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Ubiquitin-dependent regulation of stem cell biology

Achim Werner1,#, Andrew G. Manford1,#, and Michael Rape1,2,*

1Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, CA 
94720, USA

2Howard Hughes Medical Institute, University of California at Berkeley, Berkeley, CA 94720, USA

Abstract

The growth of a metazoan body relies on a series of highly coordinated cell-fate decisions by stem 

cells, which can undergo self-renewal, reversibly enter a quiescent state, or terminally commit to a 

cell specification program. To guide their decisions, stem cells make frequent use of 

ubiquitylation, a posttranslational modification that can affect the activity, interaction landscape, or 

stability of stem cell proteins. In this review, we are discussing novel findings that have provided 

insight into ubiquitin-dependent mechanisms of stem cell control and revealed how an essential 

and highly conserved protein modification can shape metazoan development.
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The ubiquitin system in stem cells

To establish the staggering complexity of an adult human body with its more than 200 cell 

types, a developing embryo must commit to a series of coordinated and tightly regulated 

cell-fate decisions. At the center of this intricate developmental program are stem cells that 

either divide and multiply or exit the cell cycle and adopt specific functions [1, 2]. Stem cells 

continue to play important roles in adult organisms, where they help maintain or repair 

tissues that are subject to attrition or damage [3]. Preserving the correct number and 

functionality of stem cells is an essential task of human development, and problems in the 

underlying regulatory circuits are responsible for many diseases, ranging from birth defects 

to cancer. It is now known that posttranslational modification with ubiquitin is at the heart of 

many essential signaling networks that inform the critical cell-fate decisions made by stem 

cells throughout development.
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Through its covalent attachment to intracellular targets, ubiquitin is able to regulate the 

activity or stability of thousands of metazoan proteins [4]. In human cells, the specificity of 

ubiquitin transfer is conferred by ~600 E3 ligases, which recruit select target proteins as well 

as an activated form of ubiquitin. Most E3 ligases share a characteristic RING-domain 

(RING: really interesting new gene) that depends on a ubiquitin-loaded E2 conjugating 

enzyme for catalysis [5–7] (Figure 1A). An additional set of ~50 E3 ligases possess either a 

HECT- or RBR-domain (HECT: homologous to E6-AP; RBR: Ring-in between-Ring) with 

an active site cysteine that is charged with ubiquitin prior to its transfer to substrates [8, 9]. 

E3 ligases are often expressed at specific developmental stages or in particular cell types 

[10–14], and as described below, mutations in genes encoding these enzymes are found with 

increasing frequency in diseases caused by aberrant stem cell function. These observations 

mirror genetic screens that have revealed important contributions of E3 ligases and their 

effectors to stem cell regulation [12, 15–17].

E3 ligases are able to decorate their targets with several types of ubiquitin modifications that 

adopt distinct topologies and encode different information [4, 18] (Figure 1B). In this 

manner, ubiquitylation can modulate the activity, binding partners, localization, or stability 

of stem cell proteins. The reversible attachment of a single ubiquitin, a reaction referred to 

as monoubiquitylation, was discovered as a modification of histone proteins [19], where it 

controls chromatin architecture to determine cell fate. E3 ligases that act upon histones, such 

as RING1, BMI1, RNF20 or Dzip3, and their counteracting deubiquitylases have 

accordingly emerged as crucial regulators of pluripotency and early development [20–26]. 

By contrast, polymeric ubiquitin chains were initially recognized for their ability to trigger 

protein degradation by the 26S proteasome [27], and K11-, K48-, and K11/K48-linked 

chains are well understood signals to mediate such proteolytic events [4]. Stem cells 

frequently use ubiquitin-dependent proteolysis to set the levels of transcription factors that 

establish pluripotency or specify a particular differentiation route. In addition, stem cells can 

assemble M1-linked, K63-linked, or M1/K63-hybrid chains that control the assembly of 

large signaling complexes and thereby safeguard the integrity of the stem cell genome or 

determine the responsiveness of stem cells to their environment [4]. The pervasive 

contribution of ubiquitylation to cellular regulation makes it impossible to discuss all roles 

of this modification in stem cell biology. Rather than listing each of ubiquitin’s activities in 

pluripotent cells, we will focus our discussion onto recent findings that highlight recurrent 

themes in the ubiquitin-dependent control of stem cell biology.

