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Abstract 

All eukaryotes require intricate protein networks to translate developmental signals into accurate 

cell fate decisions. Mutations that disturb crucial interactions between network components often 

result in disease, but how the composition and dynamics of complex networks are established is 

unknown. Here, we identify the tumor suppressor E3 ligase UBR5 as a quality control enzyme 

that helps degrade unpaired subunits of multiple transcription factors that operate within a single 

network. By constantly turning over orphan subunits, UBR5 forces cells to continuously replenish 

network components through new protein synthesis. The resulting cycles of transcription factor 

synthesis and degradation allow cells to effectively execute the gene expression program, while 

remaining susceptible to environmental signals. We conclude that orphan quality control plays an 

essential role in establishing the dynamics of protein networks, which may explain the conserved 

need for protein degradation in transcription and offers unique opportunities to modulate gene 

expression in disease. 
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Introduction 

Metazoan development depends on the formation of protein complexes that differ widely in their 

stability, stoichiometry, and composition (Huttlin et al., 2021; Li et al., 2021; Padovani et al., 2022). 

While some interactions between enzymes and substrates only persist for seconds (Pierce et al., 

2009), large protein complexes such as the nuclear pore can exist for years (Toyama et al., 2013). 

When the same complex contains both stable and rapidly exchanging subunits, it is often the 

transiently bound component that provides important points of regulation (Li et al., 2021; Liu et 

al., 2018).   

 

Cells use multiple mechanisms to establish interactions at different time scales. Persistent 

binding is often based on the complementary recognition of amino acid side chains or hydrophobic 

surfaces of folded domains (Greber and Nogales, 2019; Harper and Schulman, 2021). In contrast, 

dynamic complexes can rely on intrinsically disordered regions (IDRs) that engage their partners 

with weak affinity but gain avidity through multivalent binding to several proteins at the same time 

(Hong et al., 2020; Snead and Gladfelter, 2019). Interactions are further modulated by post-

translational modifications, including phosphorylation or ubiquitylation (Ali et al., 2019; Magits and 

Sablina, 2022), or by small molecules, such as plant hormones or metal ions that can mediate 

substrate recognition by E3 ligases (Manford et al., 2021; Tan et al., 2007). Developmental 

signaling requires that distinct types of complex formation are integrated into a coherent response, 

but how this is accomplished is not well understood. 

 

Accurate complex formation is particularly important for the transcriptional programs that 

specify cell fate. To read out their target motifs in chromatin, many transcription factors dimerize 

through Zinc-fingers, BTB domains or leucine zippers (Busch and Sassone-Corsi, 1990; Lourenco 

et al., 2021). As shown for the pluripotency factors OCT4 and SOX2, dimerization can occur 

during the search for target motifs, and the complex falls apart when OCT4 and SOX2 dissociate 
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from DNA (Chen et al., 2014). Transcription factors of the BTB family use an alternative strategy 

and co-translationally form homodimers that are stable for days (Bertolini et al., 2021; Mena et al., 

2020). As aberrant heterodimerization impedes the function of BTB proteins, cells have evolved 

protective pathways to eliminate mispaired regulators of gene expression (Mena et al., 2020; 

Mena et al., 2018; Padovani et al., 2022). Illustrating the importance of such dimerization quality 

control, its loss interferes with the development of the peripheral and central nervous systems 

(Mena et al., 2018). 

 

In addition to their dimerization motifs, transcription factors contain activation domains that 

are rich in IDRs (Boija et al., 2018; Lu et al., 2018; Trojanowski et al., 2022). A multiplicity of 

binding sites within their flexible IDRs allows transcription factors to recruit many proteins and 

thereby nucleate networks that are referred to as transcription, factories, hubs, or condensates 

(Lourenco et al., 2021; Papantonis and Cook, 2013; Rippe and Papantonis, 2022; Wei et al., 

2020). The recruitment of c-MYC, OCT4, or the oncogenic fusion EWS-FLI1 into transcription 

hubs improves their ability to stimulate gene expression and controls cell fate decisions during 

development or disease (Boija et al., 2018; Chong et al., 2022; Osborne et al., 2007). 

Transcription hubs enrich components of the gene expression machinery by up to 1000-fold over 

nucleoplasmic levels (Jackson et al., 1993), yet they remain dynamic and are rapidly remodeled 

in response to changing cellular needs (Wei et al., 2020). However, even subtle increases in 

protein levels can disturb the function of transcription hubs (Chong et al., 2022), and reduced 

dynamics of networks containing RNA-binding proteins has been associated with disease (Patel 

et al., 2015; Wagh et al., 2021). How cells establish the proper composition and dynamics of 

intricate protein networks, such as transcription hubs, is still unknown. 

 

 Here, we report our discovery that cells exploit orphan quality control to shape network 

dynamics and thereby regulate gene expression. Having found that the tumor suppressor UBR5 
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preserves stem cell pluripotency (Oh et al., 2020), we now show that it acts by helping to degrade 

unpaired subunits of multiple transcription factors that operate within a single network. By 

eliminating orphan transcription factors, UBR5 forces cells to constantly replenish network 

building blocks through new protein synthesis. Although recurrent cycles of protein synthesis, 

complex formation, and orphan degradation are costly, they allow cells to effectively move through 

the gene expression program while still being able to shut down transcription in response to stress. 

We conclude that orphan protein quality control plays a crucial role in establishing dynamic protein 

networks that can faithfully transmit changes in cell state to the gene expression machinery 

defining cell fate. 
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Results 

 

UBR5 binds multiple regulators of gene expression  

Using human embryonic stem cells (hESC) that express endogenously GFP-tagged OCT4, we 

recently identified regulators of hESC self-renewal (Oh et al., 2020). Among these, the E3 ligase 

UBR5 was particularly intriguing: in addition to its function in preserving pluripotency, inactivating 

mutations in UBR5 drive mantle cell lymphoma (Meissner et al., 2013), while breast or ovarian 

cancers amplify the UBR5 gene to support tumor growth and metastasis (Liao et al., 2017; Qiao 

et al., 2020; Song et al., 2020). How a single E3 ligase can regulate stem cell identity and act as 

either a tumor suppressor or oncogene is unknown. 

 

To dissect how UBR5 controls development or disease, we searched for binding partners 

of endogenous UBR5 that could reveal cellular pathways controlled by this E3 ligase. We used 

CRISPR-mediated genome engineering to append FLAG epitopes to the amino-terminus of the 

UBR5 locus in 293T and HeLa cells, two cell lines that can be grown more easily than hESCs and 

thus allowed us to isolate endogenous interactors by affinity purification and CompPASS mass 

spectrometry (Huttlin et al., 2021). Having validated new interactions in transformed cell lines, we 

could then ask whether UBR5 also engaged these partners in hESCs to identify roles of this E3 

ligase at the interface of pluripotency and cancer.  

 

Our purifications of endogenous UBR5 showed that it binds several subunits of the INO80 

complex that sustains open chromatin at enhancers of pluripotency factors and oncogenes 

(Jungblut et al., 2020; Wang et al., 2014; Zhou et al., 2016) (Figure 1A). UBR5 also engaged 

both SPT4 and SPT5 components of the DSIF complex that promotes processive transcript 

elongation and stem cell differentiation (Aoi et al., 2021; Baluapuri et al., 2019; Hu et al., 2021a; 

Tastemel et al., 2017). In addition, UBR5 associated with the BUB1, BUBR1, and BUB3 proteins 
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that help establish the mitotic checkpoint complex (MCC), the mitotic kinase PLK1, and the 

kinesin-13 family member KIF2A. The MCC regulates the anaphase promoting complex (APC/C) 

that controls nucleosome occupancy at transcription start sites of pluripotency genes (Oh et al., 

2020), and overexpression of MCC subunits can drive tumorigenesis (Guardavaccaro et al., 2008; 

Sotillo et al., 2007; Sotillo et al., 2010).  

 

 Affinity-purification coupled to Western blotting confirmed the association of endogenous 

UBR5 with subunits of INO80, DSIF, MCC, and KIF2A (Figure 1B). UBR5 forms discrete 

complexes with these partners: while KIF2A depletion only eliminated this protein from UBR5 

immunoprecipitates (Figure 1C), loss of SPT5 abrogated binding of the DSIF subunit SPT4 but 

did not affect recognition of the MCC or KIF2A (Figure 1D). Conversely, a reduction in BUB1 and 

BUBR1 prevented UBR5 from recognizing other MCC components but did not impact binding to 

DSIF or KIF2A (Figure 1E). Importantly, by using antibodies specific for UBR5, we could show 

that the endogenous E3 ligase engaged the same protein complexes in hESCs (Figure 1F).   

 

INO80, APC/C, and KIF2A all engage WDR5 (Ali et al., 2017; Oh et al., 2020; Wang et al., 

2014), a methylhistone binding protein that recruits c-MYC to target genes (Thomas et al., 2015). 

SPT5 and MCRS1 bind c-MYC and N-MYC, respectively (Baluapuri et al., 2019; Jimenez Martin 

et al., 2021). In addition, PLK1 was reported to affect c-MYC stability and function (Littler et al., 

2019), while UBR5 had been proposed to directly target c-MYC for degradation (Qiao et al., 2020; 

Schukur et al., 2020). Indeed, we find that endogenous UBR5 binds to c-MYC (Figure 1B). UBR5 

therefore engages many protein complexes with links to c-MYC (Figure 1G), a transcription factor 

that helps establish and maintain stem cell identity and is frequently mutated in cancer (Apostolou 

and Stadtfeld, 2018; Baluapuri et al., 2020). 

 

UBR5 degrades multiple transcriptional regulators 
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UBR5 possesses a UBA domain that binds ubiquitin and a HECT-domain that catalyzes ubiquitin 

transfer (Kim et al., 2021). These domains allow UBR5 to build K11/K48- or K63/K48-branched 

ubiquitin chains that elicit efficient proteasomal degradation (Kolla et al., 2022; Ohtake et al., 

2018; Yau et al., 2017). To test if UBR5 induces the turnover of proteins that cooperate with c-

MYC, we fused each interactor and several of their related proteins to GFP and co-expressed 

them with mCherry that was under control of an internal ribosome entry site. The ratio between 

GFP and mCherry, which can be measured by fluorescence associated cell sorting (FACS), 

reports on the stability of the GFP-tagged protein (Koren et al., 2018; Manford et al., 2020; Sievers 

et al., 2018). Transcriptional regulators that are turned over through UBR5 should display a higher 

GFP to mCherry ratio upon depletion of the E3 ligase by siRNAs. 

 

This screen revealed 21 potential targets of UBR5 (Figure 2A; Figure S1A). In addition 

to c-MYC, which had previously been reported to be degraded through UBR5 (Qiao et al., 2020; 

Schukur et al., 2020), UBR5 depletion stabilized both SPT4 and SPT5 subunits of DSIF, the 

INO80B, INO80C, INO80F, MCRS1, or RUVBL2 components of INO80, and the MCC subunit 

CDC20. UBR5 was also needed for the degradation of transcription factors that control cell fate 

and cooperate with c-MYC, such as OCT4, MAFF, NFIL3, NRL, and TAF1A, or that are activated 

by stress, including ATF3 and CHOP. In addition, UBR5 helps eliminate the SWI/SNF component 

SMARCB1, which inhibits c-MYC and whose levels must be calibrated to retain pluripotency 

(Carmel-Gross et al., 2020; Weissmiller et al., 2019). UBR5 therefore not only binds, but also 

helps degrade many transcriptional regulators that have links to c-MYC and act at the interface 

of stem cell and cancer biology. 

 

 To validate this screen, we inactivated UBR5 by CRISPR-mediated genome editing in two 

cell lines and found that candidate substrates were also stabilized by gene deletion (Figure 2B; 

Figure S1B). As expected for a HECT-family E3 ligase, efficient degradation through UBR5 
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required the E1 enzyme UBA1 and the Cys-specific E2 UBE2L3 (Figure 2C; Figure S2A, B). 

