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Abstract

Purpose of Review: Protein homeostasis (proteostasis) is maintained by an integrated network 

of physiological mechanisms and stress response pathways that regulate the content and quality of 

the proteome. The maintenance of cellular proteostasis is key to ensuring normal development, 

resistance to environmental stress, coping with infection, and promoting healthy aging and 

lifespan. However, recent studies have revealed that several proteostasis mechanisms can function 

in a cell-type specific manner, including within hematopoietic stem cells (HSCs). Here, we review 

recent studies demonstrating that the proteostasis network functions uniquely in HSCs to promote 

their maintenance and regenerative function.

Recent Findings: Despite being highly-conserved cellular processes, several components of the 

proteostasis network, including protein synthesis, protein degradation, and the unfolded protein 

response, are regulated differently in HSCs as compared to restricted hematopoietic progenitors. 

Disruption of these proteostasis mechanisms are particularly detrimental to HSC maintenance and 

function. Together, these findings suggest that these aspects of cellular physiology are uniquely 

regulated in HSCs to maintain proteostasis, and that precise control of proteostasis is particularly 

important to support life-long HSC maintenance and regenerative function.

Summary: Emerging data suggest that the proteostasis network is uniquely configured within 

HSCs to promote their longevity and hematopoietic function. Future work uncovering cell-type 

specific differences in proteostasis network configuration, integration, and function will be 

essential for understanding how HSCs function during homeostasis, in response to stress, and in 

disease.
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Introduction

Protein homeostasis (proteostasis) is maintained by an integrated network of physiological 

mechanisms and stress response pathways that dynamically coordinate protein synthesis, 

folding, trafficking and degradation to regulate proteome content and quality [1] (Fig. 1). 

Recent studies investigating various components of the proteostasis network have revealed 
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that they play a critical role in regulating HSC maintenance and function during homeostasis 

and in response to stress. Strikingly, many of these pathways, despite being highly-

conserved, exhibit exquisite celltype specificity, and often function differently in HSCs than 

in restricted hematopoietic progenitors. Components of the proteostasis network regulate 

multiple unique aspects of HSC biology, including their self-renewal, quiescence, 

regenerative potential and metabolism. However, we still have limited knowledge of how 

these proteostasis mechanisms directly impact the content and quality of the HSC proteome, 

and how their integrated configuration works in concert to support stem cell fate, function 

and longevity. In this review, we revisit seminal work on HSC proteostasis and discuss 

recent studies that are unraveling the intricacies of proteostasis network configuration and 

function required by HSCs.

Hematopoietic stem cells require low protein synthesis

Protein synthesis is a highly-conserved cellular process that is essential for life. As such, it 

has long been considered a housekeeping function performed similarly by most cells. 

However, recent advances that have enabled quantification of relative protein synthesis rates 

within single cells in vivo have changed this paradigm [2–5]. Distinct populations of 

hematopoietic stem, progenitor and differentiated cells each establish their own homeostatic 

rate of protein synthesis, and the amount of protein produced per hour can differ greatly (by 

an order of magnitude or more) between these closely related cell populations [5,6].

Murine hematopoietic stem cells (HSCs) in young adult bone marrow synthesize markedly 

less protein per hour than any restricted hematopoietic progenitor population yet analyzed 

(Fig. 2A). Importantly, this does not simply reflect HSC quiescence. Although dividing 

HSCs exhibit modest increases in protein synthesis, dividing HSC still have significantly 

lower rates of protein synthesis as compared to dividing restricted progenitors [5]. 

Interestingly, subsequent studies have demonstrated that stem cells in multiple other tissues 

also have relatively low rates of protein synthesis, indicating that that this is a broadly 

conserved feature of somatic stem cells [7–10].

Precise regulation of protein synthesis is critical for HSC maintenance and function (Fig. 

2A). A mutation in the gene encoding the ribosomal protein L24 (Rpl24Bst/+) [11] reduces 

protein synthesis by ~30% within HSCs in vivo, and impairs their long-term multilineage 

reconstituting potential in competitive transplantation assays [6]. Conditional deletion of the 

tumor suppressor gene Pten, a negative regulator of the PI3K and mTOR signaling 

pathways, increases protein synthesis by ~30% within HSCs in vivo, and leads to a total loss 

of HSC maintenance and function [5,12,13]. Remarkably, when the Rpl24Bst/+ mutation and 

Pten-deficiency are present together, protein synthesis within HSCs is restored to near-

normal levels, and HSC maintenance and function are largely rescued [5]. Together, these 

findings indicate that protein synthesis is tightly regulated in HSCs and that HSCs require 

low rates of protein synthesis.

