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Pluripotency is orchestrated by distinct players and chaperones and their partners
have emerged as pivotal molecules in proteostasis control to maintain stemness.
The proteostasis network consists of diverse interconnected pathways that function
dynamically according to the needs of the cell to quality control and maintain protein
homeostasis. The proteostasis machinery of pluripotent stem cells (PSCs) is finely
adjusted in response to distinct stimuli during cell fate commitment to determine
successful organism development. Growing evidence has shown different classes of
chaperones regulating crucial cellular processes in PSCs. Histones chaperones promote
proper nucleosome assembly and modulate the epigenetic regulation of factors involved
in PSCs’ rapid turnover from pluripotency to differentiation. The life cycle of pluripotency
proteins from synthesis and folding, transport and degradation is finely regulated by
chaperones and co-factors either to maintain the stemness status or to cell fate
commitment. Here, we summarize current knowledge of the chaperone network that
govern stemness and present the versatile role of chaperones in stem cells resilience.
Elucidation of the intricate regulation of pluripotency, dissecting in detail molecular
determinants and drivers, is fundamental to understanding the properties of stem cells in
order to provide a reliable foundation for biomedical research and regenerative medicine.
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INTRODUCTION

Pluripotency is an important and unique feature attributed to specific types of cells, and can be
defined as the ability of cells to replicate indefinitely in the absence of senescence (self-renewal)
while retaining the differentiation potential, or the ability to differentiate into all cells of an
organism (Martello and Smith, 2014). Embryonic stem cells (ESCs) are classified as pluripotent
stem cells (PSCs), and represent great possibilities for research and cell therapy. ESCs can be
obtained from the inner cell mass (ICM) of preimplantation blastocysts. The establishment of
cultures of ESCs in vitro (Evans and Kaufman, 1981; Martin, 1981; Martello and Smith, 2014)
brought about unquestionable advances in scientific research, as the starting point for several works
that sought to explore the molecular mechanisms that maintain pluripotency. In 2006, a state of
ESC-like, achieved from the reprogramming of differentiated adult cells was described, referred
to as induced pluripotent stem cells (iPSCs). Reprogramming of the cells was possible through
the induction of specific transcription factors (TFs), OCT4, SOX2, c-MYC, and KLF4 (Takahashi
and Yamanaka, 2006). OCT4, NANOG, and SOX2 are considered key factors for the maintenance
of PSCs in vivo and in vitro, forming a pluripotency core that, with additional TF and cofactors,
regulates pluripotency in an expanded transcriptional network (Wang et al., 2006; Kim et al., 2008).
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Although many studies have been conducted to understand
the exact mechanisms by which the TFs and additional factors
regulate pluripotency, much remains to be elucidated. Studies
are still being conducted to understand TFs individual and
integrated functioning. By unmasking pluripotency mechanisms,
it will be possible to use PSCs more safely and harness their
therapeutic potential, also serving as a model to understand
early development, important cellular processes and diseases.
Besides transcriptional regulation, other mechanisms are being
recently discussed as relevant to understanding the maintenance
of pluripotency in stem cells, such as chromatin conformation
and proteome quality control assisted by molecular chaperones.
In this review we discuss aspects of PSCs maintenance, such
as TFs regulation and chromatin conformation in PSCs, as
well as the relationship of chaperones, co-chaperones and
ubiquitin-proteasome system (UPS) with the control of TF levels
and pluripotency in PSCs. A comprehensive and integrated
understanding of the events – from transcription, translation to
post-translational processes – that govern pluripotency is needed
to answer questions that remain unanswered in the field of PSCs.

PLURIPOTENCY MAINTENANCE
MECHANISMS

Pluripotent stem cells are regulated by a series of interconnected
cellular processes that pass through the transcription, translation,
and final destination of proteins through different post-
translational modifications. The state of chromatin conformation
is important for the exposure or concealment of regulatory
regions in DNA. Regulatory regions are possible targets of several
TFs, that will associate in a specific way in the DNA molecule and
regulate the transcription of several genes.

Several studies described the essentiality of the TFs OCT4,
SOX2, and NANOG to pluripotency. These TFs form an
interconnected self-regulating core, cooperatively associating
with their own promoters and co-occupying more than 300
targets in an integrated manner, finely regulating their own and
also their targets expression, repressing differentiation genes and
activating pluripotency (Boyer et al., 2005; Wang et al., 2006).
Other TFs (referred hereafter as expanded core) associated to the
main pluripotency core were described, such as STAT3, SMAD1,
DAX1, REX1, ZPF281, among others (Kim et al., 2008; Bharathan
et al., 2017; Collier et al., 2017; Trusler et al., 2018). In 2006, the
publication of Takahashi and Yamanaka’s (2006) landmark work,
describing the acquiring of PSCs from the induction of four major
TFs – OCT4, SOX2, c-MYC, and KLF4 – profoundly impacted
stem cell research, allowing the field of development to dispose of
a new and effective tool for pluripotency studies.

Although pluripotency is controlled by the expression of a
network of TFs, the levels of this expression must be highly
regulated in order to maintain the pluripotent state. PSCs
balance between self-renewal and differentiation potential. Some
researches (briefly reviewed in Torres-Padilla and Chambers,
2014), have already shown that the levels of TFs associated with
pluripotency may vary in ESCs. Even in cells of the same colony,
the expression of certain factors can be heterogeneous and

transient. In addition to transcriptional regulation, the levels of
TFs can be modulated according to translational and degradation
rates and post-translational modifications.

In order to maintain PSCs undifferentiated, a cytokine
member of the IL6 superfamily, named leukemia inhibitory
factor (LIF), is used in cell culture (Nicola and Babon, 2015).
Briefly, in the signal transduction cascade, LIF couples with
gp130 receptors and activates JAKs in the cell interior which, in
turn, will activate STAT3 through phosphorylation (Huang et al.,
2017). Although LIF is not essential for the maintenance of these
cells in vivo (Stewart et al., 1992), and is not solely responsible
for the maintenance of pluripotency and self-renewal in vitro, it
is an important tool in the culture of ESCs and iPSCs. Later in
this review we will discuss how STAT3 relates to an important
protein complex of chaperones and co-chaperones, acting in the
maintenance of pluripotency in stem cells in vitro.

Interestingly, the existence of different statuses of pluripotency
has been reported, naïve and primed, with great variety in
transcriptional and epigenetic profile (reviewed in Nichols and
Smith, 2009; Hackett and Azim Surani, 2014). The primed state,
as the name suggests, is a state more prone to differentiation
when compared to the naïve state (Marks et al., 2012), although
in both states the cells remain expressing pluripotency core TFs.
In addition to these classically established states, the existence
of other levels for pluripotency has recently been hypothesized.
As recently proposed by Smith, pluripotency can be seen as a
progression through very early different developmental stages.
The author emphasizes the need for a formative pluripotency
state between the naïve and primed, in which cells acquire
abilities to change their genomic and epigenetic profile to proceed
in the course of cell-fate commitment (Smith, 2017). While
some authors defend great transcriptional heterogeneity between
primed and naïve states (Marks et al., 2012), other discuss that,
although the two populations have their specific transcriptional
signatures, this heterogeneity is expressed in low levels between
the states (Messmer et al., 2019). Much still needs to be
studied in order to establish a response to these controversies.
Studies exploring these states in vivo may contribute to the
understanding of their existence as part of the development of
organisms, or as artifacts of cell culture.

