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Pluripotent stem cells give rise to reproductively enabled offsprings by generating progressively lineage-restricted multipotent stem
cells that would differentiate into lineage-committed stem and progenitor cells. These lineage-committed stem and progenitor cells
give rise to all adult tissues and organs. Adult stem and progenitor cells are generated as part of the developmental program and play
critical roles in tissue and organ maintenance and/or regeneration. The ability of pluripotent stem cells to self-renew, maintain
pluripotency, and differentiate into a multicellular organism is highly dependent on sensing and integrating extracellular and
extraorganismal cues. Proteins perform and integrate almost all cellular functions including signal transduction, regulation of
gene expression, metabolism, and cell division and death. Therefore, maintenance of an appropriate mix of correctly folded
proteins, a pristine proteome, is essential for proper stem cell function. The stem cells’ proteome must be pristine because
unfolded, misfolded, or otherwise damaged proteins would interfere with unlimited self-renewal, maintenance of pluripotency,
differentiation into downstream lineages, and consequently with the development of properly functioning tissue and organs.
Understanding how various stem cells generate and maintain a pristine proteome is therefore essential for exploiting their
potential in regenerative medicine and possibly for the discovery of novel approaches for maintaining, propagating, and
differentiating pluripotent, multipotent, and adult stem cells as well as induced pluripotent stem cells. In this review, we
will summarize cellular networks used by various stem cells for generation and maintenance of a pristine proteome. We
will also explore the coordination of these networks with one another and their integration with the gene regulatory and
signaling networks.

1. Introduction

During early embryogenesis, inner cell mass of the embryo
gives rise to pluripotent stem cells. They expand and commit
to progressively restricted multipotent stem and progenitor
lineages as embryonic development proceeds. The adult stem
and progenitor cells, which descend from pluripotent stem
cells, maintain tissue homoeostasis under physiological and
pathophysiological conditions. Stem and progenitor cells as
well as induced pluripotent stem cells (iPSCs) are considered

to have an immense potential for cellular therapy of various
human disorders.

Proteins are the master regulators and work horses of
almost all cellular functions including DNA repair and repli-
cation, RNA and protein synthesis and quality control,
energy generation, immune defense, maintenance of cellular
homoeostasis, and cell division and death. Given the critical
role of proteins for cellular functions, it is not surprising that
organismal longevity is associated with and is dependent on
the maintenance of a stable proteome [1]. Similarly, success
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of pluripotent stem cells in giving rise to a fully functional
and reproductively enabled offspring as well as ability of the
multipotent stem and progenitor cells to maintain tissue
homoeostasis requires production and maintenance of an
appropriate mix of error-free proteins. This is accomplished
by coordinated activities of networks responsible for protein
synthesis, folding, quality control, and degradation. These
networks are integrated with gene regulatory and signaling
networks, energy metabolism, and extracellular signaling
cascades to minimize damage to existing proteome and
maintain proper composition of proteins as demanded by
the function of each cell.

The task of generating and maintaining a pristine prote-
ome is particularly challenging because stem and progenitor
cells must synthesize an appropriate mix of proteins neces-
sary for all cellular functions, fold them correctly, protect
them from damage, and remove unfolded, misfolded, dam-
aged, or stage-specific proteins. Failure to maintain a pristine
proteome is associated with a multitude of human disorders.
In addition, restoration of tissue homeostasis after pathologic
insults is fully dependent on the ability of adult stem and pro-
genitor cells to self-renew and differentiate, which requires a
pristine proteome. Similarly, patient-derived stem and pro-
genitor cells and iPSCs are subject to various environmental
insults during in vitro culture or at the site of implantation
in vivo. The ability to maintain a pristine proteome is essen-
tial for expansion and differentiation of these cells upon
transplantation. Therefore, there is a clear need to better
understand the mechanisms underlying the generation and
maintenance of a flawless proteome in the development,
survival, and differentiation of pluripotent (embryonic) stem
cells as well as adult stem and progenitor cells. Furthermore,
understanding how the cellular networks responsible for
maintaining a pristine proteome are integrated and inter-
act with extrinsic and intrinsic cues to affect the mainte-
nance of stemness, and differentiation will allow us to
capture the full potential of various stem cell populations in
regenerative medicine.

The goal of this review is to summarize our current
understanding of how stem cell including ESCs, iPSCs, and
various adult stem and progenitor cell types generate and
maintain a pristine proteome. We will discuss how proteome
maintenance is coordinated with self-renewal, commitment
to downstream lineages, and terminal differentiation. We will
pay particular attention to the roles of the cytoplasmic
chaperome, integrated endoplasmic reticulum (ER) stress
response (IERSR), ubiquitin proteasome system (UPS), and
autophagy and their integration with one another and other
signaling cascades in the generation and maintenance of a
pristine proteome. Finally, we will review published data on
how adult stem and progenitor cells maintain their proteome
and on the pathophysiologic consequences of failure to
maintain a pristine proteome. Due to space limitations, we
cannot cover the rather extensive research in this area. How-
ever, we hope to convey sufficient information to those new
to the field, particularly those faced with the challenges of
maintaining, propagating, differentiating, and transplanting
embryonic stem cells, adult stem and progenitor cells,
and iPSCs.
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2. Proteostasis in the Maintenance, Expansion,
and Differentiation of Stem Cells

Pluripotent stem cells give rise to all the cells in the body. As
such, any defects in the macromolecules of these cells can
have profound consequences for the downstream lineages.
As the first cells in the lineage, the pluripotent stem cells
are different from lineage committed and other differentiated
cells not only in their gene regulatory networks, epigenetic
programming, and signaling pathways but also in the regula-
tion of protein homoeostasis (proteostasis, reviewed by [2]).
Pluripotent stem cells synthesize proteins at much higher
rate than adult stem and progenitor or terminally differenti-
ated cells. The transcription factor Nanog appears to be the
master regulator of the small ribosomal subunit processome,
which is responsible for 18S rRNA biogenesis [3, 4]. This is
coupled with highly efficient translation of mRNAs coding
for ribosomal proteins and ribosome biogenesis which
appear to be essential for unlimited self-renewal and pluripo-
tency, two critical traits of pluripotent stem cells. Consistently,
inhibitors of protein synthesis or mutations that reduce the
rate of protein synthesis cause a loss of pluripotency [3]. The
high rate of the protein synthesis in pluripotent stem cells
requires a highly active folding and processing machinery.
This is particularly important because incorrectly folded
or aggregated proteins will interfere with unlimited self-
renewal [5]. Pluripotent stem cells can self-renew, at least in
part, through asymmetric cell division [6]. In asymmetric
division, mother cells are destined for immortality, keeping
their pluripotency while daughter cells are destined to give rise
to multipotent stem and progenitor lineages. To maintain
immortality and pluripotency, the most pristine proteome is
segregated to mother cells through yet to be fully understood
mechanism that involves vimentin [7, 8]. Because almost all of
the defective macromolecules are segregated to daughter cells,
defective proteins, particularly those with half-lives on the
order of days or even months/years, will concentrate in the
multipotent stem and progenitor lineages [6, 9]. This has the
potential to compromise tissue and organ development,
which depends on the expansion and differentiation of
lineage-restricted multipotent stem and progenitor cells.
Thus, maintenance of a pristine proteome becomes critical
not only for pluripotent stem cells’ immortality but also for
maintenance and proper functioning of adult stem and pro-
genitor cells tasked with forming and maintaining tissues
and organs [10-12]. Because of these reasons, pluripotent
stem cells have very low tolerance to the accumulation of
damaged, misfolded, and/or aggregated proteins (Figure 1).
Consistently, these cells maintain a robust folding machinery
and chaperone network as well as mechanisms for the surveil-
lance and removal of unfolded/misfolded proteins [13].
Future studies should advance our understanding of the
molecular networks responsible for generation and mainte-
nance of pristine proteome and determine if they could be
modified for realizing the potential of stem cells for alleviating
human suffering.