Several studies have begun to uncover the mechanisms that contribute to attenuating protein 

synthesis within HSCs (Fig. 2B). Surprisingly, protein synthesis does not appear to be 

limited in HSCs by an absence of ribosomes. HSCs express similar amounts of ribosomal 

components as restricted progenitors that exhibit much higher rates of protein synthesis 
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[5,14*]. Consistent with this observation, HSCs are dependent on maintaining normal 

amounts of ribosome production. Deletion of the transcription factor Runx1 reduces 

ribosome biogenesis and protein synthesis within HSCs, and impairs HSC maintenance [15]. 

One way that HSCs limit protein synthesis despite having abundant translational machinery, 

is through the cell intrinsic control of certain signaling pathways. For example, HSCs 

express higher levels of hypophosphorylated Eif4e-binding proteins (4E-BPs) than restricted 

progenitors. Hypophosphorylated 4E-BPs are translational repressors that are inactivated by 

the mTOR signaling pathway [16]. Compound deletion of 4E-BP1 and 4E-BP2 modestly 

and specifically increases protein synthesis within HSCs in vivo and impairs their serial 

reconstituting activity [6]. In addition to cell intrinsic mechanisms, protein synthesis within 

HSCs is also attenuated by cell extrinsic mechanisms. Angiogenin, expressed by cells in the 

bone marrow microenvironment, promotes the biogenesis of tRNA-derived stress-induced 

small RNAs (tiRNAs) that can reduce protein synthesis through multiple mechanisms [17]. 

Angiogenin deficiency preferentially increases protein synthesis within HSCs and is 

associated with increased proliferation and diminished reconstituting activity [18]. Notably, 

each of these mechanisms on its own only modestly contributes to restricting protein 

synthesis within HSCs. This suggests that there are several mechanisms of HSC translational 

control that have yet to be elucidated, and that several mechanisms may work in concert or 

redundantly to maintain low protein synthesis within HSCs.

Early studies on HSC protein synthesis raised a fundamental question of why low protein 

synthesis is necessary for HSC maintenance. Interestingly, genetic or environmental 

interventions that reduce protein synthesis can extend organismal lifespan in an 

evolutionarily conserved manner [19]. The effects of attenuating protein synthesis on 

lifespan are mediated in part by enhancing protein quality control and promoting improved 

maintenance of proteostasis [20,21]. Translational errors can lead to protein misfolding and 

the formation of toxic aggregates. High rates of protein synthesis can increase amino acid 

misincorporation [22], while reducing translation can decrease the synthesis of defective 

translational products and promote the clearance of misfolded proteins [23]. This raises the 

possibility that mechanisms that enhance proteostasis maintenance to extend organismal 

lifespan are conserved at the cellular level to maintain long-lived stem cells in vivo. 

Consistent with this idea, fetal HSCs, which exhibit higher rates of protein synthesis as 

compared to adult HSCs, depend upon bile acids produced in the fetal liver to prevent 

excessive protein aggregation and attenuate endoplasmic reticulum (ER) stress [24]. This 

mechanism for coping with increased protein synthesis load may contribute to supporting 

robust HSC expansion during fetal development.

A direct link between protein synthesis and protein quality was recently demonstrated in 

adult HSCs (Fig. 2C). HSCs contain significantly less unfolded and ubiquitinated protein (a 

surrogate for misfolded protein) than restricted myeloid progenitors [25*]. The reduced 

abundance of unfolded/misfolded protein cannot be explained by differences in proteasome 

activity, which is lower in HSCs. Increasing protein synthesis via conditional deletion of 

Pten, increases the abundance of unfolded/misfolded protein in HSCs. The accumulation of 

unfolded/misfolded protein in Pten-deficient HSCs was prevented by the Rpl24Bst/+ 

mutation. This finding indicates that HSCs depend upon low protein synthesis to prevent the 

biogenesis of unfolded/misfolded protein. Subsequent work demonstrated that the 
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accumulation of misfolded protein can directly impair HSC maintenance and function. 

Aarssti/sti HSCs, which have defective tRNA editing activity [26], accumulate modest 

amounts of ubiquitinated proteins, and exhibit impaired maintenance and self-renewal 

activity in vivo. In contrast, accumulation of unfolded/misfolded protein has minimal effects 

on the function of restricted progenitors [25*]. HSC self-renewal and function are thus 

particularly dependent on the maintenance of proteostasis.