Consistent with UBR5 synthesizing branched ubiquitin chains, inhibition of the main effector of 

such conjugates, p97 (Yau et al., 2017), stabilized all targets (Figure 2D; Figure S2C). By treating 

cells with MG132 or bafilomycin A, we found that UBR5 substrates were turned over through the 

proteasome, and not the lysosome (Figure 2E, F; Figure S2D, E).  

 

As an additional test for specificity, we measured the stability of each target in cells 

depleted of E3 ligases that are functionally or structurally related to UBR5. We focused on HUWE1, 

UBR4, or RNF126 as enzymes that cooperate with UBR5 to eliminate misfolded nascent proteins 

(Rodrigo-Brenni et al., 2014; Yau et al., 2017); CHIP as an E3 ligase that engages chaperones 

(Meacham et al., 2001; Scaglione et al., 2011); WWP1 as another HECT E3 ligase with roles in 

stem cell biology (Hu et al., 2021b); RNF168 as an enzyme identified in the same pluripotency 

screen as UBR5 (Oh et al., 2020); and FEM1B as an unrelated stress response enzyme (Manford 

et al., 2020). Apart from SPT4 and SMARCB1, which were efficiently stabilized upon loss of UBR4 

or CHIP, each substrate was most strongly protected from degradation by depletion of UBR5 

(Figure 2G). In addition, we repeated the entire screen in HUWE1-depleted cells and found that 

this E3 ligase preferentially targeted transcription factors that are not linked to c-MYC (Figure 

S2F). Together, these results document that UBR5 plays an important and specific role in 

degrading many transcriptional regulators with close links to c-MYC. 

 

UBR5 ubiquitylates transcription factors 

To determine whether UBR5 directly ubiquitylates transcriptional regulators, we reconstituted the 

activity of this E3 ligase in vitro. We purified endogenous UBR5 from HeLa cells and incubated it 

with the E2 UBE2D3 and candidate substrates produced by in vitro transcription and translation. 

It should be noted that the reticulocyte lysate used to synthesize targets contains E3 ligases that 

cooperate with UBE2D3 and might support ubiquitin chain initiation, a feature that was critical for 
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the discovery of branched chains (Meyer and Rape, 2014; Wickliffe et al., 2011; Williamson et al., 

2009). Importantly, UBR5 robustly ubiquitylated subunits within each complex identified above, 

including the INO80 components MCRS1, INO80C and RUVBL2, the DSIF subunit SPT5, or the 

MCC subunit CDC20 (Figure 3A; Figure S3A), while SPT4 was modified only poorly (Figure 

S3A). In addition, UBR5 decorated multiple transcription factors, such as c-MYC or NFIL3, with 

ubiquitin chains. As seen with MCRS1, UBR5 also collaborates with UBE2L3, the E2 enzyme that 

we found contributes to UBR5-dependent degradation in cells (Figure 3B; Figure S3B). 

 

Using MCRS1 as our model, we asked whether UBR5 produces ubiquitin chains that can 

trigger protein degradation through the 26S proteasome. Such conjugates include canonical K48-

linked chains or heterotypic K11/K48- and K63/K48-branched conjugates (Kolla et al., 2022; Yau 

and Rape, 2016). By employing ubiquitin variants that lacked specific Lys residues, we found that 

UBR5 showed a preference for synthesizing K48-linkages, but chain formation was also reduced 

if Lys63 of ubiquitin was mutated (Figure 3C). Conversely, ubiquitylation was strongly enhanced 

if we bypassed chain initiation by fusing ubiquitin to MCRS1 (Figure 3D; Figure S3C), and pre-

initiated MCRS1 was modified by UBR5 in a more K48-specific manner (Figure 3D). These 

results implied that UBR5 branches K48-linked conjugates off chains that contain K63-linkages, 

and the ubiquitylated MCRS1 was accordingly captured by the effector of branched chains, p97 

(Figure S3D). We conclude that UBR5 directly acts on transcriptional regulators and modifies 

them with ubiquitin conjugates that induce very efficient proteasomal degradation. 

 

UBR5 is required for accurate gene expression 

By helping degrade transcriptional regulators, UBR5 might simply limit gene expression, as it had 

been suggested for select c-MYC targets (Schukur et al., 2020). To test this notion in an unbiased 

manner, we performed RNAseq in ΔUBR5 cells and found that a lack of UBR5 indeed upregulated 

the expression of multiple genes (Figure 4A). We confirmed increased expression of select genes 
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by quantitative RT-PCR (Figure 4B). Genes that were induced upon UBR5 deletion included c-

MYC targets (Figure 4A) and genes with known links to lymphoma (Figure 4C), a cancer that 

results from inactivation of UBR5 (Meissner et al., 2013). 

 

However, we found that loss of UBR5 also diminished the transcription of a similar number 

of genes (Figure 4A), and many of these UBR5-dependent genes were targets of c-MYC. While 

our RNAseq analysis was performed in 293T cells, genes that were dependent on UBR5 for full 

expression included growth factors critical for stem cell pluripotency, such as BMP2, LIF, FGF13, 

or WNT10B (Figure 4D). We found that similar genes were dysregulated in hESCs, although the 

partial depletion accomplished by siRNAs resulted in less dramatic phenotypes (Figure 4E). Thus, 

UBR5 plays a more nuanced role in gene expression than anticipated: while it restricts the 

transcription of some genes, it is needed to ensure sustained expression of others.  

 

We next asked if the substrates of UBR5, most of which are known to regulate transcription, 

modulate the expression of similar genes. We depleted c-MYC, MCRS1, INO80, SPT5, RUVBL2, 

and CDC20 and measured mRNA levels of UBR5-dependent genes by qRT-PCR. As siRNAs 

reduce, but do not eliminate their targets, we expected weaker phenotypes than those observed 

in ΔUBR5 cells. Still, partial depletion of substrates by siRNAs reduced the expression of UBR5-

dependent genes and dampened the effects of UBR5 loss onto up-regulated genes (Figure 4F, 

G; Figure S4A, B). Consistent with these UBR5 substrates controlling the expression of similar 

genes, they are highly coordinated with each other across genetic screens cataloged in DepMap 

and can therefore be considered as components of a functional network (Figure 4H). Depletion 

of additional network components, such as the transcription factor TAF1A or the mediator subunit 

MED27, also reduced expression of UBR5-dependent genes (Figure 4G). We conclude that both 

transcriptional regulators as well as their degradation through UBR5 are required for accurate 

gene expression.  
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UBR5 targets unpaired c-MYC molecules  

Our gene expression analyses indicated that UBR5 is unlikely to simply restrict transcription factor 

activity. To understand how UBR5 regulates gene expression, we needed to dissect when and 

how it recognizes its substrates, many of which are subunits of larger complexes. We began this 

work by identifying the UBR5 degron in c-MYC and then asked whether similar motifs guide the 

turnover of other components within the UBR5-dependent protein network.  

 

Although previous studies had pointed to an amino-terminal UBR5 degron in c-MYC (Qiao 

et al., 2020; Schukur et al., 2020), we found that deletion of the entire transactivation domain did 

not protect c-MYC from UBR5-mediated degradation (Figure 5A, B). Further analyses revealed 

that the carboxy-terminal domain of c-MYC, which contains a helix-loop-helix and a leucine zipper 

motif, was both necessary and sufficient for turnover by UBR5 (Figure 5C; Figure S5A). As UBR5 

is a nuclear E3 ligase, the carboxy-terminal domain of c-MYC is only targeted by UBR5 if fused 

to a nuclear import signal, while a different enzyme mediates its turnover in the cytoplasm (Figure 

S5B).  

 

Based on these results, we performed Ala- and Glu-scans of the carboxy-terminal domain 

and found that degradation through UBR5 was lost if we simultaneously mutated motifs in the 

helix-loop-helix region and leucine zipper (Figure 5D; Figure S5C). While loss of single motifs 

had little impact on c-MYC turnover, combination of the respective mutations strongly stabilized 

c-MYC and protected it from UBR5. The same mutations increased c-MYC levels as detected by 

Western blotting (Figure 5E). Both motifs are conserved in N-MYC, but less so in L-MYC (Figure 

S5D), which is consistent with only the former being targeted by UBR5 (Figure S5E).  
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To test if UBR5 directly recognizes the candidate c-MYC degrons, we synthesized each 

motif as a TAMRA-labeled peptide and incubated them with UBR5 and UBE2L3. As UBE2L3 can 

transfer ubiquitin only to the catalytic Cys of UBR5, but not to Lys residues (Wenzel et al., 2011), 

any degron ubiquitylation observed in this reconstituted system will be specific for UBR5. 

Importantly, each degron peptide was efficiently modified by UBR5 and UBE2L3 (Figure 5F), and 

UBR5 required K48 of ubiquitin for chain formation (Figure 5G). We conclude that c-MYC 

contains two carboxy-terminal degrons that are each sufficient to mediate recognition by UBR5. 

 

When mapping these motifs onto c-MYC structures, we noted that both degrons become 

buried when c-MYC forms a functional DNA-bound transcription factor with MAX (Figure 5H). In 

addition, mutation of its degrons disrupted the interaction of c-MYC with MAX (Figure 5E), which 

implied that degron residues in c-MYC can bind MAX or UBR5, but not both proteins at the same 

time. Supporting this notion, overexpression of MAX prevented the UBR5-dependent degradation 

of c-MYC, as seen by FACS and Western blot analysis (Figure 5E, I). A cancer-relevant mutant 

of MAX that is impaired in complex formation with c-MYC (Jimenez Martin et al., 2021) stabilized 

c-MYC less efficiently than the wildtype protein (Figure S5F). Depletion of MAX had the opposite 

effect and stimulated capture of c-MYC by UBR5 (Figure 5J), and accordingly decreased c-MYC 

levels in a UBR5-dependent manner (Figure 5K). Because UBR5 requires p97 for substrate 

degradation, we asked whether depleting the p97 co-adaptor UFD1/NPL4 rescued c-MYC levels 

in the absence of MAX and found this to be the case as well (Figure S5G). In contrast to c-MYC, 

MAX is not targeted by UBR5 and hence solely acts as a stabilizing partner (Figure S5H). Akin 

to an orphan quality control E3 ligase, UBR5 therefore selectively targets c-MYC molecules that 

are not bound to MAX (Figure 5L).  

 

Complex formation stabilizes multiple UBR5 substrates  
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By titrating a c-MYC degron into in vitro ubiquitylation reactions, we noted that the modification of 

MCRS1 and SPT5 by UBR5 was inhibited in a dose-dependent manner (Figure 6A). UBR5 

therefore engages c-MYC and other network components through an overlapping site, raising the 

possibility that it acts as an orphan E3 ligase towards additional transcriptional regulators. To test 

this hypothesis, we expressed UBR5-targets with dimerization partners and monitored effects on 

UBR5-dependent degradation. Strikingly, we found that complex formation stabilized every 

protein we tested: MAFF and CDC20 were protected by BACH2 and MCC to the same extent as 

by UBR5-depletion, and loss of UBR5 did not induce further stabilization when the partner was 

co-expressed (Figure 6B; Figure S6A); such targets mirror c-MYC, as UBR5 is their major 

orphan E3 ligase. MCRS1, RUVBL2, or OCT4 were strongly stabilized by either co-expression of 

their partners or UBR5 depletion, yet partners stabilized the target to a stronger extent than loss 

of UBR5 (Figure 6C-E); these proteins are controlled as orphan subunits by UBR5 as well as 

other E3 ligases. By contrast, SPT4 was much more stabilized by co-expression of SPT5 than by 

loss of UBR5 and hence mostly relies on other E3 ligases for orphan quality control (Figure S6B). 

Like MAX, the stabilizing partners SOX2, RUVBL1, or BACH2 were not targeted for degradation 

by UBR5, which suggests that protective effects were not simply due to competitive inhibition of 

UBR5 (Figure S6C).  