2.1. The Molecular Machinery of Proteostasis. Generation and
maintenance of a pristine proteome is dependent on the
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integration of cellular machineries that (i) synthesize new
proteins, (ii) properly fold newly synthesized proteins, (iii)
survey the proteome for and mark improperly folded, aggre-
gated, or damaged proteins, (iv) transport and degrade
improperly folded proteins, and (v) coordinate these pro-
cesses with each other and with other intra- and extracellular
networks to maintain a stable proteome. One example of
coordinating protein synthesis, folding, and degradation with
other cellular processes by pluripotent stem cells is their pref-
erence for glycolysis over oxidative phosphorylation even
though the former is energetically less efficient (reviewed by
[10]). The metabolic preference of pluripotent stem cells for
glycolysis reduces free radical generation by oxidative phos-
phorylation thereby reducing damage to their proteins and
other macromolecules.

Proteins are synthesized by free cytoplasmic ribosomes
or endoplasmic reticulum- (ER-) associated ribosomes. Most
cytoplasmic proteins are synthesized by free cytoplasmic
ribosomes and folded and processed by cytoplasmic chaper-
ones (Figure 2) [14, 15]. Proteins destined for secretion,
localization to plasma membrane, or other organelles are
usually synthesized by ER-associated ribosomes and cotran-
slationally transported into ER lumen where they are folded,
glycosylated, and further modified before transfer to trans-
Golgi (Figure 2) [16-19]. They are further modified and
packaged in Golgi cisternae for transport to their destination.
Unfolded, misfolded, damaged, and/or aggregated proteins
are eliminated through the ubiquitin/proteasome system
(UPS) or by autophagy-mediated degradation depending
on the size of the protein complex and whether they are inte-
gral to an organelle (Figure 2) [20-23].

2.1.1. Protein Folding in the Cytoplasm: Chaperones and
Folding Machinery. Protein folding requires aid of specialized
proteins, cofactors, and chaperones. The human chaperome
consists of ~350 proteins that differ in their functionality
and intracellular localization [24]. The chaperones are
grouped into the functionally nonoverlapping families such

as the heat-shock proteins (HSPs) of 90kDa (HSP90s),
70kDa (HSP70s), 60kDa (HSP60s), 40 kDa (HSP40s), and
small HSPs [24-26]. Chaperones are involved in proteome
biogenesis and play essential roles in protecting cells from
proteotoxic stress [16]. Protein folding is tightly coupled to
mRNA translation through a process termed cotranslational
folding [15]. Several cofactors such as ribosome-associated
complex (RAC) interacts with the ribosome-binding HSP40
cochaperone complex and nascent polypeptide-associated
complex (NAC), a dimeric complex of a and b subunits that
associates with ribosomes and plays critical roles in cotran-
slational folding (reviewed by [18]). The HSP70 system also
plays a critical role in this process; multiple HSP70 family
proteins associate with a nascent polypeptide chain to
prevent unproductive interdomain interactions and facilitate
cotranslational folding [27]. HSP70 also interacts with
HSP90 and chaperonins such as T-complex protein-1 ring
complex (TRIC/CCT) to transfer substrates in need of more
specialized folding (Figure 2) [28, 29]. TRiC/CCT, which
belongs to the HSP60 family of chaperones, folds about
10% of cellular proteins including cytoskeletal proteins and
G-protein-coupled receptors [30]. In addition to its role in
protein folding, HSP90 also plays an important role in the
maturation and maintenance of regulatory proteins such as
kinases, steroid hormone receptors, and transcription factors
[31]. Important in the context of pluripotent stem cell
maintenance is the demonstration that HSP90 binds to
pluripotency factors Oct4 and Nanog, protecting them from
UPS-dependent degradation [13].

Heat-shock proteins and components of the TRiC/CCT
complex and other chaperonins are expressed at much higher
level in the pluripotent stem cells compared to multipotent
and lineage-committed progenitor cells [20, 32-36]. Molecu-
lar and chemical genetic studies demonstrate that an intact
chaperone network is essential for self-renewal and pluripo-
tency. The TRiC/CCT complex appears to be essential for
pluripotency and self-renewal as well as for the survival of
pluripotent stem cells. Partial knockdown of various CCT
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FIGURE 2: Schematic depiction of protein synthesis, folding and degradation in stem cells.

subunits suppresses the expression of pluripotency markers
and induces the expression of germ layer markers in human
ESCs and iPSCs, while their complete knockdown causes
death of hESC and iPSC cells [36]. Similarly, reducing the
expression and/or the activity of HSP90 or its cochaperone
HOP causes loss of pluripotency and differentiation of ESCs
[13]. Like most other HSPs, the HSP70 family of chaperones
is also expressed at much higher level in pluripotent stem
cells compared to lineage-committed, differentiating, or ter-
minally differentiated cells. These include HSP8A, HSPAIA,
HSPA1B, HSP5A (BiP, localized in the ER), and HSP9 (mor-
talin, localized to mitochondria). These proteins appear to
inhibit apoptosis and promote self-renewal [35, 37]. It
would be interesting to determine whether HSPs’ relative
abundance, alone or in combination with some other mole-
cules, can be used as a marker to distinguish pluripotent or
multipotent stem cells from lineage-restricted stem cells or
lineage-committed progenitor cells.

2.1.2. Protein Folding and Quality Control in the Endoplasmic
Reticulum (ER). The endoplasmic reticulum (ER) is the
organelle tasked with folding, glycosylating, and exporting
secreted and membrane-targeted proteins [38, 39]. The ER
is also an organelle that responds to and propagates various
intracellular and extracellular signals [40]. Peptide growth
factors and hormones generate second messengers such as
phosphatidylinositol bisphosphate (PIP2) through their cog-
nate cell surface receptors. PIP2 activates signal transducers
located on the ER membrane to release Ca*™ from ER stores,
which results in the activation of Ca*"-regulated signaling
nodes [41, 42]. The ER is also a synthetic organelle where
much of the fatty acid and lipid biosynthesis takes place [43].

As a synthetic, processing, and signaling organelle, ER
homeostasis is influenced by a multitude of extracellular and
intracellular factors. The proper functioning of the ER is
required for maintaining a pristine proteome. Just like the
proteins synthesized by cytoplasmic free ribosomes, transla-
tion and folding of proteins synthesized by ER-associated
ribosomes are coupled in a process termed cotranslational
processing [44]. Nascent polypeptides are recognized by
signal recognition particle and threaded through the Sec61
channel into the ER as they emerge from ribosome. In the
reductive environment of ER, they are folded with the help
of ER chaperones, foldases, and isomerases [45]. The first step
in the ER quality control is the detection of misfolded,
unfolded, or aggregated polypeptides, collectively termed
defective ribosomal products [46]. Such polypeptides are
redirected to the cytoplasm for degradation, usually by the
UPS [47].

Maintenance of pristine proteome also depends on
matching the capacity of the ER with the demand for protein
folding. When this balance is perturbed, unfolded and/or
misfolded proteins accumulate within the lumen of the ER,
causing ER stress (Figure 2). ER stress is usually resolved
through activation of the three interrelated canonical
trans-ER-membrane signaling nodes controlled by PKR-like
endoplasmic reticullum kinase (PERK), inositol-requiring
enzyme 1 (Irel), and activating transcription factor 6
(ATF-6) [48, 49]. The canonical ER stress-response signal-
ing, also termed integrated endoplasmic reticulum stress
response (IERSR), inhibits translation to reduce the demand
for protein folding, induces the expression of ER chaperones
and ER biogenesis genes to expand the ER’s folding capacity,
and induces the expression of the proteins that undertake
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the retrograde transport and degradation of unfolded pro-
teins from the ER (ERAD) to resolve ER stress [50-52].
The IERSR signaling engenders a transcriptional, transla-
tional, and posttranslational gene expression program that
regulates cell proliferation, differentiation, senescence, or
death in a context and cell type-dependent manner
(Figure 2).