Pluripotent stem cells require elevated protein synthesis
for continuous replication and thus, enhanced mechanisms of
proteome quality control like elevated chaperone and proteasome
activities is essential to avoid senescence and maintain stemness.
The viability of stem cells critically depends on the ability to
maintain protein homeostasis to adapt continuously the cellular
proteome to extrinsic and intrinsic variations. The capacity
of stem cells to sense and respond to changing conditions
and stress is critical for normal cell growth, development and
organism viability. The complexity of the proteome requires
interconnected quality-control processes to meet the dynamic
needs of the cell. The protein homeostasis (proteostasis) network
(PN) ensures the balance of the proteome by coordinating
protein synthesis, folding and conformational maintenance; and
protein degradation. PN is achieved by an orchestrated system
of proteins, including molecular chaperones and their regulators,
which help proteins to reach its functionally active conformation,
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FIGURE 1 | Chaperome regulation and proteostasis network in ESCs. Scheme shows molecular pathways ranging from gene transcription to protein degradation
involved in pluripotency control. The interconnected self-regulating nuclear core formed by OCT4, SOX2, and NANOG is essential for the maintenance of stemness.
(A) In mESCs, HIRA is abundantly associated with promoter regions of developmentally regulated genes, being responsible for H3.3 deposition and enrichment,
co-localizing with the transcriptional active form of methylated H3K4. Chaperone protein HSP90 and its partner HOP are engaged in key intracellular signaling
pathways in PSCs, including LIF/JAK/STAT3. HSP90-HOP complex participates actively in the phosphorylation and translocation of STAT3 to the nucleus, leading to
the transcription of pluripotency core factors. HSPs complexes can also prevent OCT4 degradation by proteasome. Proteasome-related proteins, such as WWP2,
acting as E3 ligases or by other mechanisms, lead to TFs degradation by UPS, controlling its levels and maintaining proteostasis balance in these cells. (B) In
hESCs, FGF2, used to culture these cells, activate the signaling cascade mediated by Ras/MEK/ERK and p-ERK translocation to the nucleus, favoring the
expression of pluripotency genes. Acetylation of H3K56 by ASF1 regulates de expression of pluripotency genes. Unlike differentiated cells, HSP70 is present in the
cell surface of hESCs, colocalizing with known pluripotency markers such as SSEA3 and SSEA4. Upregulation of the protein FOXO4 leads to the increase of the 19S
proteasome subunit PSMD11, resulting in more functional proteasome subunits formed and increased activity of the UPS. The TF NRF2 upregulation is also
associated with the increase in functional proteasome subunits, and also is associated with expression of the pluripotency TFs OCT4, SOX2, and NANOG.

without being part of its final structure. In addition, the UPS
exerts a post-transcriptional control on the levels of proteins,
such as TFs, which is important to pluripotency maintenance
(Figures 1, 2; Okita and Nakayama, 2012).

Considering the fine mechanics of chromatin conformation
control, the importance of PN for the maintenance of cellular
functions, both in health and in diseases, the increased expression
of PN elements in PSCs, as well as an increased activity of PN
in these cells, many studies have been conducted to understand
the control of pluripotency from the perspective of these events.
Tables 1, 2 summarize different molecules, addressed in this
review, involved in the pluripotency control.

TFs CORE REGULATION BY
UBIQUITIN-PROTEASOME SYSTEM

Regardless of the mediation of chaperones, an important
fraction of polypeptides usually exhibit errors in folding

or refolding (Schubert et al., 2000); consequently, they are
identified and disposed by proteolytic degradation, to avoid
accumulation of potentially toxic aggregate species. One
major protein degradation pathway is the UPS. The UPS
performs coordinated activities of enzymes that conjugate
the polypeptide co-factor, ubiquitin, to proteins and tags
them for degradation by an ATP-dependent process that
involves three enzymes, E1 (Ub-activating enzyme), E2s
(Ub-carrier or conjugating proteins) and the key E3-
ligases (Ub-protein ligase) (Schubert et al., 2000; Lecker
et al., 2006). The labeled proteins are identified by the
26S proteasome, which degrades them to small peptides
(Lecker et al., 2006).

The protein levels of pluripotency TFs must be finely regulated
for the maintenance of PSCs specific properties. It has been
shown that both downregulation and upregulation beyond the
required levels of some TFs, such as OCT4 (Rodriguez et al.,
2008; Zafarana et al., 2009), leads to differentiation in specific
tissues or impairment in stem cell identity. The UPS is one of

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 August 2019 | Volume 7 | Article 150

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00150 August 2, 2019 Time: 14:51 # 4

Fernandes et al. Proteostasis and Stemness

FIGURE 2 | Chaperome regulation and proteostasis network in human iPSCs. TGF-β/Activin A and FGF2/Ras/MEK/ERK pathways are required for the maintenance
of iPSCs in culture conditions. The histone chaperone NPM2 binds to the histone variants TH2A and TH2 and improve the reprogramming of human fibroblast into
iPSCs modulated by OCT4, SOX2, KLF4 and c-MYC, generating more naïve human iPSCs compared to factors induction alone. ASF1a histone chaperone
upregulation, together with OCT4, also has an important role in reprogramming of human fibroblast. Cell fate commitment (highlighted in light brown) involves the
induction of different specific pathways that can lead to differentiation into various cell types. The molecular chaperone HSP90β physically binds to HNF4A and
control the protein turnover of these client, modulating differentiation of iPSCs to endoderm-derived hepatic progenitor cells. Downregulation (represented as a red
glow around the molecule) of the proteasome-related protein PSMD14, a 26S proteasome subunit, impairs the deubiquitylation of OCT4, leading to its degradation
in the proteasome and impairment of pluripotency.

the main post-translational mechanisms for regulating the levels
of these proteins. The selectivity of proteins and aggregations for
ubiquitin system presents a relevant participation of chaperones
and co-chaperones, more specifically from the HSP70 family, for
example HSC70 and the co-chaperone BAG3 (Arndt et al., 2010).
In this section, we highlight classical and recent findings that
explore the role of UPS in the control of TFs levels, essential for
PSCs maintenance.

Investigating the total profile of ubiquitinated proteins in
mESCs and iPSCs, Buckley et al. (2012) revealed that NANOG

and OCT4 are regularly ubiquitinated, with the levels of this
modification varying throughout the self-renewal process, a
phenomenon that is not observed in differentiated cells (Buckley
et al., 2012). The work demonstrates how these TFs are finely
regulated for the maintenance of pluripotency properties in these
cells, and suggests the great importance of UPS for self-renewal. It
is known that elevated proteasome activity is somehow essential
not only for the control of TFs levels, but also for expression
of genes associated with pluripotency, cell proliferation and cell
cycle progression. Defects in the proteasome leads to malfunction
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TABLE 1 | Major classes of histone chaperones and their function in stemness of different PSCs models.