 

While experiments with endogenous proteins were limited by the availability of antibodies, 

they mirrored our reporter studies. As we had seen with c-MYC, MAFF levels strongly decreased 

in transformed cell lines, when its partner BACH2 had been depleted, but UBR5 co-depletion by 

siRNAs restored MAFF (Figure 6F). This behavior is conserved across cell types, as OCT4 levels 

dropped in untransformed hESCs in a UBR5-dependent manner if SOX2 had been depleted 

(Figure 6G). The impact of SOX2 depletion on OCT4 levels was likely tempered by a concurrent 

loss of UBR5, pointing towards potential feedback regulation that will be explored elsewhere. 

Substrate behavior was also independent of how we induced UBR5 loss: similar to depletion by 
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siRNAs, UBR5 deletion by genome editing rescued the drop in SPT5 seen upon loss of its partner 

SPT4 (Figure 6H). In line with our findings that other E3 ligases target SPT4 (Figure S6B), UBR5 

deletion did not stabilize SPT4 in the absence of SPT5 (Figure 6I). We conclude that UBR5 is an 

orphan E3 ligase for multiple transcription factors that operate within the same network. 

 

Orphan transcription factor degradation establishes network dynamics and function 

Orphan proteins often arise due to an imbalance in the synthesis of complex subunits or as a 

result of stresses that alter the efficiency and kinetics of complex formation (Juszkiewicz and 

Hegde, 2018). If UBR5 only degrades excessive or defective subunits, its loss should increase its 

targets, while complexes containing functional proteins might not accumulate. If, however, UBR5 

plays an additional regulatory role, it might also control the abundance or stability of transcription 

factor complexes.  

 

To monitor protein or complex stability, we treated cells with the protein synthesis inhibitor 

cycloheximide. As expected, UBR5 deletion increased the levels of endogenous c-MYC, but not 

MAX, and c-MYC was detected for longer times after cycloheximide treatment (Figure 7A). Using 

FLAGMAX as bait, we found that the loss of UBR5 also strongly increased the abundance and 

persistence of c-MYC/MAX complexes. A similar rise in complex levels was seen when we purified 

endogenous MAX from ΔUBR5 cells (Figure 7B). The accumulation of c-MYC and c-MYC/MAX 

complexes in ΔUBR5 cells was even more drastic if c-MYC was transiently overexpressed, as 

expected for a condition that produces more orphan transcription factor subunits (Figure S7A). 

UBR5 therefore restricts the levels of its target, c-MYC, and the major complex containing this 

protein, c-MYC/MAX. 

 

 To determine if similar regulation occurs for other network components, we monitored the 

abundance and interactions of MCRS1, which is required for the expression of UBR5-dependent 
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genes and was our model substrate in biochemical analyses. Deletion of UBR5 slightly increased 

MCRS1, but complexes between MCRS1 and its stabilizer CCDC85B persisted much longer in 

ΔUBR5 cells (Figure 7C). Similar complex stabilization was observed upon reciprocal purification 

of CCDC85B (Figure S7B). Intriguingly, UBR5 deletion caused c-MYC to accumulate in MCRS1 

immunoprecipitates, suggesting that UBR5 also restricts crosstalk between complexes within the 

larger network. Reduced complex turnover in ΔUBR5 cells impacted which partners MCRS1 can 

engage: while in control cells MCRS1 readily co-precipitated with the DSIF complex that acts late 

in transcript elongation, it failed to bind DSIF in cells lacking UBR5 (Figure 7D). By contrast, 

MCRS1 was still able to interact in ΔUBR5 cells with INO80, which acts early in transcription by 

modulating chromatin architecture. This behavior mirrors c-MYC, which fails to engage regulators 

of transcription elongation if its ubiquitylation is impaired (Endres et al., 2021), and suggesst that 

orphan subunit degradation establishes network dynamics that enable transcription regulators to 

switch from early to late partners.  

 

These experiments also revealed that cells rely on protein synthesis to counteract UBR5 

and sustain transcriptional regulators at their functional levels. Underscoring the broad nature of 

this regulatory feature, we found by RNAseq and ribosome profiling that hESCs produce c-MYC 

in ~10-fold excess over MAX (Figure 7E), and similar observations were made for MCRS1 and 

CCDC85B, OCT4 and SOX2, SPT5 and SPT4, or MAFF and BACH2 (Figure 7E; Figure S7C). 

As protein synthesis can be shut off in response to stress (Costa-Mattioli and Walter, 2020), this 

signaling architecture could couple gene expression to developmental or environmental signaling. 

Indeed, mitochondrial stress, which inhibits protein synthesis (Guo et al., 2020), depleted c-

MYC/MAX complexes, and this response was delayed if UBR5 had been deleted (Figure 7F). 

The same condition impaired expression of genes that were dependent on UBR5 (BMP2, 

SELENOP), while it had less of an impact on genes that were induced by the absence of the 

orphan E3 ligase (GABRQ, RUNX1) (Figure 7G). By establishing a dynamic network, orphan 
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quality control therefore also allows the gene expression machinery to remain susceptible to 

environmental inputs. 
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Discussion 

Quality control pathways are often thought to eliminate defective proteins to prevent aggregation 

and tissue degeneration. As the propensity for protein misfolding increases with age, phenotypes 

of insufficient quality control are mainly observed in older organisms after their reproductive phase 

(Brehme et al., 2014; Harper and Bennett, 2016; Hipp et al., 2014; Kaushik and Cuervo, 2015; 

Vilchez et al., 2014), and why quality control systems have been conserved so well through 

evolution is not fully understood. Here, we show that stem cells use orphan quality control to 

establish a dynamic protein network that regulates gene expression and cell identity. Loss of the 

key enzyme, the E3 ligase UBR5, stabilizes interactions within the transcription factor network 

and compromises the efficiency and adaptability of gene expression. Our findings reveal an 

essential regulatory role of quality control beyond the removal of toxic protein species, which may 

explain the conserved need for protein degradation in gene expression and offers exciting 

possibilities to modulate the transcription machinery for therapeutic benefit.  

 

UBR5 exerts orphan quality control 

We had previously identified UBR5 as an E3 ligase that is required for hESC self-renewal (Oh et 

al., 2020). Befitting a role in pluripotency, UBR5 is essential for embryogenesis (Saunders et al., 

2004) and frequently dysregulated in cancer (Liao et al., 2017; Meissner et al., 2013; Qiao et al., 

2020; Schukur et al., 2020; Song et al., 2020), but how UBR5 acts at the interface of development 

and disease was unknown. Using a substrate discovery approach that integrates mapping of 

endogenous UBR5 interactors with focused stability measurements, we found that UBR5 controls 

multiple transcription factors that act within a single gene expression network. Rather than curbing 

transcription factor activity, UBR5 supports their function by establishing dynamic interactions that 

are needed for accurate gene expression.  
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The central transcription factor within the UBR5 network is c-MYC, whose stabilization or 

overexpression causes cancer (Welcker and Clurman, 2008). Organisms therefore restrict c-MYC 

accumulation, and previous work had identified several E3 ligases that engage the transactivation 

domain of c-MYC to limit oncogenic gene expression (Adhikary et al., 2005; Huber et al., 2016; 

King et al., 2016; Reavie et al., 2010; Welcker and Clurman, 2008; Welcker et al., 2004; Welcker 

et al., 2022). UBR5 acts differently from these enzymes: it targets degrons in the carboxy-terminal 

domain of c-MYC that become inaccessible upon formation of DNA-bound c-MYC/MAX dimers. 

Rather than eliminating a chromatin-bound transcription factor, UBR5 degrades orphan c-MYC 

molecules that do not engage DNA (Figure 5L). In addition to the experiments presented here, 

c-MYC levels drop upon deletion of MAX or following chemical inhibition of c-MYC/MAX complex 

formation (Blackwood et al., 1992; Hishida et al., 2011; Yao et al., 2022), and we expect that 

UBR5 degrades c-MYC under these conditions as well. For complex subunits that are unstable 

as orphan proteins, such as c-MYC, disrupting complex formation to elicit orphan quality control 

will likely be an effective strategy to accomplish small-molecule induced protein degradation. In 

addition, compounds that accelerate recognition of orphan proteins by their E3 ligases should 

increase transcription factor turnover and thereby disrupt pathological gene expression. 

 

UBR5 not only targets c-MYC, but also other transcriptional regulators within the same 

network, as orphan proteins. Subunits of INO80, DSIF, or the MCC were all protected from UBR5 

by co-expression of their partners, and their levels dropped in a UBR5-dependent manner when 

their interactors were depleted. Competition experiments showed that UBR5 detects these targets 

through the same site as c-MYC. A parallel study noted that UBR5 binds to steroid receptors 

through a motif that is also engaged by co-activators (N. Thomä, B. Ebert, submitted), indicating 

that UBR5 might similarly target other transcription factors once they have released their critical 

partners. In addition, we previously found that UBR5 ubiquitylates misfolded nascent proteins to 

prevent their aggregation (Yau et al., 2017). As misfolding impedes complex formation, we 
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anticipate that UBR5 also functions as an orphan E3 ligase in this context. We therefore propose 

that UBR5 is a canonical orphan quality control E3 ligase.  

 

 Given the substrate specificity of UBR5 and its dysregulation in cancer, our work provides 

a firm link between quality control and tumorigenesis. UBR5 deletion increases the expression of 

lymphoma-associated genes, which might contribute to its role as a tumor suppressor in mantle 

cell lymphoma (Meissner et al., 2013). By contrast, breast and ovarian cancers amplify UBR5 

(Qiao et al., 2020; Schukur et al., 2020; Song et al., 2020). These tumors are characterized by a 

high degree of aneuploidy, which disrupts coordinated expression of subunits encoded on distinct 

chromosomes and leads to a broad rise in orphan proteins (Brennan et al., 2019; Siegel and 

Amon, 2012; Torres et al., 2007). As untransformed hESCs already produce transcription factor 

subunits in strong excess over their stabilizing partners (Figure 7E), a further imbalance in the 

synthesis of complex subunits through aneuploidy could result in orphan protein levels that 

activate stress pathways preventing cancer initiation or survival (Bartkova et al., 2005). By 

eliminating orphan proteins, UBR5 therefore not only ensures accurate gene expression but may 

also protect cancer cells from aneuploidy-induced proteotoxic stress. We propose that small 

molecules that inhibit UBR5 and thus curb orphan quality control should be tested for therapeutic 

benefit in models of aneuploid breast or ovarian cancer with UBR5 amplification. 

 

Orphan quality control promotes gene expression 

As orphan proteins often expose hydrophobic surfaces (Padovani et al., 2022; Zavodszky et al., 

2021), we had initially hypothesized that orphan transcription factor degradation protects the gene 

expression machinery from being captured in non-productive aggregates. However, we could not 

detect aggregates of c-MYC or other targets, even if these proteins were overexpressed in 

ΔUBR5 cells. Moreover, we found that c-MYC and MCRS1 continue to engage their functional 

partners in ΔUBR5 cells, which is inconsistent with being diverted to non-specific aggregates.  
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Instead, our mechanistic work revealed an essential regulatory function for orphan quality 

control that complements its role in degrading excess proteins. Previous work had revealed many 

complexes that intersect with c-MYC, such as OCT4/SOX2, INO80, MCC, or DSIF, and we found 

that UBR5 targets orphan subunits of all these complexes for degradation (Baluapuri et al., 2019; 

Endres et al., 2021; Guarnaccia and Tansey, 2018; Jimenez Martin et al., 2021; Lourenco et al., 

2021; Oh et al., 2020; Thomas et al., 2015; Wang et al., 2014; Zhou et al., 2016). Inactivating 

these transcriptional regulators phenocopied the loss of c-MYC in gene expression and across 

many genetic screens, suggesting that they are components of a single network. Our interaction 

studies showed that the building blocks of this network are continuously dismantled, and orphan 

subunit degradation by UBR5 renders complex disassembly irreversible and imposes a need to 

re-synthesize transcription factors. Orphan quality control therefore plays a critical role in creating 

recurrent cycles of protein synthesis and transcription factor degradation that shape the dynamics 

of a protein network required for c-MYC dependent gene expression (Figure 7H).  

