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SUMMARY

Cellular identity is not driven by differences in genomic content but rather by epigenomic, 

transcriptomic and proteomic heterogeneity. Although regulation of the epigenome plays a key 

role in shaping stem cell hierarchies, differential expression of transcripts only partially explains 

protein abundance. The epitranscriptome, translational control and protein degradation have 

emerged as fundamental regulators of proteome complexity that regulate stem cell identity and 

function. Here, we discuss how post-transcriptional mechanisms enable stem cell homeostasis and 

responsiveness to developmental cues and environmental stressors by rapidly shaping the content 

of their proteome and how these processes are disrupted in pre-malignant and malignant states.

Introduction

Because of the expanded use of single cell nucleic acid sequencing technology, cell identity 

is being increasingly defined by transcriptional profiles. Transcriptional networks play a 

central role in governing stem cell function and fate. This is best exemplified by pluripotent 

stem cells, in which four transcription factors, MYC, OCT4, SOX2 and NANOG, are 

essential for driving the genetic programs that support pluripotency and self-renewal (Boyer 

et al., 2005) and are sufficient for reprogramming somatic cells into induced pluripotent 

stem cells (Park et al., 2008; Takahashi et al., 2007; Takahashi and Yamanaka, 2006; Yu et 

al., 2007). A central question that consequently arose from these studies was whether cell-

autonomous mechanisms shape cellular identity or vice versa. While initial work focused on 

epigenetic mechanisms, we now appreciate that transcriptional events do not entirely 

determine cellular identity. Recent studies have revealed that diverse post-transcriptional 

mechanisms influence the functional output of genetic programs (i.e. proteome content) 

Correspondence: cjamieson@ucsd.edu, rsigner@ucsd.edu.
*These authors contributed equally to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell Stem Cell. Author manuscript; available in PMC 2021 February 06.

Published in final edited form as:
Cell Stem Cell. 2020 February 06; 26(2): 138–159. doi:10.1016/j.stem.2020.01.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



required by stem cells (Nilsen and Graveley, 2010; van den Berg et al., 2017; Williamson et 

al., 2008).

In this Review, we will discuss how transcript sequence, stability and translational efficiency 

are regulated, at least in part, by a variety of biochemical modifications (defined in Table 1) 

to influence stem cell identity and function. We will then examine how protein synthesis and 

degradation influence proteome content and quality (Figure 1). In addition, we will discuss 

how defects in these post-transcriptional mechanisms deregulate tissue-specific stem cells 

and progenitors in human disease and stress conditions (Figure 2) and examine their 

potential as both diagnostic and therapeutic targets. Finally, we provide a summary of key 

publications investigating post-translational mechanisms and their effects on pluripotent, 

somatic, and malignant stem cells (Table S1).

RNA Processing

Post-transcriptional regulation begins with extensive processing and modification of RNA. 

Precursor messenger RNAs (pre-mRNAs) transcribed from coding genes may be capped, 

spliced, cleaved and polyadenylated to make them competent for translation into functional 

proteins. In addition to these processing events, coding and non-coding RNAs can be 

biochemically modified via methylation, pseudouridylation or editing. These 

epitranscriptomic modifications can alter RNA coding sequences, localization, stability and 

translational efficiency (Figure 1). Therefore, RNA processing and epitranscriptomic 

alterations play a key role in regulating proteome content and diversity (Kim et al., 2008; 

Kwon et al., 2013).

RNA Splicing

To date, alternative pre-mRNA splicing is the most extensively studied mRNA modification 

that influences protein composition (Chen and Manley, 2009). Splicing is the process of 

intron removal and exon joining that is necessary for converting intron containing pre-

mRNAs into mRNAs that are competent for translation into functional proteins. In many 

cases, splicing takes place using alternative splice sites that can result in the production of 

distinct mRNAs that code for different protein isoforms that exhibit unique structural and 

functional properties. Many human splicing events are not conserved in mice thereby 

suggesting that splicing is essential for fine-tuning human gene regulation (Thanaraj et al., 

2003; Yeo et al., 2005).

Splice isoform diversity is highest in human embryonic stem cells (hESCs) and decreases 

upon differentiation. This phenomenon, referred to as isoform specialization, is mediated in 

part by a number of splicing factors and other RNA binding proteins that are differentially 

expressed during development (Chen et al., 2015). Splice isoform expression patterns also 

distinguish human stem and progenitor cell fate, aging and malignant transforming potential 

(Cesana et al., 2018; Crews et al., 2016).

Alternative splicing can influence gene expression to either promote or impair stem cell 

function (Aaronson and Meshorer, 2013; Chen et al., 2015). For example, depletion of 

SRSF2, a member of the serine/arginine-rich pre-mRNA splicing factor family, was shown 
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to decrease the expression of pluripotency factors OCT4 and NANOG, and disrupt self-

renewal of hESCs (Lu et al., 2014). Interestingly, OCT4 itself can bind to the SRSF2 
promoter, and depletion of OCT4 reduces SRSF2 expression, suggesting that there is 

reciprocal regulation of splicing and pluripotency factors (Lu et al., 2014). In contrast to 

SRSF2, muscleblind like splicing factors (MBNLs) negatively regulate stem cell self-

renewal. MBNL proteins are more highly expressed by differentiated cells than hESCs and 

have been shown to repress stem cell specific splicing patterns (Han et al., 2015; Holm et al., 

2015). One key splice variant whose production is repressed by MBNL proteins encodes a 

specific isoform of FOXP1, a transcription factor that is expressed by hESCs but absent 

during differentiation. This stem cell specific FOXP1 variant arises from inclusion of a stem 

cell specific exon that alters its DNA binding specificity to promote the expression of 

pluripotency factors, including OCT4, SOX2 and NANOG, and suppress the expression of 

differentiation factors (Gabut et al., 2011). Consistent with their role in suppressing 

pluripotency, knockdown of MBNL proteins enhances the reprogramming of somatic cells 

into induced pluripotent stem cells (iPSCs) (Han et al., 2013). In addition, reprogramming 

has been associated with re-acquisition of a pluripotent alternative splicing profile (Ohta et 

al., 2013). Thus, alternative splicing has important roles in pluripotency as well as cellular 

reprogramming.

Alternative splicing can also directly affect the function of genes important for pluripotency, 

including OCT4 (Atlasi et al., 2008), TCF3 (Yamazaki et al., 2018), MBD2 (Lu et al., 2014), 

DNMT3B (Yeo et al., 2007) and SALL4 (Rao et al., 2010). The expression of OCT4A, a 

splice variant of OCT4, is specifically expressed in pluripotent stem cells and is necessary 

for their self-renewal (Atlasi et al., 2008). In contrast, OCT4B, another alternatively spliced 

isoform of OCT4, is expressed by both stem cells and somatic cells, but has no apparent role 

in regulating stem cell function (Atlasi et al., 2008). A third splice isoform, OCT4B1, is also 

specifically expressed in hESCs, and its expression is increased in response to various 

cellular stresses (Farashahi Yazd et al., 2011). Indeed, mRNA splicing efficiency is thought 

to be altered by stress, and may provide stem cells with a mechanism to rapidly alter the 

content of their proteome in response to environmental cues without requiring epigenetic 

and transcriptional changes (Kalsotra and Cooper, 2011). Overall, these studies indicate that 

alternative splicing is important for regulating pluripotency and cell fate specification.

In addition to generating functional variants, splicing can alter transcript stability and 

translational efficiency to influence stem cell development and function. Alternative splicing 

can introduce premature stop codons that can trigger nonsense mediated mRNA decay and 

can cause untranslated region (UTR) variation, which can affect translation efficiency, 

mRNA stability and subcellular localization (Kalsotra and Cooper, 2011; Licatalosi et al., 

2012; Lou et al., 2014). One recent study identified temporal splicing changes in the 3’ UTR 

of HMGA2 during human hematopoietic stem cell (HSC) ontogeny (Cesana et al., 2018). 

Human fetal liver and cord blood HSCs were shown to express distinct isoforms of 

HMGA2. Fetal HSCs express a longer isoform of HMGA2 that contains a distinct terminal 

exon and a 3-fold longer 3’-UTR as compared to the short isoform which is highly 

expressed by neonatal HSCs. Although the function of both isoforms is similar, the shorter 

3’UTR present in the short isoform of HMGA2 enables it to more effectively escape 

repression mediated by various microRNAs (miRNAs). This short isoform enables neonatal 
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HSCs to sustain HMGA2 expression and self-renewal potential despite the increased 

presence of let-7 family miRNAs that can suppress HMGA2 (Cesana et al., 2018).

Given the importance of RNA splicing in regulating both transcriptome and proteome 

diversity in normal stem cells, recent attention has focused on cancer stem cells and their 

capacity to hijack splicing to support malignant growth. Cancer stem cells exhibit splicing 

patterns reminiscent of undifferentiated stem cells, and these splicing patterns are at least 

partly mediated by MBNL1 (Crews et al., 2016; Sebestyen et al., 2016). Furthermore, 

splicing factors, such as SRSF2, U2AF1 and SF3B1, have been found to be mutated or 

epigenetically modified in pre-leukemic and leukemic disorders (Ogawa, 2014; Yoshida and 

Ogawa, 2014). This dysregulation is coupled with observations that cancer stem cells 

express both stem cell regulatory and pro-survival splice variants of a number of genes. 

Chronic myeloid leukemia blast crisis stem cells have been shown to express high levels 

CD44v3, an isoform of CD44 that is typically expressed by hESCs (Holm et al., 2015). 

CD44 isoform switching also occurs in breast cancer stem cells (Zhang et al., 2019). Mis-

splicing of GSK3β and concomitant activation of β-catenin was shown to be important for 

leukemia stem cell self-renewal, while pro-apoptotic splice variants of the BCL2 family 

promote leukemia stem cell survival (Abrahamsson et al., 2009; Goff et al., 2013). Overall, 

dozens of dysregulated spliceosome components, splice variants and splicing patterns have 

been identified in cancer stem cells, and much work remains to uncover the functional 

significance of these changes. However, these cancer stem cell specific splicing events are 

already revealing new opportunities to improve diagnostic and prognostic tools as well as to 

develop new targeted therapies (Crews et al., 2016). Thus, it is likely that we have only 

begun to uncover how cell-type and context specific differences in splicing enable stem cells 

to remodel their proteome for optimal function in response to developmental signals and 

environmental cues.