Chaperone Function in PSCs biology References

HIRA Highly expressed in the promoters of developmentally regulated genes in mESCs Goldberg et al., 2010

Differentiation of mESCs in hemogenic endothelium Banaszynski et al., 2013; Scambler et al., 2015

Pluripotency maintenance of hESCs, promoting isocitrate dehydrogenase genes
(IDHs) transcription

Zhu et al., 2017

Developmental reprogramming – deposition of paternal core histone and
reactivation of maternal genome in mice

Lin et al., 2014

DAXX/ATX Telomeric deposition (immortalization) in mESCs Elsässer et al., 2015

ASF1 Differentiation during murine early embryogenesis and gonad development Messiaen et al., 2016

Pluripotency maintenance in hESCs Gonzalez-Muñoz et al., 2014

Pluripotency maintenance in mESCs Tan et al., 2013

Reprogramming of human fibroblasts into iPSCs Gonzalez-Muñoz et al., 2014

CAF-1 Early developmental arrest and early gastrulation of mESCs Filipescu et al., 2013; Akiyama et al., 2011; Houlard
et al., 2006; Hatanaka et al., 2015

Reprogramming of mouse fibroblasts into iPSCs Cheloufi et al., 2015

Pluripotency maintenance during blastomeric stage in mice Yankulov, 2015

FACT Proliferation and neural differentiation of mESCs Mylonas and Tessarz, 2018

Associates with OCT4 and regulates mESCs pluripotency Survival during early
blastocyst stage of mESCs

Cao et al., 2003; Ding et al., 2012; Gaspar-Maia et al.,
2009; Pardo et al., 2010

Reprogramming into iPSCs Shakya et al., 2015; Shen et al., 2018

HMGA2 mESCs specific DNA repair mechanism. Yu et al., 2014

NPM2 Reprogramming of human fibroblast into iPSCs; Improvement of murine cells
reprogramming using only KLF4 and OCT4

Fernández-Rivero et al., 2016; Shinagawa et al., 2014

NPM3 Proliferation of mESCs Motoi et al., 2008

SPT6 Pluripotency maintenance of mESCs Robert, 2017

SET SETα Proliferation of hESCs Edupuganti et al., 2017

SETβSETP Differentiation of hESCs

of all of the above processes, including a G2/M arrest in hESCs
and iPSCs (Jang et al., 2014). Several research groups have been
exploring the specific effects of UPS-associated proteins on the
regulation of TFs in PSCs.

Upon the downregulation of PSMD14, a 26S proteasome non-
ATPase subunit, the loss of OCT4 expression is observed, which
is linked to an apparent dysfunction of the deubiquitinating
enzymatic activity of PSMD14 (Figure 2; Buckley et al., 2012).
Further, although the modulation of the E3 ligase protein FBXW7
has no direct effects on OCT4, NANOG and SOX2 expression,
it has a negative effect on the protein stability of c-MYC,
an important factor linked to the differentiation potential in
PSCs (Buckley et al., 2012). NRF2 is a TF whose activation
leads to increased levels of several proteasome subunits. NRF2
activity is increased in hESCs (Figure 1B) and iPSCs and
loss of this activity results in reduced levels of OCT4, SOX2,
and NANOG and also impairs proliferation, indicating a role
of this protein in self-renewal (Figure 1B; Jang et al., 2014).
Additionally, NRF2 colocalizes with the mentioned core TFs
(e.g., OCT4, SOX2, NANOG) during differentiation, and its
activation by pharmacological or molecular techniques prevents
their degradation during differentiation process in hESCs
(Jang et al., 2014).

The proteasome activity is enhanced in hESCs and iPSCs, with
a loss of activity being observed as the cells differentiate, with a

concomitant increase in differentiation factors, such as PAX6, as
well as a decrease in the expression of pluripotency TFs (Vilchez
et al., 2012). Furthermore, the transcription factor FOXO4
has been shown to be an important modulator of proteasome
activity in hESCs, since it regulates the expression PSMD11,
a 19S proteasome subunit. The increased expression of PSMD11
is sufficient to increase the number of functional proteasome
complexes formed, increasing proteasomal activity (Figure 1B;
Vilchez et al., 2012). Interestingly, PSMD11 levels are somehow
related with other pluripotency proteins. Decreased levels of
L1TD1, an RNA binding protein, correlates with decreased levels
of PSMD11 (Emani et al., 2015). Pharmacological inhibition of
proteasome activity leads to decrease in L1TD1 and SOX2 in
hESCs (Emani et al., 2015). However, the exact mechanisms by
which these molecules interact with each other, and how they
interact with OCT4, SOX2, NANOG, and other pluripotency TFs
still needs to be better studied.

The COP9 signalosome (CSN) is an important protein
complex that prevents protein degradation, and was previously
implicated in pluripotency maintenance (Chia et al., 2010).
Experiments using knockdown (KD) mESCs for COPS2
protein, a specific subunit of the CSN, showed that COPS2
regulates protein stability of NANOG by its independent and
direct interaction with the α-helixes 2 and 3 of NANOG’s
homeobox domain, preventing its degradation by the proteasome
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TABLE 2 | List of chaperones and proteasome-related proteins and their function associated to protein homeostasis and pluripotency control in different PSCs models.

Proteins and families Function in PSCs biology References

Chaperome HSP90 Pluripotency maintenance and mesoderm differentiation of mESCs Bradley et al., 2012

STAT3 translocation to nucleus and NANOG negative regulation in mESC Setati et al., 2010

Endoderm differentiation of iPSCs Jing et al., 2017

HOP STAT3 expression and phosphorylation and NANOG expression in mESCs Longshaw et al., 2009

Murine embryonic survival Beraldo et al., 2013

HSP70 Surface marker of pluripotency in hESCs Alekseenko et al., 2012

Differentiation of mESCs Baharvand et al., 2008;
Battersby et al., 2007;
Saretzki et al., 2007

Differentiation and survival of iPSCs Brodarac et al., 2015

Early differentiation of hESCs and mESCs Park et al., 2011

HSP60 OCT4 expression, proliferation, self-renewal and survival of mESCs Seo et al., 2018

HSP40 mESCs differentiation into smooth muscle cells Endoderm differentiation marker Wong et al., 2014; Wang and
Gudas, 1988

HSP27 NANOG inactivation and neuronal differentiation of human placenta-derived cells Cheng et al., 2016

Proteasome related PSMD14 OCT4 regulation in mESCs and iPSCs Buckley et al., 2012

FBXW7 Negative regulation of c-MYC protein stability in mESCs and iPSCs

NRF2 Pluripotency maintenance in hESCs and iPSCs Jang et al., 2014

PSMD11 Functional proteasome complexes formation in hESC and iPSC Vilchez et al., 2012

F0X04 PSMD11 expression regulator in hESCs and iPSC

L1TD1 Downregulation leads to decrease in SOX2 and PSMD11 of hESC Emani et al., 2015

C0PS2 NANOG protein stability regulator of mESCs Zhang et al., 2016

WWP2 Promotes OCT4 and SOX2 proteasome degradation in mESCs Xu et al., 2004, 2009, Fang
et al., 2014

SET7 SOX2 methylation and proteasome degradation promotion in mESCs
Transcriptional activity inhibition in mESCs

Fang et al., 2014

AKT1 SOX2 phosphorylation and proteasome degradation prevention in mESCs

UBR5 Proteostasis machinery regulator in hESCs and iPSCs Koyuncu et al., 2018

FBXW8 Polyubiquitynates NANOG and mESCs Kim et al., 2014

USP21 NANOG protein stabilization in mESCs and hESCs Jin et al., 2016; Liu et al., 2017

USP26 NANOG and SOX2 genes inhibition in hESCs Ning et al., 2017

(Zhang et al., 2016). Further, the levels of NANOG remain
unaltered after the replacement of four lysine residues for
arginine in its C-terminal domain and subsequent KD of
COPS2, indicating this region is a strong candidate for
ubiquitination, serving as a signalization for UPS degradation
(Zhang et al., 2016).