PERK phosphorylates the alpha subunit of the eukaryotic
translation initiation factor 2 (eIF2«) on serine 51. This phos-
phorylation has the dual effect of suppressing general transla-
tion while paradoxically inducing translation of a subset of
mRNAs. These include mRNAs coding for transcription fac-
tor ATF-4 and C/EBP homologous DNA damage inducible
protein (CHOP) [53, 54]. ATF-4 and CHOP cooperate with
other transcription factors to increase the folding capacity
of the ER, activate ERAD, and induce autophagy to restore
ER homoeostasis [55]. If all of these fail to restore ER homo-
eostasis, CHOP will induce cell death. PERK also directly
phosphorylates and activates nuclear factor erythroid-like 2
(Nrf2) gene product and by yet to be fully understood
mechanism activates NF-xB [56-59]. These two transcrip-
tion factors play critical roles in cell survival under stress.
PERK also impinges on microRNAs, lipid metabolism,
and vascular endothelial growth factor (VEGF) signaling
[60-65]. PERK-deficient embryos develop normally except
for the progressive demise of the endocrine pancreas, which
results in early onset diabetes and premature death [66]. This
phenotype resembles human Wolcott-Rallison syndrome
where compound PERK mutations cause very early onset
diabetes and early childhood death [67, 68]. These data indi-
cate that while it is important for normal development and
healthy life, PERK signaling is dispensable for generation,
maintenance, self-renewal, and differentiation of pluripotent
stem cells. Relevance of PERK signaling for maintenance and
normal function of adult stem and progenitor cells will be
discussed later.

Irel, a dual endonuclease and kinase, plays essential roles
in adaptation to ER stress. Irel-catalyzed cytoplasmic splic-
ing of X-box binding protein 1 (Xbp-1) mRNA causes a
frame shift at the splice junction. This generates an Xbp-1
mRNA isoform that codes for a transcriptionally active
protein, Xbp-1 spliced (Xbp-1S) [69]. Xbp-1S induces tran-
scription of mRNAs coding for chaperones, ER biogenesis,
and ERAD proteins as well as its own and CHOP mRNA
[70]. Under overwhelming stress, Irel also splices other
mRNAs leading to their degradation, in what is termed regu-
lated Irel-dependent decay (RIDD) that can further reduce
demand on the ER for protein folding [71-73]. Irel, through
its kinase domain, forms a complex with and activates
TNF-associated factor 2 (TRAF-2), which in turn activates
the apoptosis signal-regulated kinase 1 (ASK1). ASKI
induces apoptosis through c-jun N-terminal kinase (JNK)
[74]. Deletion of Irel causes placental defects and conse-
quent embryonic failure while deletion of Xbp-1 causes
embryonic lethality due to defective erythropoiesis in the
liver secondary to liver hypoplasia [75]. The fact that the
Irel- and Xbp-1-deficient embryos develop near normal
until midpregnancy indicates that Irel and Xbp-1 are dis-
pensable for self-renewal, pluripotency, and differentiation

of pluripotent stem cells into multipotent stem and progeni-
tor cells and differentiation into most tissues [76, 77]. Cur-
rently, there are no animal models of dual PERK and Irel
deficiency; therefore, it is not possible to determine if simulta-
neous ablation of both signaling nodes will interfere with the
establishment and/or maintenance of pluripotent stem cells.

ATF-6 is the third member of the canonical ER stress-
response network. Under ER stress, ATF-6 translocate to
Golgi where it is cleaved by site-1 and site-2 specific proteases
releasing transcriptionally active cytoplasmic domain. The
cleaved ATF6 binds to promoters containing ER stress
response elements (ERSE) and to conserved GRP promoters.
Transcription from these promoters induces the expression
of ER chaperones including GRP78, GRP94, calnexin,
XBP-1, and calreticulin [5, 78, 79]. Either a or b homologs
of ATF-6 can be deleted individually with no consequence
for animal development; however, simultaneous deletion
of both homologs is embryonic lethal at the somite stage
[80, 81]. This indicates that ATF-6 is not essential for
pluripotency, self-renewal, and differentiation of pluripotent
stem cells into multipotent stem and progenitor cells and dif-
ferentiation into three germ layers up to early somite stage
but is essential for further development [80, 81].

While eliminating activity of any of the three ER stress-
response pathways does not interfere with the generation
and survival of pluripotent stem cells, lineage commitment
and early differentiation, deletion of an ER stress sensor pro-
tein, binding immunoglobulin protein (BiP) also known as
GRP78, does indeed interferes with the expansion of inner
cell mass into pluripotent stem cells and causes preimplanta-
tion embryonic lethality [82]. BiP binds to and locks Irel,
PERK, and ATF-6 into inactive heterodimers. It is thought
that unfolded proteins in the ER display exposed hydropho-
bic domains that bind BiP [40]. When the levels of these
exposed hydrophobic domains increase, they titrate BiP away
from PERK, Irel, and ATF-6. Free PERK and Irel form
homodimer and/or multimers, while free ATF-6 moves to
trans-Golgi where its cytoplasmic domain is cleaved by site
1 and 2 specific proteases, which then translocate to the
nucleus (Figure 2) [48, 49].

While studies with deletion of BiP suggest that sustained
activation of all three branches of the IERSR without inhibi-
tory feedback will cause demise of pluripotent stem cells, it is
unclear whether this would indeed happen during normal
development, because physiologic IERSR caused by unfolded
proteins is reversed once ER homeostasis is reestablished. In
contrast, complete deletion of BiP could unleash a massive
IERSR with no apparent rectifying mechanisms, potentially
locking the IERSR permanently to “on” position. This may
generate a vicious cycle wherein the IERSR causes oxidative
stress and secondary and tertiary transcriptional and transla-
tional changes that trigger mitochondrial and nucleolar stress
and eventual cell death [83, 84]. Furthermore, BiP is also
involved in translocation of proteins into ER, Ca™" homoeos-
tasis, and can function as a signaling molecule when located
on the cell membrane [85]. Nevertheless, these data offer
significant clues as to the consequences of simultaneous sus-
tained activation of all three nodes of the IERSR, which may
occur under some pathologic conditions.



Interestingly, complete deletion of GRP94, the ER-
resident HSP-90 family member, also causes embryonic
lethality but much later during development [86]. These
embryos have already formed germ layers indicating that
GRP94 is not required for maintenance and differentiation
of pluripotent stem cells but apparently required for proper
embryogenesis beyond this stage. Consistently, GRP94 defi-
ciency does not inhibit the proliferation of mouse ESCs
(mESCs) in culture or their differentiation into germ layers;
however, GRP94-deficient cells cannot differentiate into car-
diac, smooth muscle, or skeletal muscle tissues [87]. Better
understanding of the role of the IERSR in the development
and differentiation of pluripotent and multipotent stem cells
may pave the way for the utilization of molecularly targeted
IERSR modifiers that would improve the potential of stem
and progenitor cells in tissue repair and regeneration.