MicroRNA

miRNAs are small non-coding single stranded RNA molecules that repress gene expression 

through translational inhibition or by promoting degradation of mRNA. miRNA biogenesis 

is a stepwise process that starts with transcription of primary miRNAs (pri-miRNAs) in the 

nucleus. Pri-miRNAs are subsequently processed into stem-loop precursor miRNA (pre-

miRNA) by a complex composed of DGCR8 and other factors (Gregory et al., 2004). 

Mature miRNAs are then cleaved by Dicer1 and incorporated into the RNA induced 

silencing complex (RISC) (Hammond, 2005). Base pairing between the RISC-bound 

miRNA and 3’ UTR of target mRNA triggers mRNA decay or translational repression 

(Gregory et al., 2005).

MicroRNA-mediated gene silencing is a mechanism that regulates stem cell pluripotency. 

Mouse ESCs deficient in Dgcr8 lose the ability to differentiate (Wang et al., 2007) and 

express the pluripotency genes Oct4, Sox2, and Nanog at high levels (Wang et al., 2017c). 

Additionally, Dicer1-null mouse ESCs have diminished expression of differentiation 

markers in vitro and in vivo (Kanellopoulou et al., 2005). Consistent with these 

observations, miR-134, miR-296, and miR-470 mediate mouse ESC differentiation by 

disrupting Oct4, Sox2, and Nanog expression (Tay et al., 2008). MicroRNAs similarly 
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repress hESC pluripotency by targeting OCT4, SOX2, and KLF4 transcripts (Xu et al., 

2009b). Studies on somatic cell reprogramming also point to the role of miRNA in 

regulating pluripotency. miRNAs can increase the reprogramming efficiency of mouse 

embryonic fibroblasts into iPSCs (Li et al., 2011) and human skin cancer cells to a 

pluripotent state (Lin et al., 2008).

miRNAs can also regulate the activation, proliferation, and differentiation of somatic stem 

cells. miR-128 and miR-181 maintain hematopoietic stem and progenitor cells by inhibiting 

their differentiation into mature hematopoietic lineages (Georgantas et al., 2007). In muscle 

stem cells Pax3, which controls stem cell activation, is subject to repression by miR-206 (de 

Morree et al., 2019). miRNAs can also promote myogenesis by targeting repressors of 

muscle-related transcription factors or can enhance myoblast proliferation by targeting 

transcripts essential for differentiation (Chen et al., 2006). Lastly, neuronal lineages and 

astrocytes differentially express miRNA species that influence lineage specification 

(Smirnova et al., 2005; Visvanathan et al., 2007).

Disruptions in the miRNA pathway have been implicated in several types of cancer. 

Germline and somatic mutations in DICER1 can predispose individuals to cancer (Foulkes 

et al., 2014) and impaired DICER1 function can promote colon cancer (Iliou et al., 2014) 

and endometrial cancer stemness (Wang et al., 2017b). Many cancer types show miRNA 

signatures characterized by a defect in miRNA biogenesis and global downregulation of 

miRNA production (Calin and Croce, 2006; Gaur et al., 2007; Lu et al., 2005). 

Downregulation of miR-34a has been observed in breast cancer, colon cancer, pancreatic 

cancer, neuroblastoma, hepatocellular carcinoma, and non-small-cell lung cancer 

(Asadzadeh et al., 2019) suggesting that it may function as a tumor suppressor. miR-34a also 

inhibits the proliferation of breast cancer stem cells (Ma et al., 2015) and prostate cancer 

stem cells by suppressing CD44 expression (Liu et al., 2011). Lastly, miRNAs have also 

been implicated in stem cell-related signal transduction pathways including Wnt, Notch, and 

Hedgehog (Asadzadeh et al., 2019). Given their role in cancer pathogenesis, miRNAs show 

potential as diagnostic and prognostic biomarkers and provide a new avenue for treating 

cancer.

RNA Methylation

RNA can undergo a variety of biochemical modifications that collectively are referred to as 

the epitranscriptome. The most prevalent mRNA modification is methylation of adenosine at 

the nitrogen-6 position (N6-methyl adenosine (m6A)) (Dominissini et al., 2013). m6A 

deposition is catalyzed by the m6A methyltransferase (“writer”) complex that consists of 

methyltransferase like protein 3 (METTL3) or METTL14 along with WTAP and VIRMA 

(KIAA1429) (Balacco and Soller, 2019; Bokar et al., 1997; Liu et al., 2014; Yue et al., 

2018). Although RNA methylation has been known about for decades, only recently was it 

shown to be reversible through the discovery of m6A demethylases (“erasers”) such as FTO 

(Jia et al., 2011) and ALKBH5 (Zheng et al., 2013). The dynamic nature of m6A 

modifications has sparked tremendous interest in its biological function, which is mediated 

by RNA binding proteins that recognize and bind m6A modified RNA (“readers”).
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m6A modifications can functionally alter mRNAs, pre-mRNAs, miRNAs and non-coding 

RNAs, such as rRNA and tRNA. The major effects of m6A on mRNA are mediated by the 

reader proteins YTHDF1 and YTHDF2. YTHDF1 can promote cap dependent translation of 

m6A modified mRNAs by enhancing interaction with translation initiation factors. In 

contrast, YTHDF2 typically promotes mRNA decay, thereby suppressing translation (Wang 

et al., 2014b; Wang et al., 2015b). m6A modification of pre-mRNAs can alter mRNA export 

or induce structural changes that promote interaction with different RNA binding proteins 

that in turn alter splicing or editing patterns (Dominissini et al., 2012; Geula et al., 2015; Liu 

et al., 2015; Peer et al., 2018; Xiao et al., 2016). m6A in pri-miRNAs promotes processing 

and miRNA biogenesis (Alarcon et al., 2015). Hence, m6A can influence the transcriptome 

and proteome through the regulation of diverse post-transcriptional mechanisms.

Patterns of m6A modifications vary dramatically in a temporal, tissue and cell type specific 

manner. Although these patterns are mediated in part by differential expression of writers, 

erasers and readers, how these context specific patterns of m6A are established remains 

largely unknown. In vivo, germline deletion of Mettl3 results in early (E5.5–7.5) embryonic 

lethality associated with impaired induction of cellular differentiation (Geula et al., 2015). In 

zebrafish embryos, morpholino-mediated knockdown of either mettl3 or wtap also cause 

widespread differentiation defects (Ping et al., 2014). Germline deletion of the erasers Fto or 

Alkbh5 in mice are not lethal, but the former causes severe growth defects and the latter 

impairs male fertility (Boissel et al., 2009; Zheng et al., 2013). Thus, m6A methylation is 

critical for normal development.

By regulating mRNA stability, m6A modifications have a striking impact on ESC self-

renewal and differentiation. A wide range of transcripts, including the core pluripotency 

transcription factors SOX2 and NANOG, are marked by m6A. Genetic inactivation of Mettl3 
in naïve mouse ESCs results in widespread loss of m6A modifications that enhance self-

renewal and impair differentiation in vitro and in vivo (Batista et al., 2014). Since m6A 

modifications can promote mRNA degradation, the loss of m6A in ESCs stabilizes 

pluripotency-promoting transcripts such as NANOG (Geula et al., 2015). Conversely, 

overexpression of METTL3 enhances reprograming efficiency of human fibroblasts into 

iPSCs by stabilizing pluripotency factors (Chen et al., 2015). Interestingly, Mettl3 or 

Mettl14 knockdown within primed mouse ESCs also reduces m6A modifications, but has 

dichotomous effects on self-renewal and differentiation as compared to naïve ESCs. 

Knockdown of Mettl3 or Mettl14 impairs self-renewal and promotes differentiation of 

primed mouse ESCs (Wang et al., 2014c). This difference can be partially explained by the 

rebalancing of self-renewal and differentiation transcripts that occurs in primed but not naïve 

ESCs. In naïve ESCs, the loss of m6A enhances the stability of highly expressed self-

renewal genes, while in primed ESCs the loss of m6A enhances the stability of highly 

expressed differentiation genes. This example demonstrates the importance and precision 

with which post-transcriptional mechanisms of gene regulation influence stem cell identity.

m6A also regulates the emergence, self-renewal and differentiation of somatic stem cells. 

Mettl3-deficient zebrafish embryos do not undergo the endothelial to hematopoietic 

transition and fail to produce early hematopoietic stem and progenitor cells (Zhang et al., 

2017). This occurs in part because in the absence of m6A, YTHDF2, a reader protein that 
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promotes mRNA decay, is delayed in binding to the arterial endothelial mRNAs for notch1a 
and rhoca. This results in sustained Notch signaling in endothelial cells, which suppresses 

hematopoietic specification (Zhang et al., 2017). Knockdown of either METTL3 or 

METTL14 in human cord blood derived hematopoietic stem and progenitor cells modestly 

impairs stem cell proliferation and promotes myeloid differentiation (Vu et al., 2017; Weng 

et al., 2018). However, conditional deletion of Mettl3 from adult mouse HSCs leads to HSC 

accumulation, reduced reconstituting activity and impaired differentiation due in part to a 

loss of m6A-mediated translation of c-Myc (Lee et al., 2019). Conditional deletion of 

Mettl14 from adult mouse HSCs also reduces long-term multilineage reconstituting activity 

in transplantation assays (Weng et al., 2018). In addition, conditional deletion of Mettl3 
from mouse skeletal stem cells impairs osteogenic differentiation and bone development by 

regulating the translational efficiency of parathyroid hormone receptor 1 (Pthr1) (Wu et al., 

2018). Thus, m6A exhibits exquisite context dependent regulation of gene expression that 

can contribute to a divergent transcriptome and proteome. Overall, our understanding of how 

m6A influences proteome content and cellular function is still in its infancy, but it clearly 

plays a key role in stem cell regulation and cell fate determination.

m6A methylation also influences cancer stem cells. Breast cancer stem cells exhibit reduced 

m6A methylation of NANOG and KLF4, which contributes to elevated expression of both 

pluripotency factors (Zhang et al., 2016a). In both cervical cancer and acute myeloid 

leukemia, high FTO expression has been reported to be important for cell survival (Li et al., 

2017b; Wang et al., 2017a). High METTL3 expression has also been reported in acute 

myeloid leukemia, with subsequent methylation of MYC, MYB, PTEN, and BCL2, which 

could support leukemia stem cell survival (Barbieri et al., 2017; Vu et al., 2017; Weng et al., 

2018). The finding that both m6A writers and erasers are highly expressed in cancer 

highlights the importance of determining the role of m6A methylation and subsequent 

binding of reader proteins on mRNA stability and translation efficiency in a temporal, tissue 

and cell type specific manner.