More specifically, it has been previously demonstrated that
OCT4 can be post-translationally modified by ubiquitin in
both mESCs and hESCs. WWP2 protein was identified as the
first to post-translationally modify OCT4, functioning as an E3
ligase (Xu et al., 2004). WWP2 promotes degradation of OCT4
in a dosage-dependent and also enzymatic activity-dependent
manner through the 26S proteasome (Figure 1A), since OCT4
protein level progressively decreases with the increase of WWP2
expression level, and WWP2 silencing (by iRNA and shRNA)
elevates OCT4 levels (Xu et al., 2009). Further, OCT4 has been
shown to suffer SUMOylation at lysine residue 118 (SUMO-1
acceptor site) in mESCs, and the disruption of this modification
can lead to the degradation of OCT4 by 26 proteasome and
consequent impairment in self-renewal (Zhang et al., 2007).

Interestingly, evidence shows that WWP2 also plays a role
in the regulation of SOX2. WWP2 HECT domain recognizes
methylation on lysine 119 (K119me) of SOX2, modification that
stimulates SOX2 ubiquitination and subsequent degradation via
proteasome pathway (Fang et al., 2014). Treatment with MG132,
a potent proteasome inhibitor, led to prominently increased levels
of SOX2 K119me. The methylation in SOX2 is catalyzed by the
enzyme SET7 which, intriguingly, also inhibits the transcriptional
activity of SOX2 (Fang et al., 2014). On the other hand, in ESCs,
direct phosphorylation of SOX2 at threonine 118 by AKT1 is a
prevalent protection mechanism acting in SOX2 protein stability
(Jeong et al., 2010), and inhibits methylation by SET7 at K119,
stabilizing SOX2 levels, being crucial in aspects such as self-
renewal and differentiation potential (Fang et al., 2014). The
mechanism of AKT-mediated phosphorylation as a protector
for degradation by the UPS has also been recently identified in
esophageal cancer stem cells, where phosphorylation of SOX2
on threonine 116 protects the degradation mediated by the
ubiquitin E3 ligase UBR5 (Wang et al., 2019). It is interesting to
note that UBR5 has also been identified as an important factor
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in the regulation of proteostasis in hESCs and iPSCs. UBR5
is upregulated in hESCs and iPSCs derived from Huntington
disease patients (Koyuncu et al., 2018). Both protein and mRNA
levels are downregulated as these cells undergo differentiation
(Koyuncu et al., 2018), indicating an important role of this
protein in PSCs in health as well as disease. Given that PSCs and
cancer stem cells share several features, the importance of UBR5
and other E3 ligases regulating the levels of TFs in PSCs should
be further studied.

NANOG was previously described as a target for polyubiquity-
lation by the F-box protein family member FBXW8, and
consequent degradation by proteasome (Kim et al., 2014).
When phosphorylated by ERK1, NANOG binds to FBXW8, and
experiments using mESCs and hESCs overexpressing FBXW8
resulted in a decrease in the half-life of endogenous NANOG. On
the other hand, evaluation of alkaline phosphatase expression,
a known pluripotency indicator, in FBXW8 KD cells, indicated
decreased differentiation (Kim et al., 2014). The results suggest a
key role of FBXW8, as a E3 ligase, in the regulation of NANOG
levels in PSCs, by controlling its degradation.

The role of deubiquitinases (DUBs) started to be investigated
in the context of proteostasis maintenance in PSCs. In brief,
DUBs remove ubiquitin from protein substrates in order to
maintain their targets stability. A recent study in mESCs,
scanning for potential deubiquitinases regulators of NANOG,
found that deubiquitinase ubiquitin-specific protease 21
(USP21) stabilizes NANOG protein levels removing K48-
linked polyubiquitylation (Liu et al., 2017). USP21 directly
interacts with NANOG through its ubiquitin carboxyl-terminal
hydrolase domain (UCH), and the phosphorylation of USP21
by ERK1 prevents this binding, leaving this site exposed for
ubiquitination, ultimately leading to NANOG degradation by the
UPS (Jin et al., 2016). Another USP protein was recently reported
as an indirect regulator for pluripotency TFs expression. USP26
inhibits expression of pluripotency core genes by physically
binding to the members of the Protein Regulator of cytokinesis
1 (PRC1) complex, CBX4, and CBX6, preventing K48-linked
polyubiquitination in these targets (Ning et al., 2017). The
accumulation of CBX4 and CBX6 inhibits the expression
of the SOX2 and NANOG genes, increasing the occupancy
of their promoters, leading to reduction in pluripotency
(Ning et al., 2017).

A summary of the proteasome-related proteins presented
in this section and their function in PSCs can be found
in Table 2. The evidence presented here points out the
great relevance of studying the UPS in the context of PSCs,
both as a possible model to better understand this system
in health and diseases, and as a means of understanding
the mechanisms governing the unique biology of these cells.
Although many studies have been, and are still being conducted
to explore these aspects, much remains to be described. It
will be very interesting to follow what will be done in
order to better understand the direct or indirect relationship
between the great number of molecules involved in the UPS
with the regulation of pluripotency TFs levels, or with other
mechanisms important for PSCs maintenance, such as cell cycle
control or self-renewal.

HISTONE CHAPERONES IN PSCs

As mentioned before, several factors affect the expression of
pluripotency genes, and epigenetic modulations of transcription
have been broadly studied to gain insight into the mechanisms
which rule the rapid proliferation and turnover of pluripotent
cells into differentiation. In the context of chaperone proteins,
histone chaperones have recently been identified as important
factors in regulating pluripotency. Here, we discuss the
importance of histone chaperones in the modulation of
transcription in PSCs, mainly ESCs, and their role in maintaining
pluripotency through epigenetic modifications.

Chromatin in eukaryotes is organized in complexes called
nucleosomes composed of 147 pairs of bases of DNA associated
with a core of small basic proteins, the histones, which form
an octamer of two copies of each protein H2A, H2B, H3,
and H4, binding a linker histone H1 (Biterge and Schneider,
2014; Tessarz and Kouzarides, 2014). Histones can be canonical,
essentially expressed during S-phase and incorporated to the
nucleosome during DNA replication, or replacement histones
(known as histone variants) which are incorporated into
chromatin by specific histone chaperones during the cell cycle
and can interact with several chromatin modifiers modulating
the chromatin conformation (Biterge and Schneider, 2014).
Beyond architectural functions, variant histones can regulate
transcription, DNA repair and replication through covalently
modifications at their flexible N- or C-terminal tails and globular
domains, modulated by chromatin-modifying enzymes, which
lead to a more open conformation of chromatin and allow DNA
interaction with several molecules, including TFs (Strahl and
Allis, 2000; Choi and Howe, 2009).

