperone

HSPAS maintains these sensors in an inactive state by binding to their luminal domain.

HSPAS is a member of the HSP70 family of heat-shock proteins; it is the most abundant
protein in the ER lumen. Under conditions of stress, HSPAS binds to nascent peptides
and unfolded proteins and promotes proper folding in an ATP-dependent manner
preventing protein aggregation. Thus, when excessive amounts of misfolded proteins
occur, HSPAS is titrated away from the three stress-sensing transmembrane proteins.
Consistent with this idea, HSPAS overexpression attenuates PERK and IREI activities
and limits the UPR™ (Okamura et al., 2000).

A direct binding of the unfolded protein to one of these stress-sensors has also been
proposed based on crystal structures studies. The yeast IRE1 luminal domain has a major
histocompatibility complex-like domain architecture compatible with peptide binding

(Credle et al., 2005).

32



Introduction-The importance of the ER and UPRER

d) The ER shape and its contribution to the ER function

The ER is comprised of different domains that expand throughout the entire cell. The
nuclear envelope is a particular part of the ER composed of two flat and large membrane
bilayers (the outer and inner nuclear membranes) punctually connected by nuclear pores
(Hetzer et al., 2005). Branching out of the outer nuclear membrane, the peripheral ER is a
wide network of tubules and cisternae structures through the entire cytoplasm to the
plasma membrane. Importantly, the perinuclear space and the peripheral ER lumen are
continuous. Tubules are characterized by their high membrane curvature while cisternae
are regions of piled parallel flat bilayer membranes (Friedman and Voeltz, 2011). Key
proteins shape the ER and are associated to either tubules or cisternae structures.
Reticulon proteins, such as Reticulon 4 also called Nogo, are responsible for the tubules
high curvature and are required for their formation (Shibata et al., 2008). CLIMP-63 is

responsible for the proper intraluminal spacing of the cisternae (Shibata et al., 2010).

The shape of the ER is highly correlated to its function. Indeed, muscle cell ER is
enriched in tubules devoid of ribosomes. This could help to quickly control calcium
levels during contractions. Whereas secretory cells, which require abundant secretion of
proteins, have abundant cisternae densely covered with ribosomes (Friedman and Voeltz,
2011). Interestingly, the shape of the ER can be modulated in response to UPR™®

activation in order to alleviate the stress (Schuck et al., 2009).
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IV. Working hypothesis

During normal development and differentiation, cells can dramatically change their
morphology and remodel their organelles such as the ER. The UPR™® plays a crucial role
during those events. We reasoned that because cellular reprogramming can be
comprehended as a reversal of reprogramming, the UPR™ should have an essential
function in this process. The ER homeostasis is disrupted under conditions of senescence
(Pluquet et al., 2015), by altered redox status (Merksamer et al., 2008), DNA damage
(Fornace et al., 1988) or during an increase of protein synthesis (Kozutsumi et al., 1988).
These events happen during cellular reprogramming. We therefore hypothesized that the

UPR™ should be activated and play an active role during reprogramming.

Genes responsible for pluripotency and self-renewal, two of the key characteristics of
ESCs, greatly improve the reprogramming efficiency. Because SCs can indefinitely
divide, they must maintain an extremely “healthy” proteostasis, another key characteristic
of SCs. We therefore hypothesized that cellular pathways insuring this task could
enhance cellular reprogramming. We postulated that the proteotoxic-protective role of the

UPR™ could be beneficial for cellular reprogramming.

The following chapter summarizes our main findings regarding the contribution of the

UPR™ during cellular reprogramming.
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Results

This part summarizes the main results achieved during my doctoral work to study the role
of the UPR™ during cellular reprogramming. At the time of the writing, this work is
almost ready to be submitted, we decided to present our results in a paper manuscript
format. Due to formatting requirements for the manuscript, the discussion section of the
manuscript is very condensed and doesn’t go into details. Therefore, an extended
discussion section of the results follows. To avoid multiple identical citations, all the

references are summarized in one section at the end of the dissertation.
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ABSTRACT

Somatic cells can be reprogrammed into a pluripotent stem cells state and is
achieved by the forced expression of 4 transcription factors: OCT4, SOX2, KLF4
and c-MYC (Takahashi and Yamanaka, 2006). This process theoretically requires a
global remodeling of the organelles and a drastic change in metabolism (Folmes et
al,, 2011). Furthermore, reprogramming has an inherent property of stochastic
variation that is limiting and largely unknown. We hypothesize that this variation is
due, in part, by variable regulation of the proteostasis network. We therefore
postulated that the early steps of reprogramming would result in the activation of a
variety of stress pathways that regulate the proteostasis network, which might in
turn impact the efficiency of reprogramming. We focused in particular on the
endoplasmic reticulum unfolded protein response (UPR*®). We find that the UPR*®
is activated during reprogramming and that its activation can increase the efficiency
of this process. We find that stochastic activation of the UPR"® can predict
reprogramming efficiency. These results suggest that the low efficiency of cellular
reprogramming is partly the result of the cell’s inability to initiate a proper stress
response to cope with the newly expressed load of proteins that will eventually
change the fate of this cell.

Introduction

Cellular reprogramming of somatic cells into induced pluripotent stem cells (IPSCs)
through the forced expression of a set of factors (OCT4, SOX2, KLF4 and ¢c-MYC for
example) (Takahashi and Yamanaka, 2006) highlights the remarkable plasticity found
within cells and provides an incredible potential for regenerative medicine applications
(Polo et al., 2012). However, the quality and the high variability in efficiencies are
problematic (Gonzélez et al., 2011). Evidence of DNA damage and genomic instability in
IPSCs raises concerns for their use in patients (Ruiz et al., 2015). It is therefore important
to better understand the mechanisms underlying reprogramming to improve this method
(Vierbuchen and Wernig, 2012). The early phases of reprogramming is hypothesized to
be stochastic and responsible for its low efficiency (Takahashi and Yamanaka, 2016).
What drives this early stochastic variation is unknown and it remains the major hurdle in

the reprogramming process.
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The endoplasmic reticulum (ER) is the site where secreted and membrane-bound proteins
are synthesized and represents 1/3 of the proteome. The ER machinery integrates various
signals such as growth, differentiation and inflammation. When ER homeostasis is
disrupted by increased protein synthesis, cell differentiation, tissue development,
senescence, DNA damage and many other stressors, a complex signaling process is
activated: the unfolded protein response (UPR™) (Walter and Ron, 2011). The UPR™ is
composed of three branches. They operate in parallel and use distinctive signal
transduction mechanism. Each branch senses the protein folding state in the ER lumen
using three transmembrane proteins: ATF6 (activating transcription factor 6), PERK
(double-stranded RNA-activated protein kinase (PRK)-like ER kinase) and IRE1 (inositol
requiring enzyme 1) (Walter and Ron, 2011). IREl converges on the x-box binding
protein 1 transcription factor, XBP1, causing its splicing to create the XBPIs mRNA that
can be translated and incorporated into the nucleus to regulate hundreds of genes required

for ER protein folding and morphology.

Cellular reprogramming causes a dramatic change in cell morphology and imposes the
remodeling of many organelles such as mitochondria (Wang et al., 2013). We therefore
hypothesized that cellular reprogramming would restructure the ER and could potentially

activate the UPRE,

Results

The UPR™® is activated during reprogramming

Organelles such as mitochondria, ER and Golgi are less abundant and less mature in
embryonic stem cells (ESCs) compared to their differentiated counterparts (Sathananthan
et al., 2002). Therefore, cellular reprogramming involves a wide remodeling of these
organelles and a dramatic change in gene expression (Koche et al., 2011; Mikkelsen et
al., 2008). Synthesis of new proteins and proteins characteristic of the somatic state
coexist for a brief time (Koche et al., 2011; Mikkelsen et al., 2008) possibly creating an
imbalance in protein homeostasis. Thus, we hypothesized that cellular reprogramming

could activate particular stress pathways regulating protein homeostasis. We focused
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upon the UPR™®, which integrates intra- and extra-cellular signals for its role in cell

differentiation and development.

During ER stress, the transcription of central regulators of the UPR™ stress response are
increased as well as their downstream targets. We analyzed the mRNA levels of the
major transcription factors representing the three braches involved in the UPR™: ATF6,
ATF4 and XBPls (Walter and Ron, 2011), during reprogramming of human somatic
cells. All the three factors showed significantly higher levels than the control at day 6
after reprogramming suggesting an activation of the UPR™® (Figure 1A, pp.54-55). We
analyzed the canonical downstream transcriptional targets of the UPR™®, such as HSPA5
and GRP94 (Walter and Ron, 2011) and found that both had higher levels than cells not
undergoing reprogramming (Figure 1A, pp.54-55). The fold induction was similar to
what would be observed by the overexpression of XBP1s, the active form of XBP1 that
activates downstream targets of the UPR™ (Walter and Ron, 2011) (supplementary
Figure 1A, pp.62-63). To corroborate the RNA levels, we analyzed HSPAS protein levels
and found that it too was increased (Figure 1B, pp.54-55). To further characterize the
activation of the UPR™ we analyzed the phosphorylated state of IRE1 and PERK and
found that both were highly phosphorylated during the reprogramming process (Figure
1B, pp.54-55 and supplementary Figure 1C, pp.62-63). During the reprogramming
process, the 4 reprogramming factors are delivered by viral infection, to rule out the
possibility that the UPR™ is induced by the use of a viral delivery system, we used an
episomal delivery by electroporation of the reprogramming factors and observed UPR™

activation (supplementary Figure 1B, pp.62-63).

In yeast, ER stress induces a change in the ER morphology to allow supplementary
handling of misfolded proteins (Schuck et al., 2009). By electron microscopy analysis,
the ER appears largely tubular and lacking sheet structures during reprogramming
(Figure 1C, pp.54-55), strikingly resembling cells treated with the ER stressor,
tunicamycin (supplementary Figure 1D, pp.62-63). When we analyzed Reticulon 4 (a
marker of tubular ER) and CLIMP-63 (a marker of cisternae) (Friedman and Voeltz,

2011) levels during reprogramming, we found that Reticulon 4 was increased and
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CLIMP-63 was decreased, consistent with the EM analysis revealing tubular ER

structures and few sheet structures (supplementary Figure 1C, pp.62-63).

Tubular ER morphology is associated with impaired secretory capacity of the ER. We
tested the secretion capacity of cells undergoing reprogramming by following the
secretion of the exogenously expressed humanized Gaussia luciferase protein (Gluc)
(Badr et al., 2007). We collected the supernatant of cells expressing the reprogramming
factors and observed a reduction in secreted Gluc as measured by luciferase activity. The
reduced Gluc was not due to reduced expression of during the reprogramming process

(Figure 1D, pp.54-55). On the contrary, Gluc is unable to be secreted and stays in the ER.

Because basal levels of ER stress are observed during the early phase of reprogramming,
we reasoned that this could be protective against an additional ER stress such as the
addition of tunicamycin. We established dose-survival curve to calculate the EC50 and
found that cells undergoing reprogramming were more protected than control cells
(Figure 1E, pp.54-55). Taken together, ER stress and morphology are dramatically

altered during the reprogramming process.

Activation of the UPR"® increases the efficiency of cellular reprogramming

To better understand the role of the UPR™ during reprogramming and test if it could be a
limiting factor for successful reprogramming, we followed induction of the endogenous
HSPAS fused to eGFP. Using transcription activator-like effector nuclease (TALENS)
genome editing, we placed the eGFP encoding sequence into the 3’ end of one allele of
the HSPAS5 locus in H9 ESCs. Successful targeting was confirmed by southern blotting
(supplementary Figure 2A, pp.64-65). The HSPAS5-GFP cell line was then differentiated
into fibroblast-like cells to use for cellular reprogramming using an embryoid mediated
differentiation protocol (Ruiz et al., 2012). HSPAS5-GFP fibroblast cells responded
faithfully to ER stress caused by tunicamycin, showing robust induction under the stress
condition. Likewise, after removal of the tunicamycin, GFP levels dropped from these

cell lines (supplementary Figure 2B,C, pp.64-65).
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During the process of reprogramming the use of cell surface markers allows an accurate
assessment of the reprogramming efficiency. Previous studies showed that the fibroblast
surface marker CDI13 is downregulated during successful reprogramming while the
pluripotency markers such as SSEA-4 and TRA-1-60 are upregulated (Chan et al., 2009).
Interestingly, SSEA-4 appears earlier than TRA-1-60, the latter serving as a marker of
more mature [PSCs (Chan et al., 2009). Therefore, the simultaneous presence of both
SSEA-4 and TRA-1-60 is an indication of cells further along in the reprogramming
process (Figure 2A, I, pp.56-57), while cells only positive for SSEA-4 and lacking TRA-
1-60 would be less far progressed (Figure 2A, II, pp.56-57). Finally, cells with none of
these markers are the furthest from achieving the reprogrammed state (Figure 2A, III,
pp.56-57). Based on the distinction of the different reprogramming states using these
makers, we analyzed the levels of HSPAS5-GFP at different time points of reprogramming
(Figure 2B, pp.56-57). Consistently we observed higher levels of HSPAS-GFP in the
cells that had progressed the furthest in the reprogramming process (SSEA-4 and TRA-1-
60 positive, I).

To validate the GFP reporter, we sorted the three populations (I, II, and III) at day 7 of
reprogramming and assessed their UPR™ levels by mRNA levels. As expected, we found
higher levels of induction in the SSEA-4+/TRA-1-60+ cells (Figure 2C, pp.56-57).
Additionally, we confirmed the reactivation of the endogenous stemness genes in the

SSEA-4+/TRA-1-60+ population (supplementary Figure 3, pp.66-67).

Because of the correlation between increased HSPAS levels and progression towards the
reprogrammed state, we asked what role, if any, did the UPR™ play in the
reprogramming process. To address this question, we modulated the UPR™ during
reprogramming either pharmacologically or genetically. Pharmacologically, we either
activated the UPR™ using APY29, a drug that activates the RNAse activity of IREI
(Hetz et al., 2013) , or inactivated the UPR™ using GSK2656157, a compound that
inhibits both PERK and elF2a phosphorylation (Atkins et al., 2013) (supplementary
Figure 4A, pp.68-69). In all cases cell proliferation rates were unaffected

(supplementary Figure 4B, pp.68-69). Strikingly, activation of the UPR™ with APY29
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increased the percentage of cells expressing the SSEA-4 and TRA-1-60 while limiting the
UPR™ with GSK2656157 decreased this population (Figure 2D, pp.56-57).

Intrigued by the pharmacological manipulation of the UPR™® upon reprogramming, we
investigated whether overexpression of XBPls could increase the reprogramming
efficiency in keratinocytes. Consistent with the previous results, XBP1s increased the
reprogramming efficiency and this activity was dependent upon the transcriptional
activity of XBPI1s since overexpression of a mutant version of XBPls that lacked its
DNA binding domain was unable to promote reprogramming (Figure 2E, pp.56-57). We
confirmed that the increase in reprogramming efficiency was not the result of a higher
proliferation rate due to XBP1s overexpression (supplementary Figure SA, pp.70-71) and
also followed cells to full IPSCs formation verifying the expression of stemness genes
(supplementary Figure 5B, pp.70-71). We were able to expand these observations by
reprogramming fibroblast using an episomal method (supplementary Figure 6, pp.72-73).

Taken together, UPR™ activation is necessary and sufficient to promote reprogramming
of fibroblast-like cells. On the basis of these results we concluded that activation of the

UPR™ increases reprogramming efficiency.

Activation of the UPR"® must be transient during reprogramming

Interestingly, we observed qualitatively that the success of IPSCs clonal expansion was
lower when cells overexpressed XBP1s driven by the EFla promoter with retroviral
reprogramming. On the contrary, in the episomal reprogramming method, IPSCs clonal
derivation was very similar between the GFP control and XBP1s overexpression driven
by a CMV promoter. EFla promoter is notoriously used in embryonic stem cells because
it is rarely silenced contrary to CMV (Xia et al., 2007). This led us to postulate that high
levels of XBP1s in IPSCs would be detrimental and that the UPR™ is required transiently
during reprogramming. Consistent with this observation, EFlo driving XBPls IPSC
successfully derived clones showed silencing to levels similar to EFla driving emGFP
derived clones while the XBPIs-DBD (coding for the transcriptionally inactive XBP1s)
IPSC derived clones failed to do so (supplementary Figure 7A, pp.74-75). Remarkably,
overexpression of XBP1s using the EFla promoter in H9 ESCs prevented their proper
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spreading (supplementary Figure 7B, pp.74-75). Notably, basal levels of UPR™ activity
are low in embryonic stem cells compared to their differentiated counterparts as shown
by transcriptome analysis from a published data set (Lowry et al., 2008; Soufi et al.,
2012) (supplementary Table 1, p.80), the HSPAS5-GFP levels (supplementary Figure 7C,
pp.74-75) and western blot of XBP1s and ATF6 (supplementary Figure 7D, pp.74-75).

Therefore, activation of the UPR"® must be transient during reprogramming.

HSPAS-GFP levels predict the efficiency of reprogramming

Because reprogramming efficiency could be increased by the activation of the UPR™, we
postulated that the levels of HSPAS5-GFP might predict the efficiency of reprogramming
in populations of cells undergoing the process of reprogramming. Therefore, we
hypothesized that variations in the levels of HSPAS could be a driving factor for
successful reprogramming. During the early phase of reprogramming using our HSPAS5-
GFP reporter we observed a Gaussian distribution of GFP fluorescence amongst the cell
population (Figure 3A, pp.58-59). We subdivided the GFP positive population into 3
equal subpopulations according to their levels of HSPAS5-GFP expression (low, medium
and high) at day 8 of reprogramming. The percentage of SSEA-4+/TRA-1-60+ cells was
the highest in cells with the higher levels of HSPAS5-GFP and lowest in the cells with the
lower levels of HSPAS5-GFP expression (Figure 3A, pp.58-59). We expanded this
observation to multiple time points during reprogramming and observed the same result:
higher HSPAS5-GFP correlated with increased SSEA-4/TRA-1-60+ cells (Figure 3B,
pp-58-59). This finding suggests that levels of HSPA-5 could serve as a good predictor of

reprogramming efficiency.

To test this idea, we sorted cells at day 7 of reprogramming based on their levels of
HSPAS-GFP into two populations: high and low levels. Cells were plated onto MEFs and
we assessed IPS colony formation. After 10 days in culture, cells were stained for TRA-
1-60. As postulated, cells with higher levels of HSPAS5-GFP at day 7 gave rise to more
IPS colonies (Figure 3C, pp.58-59). Taken together, HSPAS5-GFP levels appear to be

predictive of IPSC formation during the reprogramming process.
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Cellular internal complexity predicts the efficiency of reprogramming

During FACS analysis of the high HSPAS-GFP fibroblast-like cells we noticed that the
Side SCatter (SSC) and Forward Scatter (FSC) parameters of these cells were distinct
from low HSPAS5-GFP cell populations under normal growth conditions (Figure 4A,
pp.60-61). SSC reflects the internal cellular complexity and membrane texture while FSC
measures the size of the cells (Figure 4A, pp.60-61), suggesting that high HSP5-GFP
cells might have more complex internal granularity and possibly be larger. Under normal
conditions, the top 33% HSPAS-GFP fibroblast-like cells had high internal cellular
complexity and size; conversely the lowest 33% HSPAS-GFP cells had a lower internal
cellular complexity and size. Therefore, there appears to be a gradient that positively
correlates the levels of HSPAS-GFP with SSC and FSC. To exclude the possibility that
those are two distinct populations resulting from a heterogeneous differentiation, we
sorted these two populations. Seven days later the HSP5-GFP medians were similar
(Figure 4B, pp.60-61). In addition, when the UPR™ was ectopically induced, by
expression of XBP1s, the SSC and FSC parameters were increased (Figure 4C, pp.60-
61). Interestingly, the addition of tunicamycin to naive cells also changed the SSC and
FSC measurements to match those found with ectopic XBP1s expression. Addition of
tunicamycin to the XBP1s cells did not further change the SSC and FSC (Figure 4C,
pp.60-61 and supplementary Figure 8A, pp.76-77). Lastly, knockdown of XBP1
decreased the population of cells with high SSC and FSC values (supplementary Figure
8B and C, pp.76-77).

Intrigued by the correlation of increased HSPAS-GFP expression, ER stress, SSC/FSC
increases, we hypothesized that SSC and FSC might predict the efficiency of
reprogramming, much like increased HSPAS5-GFP did. On day 8 of reprogramming we
gated cells with high and low SSC/FSC. Interestingly, cells with higher SSC and FSC had
a higher percentage of SSEA-4+/TRA-1-60+ cells than their counterparts (Figure 4D,
pp.60-61).

Because these results were obtained from fibroblast-like cells derived from ESCs, we

further tested the predictive reprogramming efficiency of high SSC/FSC values of
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primary human dermal fibroblasts (HDFs). We found that much like the fibroblast-like
derived ESCs, HDFs with high SSC and FSC values produced a greater proportion of
SSEA-4+/TRA-1-60+ cells (Figure 4E, pp.60-61).

We tested the high SSC/FSC and low SSC/FSC populations for their ability to form
IPSCs. Surprisingly, cells exhibiting high SSC and FSC at day 7 of reprogramming gave
rise to less IPSCs than cells with lower ones (Figure 4F, pp.60-61). This unexpected

result will be discussed further down.