Control of stem cell self-renewal by ubiquitin

The ability of stem cells to divide while preserving their undifferentiated state is referred to 

as self-renewal (Figure 2). Self-renewal is essential for increasing the number of stem cells 

during development or in response to tissue damage, and it helps maintain a pool of stem 

cells that can repopulate adult tissues that are subject to frequent attrition, such as the skin or 

intestine [28]. Whether stem cells commit to self-renewal, remain quiescent, or initiate 

differentiation is dependent on environmental signals or mechanical cues that often originate 

in their close proximity, a compartment described as the stem cell niche [29–31]. 

Ubiquitylation plays essential roles in ensuring faithful communication between stem cells 

and their microenvironment, as illustrated by the self-renewal programs that depend on the 
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secreted glycoproteins of the Wnt family (Figure 3). In fact, Wnt signaling provides a 

striking example for the many and mechanistically diverse functions in ubiquitylation in 

regulating stem cell biology.

The role of Wnt proteins in controlling self-renewal is best understood in crypt base 

columnar cells, the stem cells of the intestine that can replenish every cell type in this 

rapidly cycling tissue [28]. Secretion of Wnt by the intestinal stem cell niche results in a 

short-range Wnt gradient that neighboring stem cells sense through a co-receptor composed 

of the Frizzled and LRP5/6 proteins [32–34]. The ligand-engaged Frizzled-LRP5/6 complex 

inhibits the GSK3β kinase and recruits the axin protein to the membrane compartment [35, 

36], which shuts off the “destruction complex” composed of the scaffolds axin and 

adenomatous polyposis coli, the tumor suppressor WTX, as well as the kinases CK1 and 

GSK3β [37]. In the absence of Wnt, this destruction complex phosphorylates the 

transcription factor β-catenin at residues in its amino-terminal domain [38], which mediates 

the recognition of β-catenin by the E3 SCFβTrCP for ubiquitylation and proteasomal 

degradation [39–41] (Figure 3A). By inhibiting the destruction complex, Wnt signals allow 

β-catenin to accumulate and enable it to team up with its partner Tcf/Lef to drive a 

transcriptional program that promotes stem cell self-renewal and survival [42]. Thus, stem 

cells depend on continuous input from their niche to prevent the degradation of a self-

renewal factor, a setup that allows them to respond rapidly and initiate different pathways 

shortly after the cessation of Wnt signaling [43]. This regulatory flexibility, however, comes 

at a cost, and mutations in the Wnt-pathway that uncouple β-catenin stabilization from 

signals sent by the intestinal niche are sufficient to expand the stem cell compartment and 

account for the vast majority of inherited forms of colon cancer [37, 44, 45].

The sensitivity of intestinal stem cells towards Wnt is, at least in part, determined by the 

abundance of Frizzled and LRP5/6 receptors at the plasma membrane. In the absence of 

Wnt, the transmembrane E3 ligases ZNRF3 and RNF43 use the Disheveled protein as an 

adaptor to bind Frizzled and LRP6 [46–48] (Figure 3B). This results in ubiquitylation, 

internalization by endocytosis, and lysosomal degradation of Frizzled and LRP6. 

Underscoring the important role of restricting the membrane presentation of Wnt receptors, 

the function of ZNRF3 and RNF43 is conserved in C. elegans [49], and mutations in the 

RNF43 and ZNRF3 genes have been observed in cancer [50]. When needed, organisms can 

exploit secreted R-spondin proteins and their membrane receptors LGR4 and LGR5 to 

sequester ZNRF3 and RNF43 away from Frizzled [46, 51, 52], or they use the proto-

oncogenic deubiquitylase USP6 to cleave ubiquitin off of Frizzled [53]. By protecting 

Frizzled from degradation, the R-spondin proteins release a ubiquitin-dependent break to 

Wnt signal transmission that is essential for stem cell function in multiple tissues [51, 54]; it 

is also a critical step in protocols for intestinal organoid formation in vitro [55]. Thus, 

ubiquitylation also controls the balance between receptor degradation and stabilization, 

thereby ensuring that stem cells remain responsive to signals emerging from their niche.