Histone chaperones are molecules that associate with
histones and present an important role in histones dynamics.
These chaperones are responsible for the transferring of
histones to the DNA, and they can modulate histones
modifications as acetylation and methylation or remodeling
nucleosomes during transcription, among other important
functions. Histone chaperones can work single, as the chaperone
anti-silencing function 1 (ASF1), or form complexes as
chromatin assembly factor 1 (CAF1) and the facilitates
chromatin transcription (FACT), presenting relevant roles in
post-translational histone modifications (De Koning et al., 2007;
Tessarz and Kouzarides, 2014).

Embryonic stem cells present rapid changes in transcription
associated with transition from pluripotency to a more
differentiated state, therefore their chromatin is characterized by
an open state with a less condensed structure and predominance
of variant histone modified post-translationally (i.e., methylation
and acetylation of H3K4) involved in transcription activation
(Gaspar-Maia et al., 2011). One of the most important
mechanisms by which ESCs maintain the open chromatin
state is through the deposition of specific histone variants, for
example H3.3, which is located at the −1 position in promoters
of genes expressed in ESCs, and is commonly associated
with more active transcription and decreased methylation of
H3K9, a mark of condensed chromatin (heterochromatin)
(Goldberg et al., 2010; Schlesinger et al., 2017). The chaperone
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histone regulator A (HIRA) is responsible for H3.3 deposition
in pluripotent cells during replication and co-localizes with
the transcriptional active form of histone H3K4 methylated
(Goldberg et al., 2010), playing important roles in pluripotency
and differentiation (Figure 1A). Moreover, HIRA is highly
expressed in the promoters of developmentally regulated
genes in ESCs and is necessary for H3.3 enrichment
at genome-wide transcriptionally active and repressed
genes in mESCs (Figure 1A) and neural precursor cells
(Goldberg et al., 2010).

HIRA is also required in mESC for the formation of
H3.3 complex with polycomb repressive complex 2 (PRC2),
which control gene transcription during lineage commitment
in these cells through trimethylation of lysine 27 on histone
H3 (H3K27me3) (Banaszynski et al., 2013). This complex is
responsible for the proper establishment of H3K27me3 at the
promoters of developmentally regulated genes and in bivalent
domains, characterized by the presence of the variant histones
H3K4me3 (activation-associated) and H3K27me3 (repression-
associated) (Bernstein et al., 2006; Banaszynski et al., 2013). HIRA
can also modulate hESCs self-renewal through its interaction
with prohibitin (PHB) promoting transcription of isocitrate
dehydrogenase genes (IDHs), leading to the production of
α-ketoglutarate, which in turn participates in metabolic processes
that support pluripotency of hESCs (Zhu et al., 2017).

Runt-related transcription factor 1 (RUNX1) is essential
for hematopoietic cells transition and HIRA can modulate
RUNX1 targets participating of mESCs differentiation process to
hemogenic endothelium through its interaction with RUNX1 and
deposition of H3.3 variant (Scambler et al., 2015). Additionally,
H3.3 deposition by HIRA during early embryogenesis is
required for developmental reprogramming, since the loss of
HIRA in female mice impairs the deposition of paternal core
histone and compromise the reactivation of maternal genome
(Lin et al., 2014).

Transcriptional regulator ATRX (ATRX) is a member of SNF2
family of chromatin remodeling factors and presents histone
chaperone activity, forming a chromatin-remodeling complex
with the death domain-associated protein DAXX. ATRX and
DAXX associate with H3.3 in a HIRA-independent manner
modulating H3.3 deposition at telomeres and repression of
telomeric RNA in mESCs (Goldberg et al., 2010). DAXX
functions as an H3.3-specific chaperone in mESCs assembling
H3.3/H4 tetramers on DNA templates, and the ATRX–
DAXX complex modulates the remodeling of H3.3-containing
nucleosomes bounding to telomeric chromatin or pericentric
repeats (Lewis et al., 2010). Interestingly, it was demonstrated
that DAXX and ATRX complex are responsible for H3.3
incorporation in transposable elements containing long terminal
repeats, which present regions enriched with both H3.3 and
H3K9me3, those able to regulate adjacent and endogenous genes
in mESCs (Elsässer et al., 2015).

Anti-silencing function 1 is the most conserved chaperone
of histone 3 and 4 and is associated with nucleosome assembly,
transcriptional downregulation and DNA damage response
(Thuret et al., 2005). In murine, two paralogous genes ASF1a
and ASF1b are present; ASF1a depletion is embryonic lethal

while ASF1b was correlated with differentiation potential during
early embryonic stages and gonad development (Messiaen
et al., 2016). Additionally, it has been demonstrated that ASF1
binds histones H3.1 and H3.3 in mESCs (Lewis et al., 2010).
In hESCs, ASF1a can affect the expression of pluripotency
genes through the acetylation of H3K56, a histone state that
represents the epigenetic mark of hESC (Figure 1B; Gonzalez-
Muñoz et al., 2014). Interestingly, when the TFs NANOG,
SOX2 and OCT4 bind to their target gene promoters it
is common to observe the presence of the histone variant
H3K56ac at these locations and, since ASF1 is required for the
acetylation of H3K56, ASF1 depletion leads to H3K56ac decrease,
and, consequently reduces expression of pluripotency markers
and promotes differentiation (Tan et al., 2013). Moreover,
it was demonstrated that the induced expression of both
ASF1a and OCT4 in human dermal fibroblasts is able to
reprogram these cells into undifferentiated iPSCs (Figure 2;
Gonzalez-Muñoz et al., 2014).

Chromatin assembly factor-1 (CAF-1) complex is formed
by 3 subunits P150, P60, and P48/RbAp48a and is related to
processes involved in DNA synthesis and repair (De Koning
et al., 2007), and also chromatin remodeling in ESCs (Houlard
et al., 2006). CAF-1 is the histone chaperone that mediates
H3 deposition during S-phase, associates with H3.1, transports
H3.3 in the absence of DAXX in mESC and its dominant
negative leads to developmental arrest before 16-cell stage
(Lewis et al., 2010; Filipescu et al., 2013). The lack of one
of CAF-1 subunits (P150) induces the complete loss of H3.1
and H3.2 and impairs mouse blastocysts stage development,
which present modified cellular structures such as nuclear
elongation and the absence of heterochromatin foci (Akiyama
et al., 2011). Houlard and Filipescu, in their respective studies,
demonstrated that CAF-1 associated with histone H3.2 is
responsible for heterochromatin proper architecture in early
development, it may contribute to gene expression during
this period of development, and is also required for early
gastrulation (Houlard et al., 2006; Filipescu et al., 2013). The
depletion of CAF-1 subunit P150 in mESCs affects the structure
of heterochromatin, which is not observed in somatic cells,
leading to its decondensation and the loss of clustering
and mislocalization of pericentric heterochromatin domains
(Houlard et al., 2006). Moreover, CAF-1 knockdown increases
H2AX phosphorylation and the developmental arrest of mouse
embryos, avoiding retrotransposons appropriate silencing and
damaging genome integrity, since CAF-1 is responsible for
modulating the replacement of H3.3 for H3.1/3.2 and leads to the
deposition of other repressive histones as H3K9me3, H3K9me2,
H3K27me3, and H4K20me3 in preimplantation mouse embryos
(Hatanaka et al., 2015).