Taken together, a strong correlation between the cellular internal complexity and the

efficiency to reprogram exist that might be linked to ER stress.

Discussion

Cellular reprogramming is a poorly understood process with really low efficiency. Most
of the current knowledge on reprogramming relies on the Yamanaka factors which ensure
pluripotency and cell proliferation, and therefore contribute to the identity of ESCs
(Takahashi and Yamanaka, 2006). The extremely low efficiency of reprogramming can
be enhanced by the addition of supplementary factors such as other pluripotency-
associated genes, cell cycle-regulating genes and epigenetic modifiers (Takahashi and
Yamanaka, 2016). However, the lack of other reprogramming enhancers remains a
critical issue to advance IPS research. Here we demonstrate that an early ER stress is an
essential step for a cell’s ability to reprogram. Accordingly, the dramatic morphological
changes and organelles remodeling that occur during reprogramming require the
activation of potent cellular pathways such as the UPR"™®. Our work not only documents
this early stress for the first time but also provides strategies to increase the

reprogramming efficiency by modulating the UPR™®,

During their discovery of IPSCs, the Yamanaka group hypothesized that the potential
reprogramming factors should contribute to the identity of ESCs (Takahashi and
Yamanaka, 2006). The identification of these ES-cell specific genes was based on their
transcriptional profile (Mitsui et al., 2003). It is therefore surprising that XBP1s can

robustly increase the reprogramming efficiency. Indeed, XBP/ is not a pluripotent gene
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and its levels are low in ESCs. Moreover, the UPR™ is less active than in differentiated
counterparts. We propose an alternative and novel approach in increasing the
reprogramming efficiency based on the theory establishing reprogramming as a process
which reverses cellular development (Cacchiarelli et al., 2015). Thus, utilizing genes
required for normal development and differentiation could help reprogram better by
enabling a successful transition between the two cell states. In line with this theory,
XBP1s, among other UPR™® effectors, is required during development and differentiation
and therefore expected to regulate reprogramming. Indeed, the homozygous deletion of
either Hspa5 (Luo et al., 2006), Grp94 (Wanderling et al., 2007), Grp58 (Garbi et al.,
2006), Irela (Iwawaki et al., 2009), Xbp1 (Reimold et al., 2000), Calreticulin (Mesaeli et
al., 1999), or deletion of both Atf6a and Atf6b (Yamamoto et al., 2007) leads to
embryonic lethality in mice. IREl increases lymphopoiesis of B cells (Zhang et al.,
2005), XBP1 induces osteogenic and plasma differentiations (Iwakoshi et al., 2003), and
CHOP plays an important role in the differentiation of B cells, erythrocytes, osteocytes
and chondrocytes (Cui et al., 2000; Pereira et al., 2004; Skalet et al., 2005; Yang et al.,
2005).

The mechanism through which the activation of the UPR™ increases reprogramming
efficiency remains to be elucidated. The UPR™ activation leads to a global reduction of
protein synthesis (Harding et al., 1999) and the degradation of mRNA associated to the
ER membrane (Hollien and Weissman, 2006). A possibility is that the somatic ER
associated proteome is cleared from a substantial part of its somatic signature giving
room to the new proteome to be set. Therefore, the activation of the UPR"™® must be
transient, which is suggested by our results. It is also tempting to speculate that the
UPR™ activation may lower levels of secreted factors that could inhibit cellular
reprogramming. A more comprehensive analysis of the secretome would be interesting to
pursue. The ectopic activation of the UPR™ could provide a buffer and a bigger reservoir
for the cell to explore different states and consequently reach pluripotency without

inducing apoptosis along the way.

We also reported that the number of IPS colonies could be enriched based on the levels of

fluorescently tagged endogenous HSPAS5 gene, which integrates the global state of the
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UPR"™®. We propose that technologies that enable tracking UPR™ activity such as the
HSPAS-GFP reporter line or live staining will be great tools to increase the number of

IPS colonies.

Interestingly, we found a positive correlation between SSC and FSC parameters and
HSPAS-GFP levels. Consistent with that, cells with high SSC/FSC values had more
SSEA-4+/TRA-1-60+ cells. Very surprisingly, we found that cells with low SSC/FSC
sorted at day 7 of reprogramming gave rise to more IPSCs than cells with high SSC/FSC
values. We should indeed expect to find more fully reprogrammed cells in the low
SSC/FSC population since ESCs exhibit low SSC/FSC compared to derived fibroblast-
like cells (supplementary Figure 9A, pp.78-79). While the positive correlation between
SSC and FSC parameters and HSPAS-GFP levels holds for a homogenous population
such as fibroblast-like cells or ESCs (Figure 4A, pp.60-61 and supplementary Figure 9B,
pp.78-79), we think that the correlation is not fully applicable on a population that is
going through reprogramming. Our hypothesis is that during the course of
reprogramming, cells going through intense remodeling will activate the UPR™, the ones
that exhibit higher levels of HSPAS5-GFP are the most likely to fully reprogram, they also
have a higher percentage of cells that are SSEA-4+/TRA-1-60+. Successful cells change
their morphology to resemble an ESCs and acquire low SSC/FSC values, while still
under reprogramming stress and keeping their HSPAS-GFP levels high. The correlation
between high HSP5-GFP levels and high FSC/SSC values, true on the population level, is
lost for these few cells. This happens for a very small subset of cells while most of the
other cells still remain with high SSC/FSC values, high HSPAS5-GFP and are SSEA-
4+/TRA-1-60+.

We predict that studying the pathways required to transit from one cell state to another
can identify potent facilitators of reprogramming such as effectors ensuring protein
quality control. Previous work in our lab (Vilchez et al., 2012) and others (Buckley et al.,
2012) has already linked protein quality control through the ubiquitin-proteasome system
with stem cell maintenance and differentiation. We showed that high levels of
proteasome activity are required for hESCs maintenance (Vilchez et al., 2012).

Furthermore, knockdown of the ubiquitin E3 ligase FBXW?7 increased the
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reprogramming efficiency. Conversely, knockdown of the deubiquinating enzyme
PSMD14 failed to reprogram and generate IPSCs from mouse embryonic fibroblasts
(Buckley et al., 2012). The role of other regulatory elements of protein quality control
such as the mitochondrial unfolded protein response (UPR™), and molecular chaperones
involved in the heat shock response remain largely unexplored in the regulation of stem
cell differentiation or reprogramming. How these processes are involved in
reprogramming, as well as their potential cross-play with the UPR™ will need to be
explored. We believe that our observations can be expended to transdifferentiation

paradigms, an extremely promising field for regenerative therapies.

Material and methods

Cell culture. Human dermal fibroblasts (Lonza CC-2511 and CC-2509), HEK293FT
(ThermoFisher, R70007), BJ human fibroblasts (ATCC, CRL-2522), fibroblast-like cells
and irradiated CF-1 mouse embryonic fibroblasts (GlobalStem) were grown in DMEM,
10% FBS, 1x Pen/Strep, 1x glutamax and 1X non-essential amino acids (NEAA) (all

from Invitrogen).

The hESC line H9 (WA09, WiCell Research Institute) and the other hIPS generated lines
were cultured with mTeSR1 media (Stem Cell Technologies) on Geltrex (Invitrogen).

Human keratinocytes (Lonza 192907) were cultured with KGM-Gold media (Lonza).

Plasmids. A list of the plasmids and the cloning strategy can be found in supplementary
Table 2, pp.81-82.

Viral production. Lentiviral and moloney-based retroviral pMX-derived vectors were
co-transfected with their respective packaging vectors in 293FT cells using JetPrime
transfection reagent to generate viral particles as previously described (Ruiz et al., 2012).

The viral supernatant was filtered through a 0.45 uM filter.
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iPSC generation. Primary cells were spinfected with the viral supernatant containing the
reprogramming factors and other factors during lhour at 1000g in presence of Sug/mL of
polybrene (Millipore) twice, 24 hours apart. The regular media was replaced after each
round. Selection was started the next day of the last transfection, 48 hours later cells were
dissociated with TrypLE (Invotrogen) and plated on top of irradiated MEFs in their
regular media. The next day cells were switched to IPS media containing DMEM/F12,
20% knockout serum replacement, 1X Pen/Strep, 1X glutamax, 1X NEAA, 10ng/mL
bFGF (all from Invitrogen), and 55 uM B-mercaptoethanol (Sigma). To evaluate
reprogramming efficiency, the same number of infected cells was plated, after 2-3 weeks
cells were fixed with 4% PFA and stained for TRA-1-60 as previously described (Onder
et al., 2012) and scored. Briefly, fixed cells were blocked for 1 hour at room temperature
in 1xPBS, 3% FBS, 0.3% Triton X-100, then incubated with biotin-anti-Tra-1-60
(eBiosciencel3-8863-82, 1:250) over night at 4C and the next day streptavidin
horseradish peroxidase (Biolegend 405210, 1:500) for 2 hours at room temperature.
Staining was developed with the sigmaFast DAB kit (D0426). Alternatively, an alkaline
phosphatase (AP) staining was performed for episomal reprogramming experiments as
instructed by the Millipore detection kit (SCR004). Briefly, cells were fixed in 4% PFA
for less than a minute to avoid losing the AP activity. Cells were rinsed with TBS-T and
covered with Fast Red Violet Solution/water/Naphthol (2:1:1) for 20 min followed by a

wash with PBS. AP positive colonies were then counted.

For time course studies, imaging and flow cytometry, cells were plated on geltrex coated

plates instead of MEFs.

Where indicated, after plating on geltrex, cells were incubated with APY29 (Chem
Scene, CS-2552) or GSK 2656157 (Chem Scene, CS-3262) for 3 days.

Alternatively, cells were also reprogrammed using an episomal electroporation system
(Okita et al., 2011). Briefly, cells were first selected with the appropriate factor. 500,000
cells were then electroporated with the episomal constructs using the nucleofector kit
(Lonza, VPD-1001). Cells were plated and kept in their original media. After 6 days,
cells were dissociated and plated on freshly plated MEFs. Cells were switched to IPS

media the next day.
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Derivation of fibroblast-like cells. Stem cells were differentiated into fibroblast-like
cells using an embryoid body (EB)-mediated protocol. Stem cells grown on Geltrex were
detached using dispase, resuspended in DMEM/F12, 20% FBS, 1x glutamax, 1x NEAA,
Ix Pen/Strep and 55 uM B-mercaptoethanol and grown on low adhesion plates for 4 days
with media change. EBs were plated on gelatin-coated plates and cultured with the same
media. When EBs spread and cells appeared fibroblast looking, the culture was
dissociated using TrypLE and replated using a regular fibroblast media. This was serially

done until the whole population became uniform.

RNA isolation and real-time PCR. Cells were collected in Trizol®. A classic
chloroform extraction followed by a 70% ethanol precipitation was performed. The
mixture was then processed through column using the RNeasy quiagen kit as described
by the manufacturer. Quantitect reverse transcription kit (Quiagen) was used to
synthesize complementary DNA. Real-time PCR was performed using Sybr select mix
(Life Technologies). GAPDH expression was used to normalize gene expression values.

Primer sequences can be found in the supplementary Table 3, p.83.

Western blot analysis. Cells were washed with PBS and RIPA buffer was added to the
plates on ice. Cells were scraped, collected and stored at -20C. The RIPA buffer was
always supplemented with Roche cOmplete mini, and phosSTOP when needed. 20 ug of
protein was loaded per lane and actin or tubulin was used as a loading control in pre-cast
4-12% Bis-Tris NuPage gels (Invitrogen). Proteins were blotted on nitrocellulose
membranes using the NuPage reagents according to the manufacturer instructions.
Membranes were prepared for imaging using Odyssey® CLx Imaging System-LI-COR
Biosciences with the appropriate reagents. Briefly, membranes were incubated in the
proprietary blocking buffer for 1 hour at room temperature. Overnight primary antibody
incubation at 4C was done using the blocking buffer and 0.1% Tween-20. Membranes
were washed in TBS-T then incubated with secondary antibody for 1 hour at room
temperature. Membranes were then washed in TBS-T with a final wash in TBS. For the

list of antibodies and concentrations refer to supplementary Table 4, pp.84-85.

Fluorescent immunostaining. Cells on slides were fixed with 4% PFA for 15min and

washed with PBS. 2% donkey-serum blocking buffer in PBS was used for 1 hour at room
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temperature. Primary antibody incubation was done overnight. After PBS washes,
secondary antibody was added for 1 hour at room temperature. After PBS washes, slides
were mounted with mounting media containing DAPI. For the list of antibodies and

concentrations refer to supplementary Table 4, pp.84-85.

Flow cytometry. For cell analysis, cells were dissociated with TrypLE and pelleted. 100
uL of a fluorescent-conjugated antibodies cocktail (5 pL of SSEA-4 330408, 5 puL of
TRA-1-60 330610 Biolegend) in staining media (1xPBS, 2% FBS) was used to resuspend
the pellet and incubated 30min on ice. Cells were then resuspended in excess of staining
media, span down and resuspended in staining media, filtered through a cell strainer and
kept on ice. Cells were analyzed using the BD Bioscience LSR Fortessa. The analysis

was done using the FlowJo software.

For cell sorting, a similar procedure was followed. Cells were eventually resupsended in
their media supplemented with rock inhibitor and sorted accordingly using the BD
Bioscience Influx Sorter. Cells were then transferred to appropriate dishes for culture and

kept on rock inhibitor during the next 24 hours.

ER secretion assay. Transduced cells with Gluc-CFP were incubated 24 hours with fresh
media and the supernatant was collected for analysis. An equal volume of Gluc Glow
buffer (nanolight) was added to the supernatant in a 96-well plate format. The

luminescence was measured by a TECAN plate reader and integrated over 50 ms.

Cell health/survival assay. Cells were plated on 96-well plates and treated with the
appropriate condition. After the desired incubation time, cell titer glow buffer (Promega)
was added to the wells (1:5 volume) and incubated for 12min on a shaker. The

luminescence was measured with the TECAN plate reader and integrated over 1s.

Electron microscopy. Cells were fixed with 2% glutaraldehyde in 0.1 M phosphate
buffer for 5 min. Samples were rinsed with 0.1M sodium cacodylate Buffer (3x5 min)
followed by the addition of 1% osmium tet, 1.5% ferrocyanide in 0.1M cacodylate buffer
(5min). After washing with water (3x5min), 2% uranyl acetate was added for Smin
followed by a water rinse. A dehydration series of ethanol was then completed: 35%,

50% 75%, 100%, 100% (5 min each). A 1:1 ethanol/resin (3x10min) incubation followed
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by 100% resin (3x10min) was done. The samples were cured over 48hrs, sectioned at
50nm with a microtome using a Diatome. Sections were placed on a coated copper mesh
grid. They were then stained with uranyl acetate for 5 min, and then stained with lead

citrate for 5 min before imaging.

Genome editing and southern blot. Transcription activator-like effector nuclease
(TALENS) technology was used to create a fusion HSPAS-GFP by insertion of eGFP at
the 3° end of the HSPAS locus. We followed the protocol described in (Hockemeyer et
al., 2011). TALENs were cloned to bind ACAGCAGAAAAAGATGA and
ATTACAGCACTAGCA sequences and generate a double-stranded break around the
STOP codon. The donor plasmid OCT4-eGFP-PGK-Puro, published in (Hockemeyer et
al., 2011), was adapted to target HSPAS by changing the homology arms. H9 cells were
electroporated and clonal expansion after puromycin selection was done. Successful
targeting was confirmed by southern blot using the GFP probe published in (Hockemeyer
etal., 2011).

Statistical analysis. The software Prism was used to perform the statistical tests. The
corresponding statistical tests and the number of biological repeats, denoted as n, are
indicated in the figure legends. For drug dose response assays, a log(drug) vs normalized

response with viable slope model was used to determine the EC50.
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Figures and their Legends
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Figure 1: The UPR"™® is activated during reprogramming. A: Relative mRNA levels
of the three UPR™ branches effectors relative to GAPDH determined by qRT-PCR
(n=3). D3 GFP control was set to 1. B: Time course reprogramming western blot analysis
of HSPAS, P-IREl and IREl. C: Electron microscopy of day 3 reprogramming
fibroblasts and GFP control, scale bar = 0.2 pum. Pseudo-colors blue and red mark
respectively the nucleus and the ER. D: Secretion capability of the ER measured by
luciferase activity secreted in the media (n=12) and western blot analysis of the Gaussia
luciferase. E: Sensitivity to tunicamycin treatment determined by EC50 measurement at
day 4 of reprogramming of fibroblast-like cells (n=3). * indicates statistical difference (p-
value<0.05) using an unpaired two-tailed t-test, n.s. indicates statistical non significance.

Error bars indicate the standard deviation.
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Figure 2: The reprogramming efficiency is improved upon UPR"® activation. A:
Flow cytometry analysis of fibroblast-like HSPAS5-GFP cells at day 8 of reprogramming
stained with SSEA-4 and TRA-1-60 surface markers. LILIII represent the different cell
states of reprogramming. B: Median HSPAS5-GFP of the different cell states (LILII)
during reprogramming (n=3). C: Relative mRNA levels of the UPR™® effectors relative to
GAPDH determined by qRT-PCR (n=3). Values for SSEA-4-/TRA-1-60- were set to 1.
D: Percentage of SSEA-4+/TRA-1-60+ cells at day 14 of reporgramming after drug
treatment with APY29, an inducer of the UPR™®, and GSK2656157, an inhibitor of the
UPR™ from day 2 to day 5 of reprogramming (n=3). E: Relative reprogramming
efficiency of keratinocytes measured by colony TRA-1-60 staining after 3 weeks in
culture upon overexpression of emGFP, XBPls and XBP1s-DBD (missing its DNA
binding domain) with the EFla promoter, shown are two biological replicates done in
duplicate. Conditions with different letter denote a statistical significant difference
between them (p-value<0.05, Tukey’s multiple comparison test). Error bars indicate the

standard deviation.
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Figure 2
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Figure 3: HSPAS-GFP levels increase the reprogramming efficiency. A: Histogram
of fibroblast-like HSPAS5-GFP at day 8 of reprogramming. 1,2,3 subdivide the population
into 3 equal parts. Each of them is represented in the right panel by their SSEA-4 and
TRA-1-60 staining. The percentage of double positive cells within each of these
populations is shown. B: Percentage of SSEA-4+/TRA-1-60+ cells within each
population 1,2,3 during reprogramming (n=3). C: Upper panel shows relative
reprogramming efficiency of fibroblast-like HSPAS-GFP sorted at day 7 of
reprogramming based on their GFP levels and assessed by TRA-1-60 colony staining
(n=2). Lower panel shows a representative picture of the staining. * indicates statistical
difference (p-value<0.05) using an unpaired two-tailed t-test. Error bars indicate the

standard deviation.