In addition to m6A, adenosines can be methylated at the nitrogen-1 position (m1A) 

(Dominissini et al., 2016; Li et al., 2017a; Safra et al., 2017; Zhang and Jia, 2018). m1A 

modifications were traditionally thought to regulate the stability of tRNAs and rRNAs. 

However, recent advances in sequencing technology have revealed tissue specific 

methylation of mRNAs, in the 5’ UTRs within the mRNA cap that enhances translational 

efficiency (Dominissini et al., 2016; Li et al., 2017a). To date, m1A modifications have been 

associated with both increased and suppressed protein synthesis (Dominissini et al., 2016; Li 

et al., 2017a; Safra et al., 2017). Moreover, m1A deposition occurs in a tissue and cell type 

specific manner and can be dynamically regulated in response to environmental stress. 

Because m1A methylation was shown to be highly conserved in mice, it is likely to be 

essential for gene regulation. However, the functional importance of m1A, particularly in 

stem cells, remains largely unknown.

RNA can also be methylated at the carbon-5 position of cytosine (m5C) (Schaefer et al., 

2009). The m5C modification most commonly occurs on tRNAs and rRNAs (Agris, 2008; 

Schaefer et al., 2009). However, NSUN2, one of seven known cytosine-5 methylases, was 

recently shown to deposit m5C on some mRNAs as well (Khoddami and Cairns, 2013; 
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Squires et al., 2012). There are at least six other enzymes capable of methylating cytosine 5, 

including NSUN1, NSUN3, NSUN4, NSUN5, NSUN6 and DNMT2 (Yang et al., 2017).

Dynamic changes in m5C deposition in rRNAs and tRNAs can impact ribosome biogenesis, 

polysome assembly, translation fidelity and tRNA stability (Blanco et al., 2016; Gigova et 

al., 2014; Schosserer et al., 2015; Sharma et al., 2013; Tuorto et al., 2015). This widespread 

influence on the translational apparatus enables m5C levels to modulate global protein 

synthesis and regulate specific translational programs (Roundtree et al., 2017). Loss of m5C 

is associated with suppression of global protein synthesis. Deletion or loss of function of 

NSUN2 leads to widespread loss of m5C in most tRNAs, leading to cleavage and the 

accumulation of tRNA-derived small non-coding RNAs, which can impair translation 

elongation and reduce protein synthesis (Blanco et al., 2016). In addition to dampening 

global protein synthesis, loss of m5C also increases translation of stress response genes 

(Chan et al., 2010), as well as genes regulating cell motility (Flores et al., 2017), 

morphogenesis and apoptosis (Blanco et al., 2014; Hussain et al., 2013).

Loss of m5C in tRNAs associated with Nsun2 and/or Dnmt2 deficiency impairs 

differentiation in multiple murine tissues, including the brain, blood, skin, testis, liver and fat 

(Blanco et al., 2011; Flores et al., 2017; Hussain et al., 2013; Rai et al., 2007; Tuorto et al., 

2015). The specialized translational program associated with m5C loss is sufficient to 

maintain epidermal stem cells in their undifferentiated state, but does not enable normal 

differentiation. Increased m5C is required for epidermal stem cells to increase protein 

synthesis in response to cytotoxic stress (Blanco et al., 2016). These studies suggest that 

dynamic control of the epitranscriptome is required for stem cells to appropriately survive 

and promote regeneration in response to stress.

Pseudouridylation

Pseudouridine (Ψ, 5-ribosyluracil) is the most widespread RNA modification (Charette and 

Gray, 2000; Guzzi et al., 2018). Pseudouridine is present within mRNAs and non-coding 

RNAs such as rRNAs, tRNAs, splicesomal small nuclear RNAs (snRNAs), small nucleolar 

RNAs (snoRNAs) and telomerase RNA. Because pseudouridine contains an extra hydrogen 

bond donor, it promotes base stacking interactions that typically make RNA backbones more 

rigid (Charette and Gray, 2000). This modification thus primarily influences RNA structure, 

which can in turn influence interactions with other biomolecules. Pseudouridylation plays an 

important role in regulating protein synthesis by enhancing tRNA stability, influencing base 

pairing within the ribosome decoding center and altering translation termination (De Zoysa 

and Yu, 2017). While pseudouridylation is thought to promote translation (Roundtree et al., 

2017), its effects are diverse thereby making it a complex modification to understand.

There are at least 13 pseudouridine synthases (PUSs). These PUSs can catalyze 

pseudouridylation in a guide RNA independent manner (Hamma and Ferre-D’Amare, 2006). 

Pseudouridylation can also be catalyzed in a guide RNA dependent manner by Dyskerin 

(DKC1), in a process that depends upon target sequence complementarity to a box H/ACA 

snoRNA in complex with several other proteins (Hamma and Ferre-D’Amare, 2006). 

Currently, pseudouridylation is thought to be irreversible as no readers or erasers have yet 

been identified.
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The effects of pseudouridylation on stem cells were initially observed in the context of 

DKC1 mutations. DKC1 is mutated in the X-linked form of the human disease dyskeratosis 

congenita, which is a disorder characterized by short telomeres (Batista et al., 2011). TERC 

contains a highly conserved pseudouridylation site in a key region required for TERT 

binding, raising the possibility that defects in pseudouridylation impair telomerase activity. 

DKC1 promotes telomere elongation in iPSCs (Batista et al., 2011), and also regulates the 

expression of OCT4 and SOX2 (Fong et al., 2014). In agreement with a potential role in 

promoting pluripotency, DKC1 mutant fibroblasts exhibit impaired iPSC reprogramming 

(Agarwal et al., 2010). DKC1 mutations are also associated with widespread loss of rRNA 

modifications, and the catalytic activity of Dkc1 is required for normal HSC differentiation 

(Bellodi et al., 2013).

Guide independent pseudouridylation has been shown to be important for stem cells as well. 

PUS7 deficient hESCs exhibit impaired activation of tRNA derived small fragments that are 

required for translational control (Guzzi et al., 2018). PUS7 deficiency is associated with 

increased protein synthesis and impaired germ layer specification (Guzzi et al., 2018). 

Dysregulation of the Pus7 mediated translational program is also required for HSC 

commitment (Guzzi et al., 2018). Pseudouridylation is thus required for translational control 

and normal stem cell function.

RNA Editing

Another mechanism of RNA sequence modification that contributes to transcriptomic 

diversity is RNA editing. RNA editing is the most common post-transcriptional modification 

detected by whole transcriptome RNA sequencing in human cells (Peng et al., 2012). The 

most frequent type of RNA editing event in mammals involves deamination of adenosine 

into inosine (A-to-I) (Hartner et al., 2009; Tan et al., 2017; Zipeto et al., 2016). When A-to-I 

editing occurs within protein coding exons, inosine bases are read as guanosines by the 

translational apparatus (Tan et al., 2017; Zipeto et al., 2016; Zipeto et al., 2015). Although 

editing events can occur within coding regions, most RNA editing sites are located within 

non-coding regions, such as introns and UTRs (Peng et al., 2012). In humans, approximately 

90% of these editing sites are located within primate-specific Alu sequences, which are 

transposable elements that represent approximately 11% of the human genome (Batzer and 

Deininger, 2002). Editing of Alu sequences within non-coding regions can cause the 

introduction of new splice sites (splicing machinery also recognizes inosines as guanosines) 

(Hsiao et al., 2018; Rueter et al., 1999; Solomon et al., 2013), promote RNA degradation, 

and induce sequestration of RNAs in discrete nuclear compartments (Mellis et al., 2017). 

Also, RNA editing can modulate gene expression by impairing miRNA biogenesis (Jiang et 

al., 2019; Zipeto et al., 2016).

Editing of RNA is catalyzed by members of the adenosine deaminase associated with RNA 

(ADAR) family. To date, three members of the ADAR family have been identified in 

vertebrate animals: ADAR (ADAR1), ADARB1 (ADAR2) and ADARB2 (ADAR3) (Tan et 

al., 2017; Zipeto et al., 2015). ADAR1 is ubiquitously expressed and is essential for 

embryonic development (Hartner et al., 2009). Adar1 deficiency causes embryonic lethality 

in mice as a consequence of defective erythropoiesis and is associated with hyperactive 
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interferon signaling and widespread apoptosis (Hartner et al., 2009). Germline ADAR1 
mutations in humans are associated with Aicardi–Goutières syndrome and dyschromatosis 

symmetrica hereditaria (Rice et al., 2012; Suzuki et al., 2005). ADAR2 is also widely 

expressed, but is not required for embryonic development (Jacobs et al., 2009). However, 

Adar2 deficiency is associated with neuronal death and seizures that cause postnatal lethality 

in the first few weeks of life (Higuchi et al., 2000; Yamashita and Kwak, 2019). Aberrant 

RNA editing profiles are accordingly associated with a number of human neurological and 

psychiatric disorders (Slotkin and Nishikura, 2013). ADAR3 expression is largely restricted 

to the brain and has not yet been shown to exhibit RNA editing activity (Whitney et al., 

2008). Rather, ADAR3 has been shown to inhibit RNA editing (Oakes et al., 2017).

hESCs exhibit high levels of RNA editing (Osenberg et al., 2009). RNA editing in hESCs is 

enriched within non-coding regions of double stranded RNA marked by inverted Alu repeats 

(Osenberg et al., 2009). The global abundance of transcript editing is reduced during 

differentiation, particularly in the neural lineage (Osenberg et al., 2009; Tan et al., 2017). 

Knockdown of ADAR1 is associated with increased expression of genes associated with 

differentiation and developmental processes (Osenberg et al., 2009) and may be dispensable 

for hESCs (Chung et al., 2018). Human fibroblasts reprogrammed into iPSCs exhibit RNA 

editing profiles that more closely resemble hESCs than mature fibroblasts (Shtrichman et al., 

2013), suggesting that there is reprogramming of the RNA editome. Furthermore, 

modulating ADAR1 expression influences the efficiency of reprogramming (Germanguz et 

al., 2014). Overall, these studies suggest that ADAR1-mediated RNA editing contributes to 

the establishment of pluripotency and cell fate determination.