Cheloufi and colleagues recently demonstrated the partici-
pation of CAF-1 in the reprogramming of mouse fibroblasts
into iPSCs, since the negative modulation of CAF-1 expression
produces a decrease in somatic cells heterochromatin domains,
increasing the binding of SOX2 to pluripotency specific targets
and somatic cellular plasticity (Cheloufi et al., 2015; Cheloufi
and Hochedlinger, 2017). Interestingly, CAF-1 suppression also
allows ESCs to acquire characteristics of an early developmental
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state, resembling totipotent 2-cell (2C) blastomeric stage of the
preimplantation embryo (Yankulov, 2015).

The histone chaperone FACT is a complex composed by two
subunits, SSRP1 and SPT16, and participates in transcription
elongation (Mylonas and Tessarz, 2018). In mESC, FACT
depletion causes a mis-activation of transcription start sites,
which deregulates developmental and replication-associated
genes leading to an increase in proliferation concomitant
with neural commitment (Mylonas and Tessarz, 2018). FACT
has been associated with OCT4 and its depletion damages
mESC pluripotency and survival during early blastocyst stage
(Cao et al., 2003; Gaspar-Maia et al., 2009; Pardo et al., 2010;
Ding et al., 2012). Shakya et al. (2015) demonstrated that
OCT4 recruits FACT complex, binds specifically SPT16 subunit
of FACT in transcription sites to promote the removal of
H3 histone from critical pluripotency targets such as OCT4,
SOX2, and NANOG during reprograming. Moreover, it was
demonstrated that the depletion of SPT16 subunit of FACT
in mouse fibroblasts impair cellular reprograming and iPSCs
generation (Shen et al., 2018).

Several other histone chaperones have presented important
functions on ESCs biology and somatic cells reprograming.
The mammalian high-mobility group AT-hook 2 (HMGA2)
are highly expressed in ESCs and not translated in somatic
normal cells, working as a replication fork chaperone stabilizing
its integrity, in a DNA repair mechanism. During the
proliferation of highly replicating cells as ESCs or cancer
cells, HMGA2 expression is irrelevant, however, when forks
are arrested; HMGA2 binds with high affinity to branched
DNA, stabilizing stalled forks and preventing DNA mutations
(Yu et al., 2014).

Another histone chaperone, nucleoplasmin-2 (NPM2),
was recently associated with human dermal fibroblasts
reprogramming. NPM2 associated with its histone variants
TH2A and TH2 can improve the reprogramming modulated
by OCT4, SOX2, KLF4, and c-MYC, generating iPSCs in
a more naïve state compared to the classical TFs alone
(Figure 2; Shinagawa et al., 2014; Fernández-Rivero et al.,
2016). NPM2 phosphorylated form can also improve murine
reprograming inducing an open chromatin structure and leading
to reprogramming using only KLF4 and OCT4 (Shinagawa et al.,
2014). Another NPM, the histone chaperone nucleoplasmin
3 (NPM3) is highly expressed in murine PSCs compared
to differentiated cells and works as a chromatin remodeling
protein, which modulates mESCs replication capacity, increasing
proliferation (Motoi et al., 2008).

SPT6 is a histone chaperone and works as a transcription
elongation factor in mESCs, modulating negatively H3K27
acetylation and methylation through its interaction with
PRC2 core subunits, which maintains pluripotency and avoids
differentiation mediated by the accumulation of H3K27me3
deposition at ESC critical super-enhancers (Robert, 2017). SET
is a histone chaperone, which expression is modulated by
OCT4, and is expressed during human early development
and presents two isoforms, SETα and SETβ, each one
controlling ESCs proliferation and differentiation, respectively
(Edupuganti et al., 2017).

Finally, it is well known that PSCs present rapid turnovers
to maintain an undifferentiated state or for entry into cellular
commitment. Epigenetic mechanisms of gene activation that
depends on histone variants allow these rapid turnovers observed
in stem cells, especially PSCs, and histone chaperones are
determinant for the refined work of histones modifications.
Briefly, here we described how histones chaperones present
relevant roles on development, pluripotency maintenance and
somatic cell reprograming, as their main function is to
modulate these essential epigenetic changes related to histones
modifications and deposition, which have great participation
on the activation and repression of TFs. Table 1 compile the
main histone chaperones and their role in pluripotency and
differentiation. In addition to the histone chaperones, other
chaperones are closely involved to maintain the pluripotent
state, and their functions in PSCs biology will be explored in
the next sessions.

PN AND HEAT SHOCK
CHAPERONES IN PSCs

Elements of the PNs are enhanced in PSCs, such as chaperones
and co-chaperones. Chaperones are classified in heat-shock
proteins (HSPs) such as small heat shock proteins (sHSPs),
HSP60, HSP70, HSP90, and HSP100. HSP70 and HSP90 are the
main families of chaperones induced in response to cellular stress
and they act along TFs known as heat shock factors (HSF), which
regulate several genes encoding chaperones (Hartl et al., 2011;
Saibil, 2013).

The heat shock factor 1 (HSF1) creates a dormant complex
with HSP90 and HSP70 under balanced conditions, however,
in the presence of misfolded proteins and cytotoxic protein
aggregation, chaperones detach from HSF1, which then induces
members of the PN to decrease production of new clients
(Saibil, 2013). When the proteotoxic stress is reduced, the
HSF1 complex reassembles and the system returns to balance.
Likewise, other stress-inducible chaperones are expressed in
the cytosol and within organelles to create arrangements that
keep non-native proteins in solution and control de novo
folding to establish functional structures (Saibil, 2013). HSPs are
abundantly expressed in PSCs than in terminally differentiated
cells, providing enhanced stress response competence for
PSCs which is essential for the maintenance of stemness
(Saretzki, 2004).

Both protein quality control and the maintenance of the
PN are indispensable for cellular biology and for the health
of whole organism. Important additional pathways such as the
cytosolic stress response and the unfolded protein response
(UPR) are part of this complex that contributes to circumvent
the accumulation of misfolded molecules (Arndt et al., 2010).
However, the PN is prone to failure, despite its regulatory
mechanisms, and it opens a gap for pathological protein
aggregate deposits. It is considered that aggregate formation
confers on the disease protein a toxic gain of function (Dimant
et al., 2012). Deficiencies in proteostasis related to aggregation
have been shown to facilitate the development of several illnesses,

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 August 2019 | Volume 7 | Article 150

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00150 August 2, 2019 Time: 14:51 # 10

Fernandes et al. Proteostasis and Stemness

including neurodegeneration, diabetes, cystic fibrosis, and cancer
(Kakkar et al., 2014). The importance of specific families of
chaperones and co-chaperones in the context of pluripotency will
be addressed in subsequent sessions.