Although several studies have revealed a need to suppress overall protein synthesis for 

normal HSC maintenance, a key outstanding question is to determine the extent that 

translational control influences specific mRNAs and proteins [27*]. Future studies utilizing 

next generation sequencing of ribosome-bound mRNAs [28,29] will be necessary to 

elucidate the extent and impact of translational control on the HSC proteome.

Protein degradation promotes hematopoietic stem cell maintenance

Although HSCs restrict protein synthesis to reduce the biogenesis of defective translational 

products, unfolded, misfolded and aggregated proteins can still accumulate within HSCs due 

to residual errors in translation, protein misfolding, or protein damage (e.g. caused by 

reactive oxygen species) [30,31]. HSCs may be highly sensitive to disruptions in proteostasis 

because they are long-lived and mostly quiescent [32]. Long-lived cells can accumulate 

misfolded proteins throughout life, and quiescent cells less frequently dilute out misfolded 

proteins through cell division [33]. Thus, in addition to precise regulation of protein 

synthesis, HSCs may also depend upon cell-type specific mechanisms of protein degradation 

to regulate proteostasis.

There are two well characterized cellular pathways for protein degradation: the ubiquitin 

proteasome system and autophagy. These pathways oversee the turnover of normal proteins 

and also serve as the last line of defense against the accumulation of misfolded proteins [34]. 

Each of these pathways is essential for regulating HSC maintenance and function, although 

little is yet known about how these pathways contribute to proteostasis maintenance within 

HSCs (Fig. 3).

Both misfolded and normal proteins can be marked for proteasome degradation through the 

covalent attachment of ubiquitin. Protein ubiquitination is orchestrated by a cascade of 

ubiquitin ligases, beginning with ubiquitin activating enzyme (E1), which activates and 

transfers ubiquitin to the ubiquitin conjugating enzyme (E2). E2 then interacts with a 

ubiquitin ligase (E3) which recognizes specific target proteins for ubiquitination [35]. Much 

of what is known about how the proteasome regulates HSCs comes from genetic studies of 

specific ubiquitin ligases that posttranslationally control the abundance of key HSC 

regulators (Fig. 3A). Deletion of the ubiquitin ligase Fbxw7 leads to increased abundance of 

its target c-Myc, which drives HSC cell cycle entry, differentiation and exhaustion [36–38]. 

Similarly, deletion of Huwe1 leads to increased abundance of N-myc, which also promotes 

HSC proliferation and exhaustion [39]. Deletion of c-Cbl increases abundance and 

phosphorylation of Stat5, leading to increased HSC proliferation [40]. Hif-1α abundance is 

also regulated by the ubiquitin proteasome system via the E3 ligase Vhl [41] and can induce 

HSC quiescence when stabilized [42]. The ubiquitin ligase Mdm2, which targets p53 for 

degradation [43], promotes HSC survival by blunting the expression of p53 in response to 
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stress [44]. The proteasome thus plays a key role in regulating HSC maintenance and 

function by controlling protein turnover and proteome content during homeostasis and in 

response to stress.

Although specific proteasome activity is critical for regulating proteome content and cell 

fate determination in HSCs, little is yet known about how the proteasome regulates protein 

quality within HSCs. However, recent findings revealed new insights into how proteostasis 

may influence proteasome-mediated control of protein turnover within HSCs. HSCs exhibit 

less proteasome capacity than restricted myeloid progenitors, and a modest accumulation of 

misfolded proteins in Aarssti/sti HSCs was recently shown to overwhelm proteasome 

capacity [25*] (Fig. 2C). Overwhelming of the proteasome was associated with stabilization 

and accumulation of the HSC proteasome target c-Myc, increased HSC proliferation, and 

impaired self-renewal. An intriguing possibility is that HSCs may “sense” proteostasis 

disruption through proteasome load, and resulting stabilization of c-Myc occurs to promote 

cell cycle entry which can restore proteostasis through division mediated dilution. In cases 

where protein stress is sustained within HSCs, c-Myc accumulation may ultimately promote 

differentiation and elimination of stressed HSCs from the stem cell pool.