RNA editing also regulates somatic stem and progenitor cell populations. Conditional 

deletion of Adar1 impairs the multi-lineage reconstituting activity of mouse HSCs (Orkin 

and Zon, 2008; XuFeng et al., 2009). Adar1 deficiency also increases hematopoietic 

progenitor cell apoptosis. This phenotype depends upon the RNA editing domain of Adar1 

and is associated with upregulation of interferon signaling (XuFeng et al., 2009). Based on 

these phenotypes, it remains unclear whether Adar1 deficiency directly impairs HSC 

function or whether reconstitution is impaired because of defects in progenitor cells. In 

addition to regulating cell death, ADAR1 can also regulate quiescence and cell cycle entry 

of human hematopoietic stem and progenitor cells. Lentiviral overexpression of ADAR1 

within human cord blood derived hematopoietic stem and progenitor cells increased 

expression of specific cell cycle and self-renewal regulatory transcripts that enhance the 

expansion of these cells in vitro (Jiang et al., 2019). At least some of the effects of ADAR1 

on stem and progenitor cell expansion occur through an RNA editing dependent mechanism. 

ADAR1 mediated RNA editing of pri-miR-26a at the Drosha cleavage site impaired 

maturation of miR-26a. Subsequent reduction of miR-26a led to a cascade of gene 

expression changes that enhanced cell cycle transit. Expression of EZH2, a direct target of 

miR-26a, was increased in hematopoietic stem and progenitor cells following ADAR1 

overexpression. Moreover, EZH2 subsequently repressed the expression of CDKN1A, a 

negative regulator of cell cycle entry that can promote HSC quiescence (Jiang et al., 2019).

ADAR1 also promotes intestinal homeostasis and stem cell maintenance. Adar1 is highly 

expressed by Lgr5+ cells in the intestine of adult mice. Conditional deletion of Adar1 results 
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in rapid apoptosis of Lgr5+ stem cells in both the small and large intestine. In contrast to the 

Lgr5+ cells, Adar1 deficiency caused expansion of intestinal progenitors and Paneth cells, 

although enterocytes, goblet cells and enteroendocrine cells were all depleted (Qiu et al., 

2013). Similar to the hematopoietic system, Adar1 deficiency in the intestine was associated 

with increased interferon signaling, but was also marked by endoplasmic reticulum (ER) 

stress and activation of the unfolded protein response (UPR) that at least partially 

contributed to crypt apoptosis (Qiu et al., 2013). Together, these studies support an essential 

role of ADAR1 and RNA editing in both tissue homeostasis and stem cell maintenance.

Though only a handful of editing sites have been identified in normal cells, editing events in 

cancer have been characterized in more detail. Editing of mRNAs encoding GLI1, GSK3β, 

AZIN1 and APOBEC3D have been identified and were found to be required for survival of 

leukemia stem and progenitor cells (Crews et al., 2015). ADAR1-mediated editing of the 

MDM2 3’UTR has also been shown to reduce the binding of mir-155 as well as other 

negative regulatory miRNAs (Jiang et al., 2019). As a consequence of hyper-editing, MDM2 
mRNA is stabilized within leukemia stem cells, resulting in increased MDM2 protein and 

enhanced p53 degradation. In acute myeloid leukemia, editing of PTPN6 was found to 

abrogate splicing and is thought to be important for leukemogenesis (Beghini et al., 2000).

While only a small number of editing sites have been characterized, bioinformatics analyses 

have predicted A-to-I changes to be far more abundant. To date, A-to-I editing profiles of 

more than 6000 patient samples of 17 cancer types revealed a surprising increase in RNA 

editing events in tumor tissue relative to normal tissue (Han et al., 2015). Furthermore, it has 

been suggested that RNA editing could also affect the therapeutic response to 

immunotherapy. Loss of function of ADAR1 was found to improve response to PD-1 

checkpoint blockade (Ishizuka et al., 2019), and PD-L1 expression is under significant 

translational control (Xu et al., 2019). Thus, posttranscriptional regulation appears to play a 

major role in resistance to immunotherapy. Overall, targets of RNA editing vary 

dramatically across species, tissues and cell types (Tan et al., 2017). Recent parallel analysis 

of RNA secondary structure sequencing (PARS-seq) reveals that ADAR1 regulates RNA 

topology and ribosomal occupancy resulting in cell type and context specific changes in 

protein turnover rates (Solomon et al., 2017). Consistent with these context dependent 

effects on gene expression, RNA editing exhibits distinct functional effects on stem and 

progenitor cells. Future studies must focus on identifying edited transcripts that further 

explain the emerging role of RNA editing in normal and malignant stem cell biology.

PROTEOSTASIS

The synthesis and degradation of proteins, while long appreciated to be fundamental 

processes, have been historically viewed as simple housekeeping functions performed 

similarly by most cells. Emerging research has challenged this notion and it is becoming 

increasingly clear that the unique proteomes that specify diverse cell types are assembled 

and regulated using various strategies to maximize tissue function. Transcriptional regulation 

of mRNA content plays a key role in defining the cellular proteome. However, numerous 

studies in eukaryotic systems have documented broad differences between mRNA and 

protein abundance for individual genes, suggesting that mRNA abundance itself cannot be 
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used to predict proteome content (Jovanovic et al., 2015; Liu et al., 2019; Schwanhausser et 

al., 2011; Vogel and Marcotte, 2012). Rather, the combined actions of the transcriptional, 

translational and degradation machineries are required to shape cellular function through the 

integrated regulation of proteome complexity and protein homeostasis (proteostasis) (Figure 

1) (Harper and Bennett, 2016).

Protein Synthesis

Gene expression models have long assumed that the protein synthesis machinery merely acts 

as a passive conduit connecting the dynamic transcriptome to the proteome. Research over 

the last decade has revealed these models to be overly simplistic, as the translation 

machinery and the nature of the mRNA sequences themselves can impart biologically 

meaningful control over protein production (Hershey et al., 2018; Hinnebusch, 2017; 

Jackson et al., 2010; Schuller and Green, 2018). Advances in systems biology, nucleic acid 

sequencing, mathematical modeling and single cell technologies have revealed important 

cell type specific differences in protein synthesis that influence proteome complexity. Cell-

type specific differences in protein synthesis have emerged as a particularly important 

mechanism for regulating stem cells and tissue regeneration (Buszczak et al., 2014).

Several reports have demonstrated that translation increases during ESC differentiation. 

ESCs differentiated into embryoid bodies (EBs) by LIF withdrawal display increased Golgi 

apparatus and ER contents as well as a greater cytoplasm to nucleus ratio, presumably to 

accommodate for a rise in translational output. Consistent with this, mRNA abundance and 

steady-state levels of proteins are elevated, and the rate of protein synthesis was shown to be 

enhanced during differentiation (Sampath et al., 2008). Increased translational output is at 

least partly due to greater translation efficiency during differentiation. EBs display a greater 

abundance of polysomes than ESCs, indicating greater efficiency of ribosome loading onto 

mRNAs (Ingolia et al., 2011; Sampath et al., 2008). ESCs also exhibit an abundance of 

ribosome pausing, translation of unannotated products and translation initiation from 

upstream open reading frames and non-conventional translation start sites (Ingolia et al., 

2011; Sampath et al., 2008). Precise control of the translational apparatus thus plays a 

complex role in regulating proteome content within ESCs.

In addition to global changes in translation during ESC differentiation, there are also 

changes in the translation of specific transcripts that may have important functional 

consequences. The transcriptional and translational efficiency of B-Myb, which promotes 

cell-cycle activation (Sampath et al., 2008), was shown to be elevated during differentiation. 

In contrast, Wnt1, which activates β-catenin and supports pluripotency and development, 

was shown to exhibit a decline in translational efficiency during differentiation (Sampath et 

al., 2008). Together, these studies suggest that global and specialized translational programs 

can influence ESC self-renewal and differentiation.

Precise control of protein synthesis is also essential in ESCs to maintain an open chromatin 

landscape and support hyper-transcription. Some regulators of euchromatin are relatively 

unstable proteins that are rapidly turned over within ESCs. Inhibition of protein synthesis 

mediated by mTOR inhibition, can lead to a loss of these euchromatin factors and a 

concomitant reduction in chromatin accessibility and transcription of key developmental 
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genes (Bulut-Karslioglu et al., 2018). It has been postulated that this translational program 

protects ESCs from spurious differentiation in response to acute changes in nutrient 

availability.

In addition to ESCs, low protein synthesis is a broadly conserved feature of somatic stem 

cells present within adult tissues in vivo. This was first demonstrated in murine HSCs, which 

exhibit unusually low rates of protein synthesis as compared to restricted progenitors and 

differentiated cells (Signer et al., 2014). Subsequent studies have revealed that low protein 

synthesis is observed within mouse hair follicle stem cells (Blanco et al., 2016), quiescent 

neural stem cells (Llorens-Bobadilla et al., 2015), muscle satellite cells (Zismanov et al., 

2016) and Drosophila germline stem cells (Sanchez et al., 2016).

Modest increases or decreases in protein synthesis impair somatic stem cell function (Cai et 

al., 2015; Goncalves et al., 2016; Signer et al., 2014; Signer et al., 2016). HSCs with a 

mutation in the ribosomal gene Rpl24 (Rpl24Bst/+) (Oliver et al., 2004) were shown to 

exhibit a ~30% reduction in protein synthesis and reduced regenerative activity (Signer et 

al., 2014). Deletion of Pten, a negative regulator of mTOR signaling (which promotes 

translation) (Laplante and Sabatini, 2012; Ma and Blenis, 2009), increases protein synthesis 

by ~30% in HSCs (Signer et al., 2014) and causes HSC depletion (Yilmaz et al., 2006; 

Zhang et al., 2006). In Pten−/−;Rpl24Bst/+ compound mutant mice, protein synthesis is 

restored to normal, and Pten−/− and Rpl24Bst/+ HSC function is largely rescued (Signer et 

al., 2014). This demonstrates that protein synthesis is tightly regulated in HSCs and that 

HSCs require low rates of protein synthesis.

Surprisingly, the low rate of protein synthesis within somatic stem cells is not simply a 

consequence of increased quiescence. Although activated HSCs or HSCs driven into cell 

cycle following treatment with cyclophosphamide and GCSF exhibit modestly increased 

protein synthesis as compared to their quiescent counterparts (Cabezas-Wallscheid et al., 

2017; Signer et al., 2014), cycling and dividing HSCs still exhibit significantly lower protein 

synthesis than cycling and dividing progenitors in vivo (Signer et al., 2014). Furthermore, 

these differences in protein synthesis cannot be fully explained by differences in doubling 

time between stem and progenitor cells (Signer et al., 2016). Similar to HSCs, hair follicle 

stem cells consistently display lower levels of protein synthesis than more differentiated 

cells regardless of whether they are in the anagen, catagen, or telogen stage of the hair 

growth cycle (Blanco et al., 2016). Although the low rate of protein synthesis in stem cells is 

not attributed to quiescence, it may be influenced by additional secretory functions 

employed by stem cells. Stem and progenitor cells secrete cytokines and growth factors to 

modulate their environment and induce responses from nearby cells (Baraniak and 

McDevitt, 2010). It is possible that differences in secretory output contribute to differences 

in protein synthesis and its subsequent connection to cell growth and proliferation.