58



Results-Figures and their Legends
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Results-Figures and their Legends

Figure 4: SSC and FSC parameters predict the reprogramming efficiency. A: Left
panel explains the meaning of the Side Scatter and Forward Scatter parameters on the
cellular levels. Right panel represents the distribution of the top high (red) and low (blue)
1/3 HSPAS-GFP regarding their SSC and FSC values. B: Median HSPAS5-GFP values
after sorting fibroblast-like HSPAS5-GFP on day 0 and after 7 days in culture (n=3). C:
Top, respectively bottom, panel show the median Side SCatter, respectively Forward
SCatter, after overexpression of luciferase (LUC), XBP1ls and XBP1s-DBD with and
without lug/mL tunicamycin treatment for 24 hours. D: SSEA-4 and TRA-1-60
parameters are shown based on the SSC and FSC selected population. Shown is the
percentage within these populations at day 8 of reprogramming of the double positive
cells (n=3). E: Upper panel shows the percentage of SSEA-4+/TRA-1-60+ neonatal
fibroblasts at day 10 of reprogramming within the population. Bottom panel shows the
relative reprogramming efficiency of sorted neonatal fibroblasts cells at day 10 based on
their FSC/SSC values (n=3). F: Relative reprogramming efficiency of sorted fibroblast-
like HSPAS-GFP cells at day 7 based on their FSC/SSC values (n=3). Conditions with
different letter denote a statistical significant difference between them (p-value<0.05,
Tukey’s multiple comparison test). * indicates statistical difference (p-value<0.05) using
an unpaired two-tailed t-test, n.s. indicates statistical non significance, only statistical

comparisons of importance were performed. Error bars indicate the standard deviation.
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Supplementary Figure 1: The reprogramming factors activate the UPR"™® during
reprogramming similarly to XBP1s overexpression or tunicamycin treatment. A:
mRNA levels of XBPIs, HSPA5 and GRP94 upon overexpression of XBP1s (n=3). GFP
control was set to 1. B: mRNA levels of ATF4, ATF6, XBP1, HSPA5 and GRP94 during
episomal reprogramming with electroporation (n=3). GFP control was set to 1. C: Time
course reprogramming western blot analysis of PERK, P-PERK, CLIMP-63, Reticulon 4
(isoform Nogo B) and loading controls. D: Electron microscopy of fibroblasts treated
with tunicamycin, an ER stress inducer, scale bar = 0.2 pm. Pseudo-colors blue and red
mark respectively the nucleus and the ER. * indicates statistical difference (p-value<0.05)
using an unpaired two-tailed t-test, n.s. indicates statistical non significance. Error bars

indicate the standard deviation.
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Supplementary Figure 1
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Supplementary Figure 2: Characterization of the fibroblast-like HSPAS-GFP line.
A: Schematic of the genome editing strategy and southern blot using a GFP probe. The
red arrow shows the expected size of the targeted allele while the black arrows show two
off-target integrations. B: Schematic of the fibroblast-like cells differentiation protocol
(left panel) and median HSPAS5-GFP levels analyzed by FACS wupon lug/mL
tunicamycin treatment during 24h (right panel). C: Western blot of HSPAS, GFP and
actin showing the dynamical induction of the reporter line after the addition and removal
of lug/mL tunicamycin. The same band was targeted by both GFP and HSPAS antibodies
using dual channel imaging with the Odyssey® CLx Imaging System confirming the
correct targeting. Only a single intense GFP band was observed suggesting the off-targets
integrations are not translated. * indicates statistical difference (p-value<0.05) using an

unpaired two-tailed t-test. Error bars indicate the standard deviation.
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Supplementary Figure 2
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Supplementary Figure 3: Reactivation of the endogenous pluripotent genes during
the different cellular reprogramming stages. Relative endogenous mRNA levels of
pluripotent genes in the differentially reprogrammed populations relative to GAPDH
determined by gRT-PCR (n=3). Values for SSEA-4-/TRA-1-60- were set to 1.
Conditions with different letter denote a statistical significant difference between them
(p-value<0.05, Tukey’s multiple comparison test). Error bars indicate the standard

deviation.
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Supplementary Figure 3
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Supplementary Figure 4: Concentration optimization of APY29 and GSK2656157 to
modulate the UPR"® without affecting growth. A: Median HSPA-GFP levels with and
without lug/mL tunicamycin treatment during 48 hours pretreated during 24 hours with
different concentration APY29 and GSK2656157. The drugs were kept during the entire
experiment (n=4). B: Growth tested by cell-titer glow assay with different concentrations
of APY29 and GSK2656157 treated during 3 days (n=8). The red rectangle corresponds
to the concentration used for the experiment in Figure 2D, pp.56-57. Error bars indicate

the standard deviation.
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Supplementary Figure 4
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Supplementary Figure 5: XBP1s doesn’t increase the replication rate of the cells
during reprogramming and derived IPSCs express stemness markers. A: Growth
tested by cell-titer glow assay on keratinocytes upon expression of the 4 reprogramming
factors and the overexpression of emGFP, XBPls and XBPIls-DBD with the EFla
promoter at 3 days of reprogramming (n=3). B: Relative endogenous mRNA levels of
pluripotent genes in the derived IPSC lines relative to GAPDH determined by qRT-PCR
(n=3). Values for H9 ESCs were set to 1.
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Supplementary Figure 5
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Supplementary Figure 6: Episomal reprogramming of fibroblasts by XBPls
overexpression. A: reprogramming efficiency scored by alkaline phosphatase staining.
Biological repeat 1 has 2 technical replicates, biological repeat 2 has 3 technical repeats
for eGFP but only 1 for XBP1s (very few cells survived suggesting a problem during the
experiment). CMV promoter was used to overexpress the transgenes. B: Relative mRNA
levels of three stemness markers (Nanog, SOX2 and OCT4) and a fibroblast marker
(COL1A1) relative to GAPDH determined by qRT-PCR (n=3). H9 line was used as ESC
control and IPS C1 OSKM line (Ruiz et al., 2012) was used as IPS control. Values for H9
ESCs were set to 1 for stemness genes while human dermal fibroblast (HDF) values were
set to 1 for fibroblast marker COLIAI. C: Relative mRNA levels of XBPIs relative to
GAPDH determined by qRT-PCR (n=3). D: Fluorescent immunostaining of stemness
markers Nanog (transcription factor expected localize in the nucleus), TRA-1-60 and
SSEA-4 (both cell surface proteins) with DAPI. A secondary only control was done and

showed no background (data not shown). No scale bar is provided.
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Supplementary Figure 6
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Supplementary Figure 7: Transient activation of the UPR™® is necessary during
reprogramming. A: Relative mRNA levels of XBPIs relative to GAPDH determined by
qRT-PCR in IPSC colonies derived from either enGFP, XBP1s or XBPIs-DBD driven
by EFla promoter (n=3). B: Morphology of H9 ESC colonies overexpressing emGFP,
XBPls or XBP1s-DBD driven by EFla promoter after selection. Scale bar for 10x is
20um, and 10pum for 20X. C: Flow cytometry analysis of HSPAS5-GFP in ESC HSPAS-
GFP and the differentiated fibroblast-like cells. D: Western blot analysis of ATF6 and

XBP1 in pluripotent stem cells and fibroblasts. Equal amounts of protein were loaded.
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Supplementary Figure 7
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Supplementary Figure 8: Correlation of the SSC and FSC parameters upon
modulation of XBP1 levels. A: Median HSPAS5-GFP upon expression of LUC, XBPls
and XBP1s-DBD with and without 1ug/mL tunicamycin treatment for 48 hours (n=3). B:
Left, respectively middle, panel shows the Side Scatter, respectively Forward Scatter,
values upon knockdown of XBP1 with different hairpin constructs with and without
lug/mL tunicamycin treatment for 48 hours (n=3). Left panel shows the median HSPAS5-
GFP upon knockdown of XBPI1 with different hairpin constructs with and without
lug/mL tunicamycin treatment for 48 hours (n=3). C: Efficiency of XBP1s knockdowns
by shRNAs measured by median HSPAS5-GFP with and without lug/mL tunicamycin

treatment for 48 hours (n=3).
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Supplemetary Figure 8
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Supplementary Figure 9: FSC and SSC values are lower in ESCs compared to their
differentiated fibroblast-like cell counterparts and positively correlate with HSPAS-
GFP levels. A: Flow cytometry density plot analysis of FSC and SSC of HSPAS5-GFP
ESCs and differentiated fibroblast-like cell counterparts. B: Flow cytometry density plot
analysis of FSC and SSC in according to HSPAS5-GFP levels in ESCS.
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Supplementary Figure 9
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Supplementary Table 1: Transcriptome analysis of ER UPR genes in fibroblasts,

IPSCs and ESCs. The data analysis of Lowry and colleague data set (Lowry et al., 2008)

was done by Soufi and colleague (Soufi et al., 2012). We picked seven UPR™ related

genes of interest and summarized their results. As control, we picked Nanog a stemness

marker and COL1A1 a fibroblast marker.

RefSeq annotation

Gene expression log2 (GCRMA Intensities)

Transcript BJ .
t P E
D Gene name Category fibroblasts iPS S
NM_007348  ATF6 8.7025125 8.090600833  7.826710833
NM 182810 ATF4 13.4154 13.2858 12.74163333
NM_005080 XBPI 8.555195 8339443333  8.249261667
NM 005347 HSPAS UPR 1102015167 10.60684667  10.482925
- effector
NM 003299  HSP90B1/GRP94 11.143225 11.47603333  11.61726667
NM 014330 PPPIRISA/GADD34 9.644111667  8.035643333  7.938243333
NM 004083  DDIT3/CHOP 11.4228 8.592626667  8.161856667
NM 024865 NANOG Stemness ¢ 113613333 12,3643 12.88126667
- marker
NM 000088 COLIAI Fibroblast ) 7041533 9.244766 10.051136
- marker
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Supplementary Table 2: List of plasmids and cloning strategies. The restriction site is in green. The Kozak sequence is in red.

Name Description Addgene Cloning strategy or targeting sequence Gift from
reference/vector
name
pMX-Oct4 Retroviral OCT4 17217 Dr A. Panopoulos
pMX-Sox2 Retroviral SOX2 17217 Dr A. Panopoulos
pMX-KIf-4 Retroviral KLF4 17217 Dr A. Panopoulos
pMX-c-Myc Retroviral cMYC 17217 Dr A. Panopoulos
pMX-GFP Retroviral GFP NA Dr A. Panopoulos
pCMV-VSV-G Retroviral packaging 8454 Dr A. Panopoulos
vector
MSCV-gag/pol Retroviral packaging 14887 Dr A. Panopoulos
vector
CMV-eGFP Lentiviral CMV eGFP in CD510-B1 Conventional restriction enzyme cloning Xbal
purchased from Nhel: F eGFP
Systembio AAAtctagaGCCACCATGgtgagcaagggcgagg; R
emGFP ttaGCTAGCCTActtgtacagctcgtccatgec
CMV-XBP1s Lentiviral CMV XBP1s in CD510-B1 Conventional restriction enzyme cloning NotI XBP1s cDNA was a gift from
purchased from BamHI: F XBP1 Notl Proteostasis Therapeutics
Systembio 2aaGCGGCCGCGCCACCATGgtggtggtggcage; R
XBP1 BamHI
CTTGGATCCTTAgacactaatcagctggggaaag
pPAX2 Lentiviral packaging Pr R. Tjian
vector
pMD2.G Lentiviral packaging PrR. Tjian
vector
pHAGE-EF1a- Lentiviral EF1a emGFP Pr R. Tjian
emGFP-IRES-
Puro
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EFla XBP1s-DBD  Lentiviral EFla XBPIs- in pHAGE-EF1a- A 2-step PCR was performed. Two fragments of
DBD emGFP-IRES-Puro  XBP1s were generated with

ATGGTGGTGGTGGCAGCC/ACTCATTCGAGC
CTTCGCCTTCTCCTCGGGGC and
CCGAGGAGAAGGCGAAGGCTCGAATGAGT
GAGC/TTAGACACTAATCAGCTGGGG. After
gel extraction, the two purified fragments were
combined and PCRed with the same primers as for
EFla XBPls contruct.

PCXLE-h Oct3/4- Episomal 27077 Pr R. Tjian

shP53 reprogramming vectors

PCXLE-h UL Episomal 27080 Pr R. Tjian
reprogramming vectors

shLuc Targeting Renilla in pLKO.1 CGCTGAGTACTTCGAAATGTC
Luciferase

shXBP1_2 Targeting XBP1 in pLKO.1 GCTGGAAGCCATTAATGAA

shXBP1_4 Targeting XBP1 in pLKO.1 GAGACATATTACTGGAAGTAAG
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Supplementary Table 3: List of primers.

House keeping gene

Forward

Reverse

Reference

GAPDH
Stemness genes
Endo OCT4
Endo SOX2
Endo Nanog
Differentiated gene
COLIAI

Stress genes
HSPAS

ATF4

ATF6

GRP94

CHOP

XBPls

Control gene
eGFP

TGTTGCCATCAATGACCCCTT

TGTACTCCTCGGTCCCTTTC
GCTAGTCTCCAAGCGACGAA
CAGTCTGGACACTGGCTGAA

AAGAGGAAGGCCAAGTCGAG

AAGACAAGGGTACAGGGAAC
GTTTGGGGGCTGAAGAAAG
TTGGCATTTATAATACTGAACTATGGA
CTGGAAATGAGGAACTAACAGTCA
TTGCCTTTCTCCTTCGGGAC
CGGAAGCCAAGGGGAATGAA

AAGCTGACCCTGAAGTTCATCTGC

CTCCACGACGTACTCAGCG

TCCAGGTTTTCTTTCCCTAGC
GCAAGAAGCCTCTCCTTGAA
CTCGCTGATTAGGCTCCAAC

CACACGTCTCGGTCATGGTA

CTTTCCAGCCATTCAATCTTTTC
ACCCATGAGGTTTGAAGTGC
TTTGATTTGCAGGGCTCAC
TCTTCTCTGGTCATTCCTACACC
GCTCTGGGAGGTGCTTGTGA
CTGCACCTGCTGCGGACT

CTTGTAGTTGCCGTCGTCCTTGAA

(Mabherali et al., 2008)

(Mabherali et al., 2008)
(Maherali et al., 2008)
(Mabherali et al., 2008)

(Vilchez et al., 2012)

(Jeanne et al., 2012)

(Kuwabara et al., 2015)

(Benosman et al., 2013)

(Jagannathan et al., 2014)

(Jeanne et al., 2012)

F: (Ming et al., 2015); R: (Boden et al., 2008)

(Adler-Wailes et al., 2015)
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Supplementary Table 4. List of antibodies used for western blot and

immunofluorescence

Provider catalog number  Concentrati

=]
| =

Primary antibodies

XBP1 Abcam ab37152 1/500

IRE1 Phospho Abcam ab81936 1/200

PERK Phospho Santa Cruz sc-32577 1/200
Biotechnology

CLIMP-63 Enzo Life Sciences ALX-804-604- 1/500
C100

GFP Roche 11814460001 1/1,000

tubulin Sigma-Aldrich T6074-200UL 1/1,000

actin Cell Signaling 4970S 1/1,000
Technology

IRDye® 680CW Donkey anti-Rabbit IgG LiCor 926-68073 1/5,000
(H+L)
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IRDye® 800CW Donkey anti-Mouse IgG LiCor 926-32212 1/5,000
(H+L)

IMMUNOFLURESCENCE

Nanog Abcam ab21624 1/500

SSEA-4 Abcam ab16287 1/500

Secondary antibodies

Alexa Fluor® 555 Donkey Anti-Mouse 1gG Life Technologies A-31570 1/500
(H+L)
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Discussion

Our research shows that the UPR™ is transiently activated during reprogramming. This is
in line with the expectations, as this process results in dramatic morphological changes
and organellar remodeling. Our work not only documents an early stress that upregulates
the UPR™ but also provides strategies to increase the reprogramming efficiency by

modulating the UPR™®,

I. Main results

a. Possible roles of single reprogramming factors in inducing the
UPR"® during cellular reprogramming

The UPR™ is activated during cellular reprogramming. Whether the induction is the
result of the cellular reprogramming process itself or due to the direct action of a single
reprogramming factor is unclear. Soufi and colleagues (Soufi et al., 2012) performed a
chromatin immunoprecipitation sequencing (ChiP-seq) to map the early protein-DNA
interactions of OCT4, SOX2, KLF4, and ¢c-MYC with the human genome using a
doxycycline-inducible system. The authors used a 48 hr dox induction point on the basis
that OSKM expression was maximal at that time and that most of the transcriptional
changes are not happening yet. Therefore, only the primary effects of the reprogramming
factors are studied. Based on their genome-wide ChiP-seq data we picked seven UPR™

related genes of interest and summarized their results in Table 2, p.83.
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Table 2: Occupancy of OCT4, SOX2, KLF4, ¢c-MYC at 48h of reprogramming.
These data were adapted from Soufi and colleagues (Soufi et al., 2012). TSS:
transcription start site; MACS: Model-based analysis of ChIP-seq; FDR: false
discovery rate.

Chromatin occupancy within 20 kb upstream
RefSeq annotation TSS and gene body (peaks called with MACS
at 0.005 FDR)
tranIslgrlpt gene name c-MYC KLF4 OCT4 SOX2

NM 007348 ATF6 bound bound bound bound
NM 182810 ATF4 not bound notbound notbound notbound
NM 005080 XBPI bound bound not bound not bound
NM 005347 HSPAS bound not bound notbound not bound

NM 003299 HSP90B1/GRPY%4 not bound notbound notbound notbound
NM 004083 DDIT3/CHOP bound not bound not bound not bound
NM 014330 PPPIRI5SA/GADD34 bound bound not bound not bound

Strikingly, all the genes involved in the UPR™ were bound by one or multiple
reprogramming factors with the exception of ATF4 and GRP94. This suggests that
activation of the UPR™, at least of some of its components, could potentially be the
result of the overexpression of any single reprogramming factor independently; therefore
questioning the idea that the process of cellular reprogramming triggers the activation of
the UPR™®. We think that while it is possible that each reprogramming factor can bind the
DNA at UPR"™® promoter genes and induce their expression at a low level, it is more
likely that the wide remodeling and transcriptional changes occurring during
reprogramming induce an excessive load on the ER and result in a potent activation of
the UPR™®. Key points should be raised regarding the study in order to draw the proper
conclusions. The possible cooperation between the different factors is not addressed by
this experiment. Indeed, transcriptional activation of certain target genes involves OCT4
and SOX2 to co-bind on their promoters. There is a sequential binding step that is

required in order to induce the expression of these target genes (Chen et al., 2014).
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Additionally, the physical presence of a transcription factor on a promoter does not
necessitate transcriptional activity. Also, in a context where high overexpression of the

reprogramming factors is observed, the specificity of binding must be questioned.

Though the direct contribution of the reprogramming factors directly binding the UPR™®
promoters resulting in the induction of the UPR™® cannot be excluded, we believe that it
only plays a minor role. The major cellular and organellar remodeling that occurs during

reprogramming appears to have a more potent responsibility as detailed further below.

b. The temporal requirement of the UPR™®

Our data suggest a temporal requirement of the UPR™ during cellular reprogramming.
This observation comes from the fact that embryonic stem cells have lower UPR™
activity than some of their differentiated counterparts (supplementary Table 1, p.80 and
supplementary Figure 6, pp.72-73). As observed either by transcriptome analysis, protein
levels or HSPAS5-GFP levels, UPR™ effectors are lower in hESCs compared to the
derived fibroblast-like cells or normal fibroblasts. The fact that UPR™® activation was
beneficial for cellular reprogramming (Figure 2, pp.56-57) was surprising and lead us to
hypothesize that perhaps transient UPR™ activation is needed during a specific time
during reprogramming, after which UPR™ activity levels are decreased to a low basal

state.

Our data are consistent with this hypothesis. The time course experiments in Figure 1B,
pp.54-55 and supplementary Figure 1C, pp.62-63 show a transient activation of the
PERK and IREl branches of the UPR™ during the early phase of cellular
reprogramming. Activation of the UPR™ by pharmacological means using APY-29, an
activator of the IRE1 ribonuclease activity (Hetz et al., 2013), increased the percentage of
the SSEA-4+/TRA-1-60+ cells in the population during reprogramming. This effect was
achieved by only exposing the cells to the drug during 3 days at the beginning of the
reprogramming process. Therefore, a short and transient ectopic induction of the UPR™®

was sufficient to increase the efficiency of reprogramming. Conversely, inhibiting the
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UPR™ with the drug GSK2656157, a compound that inhibits both PERK and eIF2a
phosphorylation (Atkins et al.,, 2013), for 3 days during the beginning of cellular
reprogramming decreased the percentage of the SSEA-4+/TRA-1-60+ population. It
would be interesting to vary the exposure time to the drugs and/or change the time
window during which the drugs are applied during cellular reprogramming to further

support our statement.

An indirect validation that the induction of the UPR™ was required transiently came
from our experiments that use the EF1a promoter to drive XBPIs. We initially decided to
choose the EF1a promoter because the overexpression is mild preventing initiation of cell
death while maintaining the UPR™® activated and because the promoter is not completely
silenced in ESCs (Xia et al., 2007). Therefore, the expression of the transgenes will be
sustained during most of the reprogramming process. We assumed this would be
beneficial for reprogramming. We observed that despite substantially increasing the
reprogramming efficiency, IPSCs clones derived from the EF1a promoter driving XBP1s
cells had poor survival. The picked colonies would round up and not spread evenly
leading to the formation of an embryoid body (EB)-like structure. A major difference
observed at the time of picking was that the entire colony would detach preventing us
from effectively being able to dissociate it. The extracellular matrix was stickier when the
colonies came from XBPls overexpression cells. Considering the role of the ER for
secretion and the synthesis of transmembrane proteins we speculated that XBP s was not
completely silenced and could be responsible for this phenotype. It is established that the
EFla promoter is not silenced in ESCs while others like CMV are (Xia et al., 2007). We
observed a similar “rounding up” phenotype when we overexpressed XBP1s in ESCs
with the EFla promoter. In line with these observations, all the IPSCs lines successfully
derived from XBP1s overexpression showed silencing of the transgene while silencing of
the transcriptional inactive XBPIs-DBD was not required for successful derivation.
Additionally, when we derived IPSCs using an episomal reprogramming protocol
together with the CMV promoter driving either GFP or XBPIs, we did not observe any
differences in deriving IPSCs between the two conditions. As anticipated, the expression
of XBPIs was similar between the derived lines and the controls suggesting a proper

silencing of the transgene promoter.
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To confirm the transient role of the UPR™®, it would be important to use an inducible
system to express XBPIs. This would also allow testing the time window of the UPR™®

activation requirement during cellular reprogramming.

c. Reconciling the granularity and shape with IPSCs
formation prediction

We also reported that the number of IPS colonies could be enriched by FACS sorting
based on the fluorescently tagged endogenous HSPAS5 gene. High levels of HSPAS5-GFP
correlated with a higher efficiency of reprogramming. High levels of HSPAS5-GFP are an
indicator of cells remodeling their ER, and by extension, those going through
reprogramming. The high HSPAS5-GFP population had a higher percentage of SSEA-
4+/TRA-1-60+ cells, suggestive of being more advanced toward full pluripotency and
gave rise to more IPSC colonies. It would be interesting to extend this finding to other
genes involved in the UPR™®. The utility of this method is limited by the fact that it
involves the creation of a reporter line. Other methods such as live staining that could
report the status of the UPR™ would be perhaps more versatile tools to increase the

number of IPS colonies.