In addition to the proteasome, proteins can be degraded through the autophagy-lysosome 

pathway. Autophagy is a highly-conserved pathway of self-degradation induced in response 

to metabolic [45], proteotoxic [46,47] and oxidative stress [48,49]. The process of autophagy 

begins with the formation of autophagosomes, which are specialized vesicles enclosing 

cytosolic contents destined for degradation. Autophagosomes then fuse with lysosomes to 

form autolysosomes, where degradation is completed by lysosomal enzymes. Organelles and 

macromolecules including normal, misfolded and aggregated proteins can be degraded via 

autophagy in a bulk or selective fashion [50].

Components of the core autophagy pathway support both fetal and adult HSCs (Fig. 3B). 

Deletion of Fip200, a member of the ULK complex, depletes fetal HSCs, and impairs 

reconstituting capacity and erythroid maturation [51]. Similarly, deletion of Atg7 reduces the 

numbers of adult HSCs and impairs short- and long-term reconstitution [52]. HSCs deficient 

for Atg12 also exhibit self-renewal defects, impaired reconstitution, and a loss of quiescence 

[53].

The ability to initiate a robust autophagic response is a key feature of HSCs. In contrast to 

myeloid progenitors, long-lived HSCs are able to mount an autophagic response to 

metabolic stress induced by cytokine withdrawal during ex vivo culture. Expression of 

Foxo3a within HSCs maintains a pro-autophagy gene expression program that can protect 

HSCs in response to stress [54]. Activation of autophagy may also promote ex vivo HSC 

maintenance. Combined inhibition of mTORC1 and GSK-3 promotes human HSC 

maintenance ex vivo, an effect that is associated with expression of a pro-autophagy gene 

signature [55,56]. Likewise, inhibition of sphingolipid enzyme DEGS1 enhances ex vivo 

HSC self-renewal in part by activating autophagy [57*]. Induction of autophagy can also 

stimulate erythropoiesis, suggesting a possible role for autophagy in early erythroid 

differentiation and development [58].
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The role of autophagy in HSCs has largely been studied in the context of mitochondrial 

homeostasis. Deletion of genes encoding vital autophagy proteins impairs normal HSC 

function in part by increasing mitochondrial mass and reactive oxygen species, and 

induction of autophagy promotes mitochondrial clearance (mitophagy) and health [51–53]. 

Recently, lysosome retention has also been linked to HSC quiescence and mitochondrial 

health. Quiescent HSCs that maintain low mitochondrial membrane potential accumulate 

large lysosomes and degrade lysosomes less efficiently. Inhibition of lysosome acidification 

enhances HSC quiescence, increases the frequency of HSCs that can be recovered from ex 

vivo culture, and promotes balanced lineage output [59*]. The asymmetric distribution of 

lysosomes is one mechanism that promotes lysosome retention. Lysosomes and related 

vesicles (autophagosomes and mitophagosomes) can be asymmetrically distributed to 

daughter cells. Daughter cells receiving fewer lysosomes have elevated translational activity 

and are induced to differentiate [60*].

Despite autophagy being a major proteolytic pathway, its role in HSC regulation beyond 

mitophagy remains largely unknown. In particular, whether autophagy has a direct role in 

maintaining HSC proteostasis is unexplored. Since HSCs display lower levels of proteasome 

activity compared to restricted progenitors, an interesting possibility is that autophagy may 

play an outsized role in safeguarding the HSC proteome.

Protein stress response pathways regulate HSCs

The accumulation of unfolded/misfolded proteins can trigger the activation of cell 

compartment-specific stress response pathways that can modulate cellular behavior to 

rebalance proteostasis. Distinct unfolded protein responses are present in both the ER 

(UPRER) and the mitochondria (UPRMito), and cytosolic protein stress is sensed and 

resolved by the heat shock response [61–63]. Both the UPRMito and UPRER can influence 

HSC function (Fig. 4), but little is yet known about how the heat shock response contributes 

to the regulation of HSC maintenance and function in response to protein stress.

The UPRMito is initiated to relieve protein stress in mitochondria [61]. In HSCs, Sirt7 

relieves mitochondrial protein folding stress by repressing Nrf1 activity and mitochondrial 

translation, which promotes HSC maintenance and prevents myeloid-skewing during 

differentiation [64]. Induction of the UPRMito is especially important during the transition 

from quiescence to activation, which requires increased mitochondrial biogenesis. UPRMito 

activation during the exit from quiescence appears to act as a quality control checkpoint that 

ensures that HSCs are metabolically fit for proliferation [65] (Fig. 4A).