Initial observations on the lack of correlation between protein synthesis and proliferation in 

stem cells contrasts recent landmark studies utilizing bacterial systems that have 

successfully established quantitative and predictive models that describe how proteome flux 

governs cell proliferation (Basan et al., 2015; Dai et al., 2016; Hui et al., 2015; Klumpp and 

Hwa, 2014; Scott et al., 2010; Scott et al., 2014). These studies determined that because 
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most ribosomes are engaged in translation, and that translational capacity is nearly saturated 

in exponentially growing bacterial cells, there is an obligatory constraint between protein 

synthesis and the rate of cell proliferation (Klumpp and Hwa, 2014; Mori et al., 2016). 

Despite protein synthesis being so highly conserved, these differences between prokaryotic 

and mammalian systems highlight the pressing need to identify how proteome flux and 

content influence mammalian cell proliferation, and to establish growth laws within complex 

tissues in vivo. Indeed, an intriguing possibility is that there are cell-type specific growth 

laws that govern mammalian cell proliferation, and that stem cells may have a unique set of 

constraints that limit their proliferation, self-renewal and differentiation as compared to 

restricted progenitors.

Similar to normal stem cells, low protein synthesis has also been reported as a feature of 

cancer stem cells. Tumor initiating cells present in squamous tumors that develop in K5-SOS 

mice, which have constitutive RAS activation in basal epidermal cells, exhibit low rates of 

protein synthesis as compared to more committed progenitors. Reducing the global rate of 

protein synthesis via deletion of Nsun2 increases tumor mass and number, and shortens the 

lifespan of K5-SOS mice (Blanco et al., 2016). Another study demonstrated that squamous 

cell carcinoma initiating cells that amplify and express Sox2 also exhibit low protein 

synthesis associated with a redistribution of translating ribosomes to upstream open reading 

frames. This shifting translational landscape, which at least partly depends upon the 

translation initiation factor eIF2A, enables a subset of cancer-related transcripts to be 

translated more efficiently in order to drive tumor progression (Sendoel et al., 2017). In the 

hematopoietic system, Runx1 mutations, which are frequently seen in patients with acute 

myeloid leukemia and myelodysplastic syndrome (Cai et al., 2011; Growney et al., 2005), 

reduce ribosome abundance and protein synthesis in hematopoietic stem and progenitor 

cells. In this context, reduced protein synthesis enables these pre-leukemic stem cells to 

better survive genotoxic stress, which provides a selective advantage that enables their 

persistence and expansion in the bone marrow (Cai et al., 2015).

The recent finding that low protein synthesis promotes cancer development and progression 

was rather surprising, since cancer had long been thought to depend upon elevated protein 

synthesis to sustain malignant growth. Indeed, several studies have demonstrated that 

reducing protein synthesis can impair cancer growth. Reducing protein synthesis with a 

mutation in the ribosomal gene Rpl24 has been shown to slow the development and 

progression of Myc driven B cell malignancies (Barna et al., 2008) as well as T cell 

neoplasms that arise from Pten deletion (Signer et al., 2014). Suppression of mTOR 

signaling can slow prostate cancer progression by inhibiting the translation of pro-invasion 

genes (Hsieh et al., 2012). Deletion of one allele of Eif4e reduces tumor burden in a mouse 

model of Kras driven lung cancer by reducing translation of proteins that reduce reactive 

oxygen species (Truitt et al., 2015).

It is not yet clear why reducing protein synthesis can have dichotomous effects on different 

cancers. One possibility is that it is dependent on the genetic landscape of the tumor. 

Another possibility is that the alterations on global protein synthesis are less therapeutically 

relevant than specific translational changes. Yet another intriguing possibility is that the 

therapeutic response is based on whether the tumor contains cancer stem cells; tumors 
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driven by cancer stem cells may depend upon low protein synthesis while cancers that are 

not driven by cancer stem cells may depend more on higher protein synthesis. Indeed, much 

remains to be learned about how cell-type specific differences in protein synthesis contribute 

to cancer growth and progression. Such studies should enable improved context-dependent 

targeting of translational machinery to have significant therapeutic efficacy in a broad 

spectrum of cancers.

Mechanisms of Translational Control

One mechanism of translational control important for stem cells is mediated by cytoplasmic 

poly(A)-binding proteins (PABPs). PABPs drive translational activation by binding to 

poly(A) tails on mRNA and interacting with translation initiation factors. PABP1 can also 

mediate miRNA silencing by associating with the miRNA-induced silencing complex 

(Fabian et al., 2009). PABPs are essential for fertility and early development. Disruption of 

PABP-encoding genes or depletion of direct PABP binding partners can lead male to sterility 

in Drosophila (Blagden et al., 2009) and embryonic defects or lethality in various model 

organisms (Blagden et al., 2009; Gorgoni et al., 2011; Maciejowski et al., 2005). In Pabp1-

depleted Xenopus, defects in embryonic structures have been attributed to a global reduction 

in protein synthesis, which is consistent with the role of PABPs in stimulating translation. 

DAZL, a protein that can enhance translation through interaction with PABPs, exhibits 

increased translational efficiency during ESC differentiation, revealing a possible 

mechanism through which global protein synthesis is elevated (Sampath et al., 2008). In 

addition, pab-1 mutations in C. elegans can reduce the proliferation of germline stem cells 

during the larval stages (Ko et al., 2010).

Another mechanism of translational control that may be particularly important for stem cells 

involves Eif4e binding proteins (4E-BPs), which can suppress cap-dependent translation. 

4E-BPs support pluripotency by suppressing the translation of select transcripts such as Yy2, 

a negative regulator of mouse ESC self-renewal. Mouse ESCs depleted of 4E-BP1 and 4E-

BP2 have increased abundance of Yy2, reduced expression of Nanog, c-Myc, and Oct4, and 

morphologically resemble differentiated cells. Thus, by suppressing the translation of Yy2, 

4E-BPs can promote mouse ESC pluripotency (Tahmasebi et al., 2016). 4E-BPs also 

influence the efficiency of iPSC reprogramming. During reprogramming of mouse 

embryonic fibroblasts (MEFs) into iPSCs, 4E-BPs repress translation of p21, a known 

inhibitor of somatic cell reprogramming (Tahmasebi et al., 2014). Consistent with this, 4E-

BP-deficient MEFs exhibit impaired iPSC generation in response to reprogramming factors. 

However, deletion of 4E-BPs also increases the translation of the reprogramming factors 

Sox2 and Myc. As a consequence, compound deletion of 4E-BPs and p53 enhances iPSC 

generation and enables reprogramming with ectopic expression of Oct4 alone (Tahmasebi et 

al., 2014).

4E-BPs also regulate somatic stem cells. Deletion of 4E-BP1 and 4E-BP2 modestly 

increases protein synthesis within HSCs and impairs their serial reconstituting activity 

(Signer et al., 2016). Similarly, 4E-BPs support neural stem cell self-renewal. Increasing 

mTORC1 activity in neural stem cells induces their differentiation into intermediate 
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progenitors at the expense of self-renewal, an effect that is driven by inhibition of 4E-BP2 

and subsequent activation of cap-dependent translation (Hartman et al., 2013).

Repression of protein synthesis within somatic stem cells can also be mediated through non-

cell-autonomous mechanisms. Angiogenin (Ang), a secreted factor in the bone marrow 

microenvironment, non-cell autonomously restricts protein synthesis within HSCs by 

stimulating the biogenesis of tRNA-derived stress-induced small RNAs (tiRNAs) 

(Goncalves et al., 2016). tiRNAs can suppress protein synthesis through multiple 

mechanisms, including RNA interference and displacement of eIF4G from mRNA on 

ribosomes (Ivanov et al., 2011). Deletion of Ang increases protein synthesis within HSCs 

and is associated with increased cell cycle entry and diminished reconstituting activity 

(Goncalves et al., 2016).

Although the vast majority of cellular mRNA is translated in a cap-dependent manner, recent 

studies have also shown the importance of cap-independent translation in regulating stem 

cell differentiation. DAP5 (also known as NAT1) is a translation initiation factor that 

mediates IRES-dependent translation. DAP5-depleted human ESCs exhibit impaired 

differentiation due to a reduction in the translation efficiency of Hmgn3 and transcripts 

involved in mitochondrial and oxidative respiration pathways. Cap-independent translation 

in hESCs may therefore promote differentiation by supporting epigenetic changes mediated 

by the nucleosome binder HMGN3 and by maintaining oxidative respiration pathways 

needed during the initial stages of differentiation (Yoffe et al., 2016). Dap5 is also essential 

for mouse ESC differentiation (Yamanaka et al., 2000). Suppression of Dap5 reduces the 

levels of Map3k3 and Sos1, consequently repressing the Erk and Akt signaling pathways 

(Sugiyama et al., 2017). Forced expression of Map3k3 and Sos1 factors induces mouse ESC 

differentiation. Sugiyama et al. proposed that Dap5 mediates translation independent of 

eIF4E, which suggests that Dap5 may regulate protein synthesis required for mouse ESC 

differentiation in a cap-independent manner. However, further studies are needed to confirm 

cap-independent translation of Dap5 target mRNAs.

Ribosome Biogenesis

Ribosomes serve as the site for protein synthesis. The eukaryotic ribosome consists of the 

small 40S subunit and large 60S subunit. The 40S subunit is comprised of 18S rRNA along 

with 33 ribosomal proteins. The 60S subunit is composed of 25S, 5.8S, and 5S rRNA in 

addition to 46 additional proteins. Ribosome assembly requires the cooperation of assembly 

factors and various classes of enzymes to process pre-rRNA into mature rRNA and to export 

the assembled ribosomes from the nucleus into the cytoplasm (Pena et al., 2017).