The IERSR is not restricted to restoring ER homoeostasis
upon the accumulation of unfolded proteins but also inter-
acts with other signaling cascades to regulate various cellular
functions. Recent studies indicate that the IERSR is activated
during lineage commitment and differentiation of pluripo-
tent stem cells. For example, chemical induction of the IERSR
in mESC-derived embryoid bodies or in mESC monolayer
cultures induces an endoderm-specific gene expression
program that leads to differentiation of mESC into defini-
tive endoderm [88]. This is accomplished by activating
TGF-f/smad2 signaling and their downstream effectors.
Induction of the IERSR signaling in mESC also suppresses
the activity of GSK3a«/f3, which results in the stabilization and
nuclear accumulation of -catenin [88]. The Wnt/B-catenin
complex turns on a gene expression program that appears
to be essential for the differentiation of mESC into definitive
endoderm. Consistently, inhibition of Wnt/B-catenin
signaling interferes with the differentiation of mESC into
definitive endoderm. Taken together, these data indicate
that the IERSR signaling activates the TGF-fB/smad2 and
Wnt/3-catenin pathways to induce the differentiation of
ESCs into definitive endoderm [88].

2.2. Protein Degradation in Regulating Pluripotency and
Lineage Commitment. Similar to protein synthesis and
folding, degradation of unfolded, misfolded, or otherwise
damaged proteins is also required for the maintenance of a
pristine proteome. Furthermore, disposal of stage-specific
proteins is essential for normal functioning of cells. For
example, several cell cycle proteins must be degraded to allow
for cell cycle transitions. Protein degradation therefore plays
a critical role in maintaining a pristine proteome as well as an
appropriate mix of proteins required for responding to intra-
cellular signals and external stimuli [89]. Two proteolytic
pathways that play essential roles in proteostasis are the
ubiquitin proteasome system (UPS) and autophagy. We will
now discuss these pathways in more detail.

2.2.1. The Ubiquitin Proteasome System (UPS). The UPS is
the major pathway for the removal of proteins, whether
they are damaged or no longer needed. It involves mark-
ing proteins by attaching a polyubiquitin chain to their
lysine residues and transferring polyubiquitinated proteins
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to the proteasome for degradation. In the first step of ubi-
quitination, a small protein called ubiquitin is activated by
ubiquitin-activating enzyme (E1) and subsequently trans-
ferred to ubiquitin-conjugating enzymes (E2s). A third set
of enzymes, E3 ligases, transfer this ubiquitin to target
proteins [90, 91]. These three steps are repeated to add addi-
tional ubiquitin molecules to the primary ubiquitin to form a
polyubiquitin chain (Figure 2). There are more E2 ligases
than E1 ligases and dramatically more E3 ligases than El
and E2 ligases combined. This is because UPS owes its spec-
ificity and selectivity to substrate recognition by E3 ligases.
Not surprisingly, the repertoire of E3 ligases and their regula-
tors shows significant differences between pluripotent stem
cells and differentiated cells [20, 92, 93]. Remarkably, several
pluripotency factors including Oct4 and Nanog can be
degraded by UPS. The polyubiquitinated proteins are rec-
ognized and degraded by the proteasome which is formed by
the assembly of 20S catalytic core and the 19S regulatory
subunit [94].

Consistent with the need to maintain a pristine prote-
ome, both hESCs and mESC display higher proteasome
assembly and activity than differentiated cells [20, 93]. Given
their need for higher UPS activity, ESCs are extremely sensi-
tive to proteasome inhibition, even a mild downregulation of
the proteasome results in increased differentiation and
decreased levels of pluripotency factors [20, 95]. The fork-
head transcription factor FOXO4 promotes the expression
of PSMD11/RPNS6, a 19§ scaffolding subunit that stimulates
the interaction of 19S regulatory complex with the 20S cata-
lytic core [20, 96]. Stimulation of UPS by FOXO4 appears to
be necessary for the differentiation of ESCs into neuronal
cells [97]. Other components of the UPS that appear to be
differentially expressed in ESCs include the deubiquitinating
enzyme Psmdl4 and the proteasome maturation protein
(POMP) [93, 98]. Nrf2, which is directly phosphorylated by
PERK, is responsible for high level of POMP expression. As
a proteasome chaperone, POMP is not only important for
the self-renewal of ESCs but also cellular reprogramming
[98]. Degradation of damaged proteins through UPS is also
essential for the differentiation of ESCs. Huwel is an E3
ligase that polyubiquitinates N-Myc (an important transcrip-
tion factor for ESC maintenance) thereby playing a critical
role in neural differentiation of mESCs [99].

Immunoproteasome, a variant of the proteasome,
reportedly plays a critical role in differentiation as well.
In the initial stages of differentiation, ESCs trigger termina-
tion of damaged proteins by induction of the catalytic sub-
unit 351 (PSMB8) and the immunoproteasome regulatory
activator PA28«af3 [100, 101]. UPS regulates the level of
Nanog, Oct-4, and c-Myc, which are critical pluripotency
factors for natural as well as induced PSCs. Whether compo-
nents of UPS can be modified to improve reprogramming of
iPSCs and encourage these and natural pluripotent and/or
multipotent stem cells towards lineage-restricted differentia-
tion program remains to be determined.

2.2.2. Autophagy: Titanic-Scale Proteome Maintenance.
Autophagy is degradation of damaged or outlived organelles,
macromolecules, and other cytosolic fractions too large to be
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handled by UPS. In autophagy, the engulfment of protein
aggregates, organelles, or cytosolic pieces by a double mem-
brane vesicle generates an autophagosome (Figure 2), which
then fuses with the lysosome leading to degradation of its
contents. Autophagy has a dual purpose of maintaining
cellular homoeostasis while generating building blocks for
anabolic processes. It plays an essential role in development,
differentiation, or cellular reprogramming [102-105]. Pro-
tein degradation in the lysosome generates free amino acids,
small di- and tri-peptides, and larger peptides that are
released into the cytosol to be further metabolized [104]. In
addition to functioning as a recycling pathway, autophagy
also preserves cellular homeostasis by controlling the quality
of proteins and organelles and degrading misfolded and
aggregated proteins [26, 106]. Similar to UPS, autophagy
can also selectively degrade proteins thereby regulating their
relative abundance (Figure 2) [106-109].

Autophagy is regulated by the autophagy-related gene
(ATG) products. These include ULK1, ATG13, FIP200, and
ATGI101, collectively known as ULK complex that forms a
double membrane structure, phagophore, which is expanded
by VPS34-BECNI1 complex composed of VPS34, BECNI,
AMBRAI, and ATG14L [106]. In another form of autophagy
called chaperone-mediated autophagy (CMA), cytoplasmic
proteins are recognized by chaperones such as HSP70
through a consensus sequence and transferred to the lyso-
some for proteolysis (Figure 2) [110].

2.3. Coordination of Protein Synthesis, Folding, Quality
Control, and Degradation. Stem cells must coordinate pro-
tein synthesis, folding, quality control, and degradation to
minimize energy expenditure, maintain an appropriate mix
of proteins, and a pristine proteome. Earlier, we discussed
how synthesis, folding, and degradation of cytoplasmic pro-
teins are integrated. We will now discuss in some detail
how these processes are coordinated for proteins synthesized
by ER-associated ribosomes and processed in the ER.

The presence of unfolded/misfolded proteins in the ER is
the result of imbalance between demands for protein folding
vs. the capacity of ER to fold client proteins, which trigger the
IERSR. Upon activation of the IERSR, ATF-6 and to a lesser
extent Xbp-1 and ATF-4 transcriptionally activate ERAD
genes (Figure 3) [111-113]. The unfolded, misfolded, or
aggregated proteins in the ER lumen are recognized by the
coordinated action of ERAD proteins and retrotranslocated
across the ER membrane by several protein complexes
including Sec61 channel, Derlins, and Hrdl ubiquitin ligase
[114-116]. Almost all ERAD substrates are polyubiquiti-
nated on the cytosolic side of the ER membrane by ubiquitin
ligase complexes containing Hrd1, Hrd3, Usal, Derlins, and
other proteins. The IERSR also induces preemptive quality
control machinery that through interactions of Derlins with
signal recognition particle reroutes the ER-destined proteins
to the cytoplasm where they are ubiquitinated with contribu-
tion from Bag6 and the AAA-ATPase p97 and degraded
through UPS (Figure 3) [45].