HSP90-HOP-HSP70 Complex
Heat shock protein 90 (HSP90) is a highly conserved stress
response protein in eukaryotic cells, being the most abundant
protein in unstressed cells, modulates the activity, turnover
and trafficking of several proteins and participates of signal
transduction. HSP90 forms heterocomplexes with different
proteins through the formation of a complex composed by
HSP90 and another four chaperones – HSP70, HSP Organizing
Protein (HOP), HSP40, and p23 – binding to several clients
as steroid receptors. The assembly requires HSP90 and HSP70
bound by HOP and incorporates HSP40 and p23 during the
process, assisting the folding and refolding of naïve proteins
for properly active conformation (Pratt and Toft, 2003). This
chaperone machinery is ATP-dependent, in which HSP90 binds
to ATP and p23 stabilizes the complex. Both HSP70 and HSP40
also interact after ATP binding and HOP brings together both
complexes preparing the chaperone machinery to receive a
substrate, that can be a receptor, a protein kinase or a TF, among
other proteins associated with signaling transduction (Pratt and
Toft, 2003). The HSF are TFs responsible for increasing heat
shock proteins expression during stress conditions and, on the
other hand, HSP90 complex is responsible for sequester HSFs
in normal conditions avoiding stress response activation in a
feedback loop (Nichols et al., 1998).

Several studies support the importance of HSP90-HOP-
HSP70 complex on PSCs biology. Recent data from our group
determined that HOP, HSP70, and HSP90 are found as cargo of
extracellular vesicles (implicated in intercellular communication)
of mESCs, suggesting their participation in processes related
to development, since the microenvironment is important for
pluripotency maintenance through the modulation of several
signaling pathways (Cruz et al., 2018a,b).

Constitutive HSP90 is required for mouse embryos
development and maintenance of pluripotency via HOP-
STAT3 interaction (Figure 1A); moreover, ESCs express a
specific conjunct of types of chaperones related to this complex
as HSP70 protein 4 (HSPA4) and HSP90β (HSPCB). In addition,
stem cells including ESCs present an increase in the expression of
HSP70 protein 5 (HSPA5), HSP70 protein 8 (HSPA8), and HOP
(Fan, 2012). HSP70 protein 8 (HSPA8) is highly expressed on
the surface of hESCs (Figure 1B) and co-expressed with specific
stem cells markers, for example stage-specific embryonic antigen
3 and 4 (SSEA3/4) (Son et al., 2005).

HSP90 has been described in literature as an essential
molecule for pluripotency maintenance. The inhibition of HSP90
expression decreases OCT4, NANOG and pSTAT3 levels and
leads to mESCs differentiation, preferentially to the mesoderm
layer. HSP90 associates with OCT4 and NANOG to protect them
from ubiquitin proteasome degradation (Figure 1A) and is also
able to modulate OCT4 mRNA levels supporting pluripotency
maintenance (Bradley et al., 2012). During heat shock in hESCs,
there is a hyperactivation of the MAP kinases and hESCs starts

to differentiate through the increase of the HSF1 transcription
factor, HSP90 releases HSF1 to answer the stress stimuli and
HSF1 in turn binds to OCT4 promoter region leading to its
repression (Byun et al., 2013).

Setati et al. (2010) described that HSP90 is responsible for
STAT3 translocation to the nucleus during the activation of
the JAK-STAT3 pathway, which occurs through LIF stimuli
during mESCs self-renewal (Figure 1A). STAT3 translocation
to the nucleus by HSP90 leads to STAT3 association with the
NANOG promoter region modulating pluripotency of mESCs
(Okumura et al., 2011). Negative modulation of NANOG
transcription occurs through constitutive HSP90 sequester
by TRIM8, which impairs its association with STAT3 and,
consequently translocation to the nucleus, avoiding pluripotency
signaling via LIF pathway (Setati et al., 2010). One of HSP90
clients is the transcription factor HNF4A, their binding in iPSCs
is able to modulate specifically differentiation from these to
endoderm-derived hepatic progenitor cells (Jing et al., 2017).

HSP90 partner HOP is essential for mouse development
since its knockout (KO) is embryonic lethal and HOP KO
mouse do not reach E10.5 development stage (Beraldo et al.,
2013). HOP was suggested to modulate STAT3 phosphorylation
and, through its binding to HSP90, participate in STAT3
translocation to the nucleus, being another important chaperone
in mESC pluripotency by LIF/JAK/STAT3 signaling pathway
(Figure 1A; Longshaw et al., 2009). Longshaw et al. (2009)
demonstrated STAT3 accumulation into the cytoplasm,
decreased phosphorylation and STAT3 mRNA levels after
HOP depletion in mESC. Moreover, HOP knockdown
mESCs presented a decrease in NANOG mRNA levels
and decreased pluripotency observed in the formation of
embryoid bodies (EBs).

HSP70 is constitutively expressed and its expression can be
inducted during stress. In hESCs, constitutive HSP70 expression
is slightly increased compared to somatic cells and is located
into the cytoplasm and nucleus independent of differentiation
status. However, in hESCs HSP70 can also be found on cell
surface (Figure 1B), which is not observed in somatic cells,
suggesting HSP70 is a possible surface marker for pluripotent
cells (Alekseenko et al., 2012).

The HSPS from the family HSP70 HSPA1A (HSP70A1),
HSPA1B (HSP70B1), and HSPA9A (HSP70A9, mortalin) are
highly expressed in mESCs compared to differentiated cells
and are associated with increased resistance of these cells
against genotoxic stress (Saretzki, 2004). Additionally, it was
demonstrated that during differentiation of some mESC lines
there is a decrease in expression of both HSP70 and its partner
HOP (Baharvand et al., 2008).

Recently, it was demonstrated that upregulation of HSP70 in
iPSCs caused by stress as hypoxia promotes survival through
the inhibition of apoptosis pathways, however, it also inhibits
STAT3 phosphorylation leading to differentiation (Figure 2) and
increased resistance to stress, since iPSCs are highly sensitive to
conditions adverse to homeostasis (Brodarac et al., 2015). HSP70
participates in the early differentiation modulated by epigenetic
factor histone deacetylase (HDAC) of mESCs and hESCs, through
the activation of JNK and PI3K/AKT pathways (Park et al.,
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2011). In mESC, HSP70 expression is enriched by the MAPK
signaling pathway though JNK, ERK, and p38 modulating several
responses to stress related to cell survival and anti-apoptosis
processes (Nishitai and Matsuoka, 2008).

Differentiation of mESCs into neurogenic EBs (NEBs) leads
to a decrease in the expression of mortalin, a chaperone
from the family of HSP70 (HSP70A9) (Battersby et al., 2007).
Another protein from HSP70 family, HSPA1b, also presents a
significant decrease in its expression during differentiation and
its remarkable that this downregulation occurs and is detectable
before the expression of differentiation markers, supporting
a role for HSP70 proteins in modulating differentiation
(Saretzki et al., 2007).