Despite the ubiquitous requirement for ribosomes to produce proteins, mutations in 

ribosomal genes are associated with a number of human diseases, collectively referred to as 

ribosomopathies, which present with tissue and cell-type specific phenotypes. One of the 

most well-studied ribosomopathies is Diamond-Blackfan anemia (DBA), an inherited 

condition characterized primarily by a deficiency in erythrocytes. The underlying cause of 

DBA is often ribosomal haploinsufficiency due to a loss in one of several ribosomal protein 

genes (Narla and Ebert, 2010). Initial efforts in developing animal models for DBA focused 

on RPS19, a gene encoding a ribosomal protein that is mutated in approximately 25% of 
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DBA patients (Draptchinskaia et al., 1999). However, deletion of both Rps19 alleles in mice 

resulted in embryonic lethality and deletion of a single allele produced no phenotype due to 

compensation by the wild-type allele (Matsson et al., 2004; Matsson et al., 2006). As an 

alternative approach, rps19-deficient zebrafish were generated using morpholino 

oligonucleotides. The morphant zebrafish recapitulated defects in ribosome biogenesis and 

hematopoiesis observed in DBA patients, such as reduced circulating red blood cells, 

impaired erythroid maturation, and decreased levels of hemoglobin (Danilova et al., 2008; 

Uechi et al., 2008). Rps19 mouse models have since been generated, including one 

expressing a dominant negative point mutation and another that silences Rps19 through an in 
vivo knockdown approach (Devlin et al., 2010; Jaako et al., 2011). Identification of 

pathogenic mutations in other ribosomal proteins have spurred the creation of additional 

animal models for DBA. These include Rps6, Rps19, Rps20, and Rps29 transgenic mouse 

and zebrafish lines, which also phenocopy some hematopoietic defects found in DBA (Keel 

et al., 2012; McGowan et al., 2008; Taylor et al., 2012).

It has been proposed that ribosomal mutations disrupt the stoichiometry required for 

ribosome biogenesis, and some free ribosomal proteins, such as Rpl5 and Rpl11 

subsequently bind and inhibit Mdm2, a negative regulator of p53 (Lohrum et al., 2003; 

Marechal et al., 1994; Zhang et al., 2003). The pathogenesis of DBA has thus long been 

thought to be dependent on the accumulation of p53. However, recent studies have 

challenged this paradigm. Decreased translation of GATA1, a transcription factor essential 

for erythropoiesis, has been shown to contribute to DBA pathogenesis (Khajuria et al., 2018; 

Sankaran et al., 2012). Ribosomal haploinsufficiency preferentially reduces the translation of 

GATA1 (Ludwig et al., 2014).This has been shown to occur because the 5’ UTR of GATA1 
is shorter and has a less complex secondary structure than the typical transcript, allowing 

GATA1 to be translated at high efficiency, and the most highly translated transcripts are 

inherently most sensitive to changes in ribosome abundance. Furthermore, when compared 

with other hematopoietic regulators, these properties of the 5’ UTR are quite specific to 

GATA1 (Khajuria et al., 2018). Thus, ribosome biogenesis influences lineage commitment 

by affecting the translation of select transcripts.

Stem cells are highly sensitive to changes in ribosome biogenesis factors. The small subunit 

processome (SSUP), which is responsible for processing pre-18S rRNA, is enriched in 

mouse ESCs as compared to EBs and is essential for maintaining pluripotency. Knockdown 

of SSUP components reduces small ribosomal subunit content and attenuates translation 

(You et al., 2015). Reducing protein synthesis has been proposed to impair ESCs by 

preventing the biogenesis of short-lived pluripotency factors that are rapidly lost by normal 

turnover.

One recent study has revealed a mechanism whereby a ribosome biogenesis factor, Htatsf1, 

is dynamically regulated to control protein synthesis and ESC fate determination. Htatsf1 is 

a RNA binding protein that promotes ribosome biogenesis in two ways; as a member of the 

U2 snRNP complex that mediates intron removal in a subset of ribosomal proteins, and by 

interacting with rRNA transcription and processing proteins to promote rRNA maturation 

(Corsini et al., 2018). Htatsf1 is highly expressed by mouse ESCs. Deletion of Htatsf1 
reduces Nanog, Oct4 and Sox2 expression, and impairs ESC colony-forming potential. At 
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the onset of differentiation, Htatsf1 expression transiently decreases before it increases again 

as a requirement for neuroectoderm specification. Consistent with its role in ribosome 

biogenesis, Htatsf1 expression during differentiation is mirrored by changes in the global 

rate of protein synthesis (Corsini et al., 2018). This study suggests that a transient reduction 

in ribosome production and protein synthesis is required to deplete pluripotency factors in 

ESCs to facilitate differentiation, before ultimately rising to promote neuroectoderm 

specification.

Defects in ribosome biogenesis also impair somatic stem cell function. Mice deficient in 

Notchless (Nle) suffer from hematopoietic defects including bone marrow cytopenia, a loss 

of HSC quiescence, and impaired HSC reconstitution capacity. The effects of Nle appear to 

be restricted to HSCs and immature progenitors, as Nle is dispensable for myeloid 

progenitor proliferation and differentiation, as well as B cell development. Nle shares 

homology with yeast ribosome assembly protein 4 (RSA4), which has been implicated in 

large ribosome subunit biogenesis. Mice deficient in Nle accumulate 60S ribosome subunit 

pre-rRNA species specifically in HSCs and multipotent progenitors, suggesting that 

defective ribosome maturation in those cell types is the underlying cause of the observed 

hematopoietic dysfunction (Le Bouteiller et al., 2013).

The observation that stem cells are sensitive to changes in ribosome biogenesis is difficult to 

reconcile with reports that protein synthesis does not appear to be constrained by ribosome 

abundance. ESCs appear to contain an abundance of free ribosomes, suggesting that 

translational efficiency is not limited by ribosome availability (Ingolia et al., 2011; Sampath 

et al., 2008). Adult HSCs do not synthesize or contain unusually low amounts of rRNA or 

ribosomal proteins (Jarzebowski et al., 2018; Signer et al., 2014) suggesting that a paucity of 

ribosomes is unlikely to underlie low protein synthesis within HSCs. One possible 

explanation for this apparent contradiction comes from studies in Drosophila germline stem 

cells. A complex consisting of Udd, TAF1B, and TAF1C-like factor promotes transcription 

of rRNA by RNA polymerase I. In Drosophila, it has been shown that germline stem cells 

exhibit high levels of rRNA transcription as compared to their differentiating daughters and 

are correspondingly enriched in Udd, a component of an RNA polymerase I regulatory 

complex (Sanchez et al., 2016; Zhang et al., 2014). Despite high levels of rRNA 

transcription, Drosophila germline stem cells, similar to mammalian stem cells, exhibit 

lower rates of protein synthesis than their differentiated progeny, and require increased 

ribosome biogenesis and translation for differentiation (Sanchez et al., 2016). Thus, it is 

possible that stem cells may synthesize ribosomal components to adequately prepare their 

differentiated progeny for their increased protein synthesis requirements, but that the stem 

cells actually contain a low abundance of translationally competent ribosomes. An 

alternative possibility is that stem and progenitor cells contain distinct types of specialized 

ribosomes (Xue and Barna, 2015) that facilitate cell type specific translation, and 

perturbations in ribosome biogenesis may preferentially affect a subset of ribosomes 

required by stem cells. Although there are not yet data to support this possibility, it has not 

yet been thoroughly examined. Overall, much remains to be determined about how the 

translational machinery regulates stem cell fate and function.
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Protein Quality Control

In addition to regulating proteome content, translation can also regulate proteostasis by 

regulating proteome quality. Translation is the most error prone step in gene expression and 

approximately 18% of proteins include at least one missense amino acid substitution 

(Drummond and Wilke, 2009). Translational errors can lead to protein misfolding and the 

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

acid misincorporation (Drummond and Wilke, 2009). Reducing translation decreases 

synthesis of defective translational products and promotes the clearance of misfolded 

proteins (Sherman and Qian, 2013). Interestingly, genetic or environmental interventions 

that reduce protein synthesis can extend organismal lifespan, at least in part by enhancing 

proteome quality (Taylor and Dillin, 2011). This raises the possibility that low protein 

synthesis could enhance proteome quality within stem cells, and could promote stem cell 

maintenance and longevity.

A recent study has indeed demonstrated a direct connection between protein synthesis and 

proteome quality in stem cells. Modest increases in protein synthesis lead to an 

accumulation of misfolded and unfolded protein within HSCs. The accumulation of 

defective translational products can overwhelm the capacity of the proteasome within HSCs, 

and can lead to changes in the HSC proteome, including accumulation of c-Myc protein, 

which drives increased proliferation and impairs HSC self-renewal (Hidalgo San Jose et al., 

2020).

Proteotoxic stress can induce activation of stress response pathways that can exhibit 

important roles in stem cell regulation (Figure 2). There are three compartment specific 

proteotoxic stress response pathways; the ER unfolded protein response (UPRER), the 

mitochondrial unfolded protein response (UPRMT) and the heat shock response.

The ER is the major site of protein folding for secreted proteins and is thus a cellular 

compartment that is highly susceptible to the accumulation of unfolded proteins. An 

accumulation of unfolded proteins in the ER can trigger activation of the UPRER, which can 

attenuate protein synthesis, increase expression of folding chaperones, and in the case of 

severe or sustained stress, induce apoptosis (Walter and Ron, 2011). The UPRER is divided 

into three branches that work in parallel but are operated by distinct families of ER stress 

transducers: ATF6, IRE1 and PERK (Figure 2). These proteins are located on the ER 

membrane and initiate the UPRER by sensing protein-folding conditions. Activation of the 

ATF6 branch results in the transport of ATF6 into the Golgi apparatus where it is cleaved by 

S1P and S2P proteases. The resulting fragment, ATF6(N), translocates to the nucleus where 

it activates a transcriptional program that enhances the expression of chaperones such as 

BiP, PDI and GRP94 (HSP90B1). IRE1 promotes the splicing and translation of XBP1, a 

transcription factor that stimulates the expression of ER chaperones and ER-associated 

degradation proteins. PERK is a kinase that, upon activation, phosphorylates eIF2α. 

Phosphorylated eIF2α inactivates eIF2 to reduce overall protein synthesis, but also induces a 

specialized translational program that promotes the synthesis of downstream effector 

proteins including ATF4. ATF4 drives the expression of CHOP and GADD34, the former of 

which can promote apoptosis. Notably, eIF2α can also be phosphorylated by GCN2, PKR 

and HRI, which are kinases that are activated by the absence of essential amino acids, the 
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presence of double stranded RNA, and a lack of heme, respectively. Thus, phosphorylation 

of eIF2α and suppression of protein synthesis is a common response to a variety of cellular 

stressors. Depending on the magnitude, duration and cellular context, UPRER activation can 

restore proteostasis, promote cell survival, and induce apoptosis (Walter and Ron, 2011).