Remarkably, we found a correlation between the basal levels of HSPAS5-GFP and the
Side SCatter (SSC) and Forward Scatter (FSC) parameters in fibroblast-like cells (Figure
4A, pp.60-61). SSC reflects the internal cellular complexity and membrane texture while
FSC is an indicator of the cell size. Indeed, high levels of HSPAS5-GFP correlated with
higher SSC/FSC values. Even more exciting, during cellular reprogramming, cells
exhibiting high SSC/FSC values showed a higher population of SSEA-4+/TRA-1-60+
like high HSPAS5-GFP cells which we know to be more efficiently reprogrammed (Figure
3C, pp.58-59). It was therefore tempting to hypothesize that high SSC/FSC would be
predictive of higher number of IPSC colonies. Very surprisingly, the opposite was true
(Figure 4F, pp.60-61). This observation raises interesting questions regarding our results.
While it is true that potential IPSCs have to stain positive for SSEA-4 and TRA-1-60, the
reciprocal is not true. Indeed, all SSEA-4+/TRA-1-60+ cells are not going to give rise to
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completely reprogrammed cells (Kahler et al., 2013). Approximately 3.6% of the SSEA-
4+/TRA-1-60+ cells gave rise to IPSC colonies in the Kahler and colleagues study
starting with human fibroblasts. It is important to consider that the actual IPSCs are
merely a small fraction of cells, diluted in a larger population that can exhibit some
characteristics that would mislead us. In the previous study, this means that 96.4% of the
cells are blocked in an intermediate state of reprogramming. From our results, high
SSC/FSC values have more SSEA-4+/TRA-1-60+ cells. Importantly, this does not imply
low SSC/FSC have none. We would, in fact, expect to find more mature IPSCs among
the low SSC/FSC population because ESCs have low SSC/FSC when compared to their
differentiated counterparts such as fibroblast-like cells (supplementary Figure 8, pp.76-
77). It is noteworthy that the correlation between high HSPAS-GFP and high SSC/FSC
was established under unstressed conditions in fibroblast-like cells and ESCs (Figure 4A,
pp.60-61 and supplementary Figure 8B, pp.76-77). During the process of reprogramming,
the cell state dramatically changes and does not resemble a fibroblast anymore. We
believe that the correlation between the cell SSC/FSC parameters and HSPAS-GFP levels
is lost for the fully reprogrammed cells, because diluted in a larger population, while still
valid for most of the cells in a transient state of reprogramming. Cells with low SSC/FSC
(that include fully reprogrammed cells) can exhibit high HSPAS5-GFP levels, which
would explain why high HSPAS5-GFP correlates better with more IPSC formation. Our
hypothesis is that during the course of reprogramming, cells going through intense
remodeling will activate the UPR"™®, the ones that exhibit higher levels of HSPA5-GFP
are the most likely to fully reprogram, they also have a higher percentage of cells that are
SSEA-4+/TRA-1-60+. Successful cells change their morphology to resemble an ESCs
and acquire low SSC/FSC values, while still under reprogramming stress and keeping
their HSPAS-GFP levels high. This is when the correlation between high HSP5-GFP
levels and high FSC/SSC values, true on the population level, is lost for these few cells.
This happens for a very small subset of cells while most of the other cells still remain

with high SSC/FSC values, high HSPAS5-GFP and are SSEA-4+/TRA-1-60+.

An interesting experiment to do would be to sort high and low SSC/FSC in the high and
low HSPAS-GFP; this could help to further enrich in reprogrammed cells. It would be
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exciting to compare this method to the SSEA-4/TRA-1-60 enrichment strategy in term of

reprogramming efficiency.

II. How does the UPR®® activation increase cellular
reprogramming efficiency?

a. Cytoprotective role of the UPR"® during reprogramming and its
interplay with other cytoprotective pathways

Modulation of the UPR™® can be seen as a cytoprotective response to protect the cells
undergoing reprogramming. It has been shown that reprogramming can result in
apoptosis, cell-cycle arrest and senescence (Banito et al., 2009; Marién et al., 2009;
Utikal et al., 2009), oxidative burst (Ji et al., 2014), and DNA damage (Ruiz et al., 2015).
All these reprogramming-associated consequences are known in other contexts to disrupt
the ER homeostasis. Therefore, the beneficial role of the UPR™ activation during
reprogramming can be explained by a better capacity to integrate and respond to these

cues and alleviate more efficiently the ER stress during reprogramming.

Cellular reprogramming requires a dramatic remodeling of the cell structure and in
particular of its organelles. A very powerful remodeling process in the cell is autophagy.
It is a self-catabolic mechanism through which dysfunctional and unnecessary
components of the cell are degraded such as organelles and proteins (Bento et al., 2016).
It has been recently reported that robust induction of autophagy happens during
reprogramming in mouse fibroblasts (Wu et al., 2015). The authors limit the role of
autophagy to the degradation of p62 whose accumulation in autophagy-deficient cells
facilitates reprogramming. The cell reshaping, such as the cell size and the mitochondrial
remodeling, is achieved by the inhibition of mMTORCI1. Remarkably, ER stress is capable
at the same time to activate mTORCI1 (Kato et al., 2012) and autophagy (Ogata et al.,
2006) suggesting it could be an early step in the process. It is noteworthy that p62 is
activated by TRIM-13, an ER resident ubiquitin E3 ligase, during tunicamycin-induced
ER stress (Tomar et al., 2013). The role of TRIM-13 during reprogramming would be

interesting to investigate since another E3 ligase, FBXW7, was shown to regulate cellular
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reprogramming and stemness in mice (Buckley et al., 2012b). Interestingly, knockdown
of FBXW?7 increased the reprogramming efficiency. Conversely, knockdown of the
deubiquinating enzyme PSMD14 failed to reprogram and generate IPSCs from mouse

embryonic fibroblasts (Buckley et al., 2012a).

Previous work in our lab has already linked protein quality control with stem cell
maintenance. A high level of proteasome activity is observed in hESCs and is required
for their pluripotency. PSMDI11 levels, a 19S proteasome subunit, was shown to play an
important role in increasing the proteasome activity in hESCs (Vilchez et al., 2012). We
anticipate that increased levels of proteasome activity through the overexpression of

PSMD11 would increase the reprogramming efficiency.

Besides the induction of ER chaperones, the UPR™ activates key players of the ER-
associated protein degradation (ERAD) pathway (Travers et al., 2000). This process
mediates the delivery of unfolded proteins from the ER to the cytosol for proteasomal
degradation. When the proteasome machinery is unable to degrade the unfolded proteins
either because of their size of because of their aggregation status, another more potent
mechanism is activated: autophagy. Not only are proteins and aggregates degraded, but
entire organelles are recycled. Key members of the autophagy pathway are UPR™ target

genes (Bernales et al., 2006).

Interestingly, in some cases UPR™ activation can induce the expression of ¢-MYC (Shi et
al., 2016) and KLF4 (Sugiura et al., 2009). This activates the expression of the
endogenous c-MYC and KLF4 possibly speeding up the process of reprogramming.

The role of other regulatory elements of protein quality control such as the mitochondrial
UPR (UPR™), and molecular chaperones involved in the heat shock response remain
largely unexplored in the regulation of stem cell differentiation or reprogramming. How
these processes are involved in reprogramming, as well as their potential cross-play with

the UPR™® will need to be explored.

Mitochondria have been shown to go through remodeling during reprogramming (Folmes
et al., 2011), thus, it is tempting to speculate that the UPR™ might be turned on during

the early stages of cellular reprogramming. Links between regulatory components of the
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UPR™ with mitochondrial regulation and function exist. For example, ATF4 can control
the expression of Parkin, a ubiquitin ligase crucial for mitochondria function and
dynamics (Bouman et al., 2011). Parkin, in turn, is able to enhance branches of the
UPR™® through the activation of XBP1s (Duplan et al., 2013). The activity of PGCla, a
master regulator of mitochondrial biogenesis, was associated with ATF6 (Arensdorf et
al., 2013).

Evidence tends to support the presence of cross talk between UPR, autophagy and
mitochondria underlying the UPR™ activation (Senft and Ronai, 2015) offering new
avenues to study and understand cellular reprogramming through the prism of protein

control quality.

b. Resetting the ER towards pluripotency

Acquisition of pluripotency implies a major remodeling of the organelles. ER
morphology, for instance, changes drastically. The ER size correlates with the UPR™®
activation in order to respond to physiological demand. The UPR™ can modulate the
secretory capacity of the ER. During reprogramming, it is important to erase the somatic
proteome and establish one of an embryonic stem cell. The UPR™ activation could reset
the ER associated proteome and contribute to reprogramming through two major

pathways: translation and translocation.

The phosphorylation of elF2a by PERK reduces translation initiation. This not only
reduces the load of potentially misfolded proteins, which increases the quality of the ER
proteome, but also stops the expression of the somatic genes. In parallel, the activation of
IRE1 leads to the degradation of ER-bound mRNA through the RIDD pathway (Hollien
and Weissman, 2006). Thus, a global reset of the somatic ER associated proteome occurs.
The GADD34 restoration of translation initiation through elF2a dephosphorylation could
enable the translation of the newly activated genes by the reprogramming factors. Indeed,

it is very likely that the reprogramming factors induce a high expression of genes that are
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ensuring stemness and therefore their mRNA would outcompete the ones that ensure the

somatic cell identity. This could lead to the reprogramming of the ER proteome.

A complementary mechanism occurs at the translocons. Translocons are channels
through which nascent peptides enter the ER lumen. ER chaperones can assist during
translocation of the newly synthesized peptide into the lumen (Brodsky et al., 1995).
When the UPR™ is activated, the chaperones are titrated away from this task and as a
result the translocation efficiency is reduced. Thus, fewer proteins are loaded into the ER
reducing the global load. This could also contribute to reset the previous somatic ER
proteome. Interestingly, Kang and colleagues (Kang et al., 2006) observed a preferential
translocation of proteins such as HSPAS into the ER under stressful conditions. This
mechanism is based on the “strength” of the signal peptide harbored by the secreted
proteins. Besides increasing the quality of the ER proteome, it would be interesting to
investigate if stem cell specific secreted proteins present a “strong” signal peptide that
could play a role in the establishment of pluripotency. Conversely, some secreted proteins
or receptors reminiscent of the somatic state could be negative regulators of stemness. A
more comprehensive analysis of the secretome could give very interesting hints into this
hypothesis. Consistent with this hypothesis, the mesenchymal-to-epithelial transition
relies on signaling pathways and is an essential step during cellular reprogramming of
mouse embryonic fibroblasts (Li et al., 2010). Li and colleagues proposed that SOX2,
OCT4 and c-MYC inhibit the TGF-p (transforming growth factor ) signaling pathway
while KLF4 induced E-cadherin, an epithelial gene. While there might be species-
specific differences, this observation highlights the role of signaling molecules during
cellular reprogramming and potentially a connection with the modulation of ER secretion

capacity by the activation of the UPR"®,

c. Between life and death, a second chance for reprogramming

The different UPR™ branches play important roles in the decision whether the cell has to

activate apoptosis or not. Apoptosis is a major barrier for cellular reprogramming
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(Marion et al., 2009). A notable gene involved in pro-apoptotic signal is CHOP. As
mentioned in the introduction, CHOP is induced by ATF4 (Marciniak et al., 2004) and
ATF6 (Yoshida et al., 2000). Sustained and/or strong activation of the UPR™ leads to the
expression of CHOP and initiates apoptosis. Interestingly, sustained activation of the
IRE1 pathway via the splicing of XBPI promotes cell survival (Lin et al., 2009).
Therefore overexpression of XBPIs or addition of APY29 (promoting the splicing of
XBP1) during reprogramming could protect the cells from the stress imposed by
reprogramming. This could offer a wider range of possibilities for the cell to explore
different cell states and maybe find a path towards pluripotency. The protection conferred

by higher levels of UPRER activity increases the cell state plasticity.
y g y p y

d. Reprogramming as a reversal of development: lessons from the
role of the UPR"™® during normal development and
differentiation

Reprogramming can be comprehended as a reversal of development. Using a mouse
secondary reprogramming system, Cacchiarelli and colleagues (Cacchiarelli et al., 2015)
observed distinct waves of gene network activation corresponding to developmental
genes characteristic of early embryonic patterning genes and followed by a pre-
implantation gene signature. We reported in the introduction that numerous UPR™®
effectors are required during development. For example the homozygous deletion of
either Hspa5 (Luo et al., 2006), Grp94 (Wanderling et al., 2007), Grp58 (Garbi et al.,
2006), Irela (Iwawaki et al., 2009), Xbp1 (Reimold et al., 2000), Calreticulin (Mesaeli et
al., 1999), or deletion of both Atf6a and Atf6b (Yamamoto et al., 2007) leads to
embryonic lethality in mice. Furthermore, several components of the UPR™ have an
important role during differentiation. IRE1 increases lymphopoiesis of B cells (Zhang et
al., 2005), XBP1 induces osteogenic and plasma differentiations (Iwakoshi et al., 2003),
and CHOP plays an important role in the differentiation of B cells, erythrocytes,
osteocytes and chondrocytes (Cui et al., 2000; Pereira et al., 2004; Skalet et al., 2005;
Yang et al., 2005). These observations demonstrate the pleiotropic mode of action of the

UPR™ in different differentiation contexts and during normal development. It is
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therefore not surprising that the UPR™® plays such an important role during cellular
rp g play p g

reprogramming.

The role of the UPR™ during normal development can be comprehended as a need to
deal with the newly synthesized and the remodeling of the ER. Pieces of evidence
suggest a more physiological role where the UPR™ is activated even when the protein-
processing capacity of the ER is not exceeded. During development, some cells require a
drastic expansion of their ER. The UPR"™® has an important proactive role in this context.
For instance, in the context of B cells differentiation into antibody-producing plasma
cells the UPR™ is activated even before any Ig synthesis occurs, suggesting a possible
proactive role of the UPR™® (van Anken et al., 2003). Consistently, B cells lacking the
ability to produce Ig still activate XBP1 and differentiate normally (Hu et al., 2009).
These observations suggest that the UPR™ can be activated in preparation for the
upcoming load of proteins. This proactive role suggests that the UPR™ is a driving force
for cellular state changes and not just a consequence. We believe that the proactive
function of the UPR™ could be at play during cellular reprogramming. By further
activating the UPR™, genetically or pharmacologically, the cells are better primed for
cellular reprogramming. The ER could better cope with the load of proteins generated by
the addition of the Yamanaka factors and also with the results of the morphological
changes. This is line with our data suggesting a transient role of the UPR™®. Activation of
the UPR™ by XBPls overexpression or addition of APY29 for only 3 days during the
early step of reprogramming, when most of transcriptional changes happen, was able to
prime the cells to reprogram with a higher efficiency. Conversely, inhibiting the UPR™
with GSK2656157 for only 3 days during the early step of reprogramming had potent
effect in reducing the efficiency of reprogramming. We predict that ectopic activation of
the UPR™ later during cellular reprogramming will have less effect on the efficiency of

cellular reprogramming.
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III. Extrapolation of the results to other paradigms

a. Extending the findings to other cell state switch paradigms

We believe that the transient UPR™ activation is a more general process that enables
cells to transit between two different states by insuring the integrity of the ER proteome
but also other biological pathways in the cell, thus helping cells overcome this barrier of
changing cellular states. We predict that this process should operate in a very similar
fashion during cases of transdifferentiation happening naturally or induced
experimentally; during this process cells revert to a point where they are able to change
lineages. Cells can then differentiate into another cell type. This processes involves the

reprogramming of the cell’s fate.

Transdifferentiation occurs naturally. The newt, a type of salamander, is able to
regenerate its lens after lentectomy. Pigmented epithelial cells change their morphology
and lose their pigments and after a proliferation phase, cells switch to the new lineage and
differentiate into mature lens cells (Tsonis et al., 2004). Experimental transdifferentiation,
also called direct conversion, can be achieved by the forced expression of different
transcription factors. For example, fibroblast can be transdifferentiated into functional
neurons by the overexpression of ASCL1 (achaete—scute homologue 1), BRN2 (brain-
specific homeobox and POU domain 2) and MYTI1L (myelin transcription factor 1-like)
(Vierbuchen et al., 2010). Likewise, fibroblasts can be converted to functional
cardiomyocytes with MEF2C (myocyte-specific enhancer factor 2C) and TBXS (T-box
5) (Ieda et al., 2010).

Together with cellular reprogramming, these mechanisms can help uncover cellular and
molecular pathways leading to the development of regenerative strategies.
Transdifferentitaiton involves the reprogramming of a cell’s fate making it similar to
what happens during cellular reprogramming with the Yamanaka factors. It would be

fascinating to study the contribution of the UPR™ during these processes.
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b. A platform to study aging and rejuvenation

In our review, Vilchez and colleagues (Vilchez et al., 2014), we highlighted the crucial
role of protein quality control in the control of stemness maintenance. We also draw a
parallel with cellular pathways required for organismal lifespan and health extension or
“healthspan”. It appears that the same cellular mechanisms at play in stem cell
maintenance and lifespan extension operate. Extrapolating this hypothesis, the study of
mechanisms involved in either stem cell maintenance or lifespan extension could benefit
from each other. In a very striking publication, Chen and colleagues (Chen et al., 2011)
showed that pro-longevity compounds such as rapamycin (an mTOR inhibitor),
resveratrol, fisetin (two sirtuin activators), curcumin (an antioxidant) or spermidine (an
autophagy inducer) were able to increase the reprogramming efficiency. Consistent with
this observation, activation of the UPR™ is a potent pro-longevity pathway as published
by our laboratory (Taylor and Dillin, 2013). We therefore hypothesize that we could use
the knowledge from studies that identified barriers to cellular reprogramming and test

these pathways for their ability to extend lifespan and healthspan and vice versa.

IV. General conclusion: Key points

e The UPR™ is transiently activated during cellular reprogramming
e Ectopic activation of the UPR™ increases cellular reprogramming
¢ Levels of the UPR™ activity, as determined by HSPA5-GFP intensity, predict the

efficiency of cellular reprogramming
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Common abbreviations

Common abbreviations

4F 4 factors (OCT4, SOX2, KLF4 and ¢c-MYC)
ATF4 activating transcription factor 4

ATF6 activating transcription factor 6

bFGF fibroblast growth factor

DAPI 4',6-diamidino-2-phenylindole

DBD DNA binding domain

DMEM Dulbecco's Modified Eagle Medium

DNA deoxyribonucleic acid

ECAT ES cell-associated transcripts

EMT epithelial-to-mesenchymal transition

ER endoplasmic reticulum

ESC embryonic stem cell

FBS fetal bovine serum

FSC Forward Scatter

GFP green fluorescent protein

GFP9%4 glucose-regulated protein 94

HDF human dermal fibroblasts

HSP heat-shock protein

IPSC induced pluripotent stem cell

IRE1 inositol-requiring protein-1

KLF4 Kriippel-like factor 4

MET mesenchymal-to-epithelial transition
mRNA messenger ribonucleic acid

MYOD myoblast determination protein

OCT-3/4 or

OCT4 octamer-binding protein 3/4

OSKM OCT4, SOX2, KLF4 and c-MYC

PBS phosphate buffered saline

PERK protein kinase RNA (PRK)-like ER kinase
POUF5F1 refer to OCT4

PSC Pluripotent stem cell

qRT-PCR quantitative reverse transcription real-time polymerase chain reaction
SCNT somatic cell nuclear transfer

SOX2 SRY box-containing factor 2

SSC Side SCatter

TBS-T Tris-Buffered Saline and Tween 20

TRIS tris(hydroxymethyl)aminomethane
UPR®R endoplasmic reticulum unfolded protein response
UPR™ mitochondrial unfolded protein response
UPS ubiquitin-proteasome system
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The accumulation of misfolded or damaged proteins is
an important determinant of the aging process. Mecha-
nisms that promote the homeostasis of the proteome, or
proteostasis, can slow aging and decrease the incidence
of age-related diseases. Adult stem cell function declines
during the aging process of an organism. This demise of
somatic stem cell function could contribute to tissue
degeneration and organismal aging. Accumulation of
damaged proteins in embryonic stem cells {ESCs} may
also have an impact on the aging process, because the
passage of these proteins to progenitor cells during
asymmetric division could compromise development
and aging. Therefore, proteostasis maintenance in stem
cells might have an important role in organismal aging.
In this review, we discuss exciting new insights into
stem cell aging and proteostasis and the questions
raised by these findings.

Proteostasis maintenance during aging

The understanding of stem cell biology, differentiation
and, cell reprogramming is currently one of the most
intense and attractive fields in biology and medicine.
Despite the insights gained into stem cell biology, the
mechanisms that regulate stem cell identity and differen-
tiation remain largely unknown. Pluripotent ESCs do not
undergo replicative senescence and are considered to be
immortal in culture [1,2]. Adult organisms have two types
of stem cell: (i) adult somatic stem cells, which are found in
several tissues and regenerate them; and (il) germline
stem cells (GSCs), which can generate gametes for repro-
duction [3]. GSCs are designed to maintain an unlimited
proliferative capacity to fulfill their biological purpose: to
be passed from one generation to the next. Adult somatic
stem cells are critical for rejuvenating tissues and persist
throughout the lifespan of the organism. However, adult
somatic stem cell function declines during the aging pro-
cess and this failure may contribute to age-related diseases
[4,5] (Box 1).
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Keywords: stem cells; proteostasis; aging; stress responses.
* These authors contributed equally to this work.