Under physiologic conditions, capacity of the UPS
exceeds demand for protein degradation. However, both ER
and cytoplasmic stress significantly increase the demand on

UPS. Expression of UPS proteins is controlled by Nrfl and
to a lesser extent Nrf2. PERK directly phosphorylates and
thereby liberates Nrf2 from Keapl. Keapl maintains Nrf2
in inactive state in the cytoplasm and instigates its degrada-
tion by UPS [57]. Another kinase that phosphorylates Nrf2
is c-jun N-terminal kinase (JNK) itself activated by Irel.
Phosphorylation of Nrf2 and its subsequent liberation from
Keapl enables nuclear accumulation of Nrf2 resulting in
increased transcription of its target genes [117]. By inducing
major antioxidant genes while reducing CHOP expression,
Nrf2 promotes survival of stressed cells. Nrf2 also induces
the expression of several chaperones, ERAD genes, ubiquitin
ligases, and subunits of the proteasome complex, all of
which play critical roles in the transport and degradation
of unfolded, misfolded, or otherwise defective proteins
(Figure 3) [118-120].

Nrfl is an ER membrane anchored protein that translo-
cates to the nucleus following deglycosylation and perhaps
proteolytic cleavage and plays a major role in inducing the
expression of almost all proteasome subunits [121-123].
Nrfl activation is particularly strong in cells treated with pro-
teasome inhibitors but is also pronounced in cells treated
with tunicamycin, a glycosylation inhibitor that causes ER
stress [124, 125]. While the molecular underpinnings of
Nrfl activation are not well understood, based on the robust
activation of this transcription factor by proteasome inhibi-
tors, it is likely that accumulation of polyubiquitinated client
proteins in excess of UPS’ capacity generates the signal(s)
that activate Nrfl (Figure 3).

Macro, micro, and chaperone-mediated autophagy inter-
act with cellular pathways including cytoplasmic chaperones,
IERSR, and oxidative stress (Figure 3) [126-128]. The PER-
K/eIF2a-phosphorylation arm of the IERSR induces core
autophagy genes and cytosolic cargo receptors such as
Mapllc3b (LC3B), Atg5, Atg3, Atg7, Atgl0, Atgl2, Atglell,
Becnl, Gabarap, Gabarapl2, p62, and Nbrl [129]. ATF-4, a
downstream effector of phosphorylated elF2q, transcription-
ally upregulates REDD1, which results in the activation of
tuberous sclerosis complex (TSC) that inhibits mTORCI.
Suppression of mTORCI activity leads to the activation of
autophagy. Another effector of the IERSR, CHOP activates
tribbles-related protein 3 (TRB3) that directly inhibits Akt,
resulting in TSC activation, inhibition of mTORCI activity,
and thereby induction of the ULK1/2 complex. CHOP also
upregulates ERO1-« transcription, which releases Ca** from
internal stores, activates calcium-calmodulin-dependent
kinase IT (CAMKII) that in turn activates ULK1/2 complex
through inhibition of mTORCI. Last but not the least,
ATF-4 and CHOP directly induce the transcription of key
autophagy genes LC3, ATGI12, and ATG5 [130-135].
Irel also induces autophagy by activating JNK through
TRAF2 [136]. Autophagy in turn helps in reestablishing
ER homoeostasis by trimming ER as part of recovery from
stress [84]. Mammalian cells contain several autophagy
receptors such as FAM134B, SEC62, RTN3, and CCPGI.
These receptors play a critical role in sequestering isolated
ER fragments into the lumen of autophagosome in which
ER fragments with a delimiting membrane are digested
(Figure 3) [137, 138].



ER-phagy

|
/

@
QWOSOSA|

®
0LdSH

modyeSosoway
6'L'SOLY
/ \ swososA[oiny ’

®

aroydoBeyq
8ddSH €Ovd

&

Stem Cells International

. ‘Bip \. Normal ER
& BiP BiP
o
>
Nif-1
®
BiP BiP
@ B Stressed ER

P
Nrf2

®

Keapl

FIGURE 3: Integration of the integrated endoplasmic reticulum stress response (IERSR), ubiquitin proteasome system (UPS), and autophagy
in maintaining a pristine proteome. The IERSR activates transcription factors that govern the expression of ER homoeostasis, UPS, and
autophagy genes. Autophagy and UPS in turn degrade signaling molecules activated by the IERSR and trim ER and mitochondria to help
these organelles return to their normal size and composition once unfolded proteins are cleared.

2.4. Proteostasis in the Self-Renewal, Survival, and
Differentiation of Adult Stem/Progenitor Cells. Adult stem
cells and progenitor cells play critical roles in tissue homeo-
stasis and repair, particularly following pathologic insults.
These cells differ from the pluripotent stem cells in that they
can give rise to many but not all tissues or cell types. Like plu-
ripotent stem cells, adult stem/progenitor cells must self-
renew and differentiate. These cells have developed various
strategies to protect their macromolecules and organelles
from damage because adult stem/progenitor cells must be
preserved for the life of the organism. Adult stem and
progenitor cells in different tissues are subject to different
environmental cues and various levels of demand for tissue
regeneration. Certain tissues such as small intestine epithe-
lium and hematopoietic cells must be constantly replenished,
more so under pathological insults. On the other hand,
cardiac or neuronal stem and progenitor cells may be called
upon to regenerate tissue only under pathologic insults;
therefore, these cells may face lower demand in adult
organisms. Not surprisingly, the strategies and dominant
pathways used for proteome maintenance differ among
different stem/progenitor cell types. Below, we will discuss
strategies used by different stem and progenitor cells for
maintaining a pristine proteome and how disruption those
pathways affect self-renewal and differentiation of adult
stem cells.

2.4.1. Proteostasis in Neuronal Stem Cells’ (NSCs) and
Neuronal Progenitor Cells’ Survival, Self-Renewal, and
Differentiation. NSC self-renew and differentiate into neu-
rons, astrocytes, and oligodendrocytes [139, 140]. Both
autophagy and IERSR signaling play important roles in the

self-renewal of NSCs [141-143]. In mammals, cortical neuro-
genesis can proceed through either direct neurogenesis,
asymmetric division of the apical progenitors followed by
differentiation, or indirect neurogenesis, generation of inter-
mediate progenitors that can proliferate and differentiate into
projection neurons. Activation of the PERK-elF2a-ATF4 sig-
naling interferes with generation of intermediate progenitors
thus promoting direct neurogenesis while knocking down
ATF-4 favors indirect neurogenesis [144]. These findings
suggest that physiological IERSR signaling may play a role
in cortical development. Consistently, mice expressing
mutant BiP protein display a disordered pattern of layer for-
mation as well as migration defects in the cerebellum [145].
Mutant BiP-expressing mice also display microcephaly in
the cerebral cortex indicating that BiP regulates other crucial
factors in brain development and highlights the role of pro-
teostasis in mammalian neuronal development [146-148].

In adults, the subgranular zone of the hippocampal
dentate gyrus is the major site of active neurogenesis
[141, 142, 149]. The IERSR has been implicated in the
viability of NSCs located in the subventricular zone
(SVZ) of the lateral ventricle and the subgranular zone
of the adult hippocampal dentate gyrus [141, 142]. Simi-
larly, deletion of a single copy of critical autophagy genes
Ambral or Beclinl significantly reduces the self-renewal
potential of NSCs in the SVZ while increasing the rate of
apoptosis [143]. These data indicate that basal autophagy
flux is essential for self-renewal and survival of neuronal
stem and progenitor cells and likely in the early phases of
their differentiation.