 

 Why do cells use such a costly mode of regulation? c-MYC acts at multiple steps in gene 

expression and engages chromatin modifiers, RNA polymerases, and regulators of transcription 

elongation (Baluapuri et al., 2020; Lourenco et al., 2021). For such multitasking proteins, the same 

molecule must either change its interactions as gene expression proceeds from one step to the 

next or distinct molecules act at subsequent steps of this program. As transcription occurs in hubs 

of high protein concentrations (Rippe and Papantonis, 2022; Wei et al., 2020), it could be difficult 

for a molecule to move between binding partners in a coordinated fashion. By contrast, cycles or 

protein synthesis and degradation allow cells to turn over the first complex and then form the next 

outside of the hub after the unstable subunit has been re-synthesized. Consistent with this model, 

abolishing orphan subunit degradation did not prevent c-MYC and MCRS1 from engaging early 

regulators of transcription, such as INO80, but impaired recognition of the DSIF complex that acts 
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late during transcript elongation (Figure 7D) (Endres et al., 2021; Jaenicke et al., 2016). We 

suggest that orphan quality control allows the gene expression machinery to move through 

subsequent steps of its complex program despite the high concentrations in transcription hubs.   

 

By imposing a need for protein synthesis to sustain transcription factor complexes, orphan 

quality control also introduces means for transcription regulation. Protein synthesis is under tight 

control of the integrated stress response, which prevents cells from producing proteins under 

adverse conditions (Costa-Mattioli and Walter, 2020). We found that mitochondrial dysfunction, a 

stress that activates this stress response (Guo et al., 2020), depletes MYC/MAX complexes and 

impairs expression of genes under control of UBR5. It is likely that other stressors, such as viral 

infection or proteotoxic overload, similarly interfere with c-MYC dependent gene expression to 

delay cell division under challenging conditions. By optimizing network dynamics, orphan quality 

control therefore ensures that the transcription machinery remains sensitive to changes in the 

cellular environment. We conclude that cells invest in recurrent cycles of transcription factor 

synthesis and degradation to increase both the efficiency and adaptability of gene expression 

programs that must integrate environmental or developmental inputs.  

 

The role of protein degradation in establishing network dynamics could explain apparently 

paradoxical findings that proteolytic enzymes, such as the segregase p97 or the 26S proteasome, 

are required for transcription (Ferdous et al., 2001; Heidelberger et al., 2018; Huang et al., 2006; 

Kinyamu and Archer, 2007). In fact, the better a transcription factor stimulates gene expression, 

the faster it is degraded (Salghetti et al., 2001; Salghetti et al., 2000; Wang et al., 2017; Wu et al., 

2007). We propose that rapid degradation optimizes the dynamics of gene expression networks 

that must integrate environmental or developmental inputs into a coherent output. Our work also 

sheds light on the observation that nuclear quality control occurs in the nucleolus (Frottin et al., 

2019; Fu et al., 2021), which is the site of c-MYC dependent production of ribosomal RNA. We 
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suggest that the nucleolus may already be enriched in orphan E3 ligases that are required for 

gene expression and could readily be repurposed to eliminate misfolded proteins. By identifying 

orphan E3 ligases at the intersection of transcription regulation and aggregate protection, such 

as UBR5, we stand to find many new opportunities to modulate gene expression programs and 

thereby provide therapeutic relief in diseases caused by transcription factor dysregulation. 
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STAR Methods 
Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Rabbit monoclonal anti-BACH2 (D3T3G) Cell Signaling Technology  Cat#80775S;  
RRID: AB_2799961 

Rabbit polyclonal anti-BUB1 Bethyl Laboratories Cat#A300-373A; RRID: 
AB_2065943 

Rabbit polyclonal anti-BUB3 Cell Signaling Technology Cat#3049S;  
RRID: AB_2228142 

Rabbit polyclonal anti-BUBR1 Bethyl Laboratories Cat#A300-386A; RRID: 
AB_386097 

Rabbit polyclonal anti-c-MYC Cell Signaling Technology Cat#9402S;  
RRID: AB_2151827 

Rabbit polyclonal anti-CCDC85B Proteintech Cat#18282-1-AP; 
RRID: AB_2878527 

Rabbit monoclonal anti-CDC20 (D6C2Q) Cell Signaling Technology Cat#14866S;  
RRID: AB_2715567 

Rabbit monoclonal anti-Flag DYKDDDDK Tag (D6W5B) Cell Signaling Technology Cat#14793S;  
RRID: AB_2572291  

Mouse monoclonal ANTI-FLAG M2® Sigma-Aldrich  Cat#F1804;  
RRID: AB_262044 

Rabbit monoclonal anti-GAPDH (14C10) Cell Signaling Technology Cat#2118S;  
RRID: AB_561053 

Rabbit monoclonal anti-Geminin (E5Q9S) XP® Cell Signaling Technology Cat#52508S 

Rabbit monoclonal anti-HA tag (C29F4) Cell Signaling Technology  Cat#3724S;  
RRID: AB_1549585 

Rabbit polyclonal anti-INO80 Bethyl Laboratories Cat#A303-370A; RRID: 
AB_10953492 

Rabbit polyclonal anti-KIF2A Bethyl Laboratories  Cat#A300-914A; RRID: 
AB_2280872 

Rabbit polyclonal anti-MAFF ABclonal  Cat#A12920;  
RRID: AB_2759766 

Mouse monoclonal anti-MAX (H-2) Santa Cruz Biotechnology Cat#SC-8011;  
RRID: AB_627913 

Rabbit polyclonal anti-MAX (S20) Cell Signaling Technology  Cat#4739S;  
RRID: AB_2281777 

Rabbit polyclonal anti-MCRS1 Proteintech Cat#11362-1-AP; RRID: 
AB_2143116 

Rabbit polyclonal anti-NPL4 Cell Signaling Technology  Cat#13489S;  
RRID: AB_2798232 

Rabbit polyclonal anti-Oct-4 Cell Signaling Technology  Cat#2750S;  
RRID: AB_823583 

Rabbit polyclonal anti-RPAP3 Bethyl Laboratories Cat#A304-854A; RRID: 
AB_2621049 
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Rabbit polyclonal anti-Pontin/RUVBL1 Cell Signaling Technology Cat#12300S;  
RRID: AB_2797876 

Rabbit polyclonal anti-SOX2 STEMCELL Technologies Cat#60055 

Rabbit monoclonal anti-SPT4 (D3P2W) Cell Signaling Technology  Cat#64828S;  
RRID: AB_2756442 

Rabbit polyclonal anti-SUPT5H Bethyl Laboratories Cat#A300-869A; RRID: 
AB_609484 

Mouse monoclonal anti-EDD1 (UBR5) Santa Cruz Biotechnology Cat#sc-515494  

Rabbit polyclonal anti-EDD1 (UBR5) Bethyl Laboratories Cat#A300-573A; RRID: 
AB_2210189 

Rabbit polyclonal anti-UFD1 Cell Signaling Technology  Cat#13789S;  
RRID: AB_2798313 

Rabbit polyclonal anti-Vinculin Cell Signaling Technology  Cat#4650S;  
RRID: AB_10559207 

Rabbit monoclonal anti-WDR5 (D9E1I)  Cell Signaling Technology  Cat#13105S;  
RRID: AB_2620133 

Bacterial and virus strains 

One Shot™ Stbl3™ Chemically Competent E. coli Thermo Fisher Scientific Cat#C737303 

Chemicals, peptides, and recombinant proteins 
TAMRA-labeled MYC-BR wild type peptide (5,6-TAMRA- 
TEENVKRRTHNVLERQRRNELKRSFFALRDQIPEK) Thermo Fisher Scientific N/A 

TAMRA-labeled MYC-HLHLZ wild type peptide (5,6-
TAMRA-
KAPKVVILKKATAYILSVQAEEQKLISEEDLLRKRREQLKHKLEQL
RNSCA ) 

Thermo Fisher Scientific N/A 

Recombinant Human E1/UBA1 Protein Laboratory of Michael Rapé N/A 
Recombinant Human UbcH5c/UBE2D3 Protein, CF  R&D Systems Cat#E2-627-100 
Recombinant Human UbcH7/UBE2L3 Protein, CF  R&D Systems Cat#E2-640-100 
Recombinant Human Ubiquitin Protein, CF  R&D Systems Cat#U-100H 
Recombinant Human Ubiquitin Mutant No K Protein, CF  R&D Systems Cat#UM-NOK 

Recombinant Human Ubiquitin Mutant K6R Protein, CF  R&D Systems Cat#UM-K6R 

Recombinant Human Ubiquitin Mutant K11R Protein, CF  R&D Systems Cat#UM-K11R 
Recombinant Human Ubiquitin Mutant K27R Protein, CF  R&D Systems Cat#UM-K27R 
Recombinant Human Ubiquitin Mutant K29R Protein, CF  R&D Systems Cat#UM-K29R 
Recombinant Human Ubiquitin Mutant K33R Protein, CF  R&D Systems Cat#UM-K33K 
Recombinant Human Ubiquitin Mutant K48R Protein, CF  R&D Systems Cat# UM-K48R 
Recombinant Human Ubiquitin Mutant with K48 only 
Protein, CF 

R&D Systems 
Cat#-UM-K480 

Recombinant Human Ubiquitin Mutant K63R Protein, CF  R&D Systems Cat#-UMK63R 
Creatine phosphate Sigma-Aldrich Cat#10621714001-5G 
L-[35S]-Methionine, 1mCi (37MBq), Specific Activity:>800Ci 
(29.6TBq)/mMole, 50mM Tricine, 10mM BME PerkinElmer Cat#NEG009H001MC 

Polyethylenimine (PEI), Linear, MW 25000, Transfection 
Grade Polysciences Cat#23966-1 
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cOmplete™, EDTA-free protease inhibitor cocktail tablets 
from Roche Sigma-Aldrich Cat#11873580001 

PhosSTOP Sigma-Aldrich Cat#4906845001 
3X FLAG® Peptide Sigma-Aldrich Cat#F4799 
Carfilzomib (PR-171) Selleck Chemicals Cat#S2853 
Oligomycin A Santa Cruz Biotechnology Cat#sc-201551A 
Cycloheximide Sigma-Aldrich Cat#C7698-5G 
Antimycin A, Antibiotic Abcam Cat#ab141904 
Actinomycin D Sigma-Aldrich Cat#A9415 
PYR-41 Selleck Chemicals Cat#S7129 
Bafilomycin A1 (Baf-A1) Selleck Chemicals Cat#S1413 
MG132 Selleck Chemicals Cat#S2619 
NMS-873 Selleck Chemicals Cat#S7285 
Dimethyl Sulfoxide Fisher Scientific  Cat#BP231-100 
Critical commercial assays 
Pierce 660nm Protein Assay Reagent  Thermo Fisher Cat#22660 
Ionic Detergent Compatibility Reagent for Pierce 660nm 
Protein Assay Reagent Thermo Fisher  Cat#22663 

TnT® Quick Coupled Transcription/Translation System 
(SP6 promoter) Promega Cat#L2080 

Dual-Luciferase® Reporter Assay System  Promega Cat#E1910 
Deposited data 
RNAseq of HEK 293T cells depleted of UBR5 GSE###### N/A 
Experimental models: Cell lines   
HEK293T UCB Tissue Culture Facility  RRID:SCR_017924 
HEK293T-DUBR5 This paper N/A 
HeLa ATCC RRID:CVCL_0030 

HeLa-DUBR5 This paper N/A 

HeLa-Flag-UBR5 This paper N/A 

WA01 (H1) WiCell RRID:CVCL_9771 
Oligonucleotides 
Primer: sgUBR5 exon2 Forward: 
caccgTTACAAAAGATCTGTACACG This paper N/A 

Primer: sgUBR5 exon2 Reverse: 
aaacCGTGTACAGATCTTTTGTAAc This paper N/A 

Primer: sgUBR5 exon3 Forward: 
caccgTACTAATTAGTTTCACACTC This paper  N/A 

Primer: sgUBR5 exon3 Reverse: 
aaacGAGTGTGAAACTAATTAGTAc This paper  N/A 

Primer: sgUBR5 for 3xFlag knock-in Forward: 
CACCGcacgaaatggatggacgtca This paper  N/A 