The generation and differentiation of pluripotent stem cells requires significant proteome 

remodeling and can thus be influenced by the UPRER. Activation of the UPRER is predictive 

for successful somatic cell reprogramming, and genetic or pharmacologic interventions that 

transiently activate the IRE1 branch of the UPRER enhance reprogramming efficiency 

(Simic et al., 2019). Pharmacologic activation of the UPRER in ESCs activates Smad2 and β-

catenin signaling and promotes endodermal differentiation (Xu et al., 2014). Activation of 

ATF6 also promotes differentiation of ESCs into mesoderm lineages (Kroeger et al., 2018; 

Wang et al., 2015a). Consistent with this, inhibition of ATF6 activation maintains ESCs in a 

pluripotent state and impedes mesodermal specification (Kroeger et al., 2018).

Activation of the UPRER also influences somatic stem cell fate in a tissue specific manner. 

Quiescent muscle satellite cells depend upon activation of the PERK branch of the UPRER to 

accumulate phosphorylated eIF2α, Atf4, and Chop. It has been shown that phosphorylated 

eIF2α enables satellite cells to sustain low levels of protein synthesis and suppress the 

translation of myogenesis-related transcripts. Failure to adequately phosphorylate eIF2α and 

suppress protein synthesis leads to the translational activation of a genetic program that 

drives satellite cells into cycle and promotes myogenic differentiation (Zismanov et al., 

2016). Additionally, accumulation of Chop in satellite cells restricts myogenic 

differentiation by repressing transcription of MyoD (Alter and Bengal, 2011). In contrast, 

intestinal stem cells exhibit less UPRER activation than transit-amplifying progenitors and 

differentiated cells. UPRER signaling can have dichotomous effects on intestinal stem cells. 

Activation of PERK signaling is associated with a loss of self-renewal potential and is 

necessary for intestinal stem cell differentiation (Heijmans et al., 2013). In contrast, 

activation of Xbp1 reduces growth of Drosophila intestinal stem cells in vitro (Niederreiter 

et al., 2013; Wang et al., 2014a).

Similar to intestinal stem cells, distinct branches of the UPRER differentially regulate HSCs. 

Because of a low abundance of eIF2, human HSCs express high levels of ATF4 as compared 

to restricted progenitors, and increased translation of ATF4 enhances HSC engraftment in 

transplantation assays (van Galen et al., 2018). Moderate stress, such as nutrient depletion, 

enhances ATF4 activation to promote survival in primitive cord blood stem and progenitor 

cells (van Galen et al., 2018). Similarly, higher levels of Ire1 activation promote adult mouse 

HSC survival, reconstitution capacity (Liu et al., 2019) and recovery after irradiation 

(Chapple et al., 2018). Under more severe stress conditions, such as pharmacologic 

activation of the UPRER, human HSCs preferentially activate the PERK and ATF6 pathways, 

while restricted progenitors preferentially activate the IRE1 pathway (van Galen et al., 2014; 

van Galen et al., 2018). Increasing PERK activation as well as low Ire1 activity have been 

reported to preferentially induce apoptosis in HSCs, but promote the survival of restricted 

progenitors (Liu et al., 2019; van Galen et al., 2014). The induction of apoptosis in HSCs 

can eliminate damaged stem cells and preserve the overall integrity of the HSC pool.
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Transformed cells are exposed to a variety of stressors that activate the UPRER, including 

hypoxia, nutrient shortage, oxidative stress, and genome instability (Vandewynckel et al., 

2013). While activation of the UPRER sustains cell survival by reducing the burden of 

unfolded/misfolded proteins in the ER, chronic activation can also result in apoptosis via the 

IRE1-mediated JNK pathway (Tam et al., 2014). Cancer cells in which the UPRER has been 

activated must therefore balance the demands for cell survival with the risk of cell death. 

Preleukemic stem cells utilize the UPRER to enhance their survival and persistence. HSCs 

bearing the G12D mutation in Nras are highly resistant to ER stress, as they exhibit less 

apoptosis and higher reconstitution capacity following pharmacological induction of ER 

stress as compared to wild-type HSCs. NrasG12D hyperactivates IRE1 in pre-leukemic stem 

cells, resulting in the expression of DNAJB8, a target of XBP1. DNAJB8 serves as a 

molecular chaperone that increases protein folding capacity and ultimately enhances HSC 

reconstitution (Liu et al., 2019; van Galen et al., 2014). Although the UPRER can be 

protective for pre-malignant stem cells, enhanced activation of the UPRER has also been 

demonstrated to sensitize cancer stem cells to therapy. Induction of the UPRER by subtilase 

cytotoxin AB enhanced differentiation of colon cancer stem cells and made them more 

sensitive to chemotherapy (Wielenga et al., 2015). Due to the paradoxical effect of the 

UPRER on cancer cells, either inhibition or activation of the UPRER may have therapeutic 

potential in targeting cancer stem cells, but additional studies are needed to better understand 

the role of the pathway in a cell- and tissue-specific manner.

Translational stress in the mitochondria can also induce an unfolded protein response, and 

the UPRMT influences stem cell fate. HSCs exiting quiescence exhibit UPRMT activation, 

and mitochondrial integrity is monitored at the restriction point before HSCs proliferate 

(Mohrin et al., 2018). Dysregulation of the UPRMT impairs both HSCs (Mohrin et al., 2015) 

and intestinal stem cells (Berger et al., 2016). Treatment with nicotinamide riboside 

promotes UPRMT activation and can rejuvenate or delay senescence in muscle satellite cells, 

neural stem cells and melanocyte stem cells (Zhang et al., 2016b). These findings are 

consistent with studies demonstrating a dependence on mitochondrial health for optimal 

stem cell maintenance and function (Khacho et al., 2016; Vannini et al., 2019; Zhang et al., 

2013).

Elevated temperatures, oxidative stress and toxic substances can cause the accumulation of 

misfolded proteins that disrupt proteostasis. To counteract this, the cell initiates the heat 

shock response. The heat shock response in eukaryotic cells is driven by heat shock factor 1 

(HSF1), a highly-conserved, master transcription factor that induces the expression of heat 

shock proteins – molecular chaperones that coordinate protein folding, trafficking and 

degradation that enhance proteostasis buffering capacity and promote cell survival (Richter 

et al., 2010). Activation of the heat shock response in hESCs represses OCT4 expression and 

promotes differentiation (Byun et al., 2013). Mouse ESCs downregulate the expression of 

members of the Hsp70 family as well as small heat shock proteins during differentiation into 

EBs and neural precursor cells (Battersby et al., 2007; Saretzki et al., 2004). Similarly, in 

muscle, induction of myoblast differentiation is associated with elevated expression of 

several small heat shock proteins (Sugiyama et al., 2000). In the hematopoietic system, 

mutations in Hspa9b, a member of the Hsp70 family, reduce the number of hematopoietic 

progenitors in zebrafish (Craven et al., 2005) and depletion of HSP70 induces apoptosis in 
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differentiating human erythroid precursors (Ribeil et al., 2007). However, Hsf1 appears 

dispensable for steady state young adult HSC function (Kourtis et al., 2018). Overall, little is 

yet known about how the heat shock response regulates stem cells either at steady state or 

when proteostasis is challenged.

Although each of these pathways is generally considered to be a stress responder, mounting 

evidence indicates that they also have important physiological function. A more thorough 

understanding of how these pathways influence stem cell behavior will require 

distinguishing their impact on the proteome and stem cell function at steady state and in 

response to developmental cues, regenerative demands and distinct stressors.

Protein Degradation

The ubiquitin-proteasome system is a major cellular protein degradation system. The 

covalent attachment of ubiquitin to proteins can mark them for recognition and destruction 

by the proteasome. The process of ubiquitination is orchestrated by a cascade of ubiquitin 

ligases and provides specificity to the degradation process. First, the ubiquitin activating 

enzyme (E1) activates ubiquitin before transferring it to the ubiquitin conjugating enzyme 

(E2). E2 then interacts with a ubiquitin ligase (E3) which recognizes and ubiquitinates 

specific substrates targeted to the proteasome (Zheng and Shabek, 2017). Although there are 

distinct assemblies of the proteasome, the 26S proteasome degrades damaged proteins. The 

26S proteasome consists of the 20S core and 19S regulatory particle, and contains caspase-, 

trypsin-, and chymotrypsin-like activity that degrades substrates into 2–24 amino acid 

peptides (Bedford et al., 2010; Dikic, 2017). The proteasome contributes to maintaining 

proteostasis in stem cells by regulating both the content and quality of the proteome through 

the normal turnover of proteins and the degradation of misfolded proteins.

ESCs depend upon high levels of proteasome assembly and activity. NRF2, PSMD11, and 

PSMD14 have been identified as regulators of proteasome activity and assembly in ESCs 

(Buckley et al., 2012; Jang et al., 2014; Vilchez et al., 2012). All three proteins have elevated 

expression in pluripotent stem cells as compared to more differentiated cells. NRF2 governs 

proteasome activity partly through POMP, a chaperone that mediates 20S subunit assembly 

(Jang et al., 2014). Similarly, PSMD11 stabilizes the interaction between the 20S and 19S 

proteasome subunits. PSMD14 is a component of the 19S subunit, thereby facilitating 26S 

proteasome assembly (Buckley et al., 2012; Vilchez et al., 2012). Disrupted expression or 

activity of these factors each impairs normal ESC function. High levels of proteasome 

activity promote ESC function by regulating the abundance of pluripotency and 

differentiation factors (Buckley et al., 2012; Jang et al., 2014; Vilchez et al., 2012). The 

pluripotency factors Oct4 and Nanog are much more frequently ubiquitinated and degraded 

in ESCs as compared to differentiated cells, suggesting that their abundance is specifically 

fine-tuned in ESCs via the proteasome (Buckley et al., 2012).