Neuronal differentiation is associated with increased
PERK signaling [139]. Two chemical inducers of ER stress,
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tunicamycin and thapsigargin, enhance the differentiation of
mESCs into neurons while inhibiting their differentiation
into glial cells [150]. These agents transiently activate all
three nodes of the canonical IERSR signaling; it is therefore
not possible to determine which of these pathways is/are
responsible for induction of neurogenesis. Suppressing the
expression of HRD1, an E3 ubiquitin ligase that plays an
important role in ERAD abrogates tunicamycin-induced
neuronal differentiation [150]. Genetic suppression of ERAD
by expression of mutant HRD1 may lead to sustained activa-
tion of all three IERSR signaling nodes, which would negate
the beneficial effects of tunicamycin-induced transient
IERSR [151-153]. Alternatively, recovery from stress or
activation of ERAD/UPS may generate differentiation sig-
nals for neurogenesis.

Consistent with the role of the IERSR in neuronal devel-
opment, reduced expression of the histone H3 methyl trans-
ferase DOT1L impairs the proliferation and survival of NSCs
in the cerebral cortex by upregulating ATF-4 and CHOP
expression. Loss of H3 lysine 79 (H3K79) dimethylation in
the ATF-4 and CHOP promoters derepresses their expres-
sion [141] thereby causing irreversible activation of CHOP-
mediated cell death program in NSCs. These data suggest
that unresolved ER stress may become deleterious for NSC
survival and self-renewal.

Many of the known neurodegenerative disorders and
motor neuron diseases such as Huntington’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis are
associated with expression of aggregation prone mutant pro-
teins. Many of these disorders are manifested in middle-aged
or older adults; it is not clear if and how NSC dysfunction
contributes to their pathogenesis [154-156]. There are how-
ever some neurodegenerative disorders that may stem from
inability of NSC and/or neuronal progenitor cells to maintain
proteostasis. For example, Cockayne syndrome is a neurode-
generative disorder characterized by impaired RNA poly-
merase I-dependent transcription that causes defective
ribosome biogenesis [157]. Other symptoms of the disease
are growth retardation, cataracts, alopecia, and premature
death. In Cockayne syndrome, reduced synthesis of
ribosomal RNAs is associated with overall reduction in the
translation efficiency and reduced fidelity of translation. This
in turn increases generation of reactive oxygen species,
unfolded proteins, CHOP expression, and apoptosis [157].
Another hallmark of the Cockayne syndrome is reduced
self-renewal of neuronal progenitors [158].

Spinal cord injury and repeated exposure to pyrethroid
insecticides such as deltamethrin causes cognitive decline in
adults. Molecular analysis indicates that in both cases cogni-
tive decline is associated with reduced proliferation and
increased apoptosis of stem and progenitor cells in the
dentate gyrus of the hippocampus indicating that these two
disorders may be triggered by reduced neurogenesis [159].
At the molecular level, both disorders are associated with
neuronal ER stress and activation of the IERSR. While it is
not clear if the IERSR plays a causative role in the develop-
ment of cognitive decline, it is clear that inability of neuronal
precursors to prevent accumulation of unfolded proteins
results in the reduced neurogenesis and increased apoptosis

which accounts for the development of the cognitive decline.
The IERSR also plays important roles in the development
and survival of astrocytes and oligodendrocytes [160]. While
the IERSR is activated in demyelination disorders, its exact
role remains to be elucidated [161-165].

Hormesis, the adaptive preconditioning by induction of
mild ER stress, is an interesting concept advanced in the
recent years. Adaptive preconditioning to ER stress likely
improves proteostasis thereby protecting neurons in some
models of neurodegenerative disorders [166]. One potential
molecular pathway that facilitates hormesis could be the
phosphorylation and activation of Nrf2 by PERK. Nrf2
turns on the expression of antioxidant genes which may
reduce free radical-induced damage to macromolecules
including proteins and thus protect neuronal progenitors
and differentiated neurons [167]. Taken together, it appears
that proteostasis plays critical roles in NSC maintenance,
self-renewal, differentiation and survival of terminally dif-
ferentiated neurons. Future studies should test the thera-
peutic potential of proteostasis modulators for treatment
of neuronal disorders.

2.4.2. Hematopoietic Stem/Progenitor Cells (HSCs, HPCs).
Terminally differentiated hematopoietic cells have a finite life
span and must be continuously replaced. They are also target
of many pathogens. The physiologic replacement of hemato-
poietic cells as well as their accelerated regeneration in
response to pathologic insults requires constant self-
renewal and differentiation of HSCs and HPCs. The rate of
protein synthesis in HSCs is lower than that of HPCs, likely
owing to HSCs’ quiescence. Either overstimulation or sup-
pression of protein synthesis impairs HSC function [168].
For example, deletion of Runx1l gene, a transcription factor
important for ribosome biogenesis, reduces HSC’s ability to
proliferate and/or differentiate into downstream progenitors
[169]. Importantly, change in the rate of protein synthesis
underlies many hematopoietic disorders, collectively known
as ribosomopathies. In all known cases of ribosomopathies,
a haploinsufficiency of an rRNA biogenesis gene, ribosomal
protein gene, or ribosome assembly factor gene reduces the
overall number of mature ribosomes (reviewed by [170]).
In Diamond-Blackfan anemia (DBA), which is caused by
haploinsufficiency of various ribosomal proteins, HSCs give
rise to all but the myelogenous lineage [171]. While patho-
genesis of ribosomopathies has previously been attributed
to imbalance in the ribosomal proteins or ribosomal subunits
and subsequent activation of p53-mediated apoptosis by free
ribosomal proteins [170], this view has now been convinc-
ingly challenged. Specifically, in DBA patients’ HSCs, ribo-
some constitution and relative levels of ribosomal proteins
remain constant, but number of ribosomes is reduced. This
reduction is associated with preferential reduction in the
translation efficiency of a subset of mRNAs with simpler
and shorter 5'-UTR, usually associated with efficient transla-
tion, and mRNAs whose 5'-UTR contain various motifs
including 5'terminal oligopyrymidine tract (5'TOP). The
inefficient translation of these mRNAs is attributed to
the reduced expression of nonribosomal protein GATA1L
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[171, 172]. Suppression of GATAL is sufficient to recapitulate
all hallmarks of DBA including repression of HSC differenti-
ation into myelogenous lineage while GATAL’s forced
expression is sufficient to restore differentiation of HSC
into all hematopoietic lineages [171]. These data demon-
strate the role of translation in the differentiation of HSC
into downstream lineages.

BiP plays an important role in the survival and prolif-
eration of HSCs in the hypoxic niches [173, 174]. Under
experimental conditions, HSCs activate the IERSR, particu-
larly PERK/eIF2« phosphorylation to a higher extent than
the downstream progenitor cells upon treatment with ER
stress-inducer tunicamycin. PERK/eIF2a phosphorylation
arm of the IERSR upregulates CHOP and GADD34 in HSCs
and causes selective apoptosis. GADD34, the elF2a phos-
phatase, can cause elF2a dephosphorylation before ER
stress is ameliorated, which is thought to cause oxidative
stress and thereby cell death. Consistently, inhibiting
activity of this phosphatase by chemical agents protects
HSCs from tunicamycin-induced toxicity [175]. GADD34
is also activated upon engraftment of HSCs to bone
marrow, and this is associated with low frequency of
engraftment [175].

Overexpression of the ER-chaperone ERDJ4 increases
the protein-folding capacity of the ER thus reducing the
elF2a phosphorylation and GADD34 expression [176, 177].
HSCs overexpressing ERDJ4 engraft into host bone marrow
with much higher efficiency due to a low rate of apoptosis
attributable to suppression of GADD34 [173]. These data
indicate that preventing accumulation of unfolded or mis-
folded proteins in the ER is critically important for the
survival HSCs and their protection from GADD34-induced
oxidative stress during engraftment. Inducing low level but
sustained eIF2« phosphorylation using one of several small
chemical inducers of elF2a kinases or elF2a phosphatase
inhibitors should be considered for chemical protection of
transplanted HSCs [59, 178-181]. Recent reports indicate
that estrogen treatment increases the capacity of HSCs to
regenerate the hematopoietic system upon transplantation
and accelerates regeneration after irradiation by activating
the Irela-Xbpl pathway [182]. These data are consistent
with the notion that transplanted HSCs are under proteo-
toxic stress and that the Irel/Xbpl signaling protects cells
from such insults.