The ability of ubiquitylation to limit the pool of critical signaling molecules is not restricted 

to Wnt receptors. As mentioned above, β-catenin is degraded in a reaction that depends on 

prior phosphorylation by the destruction complex. The limiting component of the 

destruction complex, axin [56], is also tightly controlled by ubiquitin-dependent turnover: 
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following its modification with a poly-ADP-ribosylation (PARsylation) tag by the poly-

ADP-ribosylase Tankyrase [57], axin is recognized by the E3 ligase RNF146 [58, 59]. 

RNF146 converts binding to the PARsylation signal into allosteric activation of its E3 

activity and subsequently decorates axin with a proteolytic ubiquitin mark [60]. In line with 

these observations, compounds that inhibit tankyrase stabilize axin and thereby dampen 

constitutive β-catenin signaling in cancer cells [57].

As Axin, ZNRF3, and RNF43 are all β-catenin target genes [46, 47, 61], Wnt activation sets 

in motion a reaction cascade that allows this signaling system to return to its basal state. 

Similar negative feedback regulation is encountered in almost every development pathway 

[62]. Ubiquitylation also plays a central role in other network motifs that enable stem cells 

to compute environmental signals and integrate them into their self-renewal programs. An 

interesting example is provided by Disheveled: this developmental regulator acts both as an 

inhibitor of Wnt signaling that supports the turnover of Wnt receptors, as well as a positive 

factor that is required for Wnt signal transmission [48, 63]. Such apparently paradoxical 

functions are able to constitute incoherent feedforward loops [64], which can endow stem 

cells with the ability to detect fold-changes, rather than absolute differences, in receptor-

bound Wnt [65, 66]. Stem cells also use ubiquitin-dependent degradation to implement 

positive feedback control [51, 67], a motif to amplify signaling or establish switch-like 

transitions between distinct states. Through its ability to rapidly turn off signal transducers, 

ubiquitylation is therefore often at the heart of network motifs that allow stem cells to 

accurately interpret signals emerging from their niche.

While we have discussed the role of ubiquitylation in controlling the self-renewal of 

intestinal stem cells, progenitor cells of other tissues rely on similar regulatory principles. 

For example, long-term hematopoietic stem cells employ the E3 ligase SCFFBW7 to 

efficiently ubiquitylate the transcription factor c-Myc [68, 69], one of the four original 

transcription factors to reprogram a differentiated fibroblast into an induced pluripotent stem 

cell [70]. Deletion of FBXW7 strongly impairs the proteasomal degradation of c-Myc and 

impedes the ability of LT-HSCs to self-renew, which was rescued by simultaneous loss of a 

single allele of the Myc gene [71]. In a similar manner, the E3 ligase CUL4-DDB1 supports 

the self-renewal of hematopoietic precursors [72], while the E3 mLin41/TRIM71 performs 

this task in neural precursors [13]. Extending these concepts to energy metabolism, 

SCFFBXO15, a stem cell-specific E3 that was initially used as a marker for induced 

pluripotent stem cells [70], ubiquitylates a regulator of mitochondrial biogenesis, which 

likely reduces the exposure of ESCs to reactive oxygen species [73]. By limiting the 

abundance of crucial receptors, transcription factors, and metabolic regulators, 

ubiquitylation allows stem cells of multiple tissues to translate signals emerging from their 

niche into efficient self-renewal.

Ubiquitin-dependent control of stem cell quiescence

When cultured in vitro, stem cells typically divide rapidly with short gap phases [74]. The 

situation is very different in living organisms, where many stem cells reversibly exit the cell 

cycle to enter a quiescent state. Quiescent stem cells can be readily reactivated to enter self-

renewal and differentiation programs and thus help replenish a damaged tissue or repopulate 
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differentiated cells that were lost by attrition. For example, while long-term hematopoietic 

stem cells spend most of their time in quiescence, chemotherapeutic ablation of the 

hematopoietic system triggers re-entry of these stem cells into the cell division program, 

followed by differentiation into the multiple cell types that constitute our blood system [71]. 

The ability to remain quiescent, a property ensured by the stem cell niche, likely protects 

stem cells from damage that is encountered during cell division, including replication or 

protein folding mistakes. Quiescence thus ensures the existence of a pristine stem cell pool 

throughout the life time of an organism, and the inability to regulate the interplay between 

cell cycle exit and re-entry contributes to stem cell depletion phenotypes observed during 

aging [75].