Primer: sgUBR5 for 3xFlag knock-in Reverse: 
AAACtgacgtccatccatttcgtgC  This paper  N/A 
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Donor oligo DNA for 3xFLAG tag insertion at the N- 
terminus of UBR5: 
gggctggggggcgggcgagagcgggagggggccgccctcgagtggaggacg
agaaggaaagcaccatgGACTACAAGGACCACGACGGTGACTAC
AAGGACCACGACATCGACTACAAGGACGACGACGACAAGac
gtccatccatttcgtggttcacccgctgccgggcaccgaggaccagctcaatga
caggtaatag 

This paper  N/A 

See Table S1 for all siRNA targeting sequences 
See Table S2 for all qPCR primer sequences 
Recombinant DNA 
pCS2-MCRS1-GFP-IRES-mCherry This paper  N/A 
pCS2-MYC-GFP-IRES-mCherry This paper  N/A 
pCS2-MYC(∆1-429)-GFP-IRES-mCherry (∆TAD) This paper  N/A 
pCS2-MYC(∆1-429; ∆340-439)-GFP-IRES-mCherry 
(∆TAD∆DBD) This paper  N/A 

pCS2-NLS-MYC(340-439)-GFP-IRES-mCherry (NLS-
DBD) This paper  N/A 

pCS2-NES-MYC(340-439)-GFP-IRES-mCherry (NES-
DBD) This paper  N/A 

pCS2-MYC(∆1-429; K355E; R356E; R357E; Y402A; 
I403A; L404A; S405A; V406A; L434E; C438E)-GFP-
IRES-mCherry (∆TAD∆Deg1∆Deg2) 

This paper N/A 

pCS2-MYC(∆1-429; K355E; R356E; R357E)-GFP-
IRES-mCherry (∆TAD∆Deg1) This paper N/A 

pCS2-MYC(∆1-429; K355E; R356E; R357E; ∆398-439)-
GFP-IRES-mCherry (∆TAD∆Deg1∆LZ) This paper N/A 

pCS2-CDC20-GFP-IRES-mCherry This paper  N/A 
pCS2-POU5F2-GFP-IRES-mCherry This paper  N/A 
pCS2-INO80C-GFP-IRES-mCherry This paper  N/A 
pCS2-NFIL3-GFP-IRES-mCherry This paper  N/A 
pCS2-RUVBL2-GFP-IRES-mCherry This paper  N/A 
pCS2-TAF1A-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF3-GFP-IRES-mCherry This paper  N/A 
pCS2-INO80B-GFP-IRES-mCherry This paper  N/A 
pCS2-NRL-GFP-IRES-mCherry This paper  N/A 
pCS2-SPT5-GFP-IRES-mCherry This paper  N/A 
pCS2-SPT4-GFP-IRES-mCherry This paper  N/A 
pCS2-AKIRIN2-GFP-IRES-mCherry This paper  N/A 
pCS2-GEMININ-GFP-IRES-mCherry This paper  N/A 
pCS2-SMARCB1-GFP-IRES-mCherry This paper  N/A 
pCS2-OCT4-GFP-IRES-mCherry This paper  N/A 
pCS2-DDIT3-GFP-IRES-mCherry This paper  N/A 
pCS2-HIF1α-GFP-IRES-mCherry This paper  N/A 
pCS2-SECURIN-GFP-IRES-mCherry This paper  N/A 
pCS2-CCNB1-GFP-IRES-mCherry This paper  N/A 
pCS2-CDC73-GFP-IRES-mCherry This paper  N/A 
pCS2-NEK2A-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF5-GFP-IRES-mCherry This paper  N/A 
pCS2-FOXA3-GFP-IRES-mCherry This paper  N/A 
pCS2-CEBPG-GFP-IRES-mCherry This paper  N/A 
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pCS2-ESRRG-GFP-IRES-mCherry This paper  N/A 
pCS2-CREB3L2-GFP-IRES-mCherry This paper  N/A 
pCS2-CREBZF-GFP-IRES-mCherry This paper  N/A 
pCS2-POU2F2-GFP-IRES-mCherry This paper  N/A 
pCS2-AURKA-GFP-IRES-mCherry This paper  N/A 
pCS2-KATNA1-GFP-IRES-mCherry This paper  N/A 
pCS2-BMAL1B-GFP-IRES-mCherry This paper  N/A 
pCS2-CIB1-GFP-IRES-mCherry This paper  N/A 
pCS2-KLF4-GFP-IRES-mCherry This paper  N/A 
pCS2-GATA3-GFP-IRES-mCherry This paper  N/A 
pCS2-SPI1-GFP-IRES-mCherry This paper  N/A 
pCS2-NRF2-GFP-IRES-mCherry This paper  N/A 
pCS2-TRF1-GFP-IRES-mCherry This paper  N/A 
pCS2-FOSL2-GFP-IRES-mCherry This paper  N/A 
pCS2-HDAC3-GFP-IRES-mCherry This paper  N/A 
pCS2-YY1-GFP-IRES-mCherry This paper  N/A 
pCS2-JUNB-GFP-IRES-mCherry This paper  N/A 
pCS2-PAIP2-GFP-IRES-mCherry This paper  N/A 
pCS2-TCF-GFP-IRES-mCherry This paper  N/A 
pCS2-RNF168-GFP-IRES-mCherry This paper  N/A 
pCS2-HLF-GFP-IRES-mCherry This paper  N/A 
pCS2-FBXO28-GFP-IRES-mCherry This paper  N/A 
pCS2-MYCN-GFP-IRES-mCherry This paper  N/A 
pCS2-MYCL-GFP-IRES-mCherry This paper N/A 
pCS2-INO80E-GFP-IRES-mCherry This paper  N/A 
pCS2-MAFB-GFP-IRES-mCherry This paper  N/A 
pCS2-TFIIS-GFP-IRES-mCherry This paper  N/A 
pCS2-TFAP2A-GFP-IRES-mCherry This paper  N/A 
pCS2-CEBPE-GFP-IRES-mCherry This paper  N/A 
pCS2-CEBPB-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF4-GFP-IRES-mCherry This paper  N/A 
pCS2-RUVBL1-GFP-IRES-mCherry This paper  N/A 
pCS2-ZNF789-GFP-IRES-mCherry This paper  N/A 
pCS2-TRPC4AP-GFP-IRES-mCherry This paper  N/A 
pCS2-USF1-GFP-IRES-mCherry This paper  N/A 
pCS2-CLOCK-GFP-IRES-mCherry This paper  N/A 
pCS2-MYF5-GFP-IRES-mCherry This paper  N/A 
pCS2-MAFG-GFP-IRES-mCherry This paper  N/A 
pCS2-NFE2L1-GFP-IRES-mCherry This paper  N/A 
pCS2-SOX2-GFP-IRES-mCherry This paper  N/A 
pCS2-ARF-GFP-IRES-mCherry This paper  N/A 
pCS2-POU3F4-GFP-IRES-mCherry This paper  N/A 
pCS2-ACTR5-GFP-IRES-mCherry This paper  N/A 
pCS2-PAF1-GFP-IRES-mCherry This paper  N/A 
pCS2-ZNF354B-GFP-IRES-mCherry This paper  N/A 
pCS2-TRA13-GFP-IRES-mCherry This paper  N/A 
pCS2-ZNF616-GFP-IRES-mCherry This paper  N/A 
pCS2-TRIM28-GFP-IRES-mCherry This paper  N/A 
pCS2-ACTR3B-GFP-IRES-mCherry This paper  N/A 
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pCS2-MAX-GFP-IRES-mCherry This paper  N/A 
pCS2-MAD2-GFP-IRES-mCherry This paper  N/A 
pCS2-BUB3-GFP-IRES-mCherry This paper  N/A 
pCS2-PRB1-GFP-IRES-mCherry This paper  N/A 
pCS2-BUBR1-GFP-IRES-mCherry This paper  N/A 
pCS2-FOSL1-GFP-IRES-mCherry This paper  N/A 
pCS2-CREB5-GFP-IRES-mCherry This paper  N/A 
pCS2-BACH2-GFP-IRES-mCherry This paper  N/A 
pCS2-MXD1-GFP-IRES-mCherry This paper  N/A 
pCS2-TLE3-GFP-IRES-mCherry This paper  N/A 
pCS2-RPAP3-GFP-IRES-mCherry This paper  N/A 
pCS2-CREB3-GFP-IRES-mCherry This paper  N/A 
pCS2-EPAS1-GFP-IRES-mCherry This paper  N/A 
pCS2-JUND-GFP-IRES-mCherry This paper  N/A 
pCS2-ZNF30-GFP-IRES-mCherry This paper  N/A 
pCS2-NANOG-GFP-IRES-mCherry This paper  N/A 
pCS2-ZNF506-GFP-IRES-mCherry This paper  N/A 
pCS2-CIB1-GFP-IRES-mCherry This paper  N/A 
pCS2-UCHL5-GFP-IRES-mCherry This paper  N/A 
pCS2-CREB1-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF2-GFP-IRES-mCherry This paper  N/A 
pCS2-MAFK-GFP-IRES-mCherry This paper  N/A 
pCS2-FOXA1-GFP-IRES-mCherry This paper  N/A 
pCS2-JUN-GFP-IRES-mCherry This paper  N/A 
pCS2-GTF21-GFP-IRES-mCherry This paper  N/A 
pCS2-CREB3L4-GFP-IRES-mCherry This paper  N/A 
pCS2-NFE2L2-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF7-GFP-IRES-mCherry This paper  N/A 
pCS2-MYOD1-GFP-IRES-mCherry This paper  N/A 
pCS2-FOS-GFP-IRES-mCherry This paper  N/A 
pCS2-PIRH2-GFP-IRES-mCherry This paper  N/A 
pCS2-CREB3L1-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF1-GFP-IRES-mCherry This paper  N/A 
pCS2-ASCL1-GFP-IRES-mCherry This paper  N/A 
pCS2-BACH1-GFP-IRES-mCherry This paper  N/A 
pCS2-CDK9-GFP-IRES-mCherry This paper  N/A 
pCS2-SP1-GFP-IRES-mCherry This paper  N/A 
pCS2-p27-GFP-IRES-mCherry This paper  N/A 
pCS2-ATF6B-GFP-IRES-mCherry This paper  N/A 
pCS2-2xEsp3I-GFP-IRES-mCherry This paper  N/A 
pCS2-MAX This paper  N/A 
pCS2-MYC This paper  N/A 
pCS2-RUVBL2 This paper  N/A 
pCS2-MCRS1 This paper  N/A 
pCS2-CCDC85B This paper  N/A 
pCS2-CDC20 This paper  N/A 
pCS2-SPT4 This paper  N/A 
pCS2-SPT5 This paper  N/A 
pCS2-SOX2 This paper  N/A 
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pCS2-MAD2 This paper  N/A 
pCS2-BUB1 This paper  N/A 
pCS2-BUBR1 This paper  N/A 
pCS2-BUB3 This paper  N/A 
pCS2-BACH2 This paper  N/A 
pCS2-ATF3 This paper  N/A 
pCS2-INO80C This paper  N/A 
pCS2-NFIL3 This paper  N/A 
pCS2-SMARCB1 This paper  N/A 
pCS2-NRL This paper  N/A 
pCS2-HA-MYC  This paper  N/A 
pCS2-HA-MYC(K355E; R356E; R357E; Y402A; I403A; 
L404A; S405A; V406A; L434E; C438E) (c-MYC-∆deg) This paper  N/A 

pCMV-FLAG-MAX This paper  N/A 
pCMV-FLAG-MCRS1 This paper  N/A 
pCMV-FLAG-MYC This paper  N/A 
pCMV-FLAG-CCDC85B This paper  N/A 
pCS2-MCRS1-4XUbDgg This paper N/A 
Software and algorithms 
GraphPad Prism 9 GraphPad Software Inc. RRID:SCR_002798 
FlowJo 10.8.1 FlowJo RRID:SCR_008520 
CompPASS Huttlin et al. 2017 N/A 
Other 
LipofectamineTM RNAiMAX Thermo Fisher Scientific Cat#13778150 
LipofectamineTM 3000 Transfection reagent  Thermo Fisher Scientific Cat#L3000008 
ANTI-FLAG® M2 Affinity Agarose Gel slurry Sigma-Aldrich  Cat#A2220 
Lenti-XTM Concentrator Takara Cat#631232 
Protein A Agarose Sigma-Aldrich  Cat#11134515001 
Protein G Agarose  Sigma-Aldrich  Cat#11719416001 

 
Resource availability 
 
Lead Contact 
 
Further information and requests for reagents and resources should be directed to Michael Rapé 
(mrape@berkeley.edu). 
 