0962-8924/% - see front matter
© 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/].tcb.2013.09.002

W o

While genome stability is central for the survival of stem
cells, proteome stability may play an equally important role
in stem cell identity. Proteostasis is critical for organismal
development and cell function [6,7]. The quality of the
proteome is regulated by a complex network of cellular
mechanisms that monitors the concentration, folding, cellu-
lar localization, and interactions of proteins from their
synthesis through their degradation (Figure 1) [6-8].
Protein synthesis is controlled by translational rates, which
are regulated by ribosome biogenesis, recruitment, and
loading [9]. The binding of chaperones to nascent proteins
assists their folding into the correct structure. Thermal or
oxidative stress, aging, and misfolding-prone mutations
challenge the structure of proteins. Chaperones assure
the proper cellular localization and folding of proteins
throughout their life cycle [10,11]. Misfolded, damaged,
aggregated, or unnecessary proteins are degraded by the
proteasome or through autophagy [12-15]. The accumula-
tion of misfolded or damaged proteins has a deleterious
effect on cell function and viability [6,16]. Damaged proteins
can disrupt cellular membranes and form toxic aggregates,
overwhelming the cellular machinery required for their
degradation [17,18] and causing cell malfunction and death
[19]. When the stability of the proteome is challenged, a
series of cellular responses is activated to maintain the
quality of the proteome [7,16] (Box 2).

Defects in proteostasis lead to many metabolic, oncol-
ogical, cardiovascular, and neurodegenerative disorders
[6,20]. The ability to maintain a functional proteome
declines during the aging process [6,11,21,22]. In cells
undergoing division, mother cells retain damaged proteins
while generating daughter cells with pristine proteomes
[23,24]. However, postmitotic cells hold a special distine-
tion for their susceptibility to age-onset protein-aggrega-
tion diseases [20]. A decline in the capacity of the cell to
protect its proteome has been correlated with multiple age-
related diseases such as Alzheimer’s [25], Parkinson’s [26],
and Huntington’s [27] disease. Several signaling path-
ways, such as reduced insulinfinsulin-like growth factor
1 (IGF-1) signaling (IIS) or dietary restriction (DR), can
extend longevity [8]. Furthermore, longevity-promoting
pathways modulate the proteostasis network, providing
increased stability of the proteome and delaying aging and
the onset of age-related diseases [8,28,29].

The immortality and biological purpose of ESCs and
GSCs and the ability of adult somatic stem cells to persist
throughout life and rejuvenate tissues suggest that these
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Box 1. Adult somatic stem cell exhaustion: a hallmark of
aging

Adult somatic stem cells are necessary for rejuvenating tissues and
persist throughout the lifespan of the organism. However, adult
somatic stem cell function declines during the aging process in
tissues such as the brain, skin, blood, bone, and skeletal muscle
[4,5]. Adult stem cell exhaustion is considered one of the tentative
hallmarks of aging in organisms [4]. Stem cell decline with age may
contribute to tissue dysfunction and age-associated diseases
[4,5,118]. For instance, adult somatic stem cell failure may
contribute to diseases such as frailty, atherosclerosis, and type 2
diabetes by reducing the regenerative potential of tissues [118].
Decreased hematopoiesis with age results in diminished generation
of adaptive cells and in increased anemia and myeloid malignancies
[119]. A decline in the proliferation of NSCs and neurogenesis
produced by these cells with age [120-123] has been associated with
progressive Parkinsonian disease and impairment of olfactory
discrimination in mouse [123]. Besides adult somatic stem cells,
specific progenitor and differentiated cells can persist throughout
life in regenerative tissues and their decline with age may also
contribute to age-related diseases such as type 2 diabetes and
reduced immune function [5].

cells could have increased mechanisms to protect their
proteome. Recently, new insights into proteostasis in stem
cells have supported this hypothesis. Specifically, a role of
protein degradation systems and proteotoxic stress
responses has been shown. In addition, longevity mecha-
nisms are important determinants of stem cell mainte-
nance and function. Here we review these insights into

Trends in Cell Biology March 2014, Vol. 24, No. 3

proteostasis regulation and the role of longevity-promoting
pathways in stem cells.

Response to proteostasis stress in stem cells
A series of cellular responses are activated to maintain the
integrity of the proteome when damaged proteins accumu-
late (Box 2). The heat shock response (HSR) is an essential
mechanism to assure proper cytosolic protein folding and
ameliorate chronic and acute proteotoxic stress [16,22].
The endoplasmic reticulum (ER) also has a critical role
in protein folding [30,31]. The ER uses complex surveil-
lance mechanisms to promote proper protein folding and
activates the unfolded protein response (UPR®®) to pre-
vent the accumulation of misfolded proteins that are tar-
geted for degradation by ER-associated degradation
(ERAD) or autophagy [30-32]. If protein misfolding over-
whelms the cellular ability to maintain the quality of the
proteome, the ER coordinates with mitochondria to acti-
vate apoptosis [32]. Mitochondrial activity is associated
with cellular dysfunction and aging [33]. A surveillance
mechanism formed by chaperones and proteases, known as
the mitochondrial UPR (UPR™), maintains the quality of
the proteome in mitochondria [34]. Activation of these
pathways or increased levels of chaperones are associated
with enhanced protection against proteotoxic stress [35].
Reactive oxygen species (ROS) generated by the mito-
chondrial respiration process are frequently responsible
for DNA and protein damage. Both mouse ESCs (mESCs)
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Figure 1. The proteostasis network. Protein synthesis is regulated by translational rates. Translation is controlled by ribosome biogenesis, recruitment, and loading.
Chaperones assist the folding of nascent polypeptides into their correct structure. To achieve their function, native proteins are localized to their specific cellular
compartment and the correct protein-protein interactions are established. Thermal or oxidative stress and misfolding-prone mutations damage and challenge the structure
of proteins. When the stability of the proteome is challenged, a series of cellular stress responses are activated to maintain the quality of the proteome such as the heat-
shock response or the unfolded-protein response. Misfolded, damaged, aggregated, or unnecessary proteins are degraded by the proteasome or through autophagy.
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Box 2. Cellular stress responses

Trends in Cell Biology March 2014, Vol. 24, No. 3

Regulation of protein synthesis represents a major component of
cellular stress responses. Proteotoxic stress induces global attenua-
tion of protein synthesis by inhibiting translation initiation [124] or
pausing translation elongation [73-75]. Ribosome-associated chaper-
ones such as HSP70 or nascent polypeptide-associated complex
{NAC) play a critical role in promoting polypeptide elongation [73-75].
Under proteotoxic stress, these chaperones relocalize from ribo-
somes to protein aggregates resulting in diminished translational
capacity and pausing of polypeptide elongation [73-75].

In addition, when the stability of the proteome is challenged a series
of cellular responses such as the HSR or the UPR is activated to
maintain the quality of the proteome, increasing the levels of
chaperones and the degradation of misfolded proteins [6,16]. Three
branches operate in parallel in the UPRER: activating transcription factor
6 {ATF6); double-stranded RNA-activated protein kinase (PRK)-like ER
kinase (PERK); and inositol-requiring enzyme 1 (IRE1) [31]. On
accumulation of unfolded proteins, ATF6 is delivered to the Golgi
where proteases liberate its N-terminal cytosolic fragment enabling it to
activate UPR genes in the nucleus. After sensing a stress, PERK
oligomerizes and phosphorylates itself and elF2«. This inhibits elF2a
and mRNA translation, thus reducing the flux of proteins in the ER.
Yet, ATF4 mRNA, which has a short open reading frame in the

and human ESCs (hESCs) generate fewer ROS than their
differentiated counterparts [36,37]. In parallel, ESCs exhib-
it higher antioxidant defense potential that diminishes
during differentiation. For instance, the glutathione/thior-
edoxin system enzymes (Tgr, Gpx2/3/4, Gsta3, Prdx2, Pdh2)
are highly expressed in ESCs compared with their differen-
tiated counterparts. These enzymes prevent ROS accumu-
lation and promote a redox environment compatible with
proper tertiary conformation of proteins [38]. An increase in
the levels of ROS limits the lifespan of adult somatic stem
cells such as hematopoietic stem cells (HSCs) and neural
stem cells (NSCs) [39—42]. Notably, ROS levels serve as
signals for differentiation or self-renewal in mouse adult
somatic stem cells. HSCs retain self-renewal capacity under
reduced conditions [43], whereas increased oxidative status
promotes the stem cell activity of neuroepithelial stem cells
in the central nervous system [44].

Notably, ESCs have increased levels of heat-shock pro-
teins (HSPs). For instance, mESCs exhibit increased levels
of HSPAla, HSPA1b, HSPA9 (also known as mortalin),
and HSPB1 [36] compared with their differentiated coun-
terparts. Likewise, hESCs also have increased levels of
HSPA1b [37]. However, hESCs do not show increased
levels of HSPB1 [37]. Both HSP27 and HSPA9 levels
decrease during mESC differentiation into neurogenic
embryoid bodies [45]. Taken together, these data suggest
that ESCs might have a greater ability to respond to
protein misfolding. However, these increased levels of
HSPs might not be conserved in all adult somatic stem
cell types. Consistent with findings in ESCs, the HSR is
attenuated on differentiation of neural progenitor cells
[46]. HSP25 is excluded from neural precursors and other
differentiating cells. However, the levels of HSPBI,
HSPB5, HSPB6, and HSP60O decrease when human adi-
pose-derived adult stem cells differentiate [47].

Supporting evidence suggests that HSPs may play a role
in stemness and differentiation. Inhibition of HSP90 leads
to mESC differentiation whereas overexpression of HSP90R
partially rescues this phenotype [48]. HSP90 associates with
Oct-4 and Nanog, protecting them from degradation by the

5’ untranslated region, is particularly translated when elF2« is limiting.
ATF4 is a transcription factor that induces CHOP, chaperones, GADD34,
and various genes implicated in the antioxidant response, redox
enzymes, and cell-death pathways. IRE1 transmits the UPR via
unconventional XBP1 mRNA splicing. When spliced, XBP1 is translated
and induces the expression of chaperones and ERAD proteins.

Under normal conditions, heat shock factor 1 {HSF-1) is negatively
regulated by HSP-70/90 in eukaryotes. On non-permissive heat, HSPs
such as HSP-70 restore proper folding of destabilized proteins.
Inhibitory binding of HSF-1 by HSPs is released in times of protein
misfolding stress, which enables HSF-1 trimerization, translocation to
the nucleus, and the activation of genes required to maintain
proteostasis, especially HSPs. When proteostasis is restored, HSPs
negatively regulate HSF-1 and abolish the transcriptional stress
response [35].

Likewise, in mammalian cells when unfolded proteins accumulate
in the mitochondrial matrix, CHOP is transcriptionally upregulated via
JNK2 and c-Jun. CHOP induces the transcription of the protease ClpP
and the chaperonin HSP60. When unfolded proteins accumulate in
the intermembrane space, AKT kinase is activated and the estrogen
receptor is alpha phosphorylated, resulting in the induction of Htra2,
an IMS protease, and the transcription of NRF1 [125].

ubiquitin—proteasome system (UPS) [48]. HSPs might also
be significant determinants for the genesis of several tis-
sues. HSPB5 overexpression modulates the activity of
MyoD, the master regulator of myogenesis, by reducing
its synthesis and increasing its degradation, therefore
retarding differentiation [49]. HSPA8 (a non-inducible
HSP) negatively influences the stability of proapoptotic
Bim mRNA, increasing HSC survival and preventing their
differentiation [50]. Bim mRNA is required for apoptosis
during hematopoiesis and leukemogenesis. HSP70 indirect-
ly triggers erythropoiesis by preventing caspase-3-mediated
cleavage of GATA-1 [51], an essential transcriptional factor
for maturation and differentiation within the erythroid
lineage. Several components of the UPREE have an impor-
tant role during differentiation. For example, IRE1l
increases lymphopoiesis of B cells [52], XBP1 induces osteo-
genic and plasma differentiations [53], and CHOP promotes
differentiation of B cells, erythrocytes, osteocytes, and chon-
drocytes [54-57]. Furthermore, the UPRER, as a stress-
coordinated pathway, has an important role in the regula-
tion of differentiation of the mouse intestinal epithelial stem
cell [58]. The transition from stem cell to transit-amplifying
cells of the intestine is accompanied by induced ER stress
and activity of the UPRF®. ER stress induction by Perk—
elF2a can promote loss of stemness. In organoid cultures of
primary intestinal epithelium, when Perk—eIF2« is inhib-
ited, stem cells accumulate. Taken together, these observa-
tions make it difficult clearly to correlate high levels of HSPs
or cytotoxic protection with adult somatic stem cell differ-
entiation and further insights into the impact of these
mechanisms on stem cell function are needed. In addition,
it will be fascinating to define whether the UPR™* is en-
hanced in stem cells or whether it has a role in stem cell
function.

Protein degradation systems as a determinant of stem
cell function

When damaged or misfolded proteins cannot be ‘rescued’
by chaperones and the UPRs, they are degraded through
the proteasome or autophagy. The proteasome is a complex
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proteolytic machine formed by the assembly of several
subunits that mostly degrades proteins that have been
modified by the attachment of ubiquitin [12]. The UPS
is critical for maintaining the proper concentration of many
regulatory proteins involved in the cell cycle, apoptosis,
inflammation, signal transduction, and other biological
processes [12,59]. In addition, the UPS is a key component
of the protein quality-control system to terminate damaged
proteins [14]. The proteasome exists in several forms but
its major assembly is formed by the core particle (20S),
which contains the proteolytic active sites, and the regula-
tory particle (19S), which regulates the activity of the holo-
complex (268, single capped, and 30S, double capped) [12].
Although 208 particles can exist in a free form, they are
inactive and unable to degrade proteins [60]. 19S recog-
nizes polyubiquitylated proteins and unfolds and translo-
cates these proteins to 20S for degradation [12,59].

The UPS has been shown to regulate ESC pluripotency
and cellular reprogramming [61-63]. hESCs exhibit high
proteasome activity compared with their differentiated
counterparts such as neurons, fibroblasts, or trophoblasts
[63]. This increased proteasome activity is correlated with
increased levels of the 19S proteasome subunit PSMD11/
RPN-6 [61,63,64], which is an essential subunit for the
activity of the 26S/30S proteasome that stabilizes the
otherwise weak interaction between the 20S core and
the 198 cap [63,65]. GSCs can acquire in vitro properties
similar to those of ESCs such as pluripotency [66]. GSCs
generate the gametes that will produce embryos after
reproduction. ESCs and oocytes share a common transcrip-
tome signature [64] and hESCs provide an in vitro system
to study oocyte development [67]. Similar to hESCs, hu-
man oocytes have increased expression levels of PSMD11
[64]. Notably, oocytes and gonads of Drosophila melano-
gaster have increased 26S proteasome activity and accu-
mulate fewer damaged proteins than aging somatic tissues
[68,69]. Although proteasome activity declines in somatic
tissues during the aging process, maturating oocytes main-
tain their high activity [68]. Whether adult somatic stem
cells also have enhanced proteasome activity remains to be
elucidated, but the maintenance of this activity may criti-
cally impact organismal aging. Increased proteasome ac-
tivity was found to be necessary for maintaining hESC
pluripotency [63]. Additionally, other components of the
UPS regulate pluripotency in mESCs such as the deubi-
quitinating enzyme Psmd14 and the E3 ligase Fbxw?7 [61].
Psmdl4 is part of the 19S proteasome subunit and its
deubiquitinating activity is essential for mESC pluripo-
tency [61]. These findings raise the intriguing question of
why these cells need enhanced activity of the proteasome.
ESCs show aremarkable capacity to replicate continuously
in the absence of senescence. Therefore, increased proteos-
tasis ability in ESCs could be required to avoid senescence
and maintain an intact proteome either for self-renewal or
for the generation of an intact cell lineage. Notably, degra-
dation of damaged proteins is triggered on the first signs of
mESC differentiation [70,71]. Induction of the proteasome
activator PA28, normally associated with the immunopro-
teasome, is required for degradation of these damaged
proteins during the first signs of cell fate specification
[71]. Increased proteasome activity could also be critical
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for maintaining the proper concentration of many regula-
tory proteins at specific times, such as transcription factors
involved in either pluripotency maintenance or the differ-
entiation process. Interestingly, proteolytic degradation by
the proteasome has a role in controlling transcription
factor and Pol II binding to regulatory regions of cell
type-specific gene domains in ESCs, thereby restricting
permissive transcriptional activity and keeping genes in a
potentiated state, ready for activation at specific stages
[72]. Another possibility is that increased proteasome ac-
tivity may be coupled to an intrinsic challenge to hESCs
such as increased translation, which could be associated
with translation errors. However, protein expression has
not been examined in ESCs. In this context, it will be
fascinating to analyze the role of ribosome-associated cha-
perones (Box 2) [73-75] in translational rates in ESCs.

Macroautophagy (hereafter referred to as autophagy) is
a self-catabolic mechanism through which dysfunctional
and unnecessary components of the cell such as organelles
and proteins are degraded. In addition, autophagy pro-
vides a means to keep energy and nutrients to levels
compatible with survival under starvation and stress.
These components are engulfed in a double membrane,
the autophagosome, which is subsequently fused with
lysosomes. Lysosomal enzymes degrade the contents of
autophagosomes, producing amino acids and fatty acids
that are recycled in the cytoplasm [13]. A multitude of
stressors such as ROS, starvation, DNA damage and ER
stress activates autophagy in terminally differentiated
cells [13].

Both mESCs and hESCs exhibit higher autophagy ac-
tivity on early differentiation [76]. Induced pluripotent
stem cells generated from patients with Parkinson’s dis-
ease show more autophagic vacuoles when differentiated
into dopaminergic neurons [77], suggesting an active reju-
venation step to generate a pool of healthy’ cells. Experi-
ments with adult somatic stem cells cultured in vitro such
as human mesenchymal stem cells (hMSCs) [78], HSCs,
dermal stem cells (DSCs), and epidermal stem cells [79]
suggest that autophagy activity is increased in these cells
compared with their differentiated counterparts. It is note-
worthy that experimental conditions might be unfavorable
and lead to higher autophagy levels in adult somatic stem
cells. Developing conditions that would mimic the stem cell
niche are necessary for a better understanding of autop-
hagy regulation in these cells. In fetal and postnatal
mHSCs, a deficiency in essential autophagy genes such
as FIP200 or Atg7 deregulates proliferation, suggesting
that autophagy is required for stemness in fetal and post-
natal mHSCs [80-83]. Fox03, a forkhead transcription
factor linked to stem cell maintenance and longevity
[84], maintains the expression of proautophagy genes in
adult mHSCs to allow a quick autophagic response on
stress [85]. Notably, old mHSCs have higher basal levels
of autophagy activity, a characteristic required for their
cloning efficiency, and are able to induce autophagy much
like young HSCs. However, autophagy activity in young
HSCs is not required for their cloning efficiency [85]. This
observation is controversial because previous data showed
the opposite effect [81-83,86]. The difference might be that
one study [85] used a drug to block autophagy in normally
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developed adult mHSCs whereas the latter study used a
genetic model to block autophagy that causes severe
defects early in life leading to death and thus looked at
fetal and early stages. The higher levels of autophagy
activity in old adult mHSCs were due to attenuated nutri-
ent (2-NBD glucose) uptake [85]. That old adult mHSCs
maintain an autophagy potential similar to young mHSCs
and exhibit higher levels of autophagy for their survival
confronts the prevailing, traditional view where compro-
mised autophagy is seen as a determinant of aging [13].

In NSCs or cardiac stem cells (CSCs), autophagy activi-
ty increases on their differentiation [87-89]. This enhanced
autophagy might be due to a specific increase in the
requirements of their differentiated counterparts, such
as neurons, to recycle their cellular components. During
the initial period of neuronal differentiation (E15.5 mouse
embryos), expression of the autophagy genes Atg7, Becnl,
Ambral, and LC3 are increased in vivo in the mouse
embryonic olfactory bulb (OB) [87]. In vitro neuronal dif-
ferentiation of OB-derived stem cells is accompanied by
increased autophagy filux and LC3 lipidation in Tuj1-posi-
tive cells [87]. Blocking autophagy chemically or genetical-
ly can impair NSC and CSC differentiation [87-89].
Inhibition of autophagy by 3-MA or wortmannin decreases
neurogenesis of OB-derived stem cells. In addition,
Ambral loss-of-function mice show decreased neural mar-
kers in the E13.5 OB [87]. However, FIP200 is required for
NSC proliferation [90]. Knock down of Becnl or Aig7
suppresses the expression of cardiomyocyte markers such
as a-actin and smooth muscle a-actin in embryoid bodies of
mESCs [88,89]. Moreover, treatment of embryoid bodies
with the autophagy inhibitor NH,Cl or bafilomycin Al
decreases the number of beating foci whereas activation
with rapamycin increases their number [88,89]. Similarly,
ex vivo treatment of E8.5 mouse embryos with rapamycin
increases the expression of cardiomyocyte markers in the
second heart field.

Overall, these observations suggest a higher degree of
protection, at least, to cytotoxic stresses in adult somatic
stem cells. Consistent with this idea, impairment of autop-
hagy in epidermal stem cells, DSCs, and HSCs leads to
increased susceptibility to cytotoxic stress such as etopo-
side, doxorubicid, or UV [79]. In addition, autophagy might
be an efficient mechanism to replace transcription factors
and associated proteins of stemness and initiate more
rapid differentiation, especially in ESCs.