HSP60, HSP40, and Small HSPs Families
HSP60, also known as HSPD1, is a mitochondrial chaperonin,
involved in the synthesis and transportation of mitochondrial
proteins from the cytoplasm to the mitochondria (Cappello
et al., 2008). HSP60 is able to interact with different HSPs,
such as HSP10, forming a complex that mediates protein
folding (Okamoto et al., 2017), and with mitochondrial HSP70
(HSP70A), also known as mortalin, that have a role in cell
proliferation and stress (Wadhwa et al., 2006). Studies shows
that HSP60 have an important role in the biology of pluripotent
cells. HSP60 deficiency in progenitor cells from the intestinal
crypt compartment induces mitochondrial dysfunction, which
leads to a decrease in stemness and cell proliferation (Berger
et al., 2016). In mESCs, HSP60 expression decreases with
cell differentiation, and its depletion caused a decrease in
OCT4 expression, inhibiting proliferation and self-renewal, and
increasing apoptosis in a caspase-3 independent-manner (Seo
et al., 2018). Besides that, HSP60 knockdown also decreased EBs
size and increased S-phase cells in mESCs (Seo et al., 2018).
As seen in mouse cells, rabbit ESCs (rESCs) HSP60 levels are
also increased when compared to differentiated cells, suggesting
that proteins from the HSP family might have an important
role in maintaining the undifferentiated status of embryonic cells
(Intawicha et al., 2013). Interestingly, studies in cancer showed
that HSP60 is a target gene of c-MYC (Tsai et al., 2008), but is
also able to induce c-MYC expression, as HSP60 overexpression
increased the proteins levels of c-MYC (Yan F.Q. et al., 2015).

HSP40 can interact with HSP70 and modulate its ATPase
activity through stabilizing its interaction with subtracts
(Prinsloo et al., 2009). HSP47, also known as SERPINH1, is
required for the proper assembly of triple-helical procollagen
molecules, and is highly expressed during mESC differentiation
into smooth muscle cells (SMC) (Wong et al., 2014). Depletion
of HSP47 leads to a decrease in the differentiation of mESC to
mSMC and, in the same way, an overexpression of HSP47 leads
to an increase in differentiation (Wong et al., 2014). HSP47 was
identified as a marker for endodermal differentiation in mouse
teratoma (Wang and Gudas, 1988). In bovine embryos, all HSP40
family members are upregulated during degeneration in an anti-
apoptotic system, while normal blastocysts highly express HSP70
family members as HSPA5 and HSPA8 (Zhang et al., 2011). Both
HSP40 and HSP47 are involved in the development of mouse
limbs, along with other chaperones including from HSP70 family
and small HSPs (Zhu et al., 2010; Yan F.Q. et al., 2015). A study

using Glioblastoma Multiforme stem cells showed that HSP47
is capable of modulating TGF-β, inducing cell survivability,
self-renewal, and increasing the number of stem cell-like cells
within the tumor (Jing et al., 2017). Still, more studies elucidating
the possible roles of the HSP40 family in the maintenance of
stem cells are necessary.

The small HSP family is composed out of HSP of low
molecular weight. Small HSPs present relevant roles in mouse
development, for example HSP10, HSP22, and HSP25 that
are involved in murine limb development (Zhu et al., 2010;
Yan Z. et al., 2015). In adipose tissue-derived stem cells, HSP32,
also known as hemeoxygenase-1, has its expression increased
after the cells are left in 43◦C for 1 h, which in turn increases
the prevalence of live cells after a frozen-thawn cycle, reducing
oxidative stress damage (Shaik et al., 2017). Besides that, a study
in Chronic Myeloid Leukemia, a hematopoietic stem cell disease,
shows that HSP32 is capable of increasing the survivability of
those cells, through protection against apoptosis (Mayerhofer
et al., 2008). Another small HSP with an interesting role in
stemness is HSP27, also known as heat shock protein beta-1
(HSPB1). A study shows a downregulation of HSP27 after mESC
differentiate into NEB (Prinsloo et al., 2009). Besides that, HSP27
is capable of regulating STAT3 expression, with their expression
levels correlating directly in prostate cancer cells (Rocchi et al.,
2005). HSP27 is also able to regulate EIF4E and eIF4G levels
in the first trimester human placentae, indicating that HSP27
could alter placental protein translation (Shochet et al., 2016).
HSP27 also seems to have an important role in neuronal
differentiation, with its overexpression leading stem cells to
arrest neuronal differentiation, and its expression decreasing as
embryonic neuronal development occurred in vivo (Cheng et al.,
2016). In placenta-derived multipotent cells (PDMCs) HSP27
inhibition leads to NANOG cleavage mediated by caspase-3
activation (Cheng et al., 2016).

In zebrafish development both HSP27 family members,
HSPB7 and HSPB12, are modulated by GATA4 protein and
modulate cardiac development, since their depletion leads
to a disruption in normal cardiac morphogenesis perturbing
Kuppfer’s vesicle morphology (Rosenfeld et al., 2013). Indeed,
HSPB7 is highly expressed in cardiac cells and its depletion
in mouse lacks the normal development of the heart, leading
to embryo lethality before embryonic day 12.5 (Wu et al.,
2017). HSPB1 (HSP27 family) also presents an important
role in zebrafish development modulating the growth of
myofibrils of skeletal muscle (Middleton and Shelden, 2013).
In avian blastoderms, the expression of the sHSP HSP25 is
required during the embryo development for the expression
of pluripotency genes and for resistance against apoptosis
(Hwang et al., 2016).

In light of all these findings, it is remarkable that the
participation of heat shock proteins in the biology of PSCs. HSPs
can modulate several signaling cascades including pluripotency
essential pathways. They also modulate both expression and
localization of TFs and relevant proteins, and their expression is
essential for the development of the embryos of many species.
Together, these studies demonstrate the importance of stress
response and HSPs function in development and pluripotency
maintenance of PSCs.
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PERSPECTIVES

A better overview of the nature of pluripotency holds
great promise for therapeutic approaches. Unveiling the exact
molecular mechanisms that govern the ability of ESCs and iPSCs
to differentiate in all cell types to give rise to an adult organism
is essential to exploit these cells both in regenerative medicine
and to model human diseases pathogenesis including cancer and
neurodegenerative disorders.

A regulatory core (NANOG, OCT4, and SOX2) and other
TFs, epigenetic regulators and specific signaling pathways are
key elements to orchestrate pluripotency. Although these well-
established TFs are of undeniable importance for pluripotency
maintenance, the search for additional TFs that are able
to interact with core factors to regulate processes related
to pluripotency should be enhanced, and the role of an
expanded core has just begun to be dissected. Moving forward
to the debate on the importance of TFs for pluripotency
and stemness regulation, this will be a fruitful area for
further research.

As presented here, emerging evidence points out the network
plasticity of chaperones controlling the activities of key players
involved in pluripotency maintenance. Chaperones play roles
from shaping chromatin dynamic to controlling transcriptional
regulation of pluripotency genes, to the assistance of proper
folding of these genes when translated into proteins in
different PSCs models (Figures 1, 2). The broad spectrum
of chaperones activities in the essential processes of stemness
control reveals that stem cells exhibit intrinsic proteostasis
mechanism, which can be included as a component of
the pluripotency regulatory network. In somatic cells a

collapse in proteostasis underlies several diseases including
neurodegenerative disease and cancer, conversely, PSCs exhibit
the remarkable capacity to correct and repress proteome
imbalance, indicating that additional investigation is required for
an in-depth understanding of enhanced protein homeostasis in
stem cell biology.

This review brings together classical and recent research on
the control of pluripotency, going through broad important
cellular processes related to this unique and promising feature.
The diversity of these processes embraces different levels of
cellular regulation and shows how complex is the understanding
of the pluripotency context.
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