Materials Availability 
 
All plasmids and cell lines generated in this work can be requeted from the lead contact’s lab. All 
antibodies, chemicals, and most cell lines used in this study are commercially available. 
 
Data and Code Availability 
 
Original gene expression data obtained by RNA-seq from HEK 293T cells lacking UBR5 (and 
corresponding controls) were uploaded to GSE######. 
 
Mammalian cell culture 
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Human embryonic kidney (HEK) 293T and HeLa cells were maintained in DMEM + GlutaMAX 
(Gibco, 10566-016) supplemented with 10% fetal bovine serum (VWR, 89510-186). Plasmid 
transfections for immunoprecipitations were performed using polyethylenimine (PEI) at a 1:3 
ratio of DNA (in μg) to PEI (in μl at a 1 mg ml-1 stock concentration). siRNA transfections were 
performed using 20 nM of indicated siRNAs and 5ul of RNAiMAX transfection reagent (Thermo 
Fisher, 13778150) per well in a 6-well cell culture plate. Lentiviruses were produced in HEK 
293T cells by co-transfection of lentiviral and packaging plasmids using Lipofectamine® 3000 
transfection reagent (Thermo, L3000015). Viruses were harvested 48 h post transfection, 
concentrated using the Lenti-X concentrator (Takara, 631232), aliquoted, and stored at −80°C 
for later use. HEK 293T cells were purchased directly from the Berkeley Cell Culture Facility 
(authenticated by short tandem repeat analysis). HeLa cells were not authenticated. 
 
Human embryonic stem cells (WiCell, WA01/H1) were grown in mTeSR™1 media (StemCell 
Technologies, 85850) on hESC-qualified Matrigel-coated plates (Corning, 354277) with daily 
media change. H1s were passaged by Accutase (StemCell Technologies, 07920) for siRNA 
transfections, lentiviral infections, or routine maintenance. For siRNA transfections, single cell 
suspensions of H1s were generated by Accutase treatment and 2–5×105 cells were seeded on a 
Matrigel-coated well of a 6-well plate with 1.8 ml of mTeSR™1 containing 10 μM of Y-27632 
(StemCell Technologies, 72308) and a 0.2 ml mixture of indicated siRNAs (at a final concentration 
of 20 nM) and 5ul of RNAiMAX transfection reagent buffered in Opti-MEM per well in a 6-well cell 
culture plate. For lentiviral infections, single cell suspensions of H1s were generated by Accutase 
treatment and 1.5–3×105 cells were seeded on a Matrigel-coated well of a 6-well plate with 2 ml 
of mTeSR™1 containing 10 μM of Y-27632, polybrene (at a final concentration of 8 μg/ml), and 
lentiviruses produced from HEK 293T cells (see above) for 2 h. The media was immediately 
exchanged with 2 ml of fresh mTeSR™1 containing 10 μM of Y-27632 only. hESCs were drug-
selected 24–48 h post infection. 
 
All cell lines were routinely tested for mycoplasma contamination using the Mycoplasma PCR 
Detection Kit (abmGood, G238).   
 
Flow cytometry 
 
HeLa cells were seeded at 300,000 cells per well in 6-well plates. siRNAs were reverse 
transfected (at the time of seeding cells) with 20 nM of indicated siRNAs and 5ul of RNAiMAX 
transfection reagent (Thermo Fisher, 13778150) per well in a 6-well cell culture plate. The next 
day, 0.33 μg of GFPdegron-IRES-mCherry reporters, 2 μg of overexpression constructs, and empty 
vector up to maximum of 5 μg (without co-transfection, the total was 2 μg per well) total were 
combined and transfected into each well using Lipofectamine 3000 (ThermoFisher, L3000008) 
per manufacturer’s instructions. After 24 h, cells were harvested for flow cytometry. Cells were 
treated with the following reagents at indicated times before harvesting: 2 μM Carfilzomib (Selleck, 
PR-171) for 6 h, 700 nM Bafilomycin A1 for 6 h (Selleck, S1413), 1  μM MLN-4924 (Selleck, 
S7109) for 6 h, or 10 μM NMS-873 (Selleck, S7285) for 6 h. At 24 h post-transfection, cells were 
trypsinized and centrifuged at 300×g for 5 min. Cells were resuspended in DMEM with 10% FBS 
and analyzed on either BD Bioscience LSR Fortessa or LSR Fortessa X20 and FlowJo.  
 
Cell synchronization 
 
CRISPR/Cas9-edited FLAGUBR5 HeLa cells were synchronized as previously described (Oh et al., 
2020). Cells were synchronized in S phase by addition of 2 mM thymidine for 24 h, washed with 
1×PBS, and harvested by scraping. To arrest cells in prometaphase, S phase-arrested cells were 
subsequently washed with 1XPBS to remove excess thymidine and released into fresh media 
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(DMEM/10% FBS) for 3 h, then treated with 5 μM S-trityl-L-cysteine (Sigma, 164739) for 12–14 
h. Prometaphase cells were collected by vigorous pipetting and washed with 1×PBS. Cell pellets 
were either immediately used in immunoprecipitation assays or frozen in liquid nitrogen and 
stored at −80°C for later use. 
 
Purification of UBR5  
 
Human UBR5 enzyme was purified from extracts of CRISPR/Cas9-edited FLAGUBR5 HeLa cells. 
Harvested prometaphase pellets were lysed in lysis buffer (20 mM HEPES, pH 7.4, 5 mM KCl, 
150 mM NaCl, 1.5 mM MgCl2, 0.1% Nonidet P-40, 1X cOmplete™ protease inhibitor cocktail 
(Roche, 04693159001), 2 μM carfilzomib (Selleck, PR-171) and 1 μl of benzonase (Millipore, 
70746) per 15-cm plate). Detergent lysed cells were then subjected to a high-speed spin 
(20,000×g) to remove cellular debris and the clarified extract was pre-cleared with protein A-
agarose resin (Roche, 11719408001). UBR5 was purified with anti-FLAG® M2 affinity resin 
(Sigma, A2220) for 1.5 h at 4°C. UBR5-coupled beads were washed 5× with lysis buffer (minus 
inhibitors and benzonase) prior to use. 
 
In vitro transcription/translation (IVT/T) of substrates 
 
All in vitro synthesized substrates were cloned under the SP6 promoter. The corresponding 
plasmids can be found in the Star Methods table . 35S-labeled substrates were generated by 
incubating 583 ng of plasmid DNA in 14 μl of rabbit reticulocyte lysate (Promega, L2080) 
supplemented with 2 μM carfilzomib and 0.3 μl of 35S-Met (PerkinElmer, NEG009H001MC) for 1 
h at 30°C. 35S-labeled substrates were used for in vitro ubiquitylation assays. 
 
In vitro ubiquitylation 
 
In vitro ubiquitylation assays were performed in a 10 μl reaction volume: 0.5 μl of 10 μM E1 (250 
nM final), 1 μl of 25 μM E2 (2.5 μM final), 1 μl of 10 mg ml-1 ubiquitin (1 mg ml-1 final) (R&D 
Systems, U-100H), 1 μl of 100 mM DTT, 1.5 μl of energy mix (150 mM creatine phosphate, 20 
mM ATP, 20 mM MgCl2, 2 mM EGTA, pH to 7.5 with KOH), 1 μl of 1×PBS, 1 μl of 10× 
ubiquitylation assay buffer (250 mM Tris 7.5, 500 mM NaCl, and 100 mM MgCl2), and 3 μl of 
substrate (in vitro translated or recombinant) were pre-mixed and added to 10 μl of UBR5-coupled 
bed resin (see section on Purification of UBR5). Reactions were performed at 30°C with shaking 
for 2 h unless noted otherwise. Reactions were stopped by adding 2X urea sample buffer and 
resolved on SDS-acrylamide gels prior to autoradiography. E1 was purified as described in Meyer 
and Rape (2014) while commercially available UBE2D3 (R&D Systems, E2-627-100) and 
UBE2L3 (R&D Systems, E2-640-100) were used. 
 
Mass spectrometry 
 
Mass spectrometry was performed on immunoprecipitates prepared from HEK 293T or HeLa cells. 
For immunoprecipitations of overexpressed proteins, thirty 15-cm plates of HEK 293T cells were 
PEI-transfected, grown to confluence, harvested, and lysed in lysis buffer (20 mM HEPES, pH 
7.4, 5 mM KCl, 150 mM NaCl, 1.5 mM MgCl2, 0.1% Nonidet P-40, and 1× cOmplete™ protease 
inhibitor cocktail). For endogenous UBR5 IPs, one hundred 15-cm plates of CRISPR/Cas9-edited 
FLAGUBR5 HEK 293T or HeLa cells were used. Lysed extracts were clarified by high-speed 
centrifugation, pre-cleared with protein A-agarose slurry and bound to anti-FLAG® M2 affinity 
resin. IPs were then washed and eluted 3× at 30°C with 0.5 mg ml-1 of 3×FLAG® peptide (Sigma, 
F4799) buffered in 1×PBS plus 0.1% Triton X-100. Elutions were pooled and precipitated 
overnight at 4°C with 20% trichloroacetic acid. IPs were then pelleted, washed 3× with an ice-cold 
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acetone/0.1 N HCl solution, dried, resolubilized in 8 M urea buffered in 100 mM Tris 8.5, reduced 
with TCEP (at a final concentration of 5 mM) for 20 min, alkylated with iodoacetamide (at a final 
concentration of 10 mM) for 15 min, diluted four-fold with 100 mM Tris 8.5, and digested with 0.5 
mg ml-1 of trypsin supplemented with CaCl2 (at a final concentration of 1 mM) overnight at 37°C. 
Trypsin-digested samples were submitted to the Vincent J. Coates Proteomics/Mass 
Spectrometry Laboratory at UC Berkeley for analysis. Peptides were processed using 
multidimensional protein identification technology (MudPIT) and identified using a LTQ XL linear 
ion trap mass spectrometer. To identify high confidence interactors, CompPASS analysis of the 
query mass spectrometry result was performed against mass spectrometry results from unrelated 
FLAG immunoprecipitates performed in our laboratory. 
 
FLAG immunoprecipitation  
 
Overexpression constructs were PEI-transfected into HEK 293T or wild-type HeLa cells with 10 
μg of each plasmid per 15-cm plate for 48 h prior to harvesting. Human FLAGUBR5 complexes 
were immunoprecipitated from endogenously FLAG-tagged HeLa cell lines grown on 15-cm 
plates to near-confluency. Cells were harvested by scraping and pellets were lysed in lysis buffer 
(20 mM HEPES, pH 7.4, 5 mM KCl, 150 mM NaCl, 1.5 mM MgCl2, 0.1% Nonidet P-40, 1× 
cOmplete™ protease inhibitor cocktail (Roche, 04693159001), and 1 μl of benzonase (Millipore, 
70746) per 15-cm plate). Detergent lysed cells were then subjected to a high speed spin (20,000 
× g) to remove cellular debris and the clarified extract was pre-cleared with protein A-agarose 
resin (Sigma-Aldrich, 11134515001). Bait proteins were purified with anti-FLAG® M2 affinity resin 
(Sigma, A2220) for 1.5 h at 4°C. For in vitro ubiquitylation reactions, FLAGUBR5-coupled beads 
were washed 5× with lysis buffer (minus inhibitors and benzonase) prior to use. For western blots, 
FLAG beads with captured bait protein were eluted at 30°C with 0.5 mg ml-1 of 3×FLAG® peptide 
(Sigma, F4799) buffered in 1×PBS plus 0.1% Triton X-100 for 20 min, shaking. Eluates were 
combined with 2× urea sample buffer (120 mM Tris pH 6.8, 4% SDS, 4 M urea, 20% glycerol, 
bromophenol blue) prior to SDS-PAGE. 
 