Consistent with a dominant role of ubiquitylation in cell division control [76], ubiquitin-

dependent networks safeguard the transition of stem cells to and from quiescence. This often 

requires E3 ligases that target regulators of the core cell cycle machinery, but also 

ubiquitylate proteins that control the switch between continuous proliferation and reversible 

cell cycle exit. Underscoring this notion, the E3 ligase anaphase-promoting complex 

(APC/C) stabilizes the quiescent state by degrading kinases that drive entry into S phase, and 

it regulates stem cell differentiation by targeting transcription factors, regulators of mRNA 

translation, or even membrane bound receptors [77–82]. The E3 SCFFBW7, an enzyme very 

frequently mutated in human cancer [83], ensures stem cell quiescence by targeting the c-

Myc transcription factor and cell cycle regulator cyclin E for degradation [68, 71, 84]. In a 

similar manner, the E3 HUWE1, which has been linked to intellectual disability and 

schizophrenia, targets regulators of cell division, cell survival, and transcription, allowing it 

to promote the entry of neural precursor cells into the quiescent state [85–89]. Dependent on 

the tissue of origin of diverse stem cells, the multiple activities of the APC/C, SCFFBW7, and 

HUWE1 likely endows these E3 ligases with the capacity to fine-tune the relationship 

between stem cell proliferation and quiescence programs, a function that for HUWE1 

appears to be conserved all the way to planarians [90].

Stem cells require active protein management to maintain the quiescent state, a feature that 

is illustrated by progenitor cells that reside in the low-oxygen environment of the bone 

marrow. The relative absence of oxygen in their niche protects long-term hematopoetic stem 

cells from damage by reactive oxygen species and thus prevents exhaustion of this important 

cell population. The HIF1α transcription factor plays an important role in stabilizing stem 

cell quiescence in the presence of low oxygen, and degradation of HIF1α by the E3 ligase 

CUL2 and its substrate adaptor VHL helps these cells to reenter a division program when 

required [91]. As during self-renewal, multiple ubiquitylation pathways therefore appear to 

cooperate to ensure robust stem cell regulation during quiescence.

Flipping the switch from self-renewal to differentiation

Once stem cells have received an appropriate input, for example by encountering a long-

range morphogen or by entering an embryonic territory that is destined to develop into a 

particular tissue, they can differentiate into the many specialized cell types that make up a 

metazoan body. Differentiation demands that stem cells exit their self-renewal program and 

commit to a series of terminal specialization events. This change in fate frequently relies on 
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the degradation of pluripotency factors and differentiation inhibitors, and it is accompanied 

by the simultaneous synthesis of proteins that allow a cell type to perform its vital functions. 

Most transcription factors that are important for the pluripotent state, such as OCT4, 

NANOG, or SOX2, are short-lived proteins, poised for removal in case the right signal is 

detected and their synthesis comes to a halt [69, 92–94]. Conversely, inhibitors of 

differentiation, such as the REST or ID family of transcriptional regulators, are turned over 

in response to differentiation cues [81, 95], as are components of the general transcription 

factor TFIID that are being replaced by variants specific for a differentiated cell type [96]. In 

addition to effects on the transcriptional landscape, ubiquitin-dependent changes to the 

proteome can alter cell morphology and thus affect how stem cells communicate with their 

niche. Providing an interesting case in point, ubiquitin-dependent endocytosis of E-cadherin 

by the E3 ligase CBLL1 limits the abundance of adherens junctions and changes the ability 

of hESCs to engage in a mesenchymal differentiation program [29].

A major regulator of metazoan cell-fate decisions are cullin-RING ligases (CRLs), a large 

class of E3 ligases that are organized by cullin scaffold proteins and that recruit their 

substrates by virtue of ~350 specific adaptors [97–99]. The importance of these E3 for cell-

fate decisions is underscored by the finding that regulators of CRLs, such as the CAND1 

exchange factor or the COP9 signalosome, are essential for differentiation [100, 101]. 

Moreover, mutations in cullin proteins or their substrate adaptors have been tightly 

associated with diseases that can often be traced back to aberrant cell-fate decisions made by 

stem cells [102–105]. These diseases include autism, schizophrenia, myopathies, 

hypertension and cancer, and thus, affect a large patient population.