The UPRER mitigates the accumulation of unfolded proteins in the ER [63], The UPRER 

consists of three independent but parallel branches mediated by distinct effectors – Atf6, 

Perk, and Ire1 [66]. Each branch of the UPRER can sense unfolded proteins and initiate a 

cascade of events to restore proteostasis by attenuating protein synthesis, upregulating 

expression of folding chaperones, or if necessary inducing apoptosis [63].

Moderate activation of the UPRER can promote HSC maintenance and regenerative function 

under steady state and stress conditions (Fig. 4B). Activation of the Ire1 pathway preserves 

HSC reconstitution activity and protects HSCs from stress-induced apoptosis [67*]. 
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Estradiol enhances HSC regenerative activity and improves bone marrow recovery following 

irradiation partly by activating the Ire1 pathway [68]. PERK induced activation of ATF4 

promotes HSC maintenance under low, homeostatic levels of stress [69*]. However, 

sustained activation of PERK by more severe stressors, such as pharmacological induction 

of ER stress, preferentially induces apoptosis within HSCs [70]. Dppa5 can diminish ER 

stress, protect HSCs from proapoptotic signals triggered by the UPRER, and enhance 

reconstituting activity [71]. Much remains to be uncovered about how the UPRER functions 

under both physiological and stress conditions, but it is apparent that it functions uniquely 

within stem cells to maximize HSC maintenance and function while preserving the integrity 

of the HSC pool [70].

Recent work has begun to reveal the complexity and integrated dynamics of stress response 

pathways with other components of the proteostasis network in HSCs. The mechanism of 

ATF4 activation is particularly noteworthy, as it influences translational dynamics and 

autophagy. Induction of the Perk branch of the UPRER can suppress overall protein synthesis 

via phosphorylation of eIF2a [72]. Paradoxically, however, high levels of phosphorylated 

eIF2a promote translation of specific transcripts, including ATF4 [73]. ATF4 is a 

transcription factor that, depending on context, drives the expression of pro-survival or pro-

apoptosis genes [74]. The eIF2a-mediated upregulation of ATF4 expression in HSCs 

promotes survival in response to stressors such as transplantation and valine depletion [69*]. 

Induction of ATF4 also occurs within ex vivo cultured HSCs following the inhibition of 

DEGS1. In this context, ATF4 induction promotes autophagy within HSCs and is associated 

with enhanced self-renewal of cultured cord blood derived hematopoietic stem and 

progenitor cells [57*]. Although ATF4 can induce expression of autophagy genes during 

stress [75], the integrated coordination of the UPRER, autophagy and other components of 

the proteostasis network within HSCs is not yet fully understood.

Proteostasis and the aging stem cell

The loss of proteostasis and stem cell exhaustion are two of the “hallmarks of aging” [76]. 

Aged HSCs exhibit diminished regenerative function, reduced lymphoid differentiation 

potential and clonal outgrowth that is associated with compromised immunity as well as an 

increased incidence of anemia, bone marrow failure and hematological malignancies in the 

elderly [32,77–81]. However, whether proteostasis is lost within aging HSCs, and whether 

disruptions in proteostasis contribute to age-related declines in HSC function is largely 

unknown.

In support of a potential role for proteostasis dysfunction contributing to age-related changes 

in HSCs, young adult HSCs deficient in autophagy experience a loss of quiescence and 

exhibit a bias towards myeloid differentiation, and old HSCs impaired in autophagy display 

exacerbated aging phenotypes [53]. Further, aged HSCs express increased levels of some 

heat shock proteins, raising the possibility that they are under proteotoxic stress and require 

stress response factors to maintain proteostasis [82].

Aged HSCs exhibit well-characterized features of aging, including an accumulation of DNA 

damage [83], telomere shortening [84], altered gene expression [85–87], mitochondrial 

dysfunction and elevated abundance of reactive oxygen species [88]. However, functional 
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interventions within these pathways only modestly rescued HSC function in aged animals 

[89–93]. One intriguing possibility is that these age-related changes contribute to HSC 

dysfunction by impinging on proteostasis maintenance. DNA strand breaks in aged HSCs 

could lead to the production of altered transcripts that are translated into truncated or 

erroneous proteins susceptible to misfolding. Reactive oxygen species can oxidize and 

modify proteins making them prone to unfolding [94]. Aging HSCs exhibit increased 

transcription of ribosomal proteins and hypomethylation of ribosomal RNA, which could 

influence translation [85,87]. In addition, altered ribosome biogenesis and proteotoxic stress 

can induce the expression of tumor suppressor genes that impair HSCs and whose 

expression is increased during aging [2]. Moving forward, a pressing question is thus to 

examine whether the regulation of proteostasis is a key determinant of HSC aging.