Purification of p97, Ufd and Npl4 
 
Human p97 was subcloned into pET28a His-tagged expression vector (pET28a-6xHis-FLAG-
TEV-p97) and were expressed in LOBSTR-BL21(DE3)-RIL competent cells. Human Ufd1 and 
Npl4 were subcloned into a pET28a His-tagged expression vector (pET28a-Ufd1-6xHis) and a 
pMAL expression vector (pMAL-Npl4) respectively, and co-expressed in LOBSTR- BL21(DE3)-
RIL competent cells. Protein expression was induced at log phase with 500 µM IPTG for 16 hours 
at 18°C. Cells were lysed in Lysis buffer (100mM Tris pH 7.4, 500 mM KCl, 5 mM MgCl2, 20 mM 
imidazole, 5 mM BME, 5% glycerol, and protease inhibitors) using a LM10 Microfluidizer. Lysate 
was clarified prior to a 1 hour incubation with equilibrated Ni-NTA agarose beads (Qiagen, Cat# 
20350), and beads were washed in wash buffer (50 mM HEPES pH 7.4, 150mM KCl, 5 mM MgCl2, 
5 mM BME, 20mM imidazole and 2.5% glycerol). p97 was eluted in wash buffer containing 250 
mM imidazole.  
 
Imidazole-eluted fractions containing p97, Ufd1 or Npl4 were confirmed by Coomassie-stained 
SDS-PAGE were subject to further separation on a HiLoad 26/600 Superdex 200 size exclusion 
chromatography column (Cytiva, Cat# 28989336) in SEC buffer (20 mM HEPES, pH 7.4, 150 mM 
KCl, 1mM MgCl2, and 2.5% glycerol) and peak fractions were collected and concentrated with 
Centricon® Plus-70 Centrifugal Filter Units (Millipore, Cat# UFC703008), filter sterilized, and snap 
frozen in PBS at -80°C. 
 
Pulldown of ubiquitylated substrate by p97-Ufd1-Npl4 complexes 
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In vitro ubiquitylation reactions were performed as described in the relevant section. Three 
reactions of ubiquitylated substrate were used per pulldown. Purified p97, Ufd1, and Npl4 were 
diluted to 8 μg ml-1 in binding buffer (20 mM HEPES pH 7.4, 150 mM KCl, 1mM MgCl2, 0.05% 
NP-40) and incubated with ubiquitylated material for 1 h at 4°C. Complexes were combined with 
10 μl of anti-FLAG® M2 affinity resin (Sigma, A2220) for 1.5 h at 4°C. Beads were washed five 
times with binding buffer and resuspended in 2× urea sample buffer (120 mM Tris pH 6.8, 4% 
SDS, 4 M urea, 20% glycerol, bromophenol blue) prior to SDS-PAGE and autoradiography. 
 
Real-time qPCR (qRT-PCR) analysis 
 
For qRT–PCR analysis, total RNA was purified from cells using the NucleoSpin® RNA kit 
(Macherey-Nagel, no. 740955). For each sample, 1 μg of total RNA was reverse transcribed using 
the RevertAid First Strand cDNA Synthesis kit (ThermoFisher, K1622) and then diluted 10-fold 
for qRT-PCR. Expression levels were quantified using the Roche KAPA SYBR FAST qPCR Kit 
(Roche, KK4602) on a Roche LightCycler® 480 II. qRT-PCR primers used in this study can be 
found in Table S2. 
 
Generation of CRISPR/Cas9 genome-edited cell lines 
 
All cell lines used in this publication were generated from HEK 293T cells or HeLa cells. The guide 
RNA sequences were designed using the online resource provided by the Zhang Lab at MIT 
(http://crispr.mit.edu). The sequences of the genes for editing were obtained from the UCSC 
Genome browser. The oligonucleotides for guide RNAs (listed in the  Key Resources Table) and 
their complementary sequences were ordered from IDT, annealed, and cloned into a pX330 
vector according to the protocol at https://benchling.com/protocols/5DmqRd/crispr-mediated-
gene-disruption-in-ch12f3-2-cells/sbs. For CRISPR/Cas9-mediated gene disruption, HEK 293T 
cells cultured in a 6-well plate at 50% confluence were transfected using TransIT-293 transfection 
reagent (Mirus) with two pX330 plasmids (2 μg of total DNA) each encoding a guide RNA for site-
specific gene cutting. The guides for cutting were designed to create deletions and introduce open 
reading frame (ORF) shifts for gene disruption. Three days post-transfection, a sample of 
transfected cells was treated with DNA extraction solution (QuickExtract, Epicenter) and editing 
was assessed by PCR amplification of the sequence of interest using specific PCR primers. 
Clonal selection was performed by seeding the cells into 96-well plates at one cell per well density, 
allowing the single cells to expand, and checking editing by PCR. The clones were validated 
using western blotting with specific antibodies. 

Guide RNAs for CRISPR/Cas9-mediated genome editing 
A pair of RNA guides was used to remove part of the second and third exons of the UBR5 locus 
in HEK 293T cells and HeLa cells: TTACAAAAGATCTGTACACG (Exon 2), 
TACTAATTAGTTTCACACTC (Exon 3). 
 
RNAseq sample preparation and analysis 
 
Wild-type and UBR5 knockout HEK 293T cells were grown in a 6-well plate and collected for 
transcriptomic analysis. For each sample, there are three biological replicates. Total RNA was 
extracted from cells using the NucleoSpin® RNA kit (Macherey-Nagel, no. 740955) according to 
the manufacturer’s instructions. Library preparation and sequencing was executed by Novogene 
Bioinformatics Technology Co., Ltd. (Beijing, China).  
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Genes identified by RNAseq were subjected to bioinformatic analysis. Transcription factor binding 
sites were identified using the UCSC_TFBS feature of DAVID 2021, a web-based application 
(https://david.ncicrf.gov). 
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FIGURE LEGENDS 

 

Figure 1: UBR5 binds multiple complexes with tight connections to c-MYC. A. Identification 

of UBR5 binding partners from 293T and HeLa cells expressing endogenously FLAG-tagged 

UBR5. FLAGUBR5 was affinity-purified from each cell line and binding partners were determined 

by CompPASS mass spectrometry. Total spectral counts were normalized to UBR5. B. Validation 

of UBR5 binding partners in HeLa cells. Endogenous FLAGUBR5 was immunoprecipitated from 

HeLa cell lysates and co-purifying proteins were determined by Western blotting using specific 

antibodies. C. Depletion of KIF2A only reduces this protein, but not DSIF or MCC components, in 

affinity-purifications of endogenous FLAGUBR5 from HeLa cells. D. Depletion of SPT5 also reduces 

the DSIF component SPT4, but not KIF2A or MCC components, in affinity-purifications of 

endogenous FLAGUBR5 from HeLa cells. E. Depletion of BUB1 and BUBR1 only reduces the MCC, 

but not DSIF or KIF2A, in affinity-purifications of endogenous FLAGUBR5 from HeLa cells. F. UBR5 

binding partners have close links to the c-MYC/WDR5 complex. 

 

Figure 2: UBR5 degrades multiple transcriptional regulators with tight connections to c-

MYC. A. Focused screen to identify UBR5 substrates. Subunits of UBR5-interacting complexes 

as well as their related factors were expressed as GFP-tagged reporters together with mCherry 

in cells treated with control siRNA or siRNAs targeting UBR5. Protein abundance was measured 

as the ratio between GFP and mCherry, as determined by FACS. B. Validation of select candidate 

targets (c-MYCΔTAD; MCRS1; OCT4) as GFP-tagged reporters in either control or ΔUBR5 cells by 

FACS. A c-MYC reporters lacking the transactivation domain behaved much better in cells, they 

were used in these experiments. C. UBR5 targets are stabilized upon treatment of cells with the 

E1 enzyme inhibitor PYR41. Reporter levels were determined by FACS. D. UBR5 targets are 

stabilized upon treatment of cells with the p97 inhibitor NMS873. Reporter levels were determined 

by FACS. E. UBR5 targets are stabilized upon treatment of cells with the proteasome inhibitor 
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MG132. Reporter levels were determined by FACS. F. UBR5 targets are not affected by 

lysosomal inhibition through bafilomycin A. Reporter levels were determined by FACS. G. Stability 

of top UBR5 substrates were determined in cell lines that lacked E3 ligases that are functionally 

or structurally related to UBR5. With few exceptions, notably SPT4, transcriptional regulators are 

most strongly stabilized by loss of UBR5. 

 

Figure 3: UBR5 modifies multiple transcriptional regulators with proteolytic ubiquitin 

chains. A. UBR5 and the E2 UBE2D3 ubiquitylate transcriptional regulators in vitro. Endogenous 

UBR5 was purified from HeLa cells and incubated with E1, UBE2D3, ubiquitin and 35S-labeled 

targets produced by IVT/T. Substrate modification was analyzed by autoradiography. B. UBR5 

can cooperate with the E2 UBE2L3. 35S-labeled MCRS1 was incubated with UBR5, E1, UBE2L3, 

and ubiquitin and analyzed for ubiquitylation as above. C. UBR5 modifies substrates produced by 

IVT/T with ubiquitin chains containing K48- and K63-linkages. 35S-labeled MCRS1 was incubated 

with UBR5, E1, UBE2D3, and ubiquitin mutants, and analyzed for ubiquitylation as above. D. 

UBR5 rapidly modifies pre-initiated MCRS1 with K48-linked chains. 35S-labeled MCRS1-Ub4 was 

incubated with UBR5, E1, UBE2D3, and ubiquitin mutants and analyzed for ubiquitylation as 

described above. 

 

Figure 4: UBR5 is required for accurate gene expression. A. RNAseq analysis of control and 

ΔUBR5 293T cells showing that multiple genes are down- and upregulated after UBR5 deletion. 

Known target genes of c-MYC are colored in yellow. B. Confirmation of select upregulated genes 

in ΔUBR5 cells by qRT-PCR. C. Upregulation of lymphoma associated genes in ΔUBR5 cells, as 

determined by qRT-PCR. D. Confirmation of downregulated genes in ΔUBR5 cells by qRT-PCR. 

E. Similar genes are dependent of UBR5 in hESCs depleted of UBR5. Gene expression was 

determined after acute UBR5 depletion by siRNAs using qRT-PCR. F. Partial depletion of UBR5 

substrates and additional network components reduces expression of UBR5-dependent genes, 
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as determined by qRT-PCR. G. Partial depletion of UBR5 substrates and additional network 

components blunts expression of genes that are upregulated upon UBR5 deletion, as determined 

by qRT-PCR. H. DepMap connections between UBR5 substrates, transcriptional regulators, and 

additional network components, such as general transcription factors (TAF1A/TAF2), mediator 

(MED4/MED27), APC/C (ANAPC10), and proteasome (PSMA4). Arrows are shown if correlations 

are within the top 100 of a respective gene. Negative correlations are shown in red, positive 

correlations are shown in green. 