CRLs illustrate the versatility of ubiquitin-dependent control of stem cell behavior, as 

several members of the CRL family are able to inform differentiation decisions without 

affecting protein stability. This capacity was recently described for CUL3 and its substrate 

adaptor KBTBD8 (CUL3KBTBD8), a complex that is required for the specification of human 

embryonic stem cells into neural crest cells [11] (Figure 4A). Neural crest cells are 

migratory cells that originate at the border between the neural plate and non-neural ectoderm 

and are responsible for generating a wide range of specialized cell types, including 

chondrocytes, melanocytes, or glial cells [106, 107]. CUL3KBTBD8 drives neural crest 

formation by monoubiquitylating TCOF1 and NOLC1, which allows these paralogs to 

interact with each other and recruit multiple enzymes required for the production of new, 

and likely modified, ribosomes [11] (Figure 4A). Reflecting the growing appreciation for the 

role of regulated protein synthesis in cell-fate decisions [108–110], ribosomes produced 

upon CUL3KBTBD8-dependent ubiquitylation translate specific mRNAs with different 

efficiency than ribosomes present in stem cells, suggesting that ubiquitin-dependent changes 

in the mRNA translation landscape underlie neural crest specification. This regulatory 

circuit is essential for human development, and genetic lesions that reduce the levels of the 

essential CUL3KBTBD8-substrate TCOF1 result in the neurocristopathy Treacher Collins 

Syndrome [111].

Although stem cell differentiation has long been assumed to produce a terminal state, it is 

now known that re-expression of certain transcription factors is able to change the fate of 

specialized cell populations [70]. Reminiscent of the situation in quiescent stem cells, 
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organisms actively maintain the differentiated state, and this also requires ubiquitylation. As 

described above, the E3 ligase SCFFBW7 typically inhibits stem cell proliferation, a function 

that is important for its role as a tumor suppressor. In the pancreas, however, the tissue-

specific loss of SCFFBW7 resulted in transdifferentiation of ductal cells into insulin-

producing β-cells [112]. SCFFBW7 fulfills its role in stabilizing the ductual cell fate by 

protecting ductal cells from the accumulation of neurogenin-3, a transcription factor that 

drives an alternative β-cell neogenesis program [112]. Through its tight grip onto 

transcription, mRNA translation, and protein stability, ubiquitylation thus provides a 

powerful mechanism to trigger decisive switches between different cell fates, as well as to 

ensure the long-term maintenance of a specified cellular state.

Regulating the regulators

To make informed cell-fate decisions, stem cells rely on signals that are sent and received at 

specific times and locations within a growing organism. Given the role of ubiquitylation in 

development, it is important to understand how stem cells are able to translate such 

organismal signals into proper activation or inhibition of critical ubiquitylation enzymes. In 

many cases, it is the abundance of E3 ligases or deubiquitylases that is tightly controlled, 

with several enzymes being preferentially expressed in the pluripotent state [10, 11, 24, 73, 

113]. The activity of these enzymes can be further fine-tuned by binding partners, such as 

the R-spondin proteins that titrate the ZNRF3 and RNF43 E3 ligases away from their 

membrane localized substrates [46, 47]. In the case of CUL3 E3 ligases, recent work pointed 

to target-specific co-adaptors as a novel class of regulatory factors that allow stem cells to 

turn on crucial E3 ligases at the right time and place during development [114].

The role of the CUL3 E3 ligase in stem cell biology was initially discovered by a genetic 

screen that linked a CUL3KLHL12 complex to secretion of collagen, a crucial component of 

stem cell niches [10]. CUL3KLHL12 monoubiquitylates the COPII vesicle protein SEC31, 

which in turn results in formation of COPII vesicles that are large enough to package 

collagen molecules for their secretion into the extracellular space [10] (Figure 4B). To 

efficiently recognize and ubiquitylate SEC31 in cells, CUL3KLHL12 depends on two 

additional factors, PEF1 and ALG2, which form a heterodimeric complex that bridges 

KLHL12 and SEC31 and provides an additional binding site for the substrate on the 

CUL3KLHL12 E3 ligase [114] (Figure 4C). Importantly, the PEF1-ALG2 co-adaptor depends 

on calcium release from the endoplasmic reticulum to engage its cognate substrate 

SEC31[114]. Calcium also plays important roles in the transcriptional circuits that specify 

neural crest fate and drive collagen synthesis [115, 116]. Moreover, the highest calcium 

levels in metazoan organisms are found in bones [117], and thus, at the location where the 

developing organism is expected to activate CUL3KLHL12 and deposit collagen. These 

findings document how regulation of E3 ligases by organismal signals, including calcium, 

can help coordinate a series of developmental events that in this case start with a stem cell 

and end with a mineralized bone.