Longevity-promoting pathways regulate stem cell
function

A series of signaling pathways promote longevity and
provide increased stability to the proteome, delaying the
onset of age-related diseases [8,28,91]. Reduced IIS
extends lifespan in both invertebrates and vertebrates
[84,92,93] and correlates with increased longevity of
humans [92,94]. The insulin/IGF-1 receptor activates a
conserved phosphatidylinositol (PI}) 3-kinase/PDK/AKT
signaling cascade that phosphorylates FOXO transcription
factors, thereby preventing their nuclear localization.
When IIS signaling is reduced, FOXO accumulates in
the nucleus and regulates downstream genes that extend
lifespan and increase stress resistance in worms, flies, and
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mice [84,93]. Delayed aging by IIS reduction protects
worms and mice from protein-aggregation toxicity [8,28].
Notably, FOXO transcription factors are important regu-
lators of the proliferation and self-renewal of NSCs and
HSCs in mice. A combined deficiency of FoxO1, Fox03, and
Fox04 depletes the NSC and HSC pools in mice [41,42].
FOXO transcription factors protect from oxidative stress
and promote the expression of antioxidant enzymes [95].
Combined deficiency of FoxO1, Fox03, and Fox04
increases ROS levels in NSCs and HSCs [41,42], which
may increase protein misfolding. FoxO3 is essential for
regulating this process in mice, because FoxO3 deficiency
alone increases ROS levels and depletes the pool of NSCs
and HSCs [96,97].

Among invertebrates, birds, and mammals, experimen-
tal paradigms that limit reproductive investment also cause
lifespan extension [98]. Hypothetically, the need for repair-
ing and preventing damage to the germline dominates
resource allocation strategies, while the somatic tissues
age and deteriorate [99]. In support of such theories, mod-
ulations of reproduction that eliminate germ cells in Cae-
norhabditis elegans and D. melanogaster provide effective
mechanisms for extending lifespan [98,100]: phenotypes
that may be caused by heightened resource availability
and proteome stability within the postmitotic soma
[29,101]. Similar to hESCs, proteasome activity and RPN-
6 levels are increased in these germline-lacking worms [29].
Furthermore, increased proteasome activity, rpn-6 expres-
sion, and longevity are modulated by DAF-16, the worm
FOXO transcription factor [29]. Notably, FOX04 is neces-
sary forincreased proteasome activity in hESCs and reduces
the potential of these cells to differentiate into neural
lineages [63,102]. In addition, hESC pluripotency requires
FOXO1 [103]. Therefore, FOXOs cross evolutionary bound-
aries and link hESC function to invertebrate longevity
modulation. FOX04 is specifically critical for the differenti-
ation of hESCs into neural cells and it will be fascinating to
understand how this regulation is achieved. However, the
loss of FOXO3 in mouse causes increased neurogenesis
during developmentfollowed by NSC depletionin adulthood
[96]. Interestingly, it was recently found that FOXO3-bound
genes thoroughly overlap with those bound by the proneur-
onal bHLH transcription factor ASCI/MASHI1 in cultured
neural progenitor cells [104]. FOXO3 represses the expres-
sion of specific ASCL1 neurogenic targets and restrains
neurogenesis. Therefore, FOXO3 may help maintain the
NSC pool by negatively regulating neurogenesis. These
results suggest that FOX04 and FOXO03 might have oppos-
ing effects in hESCs versus mouse NSCs. Different hypoth-
eses could explain these opposing effects: different cell-type
requirements (hESCs versus NSCs); the different models
and species used for these assays (in vitro cultured hESCs
versus mouse models); the differentiation stage at the time
point chosen; and that different FOXO isoforms may act in
different pathways during cellular commitment. It is in-
triguing to speculate that FOX04 may be required for the
differentiation of hESCsinto neural cells and that FOXO03is
later required for maintaining the pool of adult NSCs and
avoiding a premature burst of neurogenesis. Accordingly,
FOXO0O4 levels decrease during neural differentiation of
hESCs whereas FOXO03 levels increase [63,102].

165

122



Appendix- Proteostasis and aging of stem cells

Reduced food intake without malnutrition, or DR, also
extends lifespan in multiple species and delays the onset of
diverse pathologies related to age [8,105]. DR decreases
protein synthesis by modulating translational rates
[106,107], which can improve proteostasis maintenance.
The decrease in the load of nascent polypeptides to the
proteostasis machinery may allow more efficient protein
folding and degradation and, therefore, decrease the accu-
mulation of misfolded and damaged proteins. The protein
mammalian target of rapamycin (mTOR) plays a pivotal role
in the modulation of translational rates induced by DR
[106,107]. mTOR associates with other proteins to form
two different complexes: mTORC1 and mTORC2. mTORC1
activity is inhibited by DR, resulting in lifespan extension
and delayed onset of protein aggregation [108]. Recent
studies suggest a role of DR in stem cell proliferation. Stem
cell function of mouse intestinal stem cells (ISCs) was found
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to be increased by DR via a non-cell-autonomous mechanism
acting through adjacent Paneth cells present in the ISC
niche. DR downregulated mTORC1 activity in Paneth cells
but not in the ISCs, creating an environment where ISC
function is enhanced [109]. Decreased activity of mTORC1
in Paneth cells upregulates levels of bstl, a protein that
promotes cell proliferation in bone marrow. Regulation of
bstl levels by mTORC1 is essential for the improved ISC
function on DR. Similarly, the regenerative potential of
muscle satellite cells increased on DR in young and old mice
[110]. The number of satellite cells per fibers is increased
after 3 months of DR. DR also increases neurogenesis [111],
but the effects are incompatible with in vivo application
because a high deprivation of intake is required. These data
suggest a beneficial role in various tissues mediated by DR
that can help us understand its pro-longevity role by
enhanced stem cell function.
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Figure 2. Proteostasis in stem cells. {A) Embryonic stem cells (ESCs) exhibit increased levels of heat-shock protein {(HSPs) and 26S/30S proteasome activity and are more
protected from reactive oxygen species (ROS) than their differentiated counterparts. In an active rejuvenation step, both autophagy and the immunoproteasome
activities increase during the first days of differentiation. HSPs, autophagy, and the ubiquitin-proteasome system (UPS) are required to maintain ESC features such as
self-renewal and pluripotency. HSPs and the UPS are required for differentiation of ESCs into specific cellular lineages. {B} Hematopoietic stem cells (HSCs) exhibit
increased levels of autophagy activity compared with their differentiated counterparts. Low levels of ROS and increased levels of HSPs and autophagy activity are
required to maintain HSC self-renewal. HSPs are required for differentiation of HSCs. {C) Dietary restriction (DR) improves muscle satellite cell self-renewal. HSPs are
required for differentiation of muscle satellite cells. (D) DR and increased levels of HSPs improve intestinal stem cell (ISC) self-renewal. Endoplasmic reticulum (ER)

stress and HSPs affect differentiation of ISCs.
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Figure 3. Proteostasis quality-maintenance strategies in stem cells. The model proposes two strategies: stem cells maintain high-quality proteostasis (darker red) and
differentiated counterparts acquire higher-quality proteostasis (darker red) compared with the stem cell they are derived from (lighter red). We hypothesize that this might
be important in the long-term versus short-term life of differentiated cells and the proliferation rate of stem cells. A compromised short-term differentiated cell (blue) will be
diluted and turned over rapidly with limited consequences, whereas this might be more damaging with long-term and slowly regenerated differentiated cells.

Concluding remarks

Insights into the epigenome and transcriptome of stem cells
have helped to define the mechanisms that regulate plur-
ipotency or multipotency, differentiation, and cell repro-
gramming. Likewise, a better understanding of how stem
cells regulate their proteostasis network will shed new light
on stem cell biology and identity. In addition, it could have a
greatimpact on cell therapy and organism health during the
aging process.

ESCs exhibit higher levels of chaperones and higher
antioxidant defense potential that could prevent the accu-
mulation of misfolded proteins. ESCs also have increased
proteasome activity. Whether this enhanced activity is
necessary to potentiate the termination of damaged pro-
teins or specific regulatory proteins remains unknown.
Activation of the immunoproteasome and autophagy
occurs during the early stages of ESC differentiation,
providing a means to degrade damaged proteins and avoid
passage to their differentiated counterparts. In adult so-
matic stem cells, the level of chaperones and autophagy
activity depends on the stem cell type. Regardless of these
differences, the proteostasis network critically impacts
adult somatic stem cell function (Figure 2).

The differences in proteostasis pattern observed be-
tween stem cell types suggest distinctive mechanisms to
ensure the functionality of their differentiated pools
(Figure 2). Two strategies can be proposed (Figure 3): first,
the stem cell maintains high-quality proteostasis; and
second, differentiated counterparts acquire increased pro-
teome surveillance compared with the stem cell they are
derived from. This can be relevant regarding the number of
divisions that stem cells undergo. Indeed, long-term stem
cells that give rise to differentiated cells with a high
turnover, such as blood cells and epithelia, seem to follow
the first strategy. Having a high-quality pool of long-term
and highly proliferative stem cells might be beneficial; if

there is any impairment in the differentiated cells, it will
be diluted and disappear rapidly, going unnoticed. The
second strategy might be advantageous for differentiated
cells such as neurons or cardiomyocytes that persist longer
in the organism. Here, defects would have more severe
consequences for the tissue and the organism.

Furthermore, a better knowledge of how stem cells
maintain proteostasis may help us to understand how
cancer stem cells are generated in an organism and to find
specific treatments against these cells. The autophagy rate
in breast cancer stem cells is higher than in parental cells
[112]. When the autophagy gene Atg7 or Beclinl is knocked
down, self-renewal is impaired and its tumorigenicity re-
duced. By modulating ATP levels and the organization of
subcellular structures, autophagy was shown to be impor-
tant for glioblastoma stem cell migration and invasion
[113]. Likewise, higher HSP levels have been reported in
cancer stem cells [114]. HSP27 contributes to the mainte-
nance of breast cancer stem cells [115,116] and DNAJBS8
controls the early phase of renal cancer stem cell onset
[117]. Because both stem cells and cancer stem cells rely on
similar protective mechanisms, specifically targeting these
pathways in cancer cells may be difficult. Therefore, deci-
phering the differences in proteostasis regulation between
stem cells and cancer stem cells will be needed for efficient
treatment implementation.
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HSF-1-mediated cytoskeletal integrity
determines thermotolerance

and life span

Nathan A. Baird,"* Peter M. Douglas,"* Milos S. Simic,’ Ana R. Grant,2 James J. Moresco,>
Suzanne C. Wolff,! John R. Yates III,® Gerard Manning,* Andrew Dillin'}

The conserved heat shock transcription factor-1 (HSF-1) is essential to cellular stress
resistance and life-span determination. The canonical function of HSF-1 is to regulate a
network of genes encoding molecular chaperones that protect proteins from damage
caused by extrinsic environmental stress or intrinsic age-related deterioration. In
Caenorhabditis elegans, we engineered a modified HSF-1 strain that increased stress
resistance and longevity without enhanced chaperone induction. This health assurance
acted through the regulation of the calcium-binding protein PAT-10. Loss of pat-10 caused
a collapse of the actin cytoskeleton, stress resistance, and life span. Furthermore,
overexpression of pat-10 increased actin filament stability, thermotolerance, and longevity,
indicating that in addition to chaperone regulation, HSF-1 has a prominent role in
cytoskeletal integrity, ensuring cellular function during stress and aging.

he survival of an organism is intricately
linked to its ability to maintain cellular
quality control, including organelle integrity,
lipid homeostasis, proper protein folding,
and cellular communication. The organis-

mal response to unpredictable environmental
changes is critical to mitigate damages caused by
stress. Genes encoding the heat shock protein
(HSP) family of molecular chaperones show the

largest transcriptional increase in response to

thermal stress, suggesting that these proteins
are part of a fundamental defense against pro-
teotoxic stress. Consistent with this hypothesis,
ectopic expression of the master transcription-
al regulator of HSPs, HSF-1, is sufficient to confer
resistance to thermal stress and increase life span
in the nematode Caenorhabditis elegans (I). Fur-
thermore, hsf-7 overexpression can alleviate tox-
icity associated with diseases caused by misfolded
or aggregated proteins (2).

However, chaperones may be dispensable for
thermotolerance and longevity. Neither a hypo-
morphic mutation of hsfI, nor preventing the
up-regulation of HSPs affects thermotolerance
of C. elegans (3, 4). However, other studies using
the same hgf-7 mutant show decreased heat re-
sistance (5). The conflicting data may result from
differences in experimental design, but it is clear
that HSF-1 function is not fully explained by chap-
erones mediating stress resistance and life-span
determination.

To test for protective mechanisms independent
of enhancing chaperone induction, we generated
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and Bioinformatics, University of Michigan Medical School, Ann
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transgenic nematodes overexpressing full-length
hsf-I [hsfFI(FL)] or a hsf1 C-terminal truncation
[hsfI(CT)]. The hgf-1(CT) variant was designed to
mimic the C-terminal missense mutation found
in the hsfI(sy441) mutant, a widely used allele
that decreases stress-induced HSP transcription
via the removal of a transactivation domain (6).
hsf-I(FL) was overexpressed in the N2 wild-type
(WT) background, and hsf-I(CT) was overexpressed
in the hsfI(sy441) mutant. Therefore, the hsfI(CT)
strain mirrored the overexpression of hsfI(FL)
but contained no endogenous copies of full-
length hsfI (fig. S1). Both transgenes were ex-
pressed threefold higher than endogenous hsf1
(Fig. 1A).

Analysis of protein and transcript abundance
confirmed that overexpression of hsfI(FL) en-
hanced heat-inducible expression of all HSPs tested,
whereas hsf-I(CT) caused no difference from wild
type (Fig. 1, B to F, and fig. $2). Yet, both hsf-I(FL)
and hsfI(CIT) transgenic worms had increased
thermotolerance and life span (Fig. 1, G and H).
The life-span extension of hsfI(CT) was unex-
pected, so we tested whether this phenotype was
dependent on a functional DNA-binding domain.
Increased longevity was abolished upon removal
of the DNA binding domain (hsf-I(CT-DBDA)
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(Fig. 1I). Thus, increased life span and thermo-
tolerance did not correlate with enhanced HSP
transcription.

To find other cellular networks that contrib-
ute to HSF-1I-mediated stress resistance and
longevity assurance, we performed quantitative
transcriptomic and proteomic analyses compar-
ing hsfI(FL) and hsfI(CT) strains with WT and
hsf-1(sy441) strains. We filtered for transcripts
or proteins that showed increased abundance,
under basal or heat-stressed conditions, exclu-
sively in the heat-protected strains (fig. S3). The
98 genes that met our filtering criteria were en-
riched for functions in development, cytoskeleton
organization, complex assembly, and immune
defense response (fig. S4:).

Reduced expression of genes essential to ther-
motolerance should lower survival under heat
stress. Therefore, we performed a RNA inter-
ference (RNAi)-based thermotolerance screen
on the genes that passed our filtering criteria
(fig. S5 and table S1). From the screen, we iden-
tified a troponin-like calcium-binding protein,
PAT-10, as essential for thermotolerance (Fig. 2A).
Transcription of pat-10 was heat-inducible in
all strains (Fig. 2B). Furthermore, hsf7 overexpres-
sion strains showed an increase in pai-I0 tran-
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scripts under basal and heat-stress conditions
(Fig. 2B). After examining the upstream pro-
moter region of pat-10, a putative binding site
for HSF-1 (7, 8) was identified within 500 base
pairs of the transcription start site (fig. S6). Ad-
ditionally, 2sf7 RNAI blocked the up-regulation
of pat-10 upon heat shock (Fig. 2C). Therefore,
pai-10 appears to be a direct target of HSF-1 tran-
seriptional regulation.

Because loss of pai-10 expression reduced ther-
motolerance, we tested whether ectopic over-
expression of pa-10 could render animals more
thermotolerant. Twofold overexpression of pat-10
(Fig. 2D) significantly increased heat protection
(Fig. 2E) and extended life span (Fig. 2F). Fur-
thermore, RNAI of pai#-10 eliminated the increased
thermotolerance (Fig. 2E) and life span (Fig. 2F)
of the pat-10 overexpression strain. pai-10 RNAI
also abolished the extended life spans of the Asf-1
overexpression strains (Fig. 2G). Thus, pai-10 ap-
pears to be necessary and sufficient for increased
thermotolerance and longevity. Additionally,
the beneficial effects of pat-10 overexpression
were not due to increases in basal HSP tran-
scription (fig. S7). One function of pat-10 is its
role in the troponin complex (9-11), which is nec-
essary for the contraction of body wall muscles.
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RNAI. {B) Quantitative PCR of pat-10 with and without heat shock (HS). (€) Effect of hsf-1 RNAi on pat-10 transcription upon heat shock. (D) Quantified expression
of pat-10 in the pat-10 OF strain. (E) Effect of pat-10 overexpression or pat-10 RNAI on thermotolerance. (F) Life-span survival curves for WT or pat-10—
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RNAI. *P < 0.05; error bars indicate SEM.
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However, RNAI toward the worm homolog of
tropomyosin—lev-11, a partner with pat-10 in
the troponin complex—did not affect heat resist-
ance (Fig. 2A). This suggests that the role of
pat-10 in muscle contraction does not influence
thermotolerance.

Loss of pat-10 also disrupts actin cytoskel-
eton dynamics and endocytosis (I10-13). To
address these potential mechanisms of protec-
tion, we used green fluorescent protein (GFP)-

Fig. 3. pat-10 overexpression improves actin cyto-
skeletal integrity and cellular trafficking. (A) GFP-
tagged myosin heavy chain in muscle detected by
means of fluorescent microscopy, before and after heat
shock (HS). (B) Worm thrashes per minute in liquid to
monitor motility after heat shock. (€ and D) Abundance
of filamentous (F) actin or globular {(G) actin after {C)
heat shock or (D) aging. Ponceau S staining shown as a
loading control. (E) Microscopy showing ssGFP derived
from muscle cells {m), endocytosed by coelomocytes
{c) to be degraded. (F) Normalized ssGFP fluorescence
quantification with and without pat-10 overexpression.
{G) Effect of blocking coelomacytic endocytosis on
GFP fluorescence in the ssGFP reporter strain. (H)
Thermotolerance after RNAI of cup-4. *P < 0.05; error
bars indicate SEM. Scale bars, 10 pm.

Fig. 4. Impairing actin dynamics decreases ther-
motolerance in mammalian cell culture. (A) Mi-
croscopy of HEK2S3T cells treated with cytochalasin
D or latrunculin A [phalloidin stain of actinin red, 4'6-
diamidino-2-phenylindole (DAPI) stain of DNA in
blue]. {B) Thermotolerance of HEK2S3T cells after a
heat shock at 45°C for 2 hours treated with cytocha-
lasin D or latrunculin A. {€) Proposed maodel of the
dual pathways of HSF-1-mediated health assurance.
*P < 0.05; error bars indicate SEM. Scale bars, 5 pm.
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labeled muscle filaments to assess actin orga-
nization (74). Upon heat shock, muscle filaments
became unorganized and damaged, leading to
impaired motility (Fig. 3, A and B). However,
pat-10 overexpression was sufficient to prevent
heat-induced muscle and motility deterioration
(Fig. 3, A and B). Furthermore, heat shock de-
creased the ratio of the filamentous (F) actin to
globular (G) actin in WT worms, whereas the
protected pat-10 overexpression animals main-

A

tained F actin upon exposure to heat stress (Fig.
3C and fig. S8). With regard to aging, the ratio
of F to G actin also decreased with age, and
pat-10 overexpression lessened this decline (Fig.
3D and fig. S8). Hence, under conditions of acute
stress or gradual age-related deterioration, the
integrity of the actin cytoskeleton is correlated
with organismal survival, and overexpression
of pat-10 can abrogate the collapse of actin
filaments.

8 & 8 8

Motility (benda/min) ™

(=]

%

G F G F = E

——-—E===
% fllamentous actin: 51 48
% filamentous actin: 33 49

Actin Ponceau S
D

G F G F

Day1 p— — =

53

% filamentous actin: 50

8sGFP; pat-10 OF

Day7‘— __‘P——-——-| m
% filamentous actin: 4 16
Actin Ponceau S
F G H
100 20 ©
8075 g15 $sGFP pat-10 RNAi

0.50 1.0

i 025 ic 05

i

& fS
.-°.¢§~

Latrunculin A

131

Thermotolerance (% Allve)

g

&
E‘

)
%

£)
%,

£y

HSF-1
/' \
{PAT-10  {HSPs
b
cytoskeletal proteln
endooyiotis g
g i Eongwlty/

Stress Reslatance

sciencemag.org SCIENCE



Appendix- HSF-1-mediated cytoskeletal integrity determines thermotolerance and life

span

RESEARCH | REPORTS

RNAi-induced loss of pat-10 disrupts endo-
cytosis through impairment of the actin cyto-
skeleton (12, 13, 15). To assay the role of pat-10
in endocytosis, we used a secretion and endo-
cytosis reporter designed to actively secrete
GFP (ssGFP) from muscle cells into the pseudo-
coelomic fluid, where it is endocytosed by the
coelomocyte cells and degraded (fig. S9A) (I16).
Therefore, the ssGFP reports upon effective mus-
cular secretion and endocytosis by coelomocytes.
Fitting the hypothesis that pat-10 overexpres-
sion improves transport and cellular processing
through improved subcellular scaffolding, the
pat-10 OF strain had a decrease in overall ssGFP
fluorescence (Fig. 3, E and F). The decrease in
ssGFP resulted from improved secretion and up-
take, as shown by the absence of fluorescence in
the muscle and pseudocoelomic fluid (Fig. 3E).
This decrease was not due to an overall decrease
in expression of GFP (fig. S9B). Conversely, RNA{
of pat-10 increased overall fluorescence through
decreased muscle secretion and coelomocytic en-
docytosis (Fig. 3, E and G). To fully block co-
elomocytic uptake and degradation of ssGFP,
RNAI of cup-4, a ligand-gated ion channel re-
quired in endocytosis (77), showed an even higher
increase in fluorescence (Fig. 3G) and also re-
duced thermotolerance in the wild type (Fig.
3H). Collectively, these data indicate pat-70 has
an active role in cytoskeletal maintenance, which
is critical to cellular transport.