Conclusion

Many components of the proteostasis network have emerged as fundamental regulators of 

HSC maintenance and function (Fig. 2–4). Surprisingly, despite being highly-conserved, 

many of these proteostasis mechanisms exhibit cell-type specific regulation and function, 

and stem cells appear to be particularly dependent on the precise control of proteostasis. 

Looking forward, there is still a great deal to uncover about how proteostasis mechanisms 

influence HSC function at steady state, during development and aging, in response to stress, 

and in disease. Furthermore, it is crucial to recognize that proteostasis mechanisms work in a 

coordinated network, and changes in one component often result in compensatory changes 

in one or more other components. The studies reviewed here suggest that the proteostasis 

network is uniquely configured in HSCs, and unraveling the functional and quantitative 

relationships that exist within the proteostasis network may be fundamental to harnessing 

their full regenerative and therapeutic potential.
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Key Points

• Components of the proteostasis network function in a cell-type specific 

manner and fundamentally regulate HSC self-renewal, quiescence, 

regenerative potential, and metabolism.

• HSCs are particularly dependent on the maintenance of proteostasis.

• The direct role of the proteostasis network in maintaining proteome content 

and quality in HSCs is largely unexplored.

• A collapse or disruption proteostasis may contribute to age-related and 

disease-associated changes in HSC function.
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Figure 1. Schematic of the proteostasis network.
Proteostasis is maintained by an integrated network of physiological mechanisms and stress 

response pathways that regulate the content and quality of the proteome. Misfolded proteins 

can arise from errors in translation, protein misfolding, and protein damage. Stress response 

pathways sense and mitigate the accumulation of misfolded and/or aggregated proteins. 

Terminally misfolded and aggregated proteins can be eliminated through degradation, via 

the ubiquitin-proteasome system or autophagy-lysosome system.
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Figure 2. HSCs depend on low protein synthesis.
A) HSCs exhibit low rates of protein synthesis and require tight control of protein synthesis. 

A modest decrease in the rate of translation impairs regenerative activity, whereas a modest 

increase in the rate of protein synthesis impairs HSC function and maintenance. B) Reduced 

ribosome biogenesis, hypophosphorylation of 4E-BPs, and tiRNA production contribute to 

attenuation of protein synthesis in HSCs. Runx1 deficiency reduces ribosome biogenesis and 

global rates of protein translation. mTOR signaling inactivates 4E-BPs to promotoe the 

initiation o cap-dependent translation. Angiogenin produced in the bone marrow 

microenvironment promotes production of tiRNA, which can suppress translation within 

HSCS. C) Increasing protein synthesis increases promotes the accumulation of unfolded/
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misfolded proteins that can overload the proteasome, leading to a block in the degradation of 

proteins that are normally turned over by the proteasome (dashed line), including c-Myc. In 

HSCs, stabilization of c-Myc results in increased proliferation and loss of self-renewal.
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Figure 3. Protein degradation mechanisms promote HSC self-renewal.
A) Ubiquitin ligases mark the key HSC regulators Stat5, N-myc, c-Myc, Hif-1α, and p53 for 

degradation by the proteasome. Stabilization or degradation of these target proteins in the 

absence of the ubiquitin ligases impairs HSC function. B) Core autophagy proteins support 

multi-lineage reconstitution, self-renewal, quiescence, and maintain HSC numbers. 

Pharmacological induction of autophagy also maintains HSCs ex vivo and stimulates 

erythropoiesis. Inhibition of lysosomal acidification induces quiescence, and the 

asymmetrical inheritance of lysosomes is associated with quiescence.
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Figure 4. Unfolded protein responses promote HSC function during homeostasis and in response 
to stress.
A) Induction of the UPRMito supports HSC quiescence and prevents myeloid skewing. B) 

The UPRER is induced under homeostatic and severe levels of stress. Activation of the Ire1 

and Perk branches of the UPRER promote HSC survival during homeostasis whereas 

activation of Perk can also induce apoptosis during severe stress to uphold the integrity of 

the HSC pool. Activation of Ire1 and Perk support survival and recovery of HSCs after 

transplantation and Ire1 promotes reconstitution capacity.
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