As our understanding of ubiquitin-dependent control of stem cell biology is increasing, so 

are calls to modulate the activity of ubiquitylation enzymes for therapeutic benefit. Proof of 

concept has been provided by thalidomide and related compounds that bind to a CUL4-
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dependent E3 ligase build around the substrate adaptor cereblon [118]. By interacting with 

both the CUL4cereblon complex and cellular proteins referred to as neo-substrates, 

thalidomide induces degradation events that are beneficial for the treatment of leukemia 

[119–121]. Thalidomide has become infamous for its teratogenic role in interfering with 

limb development, suggesting that the CUL4cereblon complex plays an important, yet still 

poorly understood role in cell-fate decisions. Similar to thalidomide, the anti-tumorigenic 

sulfonamide indisulam induces the CUL4-dependent ubiquitylation and proteasomal 

degradation of a protein, the spliceosomal regulator RMB39, that is essential for cancer cell 

survival [122]. These observations raise the exciting possibility that clarifying the role of 

ubiquitylation in stem cells and early human development will provide an avenue towards 

developing novel, and safe, therapeutic approaches to correct the inaccurate cell-fate 

decisions that are at the origin of many inherited human diseases.

Conclusions

While the roles of epigenetic and transcriptional control in stem cells have been investigated 

in much detail, less is known about the functions of posttranslational modifications for early 

cell fate decisions. Based on a flurry of recent studies, this review highlights how 

modification with ubiquitin regulates almost every level of stem cell behavior, including the 

decision of stem cells to undergo self-renewal, temporarily pause with division, or adopt a 

specialized and non-dividing fate (Figure 2). By inducing the degradation of membrane 

receptors that receive input from the niche or transcription factors that determine cell fate, 

the ubiquitin system is key to successful communication between stem cells and their 

environment. Ubiquitin can also act non-proteolytically, as documented by its role in 

establishing the chromatin architecture or translational landscape that supports cell fate 

decisions. The versatility of ubiquitylation, encoded in the many different ubiquitin signals, 

is a major reason for its recurrent use as a regulatory system in such an important cell 

population as stem cells.

It was eloquent biochemistry that had revealed how the distinct ubiquitin signals are able to 

encode diverse biological information. Yet, in recent years, we have also learned how these 

ubiquitylation marks are implemented in the control of living cells. As an untransformed 

population that has to make important decisions about fate and function, stem cells have 

been an ideal model to investigate the ubiquitin system in vivo and at the same time revealed 

key reactions that shape human development. New technologies, such as CRISPR/Cas9-

dependent genome editing, high-throughput shRNA screens, ribosome profiling, or more 

sensitive and quantitative proteomic approaches provide an exciting foundation from which 

to continue our exploration of the ubiquitin system. In fact, these new experimental 

platforms should make it possible to combine biochemistry and developmental biology to 

provide mechanistic insight into the ubiquitin-dependent control of stem cell behavior. 

Translating the insights that will surely emerge from such studies into novel therapeutic 

approaches will be a most exciting frontier of future work.
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Trends Box

• Ubiquitylation controls stem cell self-renewal by restricting the presentation 

of receptor complexes that can detect niche signals and by controlling the 

stability of transcription factors that determine cell fate.

• Ubiquitin-dependent signaling also governs the reversible exit from the cell 

cycle into a quiescent state, often by targeting cell cycle regulators and 

transcription factors for degradation.

• Ubiquitylation plays an essential role in differentiation, in part by non-

proteolytic regulation of chromatin architecture or mRNA translation.

• Essential ubiquitylation enzymes are tightly regulated in stem cells and during 

early development.
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Outstanding questions

1. What are the targets of disease-linked ubiquitylation enzymes? Recent 

genome-wide association studies tightly linked aberrant ubiquitylation to 

many developmental diseases, yet the responsible targets remain mostly 

unknown.