To test for conservation, we disrupted the actin
cytoskeleton in human embryonic kidney (HEK)
293T cells using cytochalasin D, which blocks the
addition of actin monomers to filaments (78), or
latrunculin A, which binds actin monomers and
prevents polymerization (Fig. 4A) (Z9). Inhibiting
filamentous actin formation with either cytocha-
lasin D or latrunculin A significantly reduced
thermotolerance in human cells without causing
death at permissive temperatures (Fig. 4B and
fig. S10). Similar to our C. elegans data, these
findings reiterate the importance of the actin
cytoskeleton during times of cellular stress.

Elevated levels of hsfI have been shown to
benefit multiple organisms, yet its oncogenic prop-
erties are a major therapeutic drawback (20, 21).
Because the inducible chaperone network pro-
motes survival and proliferation of metastasizing
cells (22), the ability to harness protective, non-
chaperone components within the HSF-1 signal
transduction cascade appears essential for future
drug development. Identification of pat-I0 as a
modifier of thermotolerance and longevity may
apply to mammalian systems without the typical
oncogenic dangers associated with increased chap-
erone levels.

The hsfI(CT) strain was still able to mount a
transcriptional response to heat shock, albeit re-
duced in complexity of hsf-I(FL). The molecular
mechanism remains unclear by which hsf1(CT)
regulates transcription without the C-terminal ac-
tivation domain, but possible explanations include
HSF-1 containing multiple activation domains.
Alternatively, the hgf-1(CT) modification may alter
affinities to DNA-binding sites or different cofactors,
which would modify the transcriptional profile.

SCIENCE sciencemag.org

Our findings underscore the importance of
maintaining filamentous actin, as opposed to
total levels of actin. We propose a model in which
HSF-1 regulates chaperones and actin cytoskeletal
genes in parallel to promote thermotolerance
and longevity (Fig. 4C). In the absence of chap-
erone induction, stabilization of the actin cyto-
skeleton is sufficient to promote survival under
conditions of cellular stress and aging.
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T cells that mediate autoimmune diseases such as rheumatoid arthritis (RA) are difficult to
characterize because they are likely to be deleted or inactivated in the thymus if the self
antigens they recognize are ubiquitously expressed. One way to obtain and analyze

these autoimmune T cells is to alter T cell receptor (TCR) signaling in developing T cells to
change their sensitivity to thymic negative selection, thereby allowing their thymic
production. From mice thus engineered to generate T cells mediating autcimmune arthritis,
we isolated arthritogenic TCRs and characterized the self antigens they recognized. One
of them was the ubiquitously expressed 60S ribosomal protein L23a (RPL23A), with
which T cells and autoantibodies from RA patients reacted. This strategy may improve
our understanding of the underlying drivers of auteimmunity.

cells mediate a variety of autoimmune dis-
eases (I, 2), likely through the recognition
of self antigens. However, identification
of the self antigens targeted by T cells in
systemic autoimmune diseases such as rheu-

132

matoid arthritis (RA) has been technically diffi-
cult (3-5). This is because pathogenic T cells
expressing high-affinity T cell receptors (TCRs)
for ubiquitous self antigens may be largely de-
leted (i.e, negatively selected) in the thymus and
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SUMMARY

Integrating stress responses across tissues is
essential for the survival of multicellular organisms.
The metazoan nervous system can sense protein-
misfolding stress arising in different subcellular
compartments and initiate cytoprotective tran-
scriptional responses in the periphery. Several sub-
cellular compartments possess a homotypic signal
whereby the respective compartment relies on a
single signaling mechanism to convey information
within the affected cell to the same stress-respon-
sive pathway in peripheral tissues. In contrast,
we find that the heat shock transcription factor,
HSF-1, specifies its mode of transcellular protec-
tion via two distinct signaling pathways. Upon ther-
mal stress, neural HSF-1 primes peripheral tissues
through the thermosensory neural circuit to mount
a heat shock response. Independent of this ther-
mosensory circuit, neural HSF-1 activates the
FOXO transcription factor, DAF-16, in the periphery
and prolongs lifespan. Thus a single transcription
factor can coordinate different stress response
pathways to specify its mode of protection against
changing environmental conditions.

INTRODUCTION

The long-term health of an organism is linked to its ability
to recognize and respond to stresses that arise in its environ-
ment. Across evolutionary spectra, organisms have developed
complex and highly specialized defense pathways that become
transcriptionally activated during times of stress. Often, diverse
stress stimuli initiate distinct transcriptional signatures that
activate protective and adaptive genes to defend against envi-
ronmental challenges and restore homeostasis. In metazoa,
the upregulation of stress response pathways also requires the

1196 Cell Reports 72, 1196-1204, August 18, 2015 ©2015 The Authors

coordinated activation of stress response machinery across
multiple tissues. Consequently, a hierarchical mode of tissue
regulation has evolved in which particular cell types can act as
master regulators, initiating protective pathways in peripheral
tissues (Wolff et al., 2014).

Organisms are frequently subjected to acute challenges
that require a rapid response to potentially lethal conditions.
These transient stresses elicit a dramatic cellular reaction
with a rewiring of gene expression and a temporary suspen-
sion of normal cellular function. Conversely, organisms regu-
larly encounter chronic insults that are not lethal even after
long exposures. These prolonged stresses initiate distinct
and more-sustained responses that allow for the continuance
of most normal cellular functions. The cumulative effect of
chronic stress over the lifetime of the organism is known to
play a causative role in the onset and severity of many age-
related diseases (Failla, 1958; Harman, 1956; Orgel, 1963).
However, it is unclear how acute stress responses can alle-
viate the negative effects of the aging process (Lithgow
et al., 1995).

Thermal adaptation in metazoans requires the perception,
communication, and initiation of a response across the entire
organism. The transcription factor HSF-1 is the key regulator
of the cellular and organismal response to heat stress and is
conserved in all eukaryotes. It is well-established that HSF-1
mediates a protective transcriptional and translational response
to acute heat stress through the induced expression of molec-
ular chaperones (Morimoto, 2008). More recently, it has been
shown in the nematode worm that hsf-7 overexpression in all
tissues retards the aging process (Hsu et al., 2003). Thus,
mediating stress response pathways by HSF-1 protects against
both acute thermal stress and the chronic stresses associated
with aging.

In nematodes, thermal adaptation is regulated by a subset of
sensory neurons that activate the heat shock response
in peripheral tissues (Prahlad et al., 2008). However, the role
that HSF-1 plays within the nervous system is not well defined.
It is also not clear whether the same sensory neural circuit that
controls the heat shock response also controls processes of ag-
ing that are tightly associated with heat stress resistance.
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Figure 1. Neural Overexpression of hsf-T Protects C. elegans
against Heat Stress and Aging

(A) Transcript abundance of hsf- 7 determined by quantitative RT-PCR analysis
of wild-type (N2) and rab-3p::hsf-1 transgenic animals (AGD1289). Error bars
represent the SEM.

(B) Thermotolerance of wild-type and rab-3p::hsf-1 transgenic worms shifted
from permissive (20°) to heat shock (34°) temperatures for 14 hr. Error bars
represent the SEM.

(C) Lifespan survival curves of wild-type and rab-3p::hsf-1 transgenic strains at
permissive temperatures (20°). Lifespan statistics are found in Table 1.

RESULTS

Neural Overexpression of hsf-7 Promotes Heat Stress
Resistance and Longevity

To explore these questions, we examined whether increasing
hsf-1 levels exclusively in the worm nervous system was suffi-
cient to mediate protection against acute thermal stress
and the aging process. Transgenic worms were generated that
ectopically overexpressed hsf-1 throughout the nervous system
(Figures 1A and S1A-S1C). This level of hsf-71 overexpression in
neurons was sufficient to extend worm lifespan and protect
against heat shock treatments (Figures 1B, 1C, S1D, and S1E;
Table 1).

To gain insight into the neural-signaling pathways respon-
sible for thermotolerance and longevity assurance, heat-
shock-responsive transcriptional targets were examined under
conditions of either acute heat stress or aging. We first utilized
a transgenic reporter worm that expresses GFP under the
promoter of the HSF-1 target gene, hsp-16.2, a member of the
alpha f crystalline family of small chaperones (Link et al.,
1999). Upon application of heat stress, animals robustly
induced the expression of GFP driven by the hsp-76.2 promoter
compared to non-heat-treated worms (Figure 2A). Elevating neu-

ral hsf-1 expression enhances the heat shock response
throughout all worm tissues. These results strongly suggest
that HSF-1 activity in neurons communicates to peripheral
tissues and enables a more-robust transcriptional response to
heat stress. Through large-particle flow cytometry, fluorescent
quantification of individual worms reveals that heat shock in-
duces expression of hsp-16.2p::GFP over 2-fold higher in worms
that overexpressed hsf-7 in the nervous system (Figures 2B and
S2A). Similar increases of endogenous hsp-16.2, hsp70a, and
hsp-70b transcript levels were observed upon heat shock in
worms overexpressing neural hsf-7 (Figures 2C, S2B, and
S2C). Similar expression patterns of HSP-16 protein levels
were also observed (Figure 2D). Genome-wide transcriptomics
further confirmed that hsf-7 overexpression in the nervous
system bolsters transcription of numerous heat-responsive
genes compared to wild-type animals (Figure S2D). The ability
of worms overexpressing neural hsf-7 to mount a more-robust
heat shock response in peripheral tissues is consistent with the
hypothesis that thermal protection is conferred by the heat
shock response.

Loss of the Thermosensory Neural Circuit Disrupts
Thermotolerance, but Not Longevity
We examined the role that heat-inducible chaperones might play
in lifespan determination when hsf-71 is overexpressed in the
nervous system. We predicted that induction of heat-responsive
genes would be correlated with neural hsf-7 overexpression.
Perplexingly, only minor differences in heat-responsive elements
were observed at permissive temperatures between control
animals and those overexpressing neural hsf-1 (Figures 2B-2D
and S2B-S2D). Thus, elevating hsf-7 levels in the nervous system
confers longevity without induction of the canonical heat-shock-
responsive chaperones. Furthermore, RNAiI knockdown of hsp-
16 expression, previously linked to age determination (Walker
and Lithgow, 2003), did not alter lifespan extension by neural
hsf-1 (Figure S3A; Table 1). These data suggest that hsf-7 overex-
pression elicits a divergent pathway in response to the aging
process. Similar responses have been reported for HSF-1 in the
context of reduced insulin/IGF-1 signaling (Hsu et al., 20083).
Because lifespan extension and thermotolerance appear
divergent, we speculated that mutations might exist that abolish
thermal protection but retain lifespan extension. To test this
hypothesis, the thermosensory neural circuit was disrupted and
the ability of neural hsf-1 overexpression to enhance heat toler-
ance and extend lifespan was assessed. Genetic ablation of the
AlY interneuron through a ttx-3 mutation severs the thermosen-
sory neural circuit and dampens the activation of heat shock
responders in peripheral tissues (Prahlad et al.,, 2008). As
expected, in the ttx-3 mutant background, neural hsf-7 overex-
pression no longer enhanced heat tolerance (Figure 2E). Surpris-
ingly, neural hsf-1 overexpression was still capable of prolonging
lifespan in the #x-3 mutant (Figure 2F; Table 1). Thus, an intact
thermosensory circuit is required for neural hsf-7-overexpressing
worms to protect against heat stress but is dispensable for age
regulation. More importantly, these data challenge the idea that
HSF-1 regulates the aging process through the same heat shock
response mechanisms and suggest that HSF-1 initiates an alter-
native transcriptional pathway to combat the stress of aging.
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Table 1. Statistical Analysis of C. e/ Lifespan Data

Mean Lifespan + p Value

SEM (Median % Lifespan  Log Rank
Figure Strain, Treatment Lifespanin Days) 75" % (Day)  Observed/Total Increase {Mendel-Cox)
1C N2 17.3+0.4(17) 22 88/100
1C AGD1282 (neural hsf-1) 23.1+0.4 24 27 68/101 315 <0.0001
2F AGD1008 non-transgenic 18.0+ 0.4 (18) 20 69/86
2F AGD1008 (neural hsf-1) 23.2+0.524) 26 58/88 28.8 <0.0001
2F tx-3(ks5) 175+ 0.4(18) 20 88/96 2.8 0.7231
2F AGD14489 (neural hsf-1 ttx-3(ks5)) 22.0+0.6 22 24 59/85 222 <0.0001
3D N2 17.5+0.4(17) 21 73/100
3D AGD1288 (neural hsf-1) 23.9+0.4 (23 27 70/103 36.6 <0.0001
3D daf-16(mu86) 15.8+ 0.4 (15) 19 61/100 -97 0.0022
3D AGD1217 (neural hsf-1, daf-16(mu86)) 16.6 + 0.3 (17) 19 72/100 —5.1 0.0578
4A AGD1272 (neural daf-16) 18.7+0.4(19) 22 68/108
4A AGD1273 (neural daf-16, neural hsf-1) 182+ 0.6(17) 22 57/105 -2.6 0.6775
4B AGD1276 (intestinal daf-16) 16.7+0.5(17) 12 53/104
4B AGD1277 (intestinal daf-16, neural hsf-1)  22.7 + 0.5 (22) 26 51/110 35.8 <0.0001
4C AGD1278 (muscle daf-16) 16.8+0.5(17) 19 71107
4C AGD1278 (muscle daf-16, neural hsf-1) 18.5+0.6(19) 22 52/94 10.1 0.042%
5A N2 18.5+0.2(18) 20 90/114
5A AGD1288 (neural hsf-1) 27.6 + 0.4 (28) 31 113/123 51.8 <0.0001
5A hsf-1(sy441) 16.8+0.2(18) 18 100/114
5A AGD1471 (hsf-1(sy441), neural hsf-1) 18.4+0.2(18) 20 91/120 9.5 <0.0001
81D N2 17.1+ 0.4 (16) 20 76/102
S1D AGD1053 (neural hsf-1) 21.2 + 0.6 (20) 25 72/100 24 <0.0001
S1D AGD1054 (neural hsf-1) 21.4+0.422) 25 76/100 252 <0.0001
S1E N2 18.1 + 0.5 (20) 22 79102
S1E AGD1441 (neural hsf-1) 22.2+0.7 22 26 62/78 16.2 0.0002
S3A N2, vector RNAI 18.5+0.3(19) 21 83/109
S3A AGD1288 (neural hsf-1), vector RNAI 23.0+0.322) 24 94/113 24.3 <0.0001
S3A N2, hsp16.7 RNAI 19.6 +0.3(19) 22 92/105
S3A AGD1289 (neural hsf-1), hsp-16.7 RNAi 23.5+ 0.3 24) 26 95/106 19.9 <0.0001
S3B N2, vector RNAI 19.3+0.4(19) 22 68/103
S3B AGD1288 (neural hsf-1), vector RNAI 23.7+ 0.4 25) 25 74/111 22.8 <0.0001
S3B N2, pha-4 RNAi 17.6+0.5(19) 19 43/104
S3B AGD1288 (neural hsf-1), pha-4 RNAI 22.9+0.4 (22 25 77/103 30.1 <0.0001
S3C-S3E N2, vector RNAI 17.0+ 0.4 (16) 20 90/108
S3C-S3E  AGD128¢ (neural hsf-1), vector RNAI 22.4+0.322 24 57/105 31.8 <0.0001
S3C N2, xbp-1 RNAI 18.6 + 0.4 (18) 22 85/98
S3C AGD1288 (neural hsf-1), xbp-1 RNAI 23.2+0.424) 26 63/98 247 <0.0001
S3D N2, skn-1 RNAi 15.3+0.2(16) 16 89/98
S3D AGD1282 (neural hsf-1), skn-1 RNAI 222+0.322 26 85/108 45.1 <0.0001
S3E N2, ubi-5 RNAi 17.1+0.4(18) 20 91/100
S3E AGD1288 (neural hsf-1), ubl-5 RNAi 21.0+ 0.4 20) 24 67/91 22.8 <0.0001
HSF-1 Signals Heterotypically to DAF-16 in the that were significantly upregulated in multiple long-lived, hsf-1-
Periphery for Increased Longevity overexpressing strains (Baird et al.,, 2014). Promoter analysis

Intrigued by the possible separation of thermotolerance and was performed on these gene data sets to identify possible
aging, we sought to identify alternative transcriptional pathways transcription-factor-binding elements associated with an alter-
that regulate aging independently of the heat stress response. native cellular process or pathway. As expected, many of the
To gain insight into alternate pathways, we analyzed genes promoters contained HSEs (heat shock elements). We also
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observed a significant enrichment in DAF-16-associated ele-
ments (DAEs) (Table S1). The forkhead (FOXO) transcription
factor DAF-186 is an essential component in the insulin/IGF-1-
signaling cascade. This systemic process enables organisms
to maintain glucose and energy homeostasis at optimal levels.
HSF-1 has been linked to the insulin-signaling pathway and
DAF-16 (Chiang et al., 2012; Hsu et al., 2003; Morley and Mori-
moto, 2004), yet it remains unclear how these essential pro-
cesses function together.

Disrupting insulin signaling through various mutations in
different transduction components enhances longevity (Kenyon,
2011). Moreover, this lifespan extension requires the activation
of DAF-16 to drive the pro-longevity transcriptional response.
The canonical DAF-16 target gene superoxide dismutase-3
(sod-3) exhibits expression levels highly correlative with lifespan
extension (Henderson et al., 2006; Sanchez-Blanco and Kim,
2011). Because neural hsf-1 overexpression does not activate
a heat shock response at permissive temperatures, we hypoth-
esized that hsf-7 might be capable of activating DAF-16 target
genes. Fluorescence was examined in transgenic worms that
expressed GFP under the control of the sod-3 promoter. In this

R
D

0

hances Heat-Inducible Chaperone Expres-
sion in All Tissues and Requires an Intact
Thermosensory Circuit for Heat Protection,
but Not Lifespan Extension

{A) Fluorescent microscopy of C. elegans ex-
pressing GFP from the hsp-16.2 promoter in
control (CL2070) and rab-3p::hsf-1 transgenic
animals (AGD1448) at permissive (20°C) and heat
shock (34°C) temperatures.

{B) Large-particle flow cytometry was used to
quantify GFP fluorescence from strains used in (A).
Error bars represent the SEM.

{C) Transcript levels of endogenous hsp-16.2
determined by quantitative RT-PCR from day 1
adult wild-type and rab-3p::hsf-1 transgenic ani-
mals (AGD1289). Error bars represent the SEM.
{D) Western blot analysis of endogenous HSP-16
from strains used in (C).

{E) Thermotolerance of WT, ttx-3(ks5), rab-3p::hsf-1
{AGD1289), and rab-3p::hsf- T;ttx-3(ks5) (AGD1449)
> animals was assessed at 34°C. Error bars repre-
0\)‘ sent the SEM.

< {F) Lifespan survival was performed at 20°C on
strains used in (E). Lifespan statistics are found in
Table 1.
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manner, temporal and spatial aspects
of sod-3 transcriptional activity were
analyzed in different worm tissues.

Elevated expression of hsf-7 in the
nervous system increased GFP fluores-
cence in all worm tissues harboring the
transcriptional sod-3 reporter (Figure 3A).
We observed that overexpression of
neural hsf-1 yields twice as much GFP
fluorescence (Figures 3B and S4A). GFP
expression was not only elevated in the
nervous system by neural hsf-7 overexpression but also in pe-
ripheral tissues. The daf-16(mu86)-null allele prevented neural
hsf-1 overexpression from increasing GFP fluorescence of the
sod-3 reporter strain (Figures 3A, 3B, and S4A). Induction of
endogenous sod-3 transcripts by neural hsf-1 overexpression
was also daf-716 dependent (Figure 3C). Thus, neural hsf-1
overexpression drives FOXO-dependent activation of sod-3 at
permissive temperatures in all worm tissues.

Taken together, these results suggest that hsf-7 combats
acute heat stress through the activation of a transcellular heat
shock network and hsf-7 in the nervous system initiates an
independent signal to activate DAF-16 in peripheral tissues
to extend lifespan. To disprove this hypothesis, we determined
the dependence of daf-76 upon lifespan extension by neural
hsf-1. Consistent with separation of thermotolerance and
aging, hsf-1 overexpression in the nervous system was inca-
pable of extending worm lifespan in daf-76 mutants (Figure 3D;
Table 1). In contrast, stress-responsive transcription factors
such as pha-4, xbp-1, skn-1, and ubl-5 were dispensable for
neural hsf-7-mediated lifespan extension (Figures S3B-S3E; Ta-
ble 1). The ability of increased neural hsf-7 to modulate sod-3

30 40
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levels in a daf-16-dependent manner correlates with its ability to
extend animal lifespan. Although daf-716 possesses thermal pro-
tective properties (Volovik et al., 2014), daf-16 was not required
for neural hsf-7-overexpressing worms to protect against heat
stress (Figure 3E). Moreover, expression of the sod-3 stress-
responsive gene was not heat inducible and likely represents a
distinct stress response pathway utilized by neural hsf-7 during
the aging process (Figures S4B-84D).