As in pluripotent stem cells, the improperly folded
proteins in HSCs are degraded by the coordinated action of
UPS and autophagy. Autophagy is important for maintaining
HSC self-renewal [183] as its inhibition in the HSC compart-
ment leads to defects in stem cell activity resembling those
observed in aging and certain disease conditions. These
include increased ROS levels, accumulation of damaged
protein and organelles, and limited repopulation capacity
resulting in multilineage cytopenias [184, 185]. Elevation of
ROS levels forces HSCs to choose between elimination
by apoptosis or activation [186]. HSCs activate FoxO3-
dependent autophagy to avoid apoptosis [187]. Consistently,
genetic and chemical interference with autophagy compro-
mises fetal and adult hematopoiesis [184, 186]. In the context
of HSCs, UPS also regulates abundance of transcriptional
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regulators important for HSCs” maintenance and homeosta-
sis such as Notch, c-Myc, c-Kit, and Stat5 [188, 189]. Abun-
dance of other transcription factors required for HSCs’
function, including c-Rel, RelA, and GATA?2 is also tightly
regulated by the IERSR [190].

One strategy HSCs utilize to maintain a pristine prote-
ome is to limit free radical (ROS) damage to existing prote-
ome. HSCs express a protein complex comprising the
mitochondrial heat-shock protein mortalin and Dj-1, a direct
ROS scavenger to limit damage from oxidative stress that
usually emanates from aerobic respiration [191]. Blockade
of these protective pathways limits the ability of activated
HSCs to return to quiescence, leading to impairments in
long-term reconstitution capacity [191-193]. HIF2«a simi-
larly plays an important role in the survival and engraftment
of human HSCs by reducing oxidative stress [193]. Finally,
control of mitochondrial translation and energy metabolism
play essential roles in homeostasis and mitochondrial protein
quality control in HSCs [194].

In summary, HSCs, at variance with their committed
progenitors, exhibit decreased translation and increased pro-
teostatic quality control to efficiently preserve stem cell fit-
ness, resolve and overcome pathologic insults, and ensure
their proper function and propagation. Chemical enhancers
of these cellular processes may have clinical applications in
the treatment of ribosomopathies and enhancement of bone
marrow grafting upon transplantation.

2.4.3. Mesenchymal Stem Cells (MSCs). Mesenchymal stem
cells are derived from paraxial mesoderm. Differentiation of
pluripotent stem cells into mesoderm is mediated by the
transcriptional program under the control of ATF-6 and
requires expansion of the ER [80]. MSCs give rise to many
cell types including osteoblasts, chondrocytes, adipocytes,
fibroblasts, and cardiomyocytes [195]. The IERSR signaling
drives MSC differentiation into various cell types. Bone mor-
phogenetic protein 2 (BMP2) activates Irel/XBP-1 signaling
and induces BiP expression during chondrocyte differentia-
tion [196]. Both XBP-1 and ATF-6 play essential roles in
chondrocyte hypertrophy and differentiation and stimulate
endochondral bone formation [197, 198]. Irel appears to
oppose BMP2-induced osteoblast differentiation [197]. The
cysteine-rich ER stress-inducible factor with EGF-like
domains 2 is an important mediator of BMP9-regulated oste-
ogenic differentiation of MSCs [199]. Experimentally, arsenic
trioxide induces ER stress and reduces the viability of human
umbilical cord and bone marrow-derived MSCs while lyso-
phosphatidic acid decreases ER stress-mediated apoptosis
triggered by hypoxia and serum deprivation [200]. Knocking
down BiP expression activates ER stress-specific caspase
cascade in developing chondrocytes [198]. Osteoblast prolif-
eration and differentiation are also impaired in Arl6ip5
knockdown and deficient osteoblasts. Arl6ip5 deficiency
enhances ER stress-induced CHOP-mediated apoptosis
[201]. Pathologic exposure of MSC in bone marrow to alco-
hol inhibits osteogenesis while inducing adipogenesis; both
associated with ER stress and activation of TNF-« signaling.
Knocking down ATF-4, CHOP, or TNF-a expression
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reverses ethanol-induced adipogenesis [202]. While these
studies indicate that the ER stress signaling can induce
apoptosis in MSCs under certain conditions, the role ofthe
IERSR in normal biology of these cells remains to be
determined.

MSC transplantation has been proposed as a potential
therapy for hypoxia/reoxygenation (H/R) damage, ie.,
following myocardial infarction. While these cells appear to
be highly amenable to transplantation, most will not survive
when transplanted into infarcted sites due to very high level
of mitochondria-generated ROS which damages cellular
proteins [195]. This results in the accumulation of unfolded
proteins particularly in the ER and sustained activation of
the IERSR which is thought to cause apoptotic death of trans-
planted cells. Suppression of ROS production under H/R-like
conditions (i.e., by delta opioid peptide-DADLE) prevented
cell death and reduced the activity of the IERSR regulator
PERK Irel ATF-6 and BiP to basal level [203]. Currently,
nonsurvival of the transplanted stem-progenitor cells into
myocardial infarct site is the biggest impediment to cellular
therapy. Multiple animal studies have shown that stem and
progenitor cells’ engraftment into infarcted heart tissue is
minimal most likely because the transplanted cells do not
survive [204, 205].

Adult multipotent MSC-like cells that highly express
CD44 were detected within the vessel wall, particularly within
the vascular adventitia. These cells displayed the capacity to
deliver vascular smooth muscle cells and contribute to new
vessel formation [206]. CD44 expression is reportedly
regulated by autophagy flux [207]. Recently, spontaneously
beating cardiomyocyte-like cells were generated using vascu-
lar adventitia-derived FLK1(+)CD34(+)Sca-1(-) stem cells
[208]. MSC-like cell colonies containing these beating cells
also expressed high level of CD44(+). MSCs reportedly
modulate autophagy flux by releasing exosomes containing
miR-125b-5p that resulted in improved cardiac function
[209]. These data suggest that transplanted MSC may utilize
proteostatic pathways to induce regeneration of host tissue
in a paracrine manner. It remains to be seen whether
preventing activation of the IERSR signaling or low-level
preemptive and/or selective activation of the IERSR signal-
ing pathways or autophagy will enhance the survival of
MSCs transplanted into myocardial infarct site. Numerous
inhibitors and activators of ER stress response and autophagy
developed in recent years can be used to answer these
questions [59, 178, 179, 210-214].

2.4.4. Multilineage Stress Enduring (MUSE) Stem Cells.
Recently, a population of stem cell-like cells isolated from
adipose tissue was shown to be highly resistant to ER stress
compared to other mesenchymal or adipose stem cells. These
lipoaspirated MUSE cells express high levels of Oct-4, Sox-2,
Kif4, and c-Myc and are capable of differentiating into
endodermal, mesodermal, and ectodermal lineages suggest-
ing that they may be stem cells [215]. Nevertheless, further
characterization of MUSE cells is needed for establishing
their credentials as bona fide pluripotent stem cells. Cells
of similar properties have been isolated from other tissues
and shown to have the ability to home to the site of
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ischemia-reperfusion (I/R) injury in the lungs, heart, brain,
osteochondral defect created in rat patellar grove, carbon
tetrachloride-induced liver injury, intracerebral hemorrhage,
or kidney damage induced by Adriamycin [216-222]. In all
these cases, MUSE cells differentiated into and restored func-
tion to injured tissue and organ. These data indicate that
MUSE cells may be highly amenable to transplantation for
tissue repair under pathological conditions. Currently, little
is known about the molecular basis of stress resistance in
MUSE cells. This knowledge would be invaluable for the
identification and development of chemical agents that
would help improve the transplantation efficiency of all
stem cells.