2. What is the extent of crosstalk between ubiquitylation and other 
posttranslational modifications? E3 ligases have been reported to require 

phosphorylation, oxidation, or PARsylation to recognize their substrates, 

indicative of substantial crosstalk between multiple signaling pathways.

3. Do ubiquitylation enzymes cooperate with each other to establish robust 
stem cell regulation? Recent studies suggested that E3 ligases cooperate to 

modify proteins with complex ubiquitylation signals, including branched 

ubiquitin chains. This observation suggests that the interplay between distinct 

ubiquitylation enzymes can fine-tune the signaling function of this essential 

posttranslational modification.

4. Can we target ubiquitylation with small molecules to alter cell fate? 
Thalidomide and related compounds suggest that small molecules could alter 

the activity or substrate-binding properties of E3 ligases as a potential strategy 

to change cell-fate decisions in stem cells.
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Figure 1. Hallmarks of ubiquitin-dependent signaling
A. E3 ligases determine the specificity of ubiquitin transfer by recruiting target proteins as 

well as an activated form of ubiquitin (~ indicates a thioester bond between ubiquitin and an 

active site cysteine in an E2 or E3; - denotes an isopeptide bond). E3 ligases either possess a 

RING-domain (RING: really interesting new gene) to recruit an E2; a HECT-domain 

(HECT: homologous to E6-AP C-terminus) charged with ubiquitin prior to transfer; or an 

RBR arrangement (RING-in between RING-RING) that also contains an active site cysteine 

residue. B. Ubiquitin modifications differ in their topology and function. Examples for 

distinct ubiquitin chain types are shown, including their major function.
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Figure 2. Ubiquitylation controls stem cell quiescence, self-renewal, and differentiation
Examples of E3 ligases discussed in this review are shown on the right.
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Figure 3. Ubiquitin-dependent control of Wnt signaling
A. Constitutive degradation of the β-catenin transcription factor following its 

phosphorylation by the destruction complex and ubiquitylation by the SCFβTrCP E3 ligase 

(SCF: Skp1-CUL1-Fbox; upper case denotes specific substrate adaptor βTrCP). The 

destruction complex is composed of the scaffolding proteins axin and APC, the tumor 

suppressor Wtx1, and the kinases CK1 and GSK3β. Wnt signals prevent the destruction 

complex from phosphorylating β-catenin, thereby allowing β-catenin to accumulate and 

drive a transcriptional program supporting stem cell self-renewal. B. Ubiquitin-dependent 

control of Wnt receptor abundance. The E3 ligases ZNRF3 and RNF43 use the Dishevelled 

protein (Dvl) as an adaptor to bind and ubiquitylate the Wnt receptor Frizzled, leading to its 

internalization by endocytosis and to its lysosomal degradation. Secreted R-spondin proteins 

and their membrane receptors Lgr4/5 sequester Frizzled proteins away from ZNFR3 and 

RNF43, thus amplifying the Wnt signals that ensure stem cell self-renewal.

Werner et al. Page 18

Trends Cell Biol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Regulation of stem cell fate and function by CUL3-dependent monoubiquitylation
A. CUL3KBTBD8 controls neural crest specification by catalyzing the monoubiquityation of 

TCOF1 and NOLC1. This modification allows TCOF1 and NOLC1 to organize a ribosome 

biogenesis platform that includes RNA polymerase I (Pol-I), the H/ACA complex catalyzing 

pseudouridilyation (depicted as Ψ), and the SSU processome (CH3; P for its methylation 

and phosphorylation activities). This ubiquitin-dependent platform leads to the production of 

modified ribosomes that translate specific mRNAs to drive neural crest specification. B. 
CUL3KLHL12 controls COPII vesicle size and collagen secretion, a reaction critical for 

formation of a stem cell niche and bone. CUL3KLHL12 catalyzes the monoubiquitylation of 

the COPII coat protein SEC31, thereby allowing this protein to support the formation of 

large COPII vesicles that accelerate the process of collagen secretion. C. To perform its 

cellular functions, CUL3KLHL12 depends on a calcium-dependent co-adaptor specific for the 

substrate SEC31. The ALG2 subunit is only able to engage SEC31 after calcium has been 

released from the endoplasmic reticulum.
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