The ability of hsf-7 to regulate the heat shock response and
aging are separable. Removal of the thermosensory circuit
through a ttx-3 mutation blocks heat resistance but has no effect
on increased longevity. Conversely, eliminating daf-76 function
does not affect thermotolerance but abolishes lifespan extension
by neural hsf-1 overexpression. Therefore, distinct signaling
events are communicated across an organism from hsf-7 in
the nervous system in response to acute heat stress compared
to the chronic stress of aging.

Intestinal daf-16 Is Sufficient to Extend Lifespan by
Neural hsf-7 Overexpression

Neural hsf-1 regulates daf-16 in peripheral tissues; however, it is
not clear in what tissues daf-76 is required for lifespan extension.
By rescuing daf-16 expression in individual worm tissues in an
otherwise null daf-716(mu86) mutant, we tested whether restoring
daf-16 activity in a particular tissue was sufficient to drive the
lifespan extension by neural hsf-7 overexpression. Expression
of daf-16 was rescued in the nervous system, intestine, and
body-wall muscle (Libina et al., 2003). Rescuing expression of
daf-16 in the nervous system was not sufficient for neural hsf-7
overexpression to extend lifespan or enhance GFP fluorescence
of the sod-3 transcriptional reporter (Figures 4A and S4E; Ta-
ble 1). This demonstrates that daf-76 in the nervous system is
not required for neural hsf-7 to communicate to peripheral tis-

Thermotolerance
(% Alive)

Figure 3. daf-16 Is Required for Neural
hsf-1 to Induce sod-3 Expression in
Peripheral Tissues and Extend Lifespan
but Is Dispensable for Increased Thermo-
tolerance

(A) Fluorescent microscopy of C. efegans ex-
pressing GFP from the sod-3 promoter in
control (CF1553), rab-3p::hsf-1 (AGD1198), and
rab-3p:hsf-1; daf-16(mu86) (AGD1457) animals at
20°C.

(B) Quantification of GFP fluorescence from
strains used in (A) as determined by large-particle
< flow cytometry. Error bars represent the SEM.

(C) Transcript levels of endogenous sod-3 deter-
mined by quantitative RT-PCR from day 1 adult
WT, daf-16(mu86), rab-3p:hsf-1 (AGD1289), and
rab-3p:hsf-1; daf-16(mu86) (AGD1217) animals.
Error bars represent the SEM.

(D) Lifespan survival was assessed at 20°C for
strains used in (C). Lifespan statistics are found in
Table 1.

(E) Thermotolerance was determined at 34°C for
strains used in (C) and (D). Error bars represent the
SEM.

sues. In contrast, daf-76 expression exclusively in the intestine
enabled neural hsf-1 overexpression to both extend lifespan
and modestly enhance GFP fluorescence in the sod-3 transcrip-
tional reporter (Figures 4B and S4E; Table 1). Additionally, neural
hsf-1 acted specifically through the intestine, as daf-16 expres-
sion in body-wall muscles did not extend lifespan or induce the
sod-3 reporter (Figures 4C and S4E; Table 1). Therefore, neural
hsf-1 functions cell non-autonomously in lifespan regulation via
a signaling mechanism that requires the activity of daf-76 in
intestinal cells. DAF-16 has previously been shown to play an
important role in the worm intestine to influence lifespan (Libina
et al, 2003). The communication between neural hsf-7 and
daf-16 in the periphery does not require daf-76 in the nervous
system, indicating that hsf-7 regulates daf-76 in a transcellular
manner (Figure 5B).

Although daf-16 activity is required in the intestine for neural
hsf-1-overexpressing worms to extend lifespan, it is unclear
whether hsf-1 also functions in the peripheral, non-neural tissues
to mediate longevity assurance. Thus, hsf-1 activity in peripheral
tissues was reduced through a hypomorphic hsf-1(sy441) allele
in which the carboxy-terminal transactivation domain has been
removed through a premature stop codon (Hajdu-Cronin et al,,
2004). Overexpressing full-length hsf-7 in the nervous system
was not able to extend the lifespan of the hypomorphic hsf-
1(sy441) animals (Figure 5A; Table 1). These results indicate that
hsf-1 activity in the nervous system is not sufficient to increase life-
span on its own, but rather communication of neural hsf-7 to pe-
ripheral cells expressing hsf-1 is essential for longevity assurance.

DISCUSSION

Stress encompasses a wide spectrum of insults for which cells
have evolved highly specialized responses to both combat the
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Figure 4. Neural Overexpression of hsf-1 Requires daf-16 in the
Intestine to Activate sod-3 and Extend Lifespan

(A-C) Lifespan survival curves and representative sod-3p::GFP fluorescent
micrographs of rab-3p::hsf-1 transgenic animals with different tissue-specific
daf-16 rescues in an otherwise daf-16(mu86) mutant background. Expression
of daf-16 is ectopically restored in individual tissues of daf-16(mu86)-null an-
imals including the (A) nervous system (AGD1273), (B) intestine (AGD1277),
and (C) body-wall muscle (AGD1279). Lifespan statistics are found in Table 1.

immediate stress and initiate recovery mechanisms. With the
evolution of multicellularity, organisms developed a hierarchical
mode of stress response regulation across tissues. This normally
includes a master tissue, which can both sense the particular
stress and transmit the appropriate response to the pertinent
peripheral tissues. Cell non-autonomous signaling of stress re-
sponses includes numerous mechanisms, such as the insulin-
signaling pathway (Libina et al., 2003), germline ablation (Hsin
and Kenyon, 1999), mitochondrial unfolded protein response
(UPR) (Durieux et al., 2011; Owusu-Ansah et al., 2013), ER
UPR (Deng et al., 2013; Taylor and Dillin, 20183), and the heat
shock response (Prahlad et al., 2008). To date, each signaling
mechanism arises in a particular tissue and functions in a homo-
typic manner whereby a single signaling cascade conveys stress
responsive cues to all pertinent tissues. Consistent with these
responses, neural hsf-1 signaling directly regulates hsf-7 targets
in peripheral tissues to mount the heat shock response upon
acute stress. In contrast, neural hsf-1 initiates a distinct response
under aging to coordinate daf-76 activity in peripheral tissues in
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Figure 5. hsf-1 Is Required in Peripheral Tissues for Neural hsf-1-
Overexpressing Worms to Extend Lifespan

{A) Lifespan survival curves of WT and rab-3p::hsf-1-overexpressing nema-
todes (AGD1289) in the presence or absence of the hypomorphic hsf-1{sy441)
mutation {AGD1471). Lifespan statistics are found in Table 1.

{B) Model depicting how heterotypic signals by neural hsf-1 separate thermal
protection from age regulation. Under thermal stress, HSF-1 in the nervous
system signals to peripheral tissues through the thermosensory neural circuit
and enhances the heat shock response to protect worms (left model).
Conversely, neural hsf-1 functions independently of the thermosensory circuit
to generate a transcellular signal that activates DAF-16 and HSF-1 in the
intestine and drives pro-longevity gene expression (right model).

addition to hsf-71. Thus, hsf-7 communicates in a heterotypic
manner to regulate different stress response pathways. Given
the vast array of stresses that hsf-7 has been reported to protect
against (Hsu et al., 2003; Morimoto, 2008), it is reasonable that
hsf-1 can optimally tailor stress response machinery to combat
either acute or chronic insults.

Links between hsf-7 and components of the insulin/IGF-1-
signaling pathway exist in multiple experimental paradigms
including aging, proteotoxicity, and thermotolerance (Hsu et al.,
2003; McColl et al., 2010; Morley and Morimoto, 2004). From
these reports, hsf-7 function has been modeled to reside
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downstream of, or in parallel with, the insulin-signaling pathway.
Herein, we provide evidence suggesting that hsf-7 functions
upstream of daf-16 signaling. Furthermore, mutations abolishing
distinct types of neural vesicular release, unc-13 and unc-317,
extend worm lifespan in a daf-16-dependent manner (Ailion
et al., 1999; Gems and Riddle, 2000). We observe that animals
harboring the unc-13 or unc-37 mutation induce sod-3 expres-
sion (Figure S4F), suggesting that reduced neural secretion of in-
sulin-like peptides activates daf-716 in distal tissues to promote
longevity. Because of this functional redundancy, the signaling
mechanism by which neural hsf-7 communicates to the periphery
remains unclear but could include any of the 39 insulin-like pep-
tides found in C. elegans.

Within the nervous system, hsf-1 could function at multiples
steps to modulate insulin signaling: either by regulating the
production, processing, trafficking, or secretion of insulin pep-
tides during conditions of chronic stress. Future studies are
needed to elucidate the molecular mechanisms by which hsf-7
overexpression in neurons could possibly regulate insulin
biogenesis. Expanding these concepts to mammalian systems,
it will be interesting to understand how bolstering hsf-7 activity
in the brain influences more localized insulin secretion within
the nervous system versus insulin biogenesis in pancreatic
B cells. Either course of action could profoundly affect energy
homeostasis and provide a novel, long-term mode of diabetes
intervention.

The process of aging is due, in part, to protein misfolding
events and a general deterioration in the quality of the proteome.
In support of this hypothesis, metastable proteins that can fold
and function in youthful cells begin to misfold upon aging, losing
functionality (Ben-Zvi et al., 2009). A similar phenomenon ap-
pears in numerous age-onset neurodegenerative disorders, in
whichthe aging brain can no longer maintain disease-linked pro-
teins in properly folded, functional states and misfolding leads to
multimerization of the disease proteins and neural death (Doug-
las and Dillin, 2010; Morimoto, 2008). In these studies, the levels
of hsf-71 and its chaperone target genes directly correlated with
the age onset of different neurodegenerative models. Thus, by
extension, it was hypothesized that hsf-7 regulates the aging
process by modulating chaperone network components to
directly influence the folding state of the proteome (Morimoto,
2008). Our data suggest an alternate method by which hsf-7
can regulate the aging process. In this model, hsf-1 activates
the FOXO transcription factor, which initiates a pro-longevity
stress response that is distinct from the heat shock response.
Although we cannot entirely exclude the possible involvement
of the chaperone network in lifespan extension by neural hsf-1
overexpression, we did not observe an enhancement in heat-
responsive elements. Further investigation is needed to uncover
stress-responsive genes within the DAF-16 activation cascade
that are responsible for longevity assurance.

EXPERIMENTAL PROCEDURES

C. elegans Strains and Maintenance

All strains were maintained at 15°C on the E. coli strain, OP50. The following
strains were used in this work: wild-type (N2), ttx-3{ks5), daf-16(mu86), hsf-
1(sy441), daf-2(e1370), AM101 (rmIS110[gref-1p::Q40::YFP]; AGD440 (N2;

uthEx457[rab-3p:tdTomato); rol-6(su?006)]); AGD1008 (uthEx663[rab-
3p:uhsf-1; myo-2p:tdTomato]), AGD1441 (uthEx741[rgef-1p:hsf-1; myo-
2p:tdTomato]), AGD1289 (uthiS368[rab-3p:uhsf-1; myo-2p:tdTomato]),
AGD1053 (uth|S365[rab-3p::hsf-1; myo-2p::itdTomato]), AGD1054 (uth|S366
[rab-3p:hsf-1; myo-2p:tdTomato]), AGD1449 (tix-3(ks5); uthEx663[rab-
3puhsf-1; myo-2p:tdTomato]), AGD1471  (hsf-1(sy441); uthiS368[rab-
3pihsf-1; myo-2p:tdTomato]), CL2070 (avin70[pCL25 (hsp-16.2p::GFP);
pRF4{rol-6)]), AGD1448 (dvin70[pCL25 (hsp-16.2p::GFP); pRF4(roi-6)];
uth|S368[rab-3p::hsf-1; myo-2p:tdTomato]), CF1553 (muls84[pAD76(sod-
3p::GFP)]), AGD709 (daf-16(mu86); muls84[pAD76(sod-3p::GFP)]), AGD1198
(muls84[pAD76(sod-3p::GFP)]; uthlS368[rab-3p:hsf-1; myo-2p::tdTomato]),
AGD1457  (daf-16(mu86); muls84[pAD76(sod-3p::GFP)];  uthlS368[rab-
3p:hsf-1; myo-2p:tdTomato]; AGD1217 (daf-16(mu86); uthlS368[rab-3p::
hsf-1;,  myo-2p:itdTomato]; AGD1272  (daf-16(mu86); muBEx169[unc-
119p::GFP:daf-16, rol-6(su1006))); AGD1273 (daf-16(mu86); muEx169[unc-
119p::GFP::daf-16, rol-8(su1006)]; uthIS368[rab-3p::hsf-1; myo-2p:tdTomato]);
AGD1276  (daf-16(mu86); muEx211[pNL213(ges-1p::GFP::daf-16),  rol-
6(su1006)); AGD1277 (daf-16(mu86); muEx211[pNL213(ges-1p::GFP::daf-16),
rol-6(su1006)]; uthlS368[rab-3p:hsf-1; myo-2p:tdTomato]), AGD1278 (daf-
16(mu86); muEx212[pNL212(myo-3p::GFP:daf-16), rol-6(su1008)), AGD1279
(dlaf-16(mu86); MUEx212[pNL212{myo-3p::GFP::daf-16), rol-6(su1006)];
uthIS368[rab-3p:hsf-1;  myo-2p:tdTomato), AGD1309  (daf-16(mu8s);
muBx169Junc-119p::GFP::.daf-16, rol-6(su1006)]; muls84[pAD76(sod-
3p::GFP)), AGD1313 (daf-16(mu86); muEx169[unc-119p::GFP::daf-16, rol-
6(su1006)]; uthlS368[rab-3p:hsf-1; myo-2p:tdTomato]; muls84[pAD76isod-
3p::GFP)), AGD1311 (daf-16(mu86); muEx211[pNL213(ges-1p::GFP::daf-16),
rol-6(su1006); muls84[pAD76(sod-3p::GFP)]), AGD1315 (daf-16(musb);
muEx211[pNL213(ges-1p::GFP::daf-16), rol-6(su1006)]; uthlS368[rab-
3p::hsf-1; myo-2p:tdTomato]; muls84[pAD76(sod-3p::GFP))), AGD1312 (daf-
16(mu8b); muEx212[pNL212{myo-3p::GFP::daf-16), rol-6(su1006)]; mulsd4
[PAD76({s0d-3p::GFP)]), AGD1316 (daf-16(mu86); muEx212[pNL212(myo-
3p::GFP::daf-16), rol-6(su1008)]; uth|S368[rab-3p::hsf-1; myo-2p::tdTomato];
muls84[pAD76(sod-3p::GFP)]), AGD1475 (unc-13{e450); muls84[pAD76(sod-
3p::GFP))), and AGD1476 (unc-31(€928); muls84[pAD76isod-3p::GFP))).

Wild-type (N2), tix-3(ks5), and daf-16(mu86) CF1553 and CL2070 strains
were obtained from the Caenorhabditis Genetics Center. For generation of
transgenic overexpression strains, hsf-7 cDNA was inserted downstream of
the neural promoters rab-3 or gref-1 and upstream of the unc-54 3 UTR.
Neural hsf-1 DNA plasmid constructs were injected at 2 ng/pl along with a
co-injection marker (myo-2p::tdTomato) at 10 ng/ul to make transgenic over-
expression worms.

Western Blot Analysis

Age-synchronized worms were cultivated on nematode growth (NG) plates
containing the E. cofi strain, OP50, at 20°C until day 1 adulthood. Worms
were washed off the plate with M9 buffer pre-heated to 34°C, collected, and
incubated in a 34°C water bath for 15 min. Worms were centrifuged at 1,000
x g for 30 s and moved back to NG plates seeded with OP50 bacteria at 20°C.
Worms were allowed 1.5 hr of recovery at 20°C before worms were collected
and frozen in liquid nitrogen for further processing.

Worm extracts were generated by glass bead disruption in non-denaturing
lysis buffer (150 mM NaCl, 50 mM HEPES [pH 7.4], 1 mM EDTA, 1% Triton
X-100, and protease inhibitor cocktail without EDTA [Roche]). Crude lysates
were subject to centrifugation at 10,000 x g at 4°C for 5 min. The supernatant
was supplemented with 2x SDS sample buffer containing 50 mM Tris-Cl
(pH 6.8), 2 mM EDTA, 4% glycerol, 2% SDS, Coomassie Blue, and protease
inhibitor cocktail without EDTA (Roche). Samples were boiled for 10 min and
resolved by SDS-PAGE. Proteins levels were monitored by standard im-
muno-blotting procedures with a-Hsp-16.2 (kind gift from Lithgow Lab) and
a-tubulin (Sigma T6074) antibodies.

Transcript Analysis

Total RNA was isclated from synchronized populations at day 1 of adulthood
using Qiazol (QIAGEN) and then further purified with the RNeasy mini kit
(QIAGEN). cDNA was synthesized using the QuantiTect kit (QIAGEN). Sybr-
Green was used for quantitative PCR as described in the SsoAdvanced
SYBR Green Supermix protocol (Bio-Rad). Experiments were repeated with
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three biological repeats and analyzed using the comparative Ct method. Inter-
nal controls utilized a geometric mean of cdc-42, pmp-3, and Y45F10D.4. The
Roche Universal ProbeFinder online tool was used to design primers. Primer
sequences are as follows:

cdc-42 forward 5'- AGGAACGTCTTCCTTGTCTCGC -3

cdc-42 reverse 5'- GGACATAGAAAGAAAAACACAGTCAC -3/
pmp-3 forward 5’- CGGTGTTAAAACTCACTGGAGA -3’

pmp-3 reverse 5'- TCGTGAAGTTCCATAACACGA -3
Y45F10D.4 forward 5'- AAGCGTCGGAACAGGAATC -3’
Y45F10D.4 reverse 5'- TTTTTCCGTTATCGTCGACTC -3/

hsf-1 forward 5'- TTTGCATTTTCTCGTCTCTGTC -3’

hsf-1 reverse 5'- TCTATTTCCAGCACACCTCGT -3’

hsp-16.2 forward &'- TCCATCTGAGTCTTCTGAGATTGTTA -3’
hsp-16.2 reverse 5'- TGGTTTAAACTGTGAGACGTTGA -3
hsp-70a (C12C8.1) forward 5'- CGGTATTTATCAAAATGGAAAGGTT -3’
hsp-70a (C12C8.1) reverse 5'- TACGAGCGGCTTGATCTTTT -3/
hsp-70b (F44E5.4) forward 5'- TGCACCAATCTGGACAATCT -3
hsp-70b (F44E5.4) reverse 5'- TCCAGCAGTTCCAGGATTTC -3
pai-10 forward 5'- TCGAGGAGTTCTGGGAGTTG -3

pat-10 reverse 5'- TTGTAGATCAGCGATTTTAAAGGA -3

sod-3 forward 5'- CACTGCTTCAAAGCTTGTTCA -3

sod-3 reverse 5'- ATGGGAGATCTGGGAGAGTG -3'.

RNA for global sequencing analysis was prepared using lllumina TruSeq
RNA Sample Prep Kit (llumina). Paired-end sequencing was performed on
an lllumina HiSeq 2000, and data were analyzed with CLC Genomics Work-
bench 7.0.4 software.

Promoter Analysis

We used RSAT (Thomas-Chollier et al., 2011) to ask for overrepresented
sequences of length 6, 7, or 8 upstream of our ORF start sites, within 1.5 kb
or until the preceding ORF, whichever was closer. e-value is a multiple testing
corrected estimate of the probability of this degree of overrepresentation.

Lifespan Analysis

Lifespan experiments were conducted at 20°C as previously described (Wil-
kinson et al., 2012), and a minimum of three independent experiments were
performed under every condition. Worms were fed different £. coli, OP50, or
HT115 for experiments involving RNAi knockdown of gene expression. Tis-
sue-specific daf-16 rescue lifespans were performed on OP50. The pre-fertile
period of adulthood was considered day 0. Worms were transferred to fresh
plates every second day until day 12. To prevent excessive worm censorship,
5-fluoro-2’-deoxyuridine, FUDR, was supplemented into growth media of life-
span experiments involving the hypomorphic hsf-1(sy441). Lifespan analysis
on Prism 6 and JMP software was used for statistical analysis to determine sig-
nificance calculated using the log rank (Mantel-Cox) method.

Thermotolerance Assay

Synchronized day 1 adult worms were placed at 34°C for 12-14 hr on plates
spotted with OP50 E. cofi or HT115 for RNAi. Worms were then scored for
viability. At least 80 worms were used per genotype, and experiments were
repeated at least three times. Prism 6 software was used for statistical
analysis.

RNAI Feeding

Worms were fed from hatch HT115 E. cofi containing an empty vector control
or expressing double-stranded RNA. RNAi strains were taken from the
Vidal library if present or the Ahringer library if absent from the Vidal library.
All RNAI clones were sequence verified prior to use and knockdown verified
previously (Carrano et al., 2009; Durieux et al., 2011; Panowski et al., 2007;
Taylor and Dillin, 2013).

Microscopy and Fluorescence Analysis

For fluorescence microscopy, worms were anesthetized with 10 mM levamin-
sole and images were captured using a Leica DM6000 B microscope and
Hamamatsu ORCA-ER camera. We also used a COPAS Biosort (Union Bio-

metrica) to measure individual day 1 worm length, width, and GFP fluores-
cence. At least 500 worms were measured per genotype and pooled in three
biological replicates. We normalized fluorescence by worm size to compare
between genotypes.
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