2.4.5. Cardiac Stem Progenitor Cells (CSPCs). Cardiac stem
cells, which possess the capacity of self-renewal, likely
descend from various lineages that contribute to formation
of the adult heart. Stem and progenitor cells with different
immunophenotype possess cardioregenerative potential and
improve cardiac function when transplanted into the heart
after myocardial infarction (see review [205]). Interestingly
this was not associated with a considerable myocardial regen-
eration. CSPCs reportedly express c-kit, Sca-1, PDGFRa, and
Isl1 [223-225]. Interaction of Notch receptor with its ligand
Jagged has a profound effect on the activation of CSPC.
Jagged/Notch signaling induces CSPCs to enter a replicative
state resulting in the generation of transient-amplifying cells
in proliferative state [226, 227].

Cardiac differential PARM-1 (prostatic androgen
repressed message-1) is an ER-resident protein and appears
to play an important role in cardiomyogenic differentiation
by impinging on BMP/SMAD signaling [228]. Deletion of
the ER chaperone ERp44 causes ER and mitochondrial stress
in CSCs and results in apoptotic cell death [228]. Mutations
in the ER chaperone calreticulin cause neonatal death by
interfering with normal heart development [229, 230].
Another chaperone, BAG-3, interacts with both the heat-
shock family of chaperones, ribosomal proteins, and its own
client proteins. Haploinsufficiency of BAG-3 causes heart
failure which is significantly exacerbated by proteasome
inhibitors [231]. These data indicate that the IERSR plays an
important role in the survival and differentiation of CSCs
not only in vitro but also upon their engraftment into the site
of myocardial infarction. Whether pharmacologic modifiers
of the IERSR can have beneficial effects on CSC survival,
self-renewal, and differentiation into mature cardiomyocytes
remains to be determined.

2.4.6. Skeletal Muscle Stem Cells (SMSCs). Adult skeletal mus-
cle is a stable tissue under normal conditions, but it has a
remarkable ability to regenerate by virtue of its resident stem
cells. The SMSCs exist in a quiescent state with a very low
turnover [232]. However, in response to an activating signal,
SMSC:s leave the quiescent state and enter the cell cycle [233].
While a small proportion of these newly proliferated SMSCs
exit cell cycle early on and return to the quiescent state, a
much larger proportion will proliferate for several genera-
tions. This expanded population of SMSCs will undergo cel-
lular differentiation, fusion, growth, and maturation to form
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myofibers [234, 235]. Maintenance of SMSCs in quiescent
state requires basal surveillance mechanisms to preserve the
quality of the proteome and maintain cellular homoeostasis
[234, 236]. Tight control of translation and the IERSR path-
ways preserves the quiescent state. Specifically, translation of
Dek protein, which promotes SMSCs proliferative expansion
through a mechanism involving miR-489-dependent process,
is actively suppressed [236]. Selective repression of transla-
tion, mediated by elF2a phosphorylation, is also required
for the maintenance of SMSCs quiescence [237, 238]. Con-
sistently, SMSCs carrying a nonphosphorylatable elF2«
allele or deficient in PERK spontaneously undergo myogenic
differentiation losing the capacity to self-renew (Zismanov
et al,, [238]). SMSCs sequester Myf5 mRNA into RNA gran-
ules and swiftly translate it once cells reinitiate the prolifer-
ative and myogenic differentiation [237]. Autophagy plays
an essential role in SMSC quiescence as well as response to
muscle injury. Autophagy is maintained at low constitutive
level in quiescent SMSCs to remove damaged or unneeded
organelles and proteins [239, 240]. Upon muscle injury,
autophagy is activated to provide energy as well as estab-
lish proteome and organelle composition suitable for the
SMSC proliferation, differentiation, and myotube formation
[239, 241-243]. Deletion of Atg7 in SMSCs at a young
age causes accumulation of damaged mitochondria, which
increases ROS levels, damaging proteins and DNA and
thereby causing senescence of SMSCs [240]. Pharmacologi-
cal inhibition of ROS in Atg7-deficient SMSCs prevents
senescence and restores self-renewal capacity providing fur-
ther evidence that maintaining a pristine proteome is essen-
tial for SMSCs survival, proliferation, and differentiation
[240, 244, 245].

2.4.7. Intestinal Stem Cells (ISCs). Intestinal epithelium is
characterized by constant proliferation of cells in the base
of crypt and shedding of cells at the top of the villi. To keep
up with the demand for high turnover using a relatively small
stem cell pool, ISCs are organized in a hierarchical manner
[246]. The crypt base columnar stem cells (CBSCs) are fairly
abundant and actively proliferate; they are characterized by
high Wnt signaling [247, 248]. CBSCs give rise to prolifer-
ative cells variously known as transiently amplifying or
long-term amplifying cells that has finite proliferative poten-
tial and differentiate into various cells in the crypt. Reserve
ISC cycle slower; these cells are resistant to DNA damage-
inducing agents and negative for Wnt signaling [249]. The
ER chaperone BiP, Xbp-1S, and phosphorylated elF2a are
absent in the CBSCs but highly expressed in transiently
amplifying cells and other differentiated cells in the crypts
[249]. Xbp-1 plays a critical role in ISC homeostasis
[250, 251]. Induction of ER stress by chemical agents or
through deletion of BiP causes a loss of CBSC through differ-
entiation and dismantling of the crypt. These effects appear
to be totally dependent on elF2a phosphorylation but only
partially on PERK [249]. Another elF2a kinase, PKR, may
also be involved in this process [252]. Interestingly, while
deletion of BiP specifically in CBSCs causes their loss due
to accelerated differentiation, the CBSC population is
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restored in the following days indicating that reserve ISCs
repopulate the crypt [249].

3. Concluding Remarks and Future Directions

From the time of fertilization to death, development and
survival of complex multicellular organism are dependent
on communicating with and responding to extracellular
environment. In the case of mammalian development, per-
haps there is no better demonstration of this than embryonic
diapause when blastocysts suspend normal embryonic devel-
opment program and resume it when conditions become
more conducive to normal development [253, 254]. Complex
multicellular organisms must also preserve a reservoir of
stem and progenitor cells in immaculate condition over its
entire lifespan to maintain their organ and tissues and
respond to pathologic insults. Accumulation of incorrectly
produced or processed proteins in stem and progenitor cells
could have dire consequences for tissue homeostasis and the
health of the organism. Consequently, a multitude of inter-
connected and coordinated mechanisms has evolved that
allow these cells to maintain a pristine proteome.

Understanding how stem and progenitor cells maintain
proteostasis would help us develop strategies to prevent
and/or treat proteostatic disorders and improve our ability
to explore the therapeutic potential of stem and progenitor
cells by providing them with appropriate culture conditions
when these cells are expanded in vitro as well as modifying
the in vivo environment when they are transplanted. In this
review, we recapitulated our current knowledge of the
processes employed by various stem and progenitor cells to
maintain a pristine proteome and how disturbances of these
processes affect human health. Although our insight into
proteostasis has tremendously advanced in the last decade,
there are still many areas where more progress is needed.
For example, it is unclear why defects in apparently universal
mechanisms for proteostasis can affect the organism at
unpredictable stages of development. A second important
question that needs to be answered is how the various net-
works or mechanisms involved in mRNA translation, protein
folding, inhibition of aggregation, and removal of faulty
proteins are coordinated in stem cells.
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