In addition to having overall elevated levels of proteasome activity, proteasomal regulation 

of ESCs is supported through differential expression of E3 ubiquitin ligases. Wwp2, the E3 

ubiquitin ligase that targets Oct4 for ubiquitination and degradation, is more highly 

expressed by ESCs than differentiated progeny enabling more flexible post-translational 

control of Oct4 abundance (Xu et al., 2009a; Xu et al., 2004). In contrast, the E3 ubiquitin 

Chua et al. Page 22

Cell Stem Cell. Author manuscript; available in PMC 2021 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ligase Fbxw7 is necessarily upregulated during ESC differentiation in order to ubiquitinate 

c-Myc and target it for degradation. The proteasome may also suppress the transcription of 

lineage specific genes by degrading components of the transcriptional pre-initiation complex 

at intergenic regions (Szutorisz et al., 2006). Inhibition of the proteasome within ESCs 

results in broad proteomic changes, marked by decreased abundance of proteins involved in 

ribosome biogenesis, nuclear transport of mRNA, carbohydrate metabolism, and telomere 

maintenance, which are all processes that influence ESC identity (Saez et al., 2018).

The proteasome also influences proteome content in adult stem cells to regulate self-

renewal, differentiation and aging. In contrast to ESCs, Fbxw7 is required by HSCs to 

promote self-renewal and suppress differentiation by targeting c-Myc for degradation 

(Reavie et al., 2010; Thompson et al., 2008; Wilson et al., 2004). Similarly, the E3 ubiquitin 

ligase Huwe1 is required by HSCs to reduce the abundance of N-Myc via proteasome 

mediated degradation to prevent spurious HSC proliferation and exhaustion (King et al., 

2016). In addition to Myc family members, the proteasome regulates protein abundance of 

other key regulators of HSC self-renewal, including p53, Hif1α, Notch and Stat5 (Moran-

Crusio et al., 2012). In muscle, deletion of Rpt3 (Psmc4), a subunit of the 26S proteasome, 

results in muscle atrophy due to proteasome insufficiency (Kitajima et al., 2018). Rpt3-

deficient muscle satellite cells exhibit a loss of quiescence, increased apoptosis, impaired 

differentiation and overall impaired regenerative activity in response to injury (Kitajima et 

al., 2018). Neural stem and progenitor cells exhibit an age-related decline in PSMB5, a 

catalytic subunit of the 20S proteasome, which results in a concomitant decline in 

proteasome activity. Treatment of neural stem and progenitor cells with a proteasome 

inhibitor or following knockdown of Psmb5 phenocopied some of the effects of aging, 

including diminished proliferation and impaired differentiation (Zhao et al., 2016). Overall, 

these studies indicate that proteasome mediated protein degradation is essential for 

dynamically regulating stem cell quiescence, activation and regeneration.

Several studies have demonstrated that low proteasome activity is a characteristic of cancer 

stem cells. Glioma and breast cancer cell lines that exhibit low levels of 26S proteasome 

activity exhibit higher tumorigenicity in vitro and in vivo as compared with cell lines with 

high proteasome activity (Vlashi et al., 2009). In lung carcinoma and colorectal cancer cell 

lines, low proteasome activity is also associated with a more stem cell like phenotype and 

high tumorigenic potential (Munakata et al., 2016; Pan et al., 2010). These studies raise the 

possibility that low proteasome activity may be a useful biomarker in identifying cancer 

stem cells.

Conclusion

Cumulative advances in whole genome, whole transcriptome and single cell RNA 

sequencing, in addition to murine and humanized model systems, have helped to shape our 

understanding of stem cell hierarchies in homeostatic, stressed and diseased states 

particularly in pre-malignancy and during malignant transformation. More recently, post-

transcriptional (epitranscriptomic) RNA processing alterations, such as RNA editing and 

methylation, have been shown to alter transcript splicing, stability, and microRNA targeting 

that can cause recoding of transcripts or alter translational efficiency. The observation that 
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many of these epitranscriptomic mechanisms are deregulated in cancer underscores the 

importance of determining their role in regulating proteome content in a cell type and tissue 

specific manner. Overall, transcriptomic and epitranscriptomic events that dictate alterations 

in translation can now be interrogated to predict stem cell function in both benign and 

malignant settings and can be developed as predictive biomarkers of stem cell fitness and 

may ultimately add new layers in the advancement and complexity of precision medicine.

As the most error-prone step in gene expression, translation not only regulates proteome 

content but also influences proteome quality. Highly regulated protein biogenesis and 

turnover has thus emerged as a primary regulator of stem cell identity, homeostasis and 

regenerative activity. In addition to regulating stem cell fitness, translational control also 

contributes to cancer progression. Disruptions in proteostasis have been linked to therapy 

resistant cancer stem cell generation in leukemia and are likely to play a role in invasion and 

metastasis of other malignancies. Altered proteasome activity may also fuel cancer 

stemness, and provide a therapeutic target for cancer stem cell eradication.

Ultimately, RNA processing, the epitranscriptome, translational control and protein 

degradation are key regulators of proteome complexity and play pivotal roles in regulating 

stem cell identity and function and when dysregulated contribute to cancer stem cell 

propagation (Table S1). The intersection of these nascent fields provides a fulcrum for 

developing clinically tractable methods to track stem cell fitness and cancer stem cell 

propagation for the benefit of patients with stem cell driven degenerative diseases and 

cancer.
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Figure 1. Post-transcriptional mechanisms influence proteome content.
Proteome content can be regulated by RNA processing, ribosome biogenesis, signaling 

pathways and protein degradation. RNA splicing can produce mRNAs that code for distinct 

protein isoforms, introduce premature stop codons, or cause UTR variation that alters 

translational efficiency. mRNA methylation can alter transcript stability, localization and 

translational efficiency. Methylation and pseudouridylation of rRNA and tRNA can impact 

ribosome biogenesis, polysome assembly, translation fidelity and tRNA stability. RNA 

editing can alter miRNA biogenesis and alter mRNA coding or UTR sequence to alter 

translational efficiency. The mTOR signaling pathway can promote protein synthesis by 

enhancing the translation of ribosomal protein mRNAs via phosphorylation of Larp1, 

ribosome biogenesis via phosphorylation and activation of S6K, and translation initiation via 

phosphorylation and inhibition of 4E-BPs. The ubiquitin-proteasome system is a major 

cellular degradation system that contributes to maintaining proteostasis in stem cells by 

regulating both the content and quality of the proteome through the normal turnover of 

proteins and the degradation of misfolded proteins.
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Figure 2. Post-transcriptional regulation of stem cell identity under conditions of stress.
In response to proteotoxic insults, the cell mounts adaptive responses to maintain protein 

quality control. These stress response pathways also regulate stem cells. (A) The heat shock 

response induces ESC differentiation, protects ESCs from cellular stress, promotes myoblast 

differentiation, and supports erythropoiesis. (B) Activation of the UPRMT by nicotinamide 

riboside delays neural stem cell and melanocyte stem cell senescence, while dysregulation of 

the UPRMT also impairs hematopoietic and intestinal stem cell stemness and proliferation. 

(C) Post-transcriptional mechanisms of gene regulation including RNA methylation and 

protein synthesis can regulate the cellular response to oxidative stress. However, the precise 

nature of this relationship and its influence on stem cells is largely unknown. (D) The effects 

of UPRER activation on stem cells are tissue- and context-specific. Activation of the PERK 

branch regulates muscle satellite cell differentiation during homeostasis, but results in a loss 

of intestinal stem cell self-renewal during stress. Induction of ATF6 and IRE1 through 

pharmacological means supports mesodermal specification of ESCs and enhances the 

reprogramming efficiency of somatic stem cells. Activation of the PERK branch during 

homeostasis promotes the engraftment of HSCs, and during conditions of moderate stress 

promotes their survival. The IRE1 pathway provides a protective effect on HSCs 

experiencing stress. However, extreme stress induces HSC apoptosis.
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Table 1.

Glossary of key terms

Epitranscriptome Collective term for biochemical changes that can modify RNA

Alternative splicing Removal introns and joining of different exons to produce distinct mRNA isoforms

m6A Methylation of adenosine at the nitrogen-6 position

m1A Methylation of adenosine at the nitrogen-1 position

m5C Methylation of adenosine at the carbon-5 position

Writer Methyltransferase complex that deposits methyl groups onto RNA

Reader Protein that recognize and binds methylated RNA

Eraser Demethylase that removes methyl groups from RNA

Pseudouridylation Conversion of uridine to pseudouridine (an isomer of uridine) on RNA

A-to-I editing Deamination of adenosine on RNA into inosine

Messenger RNA (mRNA) RNA molecule that specifies protein products

MicroRNA (miRNA) Noncoding RNA involved in RNA silencing

Ribosomal RNA (rRNA) Noncoding RNA that when processed is an essential component of the ribosome

tRNA-derived-stress-induced RNA 
(tiRNA) tRNA “halves” produced by cleavage of tRNAs

Splicesomal small nuclear RNA 
(snRNA) Non-coding RNA that participates in intron splicing

Small nucleolar RNA (snoRNA) RNA that primarily modifies and processes rRNA

Protein homeostasis (proteostasis) A network of physiological mechanisms and stress response pathways the maintain proteome content 
and quality

Eukaryotic initiation factors (eIF) Proteins that are involved in the initiation of eukaryotic mRNA translation. E.g. eIF2A, eIF4E

eIF2α Alpha subunit of translation initiation factor complex eIF2 that when phosphorylated typically 
suppresses global protein synthesis

Cap dependent translation Translation of mRNA that requires binding of all canonical initiation factors to the 5’ mRNA cap 
structure

Cap independent translation Translation of mRNA that does not require interaction of mRNA with initiation factors eIF4E and/or 
eIF4G but involves recruitment of the small ribosomal subunit to internal ribosome entry sites (IRES)

Poly(A)-binding protein (PABP) RNA-binding protein that binds to the poly(A) tail of eukaryotic mRNA

eIF4 binding protein (4E-BP) Binds and sequesters the cap-binding translation initiation factor eIF4E to suppress protein synthesis

Ribosomopathies Diseases that are associated with mutations in ribosomal genes

ER unfolded protein response 
(UPRER)

Stress response pathway activated by the accumulation of unfolded/misfolded proteins in the 
endoplasmic reticulum

Mitochondrial unfolded protein 
response (UPRMT)

Stress response pathway activated by the accumulation of unfolded/misfolded proteins in the 
mitochondria

Heat shock response Stress response pathway activated by the accumulation of unfolded/misfolded proteins in the 
cytoplasm

Ubiquitin-proteasome system Cellular protein degradation system in which proteins destined for degradation are ubiquitinated and 
degraded by the proteasome

Cancer stem cells A subset of cancer cells that can self-renew and differentiate into cells that comprise the tumor, thus 
contributing to tumorigenesis
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