 

Figure 5: UBR5 targets orphan c-MYC. A. Scheme of c-MYC, including the transactivation 

domain (TAD), the nuclear localization signal (NLS) and the DNA-binding domain (DBD). B. UBR5 

does not require the TAD of c-MYC to target the transcription factor for degradation. Levels of c-

MYCΔTAD-GFP::mCherry reporters were analyzed in cells treated with control or UBR5-siRNAs by 

FACS. C. The carboxy-terminal domain of c-MYC is sufficient to mediate UBR5-dependent 

degradation. The carboxy-terminal DNA binding domain of c-MYC (DBD) was fused to an N-

terminal SV40 NLS and cloned into the degradation reporter, and its levels were determined in 

control and UBR5 siRNA-treated cells as above. D. Mutation of two degrons in the basic helix 

loop helix and leucine zipper motifs protects c-MYC from UBR5-dependent degradation. Degron 

mutations were introduced into the c-MYCΔTAD reporter and its levels were analyzed in control and 

UBR5 siRNA-treated cells by FACS. E. Degron mutations and MAX overexpression stabilize c-

MYC. Both degron motifs were mutated in full-length HAc-MYC. Wildtype or degron mutant c-MYC 

were expressed alone or in the presence of FLAGMAX. Where indicated, FLAGMAX was immune-

precipitated and co-purifying c-MYC was detected by Western blotting. F. Degron motifs in c-MYC 

are sufficient for UBR5-dependent ubiquitylation. TAMRA-labeled degrons (degron 1 in BHLH; 

degron 2 in leucine zipper) were incubated with E1, UBE2L3, UBR5, and ubiquitin, and 

ubiquitylation was detected on a fluorescence reader after gel electrophoresis. G. UBR5 

assembles K48-linked chains in a completely reconstituted system. The TAMRA-labeled degron 
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1 peptide was modified by UBR5 and analyzed as above. As indicated, we used lysine-free 

ubiquitin (K0); K48R-ubiquitin, or ubiquitin possessing K48 as its only Lys (K48only). H. Structural 

model of the c-MYC/MAX complex, showing that degrons (red) are shielded by DNA-binding and 

heterodimerization. I. MAX overexpression stabilizes c-MYC to the same extent as UBR5 

depletion. Cells expressing the c-MYCΔTAD reporter were treated with control or UBR5 siRNA, and 

MAX was overexpressed as indicated. Reporter stability was determined by FACS. J. Depletion 

of MAX increases binding of endogenous c-MYC, but not other proteins, to UBR5. Endogenous 

FLAGUBR5 was immunoprecipitated from 293T cells and co-purifying proteins were detected by 

Western blotting. As indicated, MAX was depleted by siRNAs. Cells were treated with proteasome 

inhibitors to prevent c-MYC degradation in the absence of MAX. K. UBR5 targets orphan c-MYC. 

Cells were treated with control, MAX, or UBR5 siRNAs and levels of c-MYC were determined by 

Western blotting. L. Model of orphan c-MYC degradation by UBR5. 

 

Figure 6: UBR5 targets multiple transcriptional regulators as orphan proteins. A. UBR5 

binds other transcriptional regulators through the same site as c-MYC. 35S-labeled MCRS1 or 

SPT5 were incubated with E1, UBE2L3, UBR5, ubiquitin, and increasing concentrations of the 

recombinant c-MYC degron-2 peptide, as indicated. Ubiquitylation was monitored by autoradio-

graphy. B. BACH2 protects MAFF from UBR5-dependent degradation. The MAFF-reporter was 

expressed in control cells or cells treated with siRNAs targeting UBR5. As indicated, BACH2 was 

co-expressed, and the stability of the MAFF reporter was determined by FACS. C. The RUVBL2 

reporter was stabilized by RUVBL1 co-expression. Reporter stability was assessed as described 

above. D. The MCRS1 reporter was stabilized by CCDC85B expression. Reporter stability was 

assessed as described above. E. The OCT4 reporter was stabilized by SOX2 expression. 

Reporter stability was assessed as described above. F. BACH2 protects endogenous MAFF from 

UBR5-dependent degradation. 293T cells were depleted of BACH2 and/or UBR5 by using siRNAs, 

as indicated, and endogenous MAFF were visualized by Western blotting. G. SOX2 protects 
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endogenous OCT4 from UBR5-dependent degradation in stem cells. H1 hESCs were depleted 

of SOX2 and/or UBR5 using siRNAs and levels of OCT4 were determined by Western blotting. 

H. Deletion of UBR5 stabilizes orphan SPT5. Wildtype or ΔUBR5 293T cells were depleted of 

SPT4, as indicated, and levels of SPT5 were determined by Western blotting. I. Deletion of UBR5 

is not sufficient to stabilize orphan SPT4. Wildtype or ΔUBR5 293T cells were depleted of SPT5, 

as indicated, and levels of SPT4 were determined by Western blotting. 

 

Figure 7: Orphan transcription factor degradation establishes network dynamics and 

function. A. UBR5 deletion stabilizes c-MYC as well as c-MYC/MAX complexes. Wildtype or 

ΔUBR5 cells expressing FLAGMAX were treated with cycloheximide. FLAGMAX was immuno-

precipitated and co-purifying proteins were detected by Western blotting using specific antibodies. 

B. UBR5 deletion stabilizes endogenous c-MYC/MAX complexes. Endogenous MAX was 

precipitated from wildtype or ΔUBR5 cells and co-purifying c-MYC was detected by Western 

blotting. C. UBR5 deletion stabilizes CCDC85B/MCRS1 complexes. FLAGMCRS1 was precipitated 

from wildtype or ΔUBR5 cells and co-purifying proteins were detected by Western blotting. 

Cycloheximide was added as indicated. D. UBR5 deletion prevents MCRS1 from binding to DSIF. 

FLAGMCRS1 was immunoprecipitated from wildtype or ΔUBR5 cells and co-purifying proteins were 

detected by Western blotting. E. hESCs produce the degraded subunit in excess over its 

stabilizing partner. Using a previously published dataset (Werner et al., 2015), transcription was 

analyzed in H1 hESCs by RNAseq, while translation was followed by ribosome profiling. Unstable 

subunits are shown in light, stabilizing partners in dark colors. F. Mitochondrial stress dismantles 

c-MYC/MAX complexes. FLAGMAX was immunoprecipitated from wildtype or ΔUBR5 cells treated 

with oligomycin and antimycin A, and co-purifying proteins were determined by Western blotting. 

G. Mitochondrial stress decreases expression of UBR5-dependent genes, while independent 

genes are less affected. Gene expression was analyzed in wildtype or ΔUBR5 cells after 

oligomycin and antimycin A treatment using qRT-PCR. H. Orphan quality control establishes 
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network dynamics and function. Transcription factors (TF) in the c-MYC network are continuously 

produced, form complexes with stabilizing partners (SP) and function in gene expression. 

Following their dissociation, UBR5 degrades one subunit to render complex disassembly 

irreversible. The stabilizing partner can be re-used in another transcription factor cycle, while the 

unstable subunit needs to be re-synthesized. This network architecture allows transcription 

factors to efficiently switch from early to late partners in the gene expression program, while 

remaining susceptible to stress-induced inhibition of gene expression.  
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Supplemental Figures 

 

Figure S1: Validation of UBR5 substrate screen. A. Validation of UBR5 substrate screen in 

cells treated with either control siRNA or siRNAs targeting UBR5. Substrate stability was 

measured as a GFP-tagged protein co-expressed with mCherry by FACS. B. Validation of UBR5 

screen for select substrates in ΔUBR5 (293T) and ΔUBR5 (HeLa) cells. Substrate stability was 

measured by FACS, as described above. 

 

Figure S2: UBR5 substrates are subject to ubiquitin-, proteasome-, and p97-dependent 

degradation. A. Select substrates are stabilized upon inhibition of the E1 activating enzyme by 

PYR41. Substrate stability was measured using the GFP/mCherry reporter by FACS. B. UBR5 

cooperates with UBE2L3 to degrade substrates. Cells were treated with control siRNAs, either 

UBR5 or UBE2L3 siRNAs, or with both UBR5 and UBE2L3 siRNAs. Substrate stability was 

measured using the GFP/mCherry reporter by FACS. C. Select substrates are stabilized by 

inhibition of p97/VCP with NMS873. Substrate stability was measured using the GFP/mCherry 

reporter by FACS. D. Select substrates are stabilized by proteasome inhibition with MG132. 

Stability was measured using the GFP/mCherry reporter by FACS. E. Lysosome inhibition by 

bafilomycin A does not affect substrate stability, as measured using the GFP/mCherry reporter 

by FACS. F. Focused stability screen to test for effects of HUWE1 depletion. Candidate substrates 

of our UBR5 target screen were expressed in cells treated with control siRNA or siRNAs targeting 

UBR5 as GFP-tagged reporters together with mCherry. Protein abundance was measured as the 

ratio between GFP and mCherry, as determined by FACS. 

 

Figure S3: UBR5 ubiquitylates transcriptional regulators. A. In vitro ubiquitylation of 

candidate substrates by UBR5 and UBE2D3. Targets were produced as 35S-labeled proteins by 

IVT/T and incubated with UBR5 and recombinant E1, UBE2D3, and ubiquitin. Target modification 
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was visualized by autoradiography. B. UBR5 can collaborate with UBE2L3 in vitro. 35S-labeled 

targets were incubated with UBR5, E1, UBE2L3, and ubiquitin and analyzed as above. C. Chain 

initiation greatly enhances UBR5 activity. GFP~Ub4 (four ubiquitin moieties fused to GFP) or 

MCRS1~Ub4 were incubated with UBR5, E1, UBE2D3, and ubiquitin and analyzed for 

ubiquitylation as described above. D. Ubiquitylated MCRS1 is recognized by p97. Purified 

complexes of recombinant p97 and its adaptors UFD1 and NPL4 were immobilized and incubated 

with MCRS1 that had been ubiquitylated by UBR5 and UBE2D3 in vitro. Retention of ubiquitylated 

MCRS1 is detected by autoradiography. 

 

Figure S4: UBR5 targets are required for accurate gene expression. A. Partial depletion of 

UBR5 substrates and network components reduces expression of the UBR5-dependent gene 

BMP2, as determined by qRT-PCR. B. Partial depletion of UBR5 substrates and network 

components blunts the effects of UBR5 deletion onto expression of RUNX1, as determined by 

qRT-PCR. 

 

Figure S5: UBR5 targets orphan c-MYC for degradation. A. The DNA-binding domain of c-

MYC (DBD) is required for UBR5-dependent degradation. A GFP-c-MYCΔTADΔDBD::mCherry 

reporter was expressed in cells treated with control or UBR5 siRNA, and protein stability was 

measured by FACS. B. The DNA-binding domain of c-MYC (DBD) is degraded in the cytoplasm 

independently of UBR5. A GFP-c-MYCDBD reporter fused to a strong nuclear export signal (NES) 

was expressed in cells treated with control or UBR5 siRNAs and protein stability was measured 

by FACS. C. c-MYC contains two redundant degrons for UBR5 in its DNA-binding domain. GFP-

tagged reporters containing the carboxy-terminal half of c-MYC (ΔTAD); mutations in degron 1 

(ΔTADΔDeg1); additional deletion of the leucine zipper (ΔTADΔDeg1ΔLZ); or mutation of both 

degrons (ΔTADΔDeg1ΔDeg2) were expressed in cells treated with control siRNA or siRNAs 

targeting UBR5. Protein stability was measured by FACS. D. Conservation of degron 1 and 
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degron 2 (consisting of both red stretches) between c-MYC, NMYC, and LMYC. E. NMYC, but 

not LMYC, is a UBR5 substrate. Reporters containing NMYC-ΔTAD or LMYC-ΔTAD were 

expressed in cells treated with control siRNA or siRNAs targeting UBR5. Protein stability was 

measured by FACS. F. A MAXR60Q mutant, which is less efficient in forming dimers with c-MYC, 

is also less efficient in stabilizing a c-MYCΔTAD reporter than wildtype MAX, as determined by 

FACS. G. Co-depletion of the p97 adaptors UFD1 and NPL4 rescues c-MYC levels in cells 

depleted of MAX, as determined by Western blotting. H. MAX is not degraded by UBR5, as 

determined by monitoring stability of a GFP-MAX reporter using FACS. 

 

Figure S6: Complex formation protects URB5 targets from degradation. A. Binding of 

CDC20 by MCC components (BUBR1, BUB3, MAD2) protects a GFP-CDC20::mCherry reporter 

from degradation, as determined by FACS. B. A SPT4 reporter is stabilized more extensively 

upon co-expression of SPT5 than by depletion of UBR5, as determined by FACS. C. The 

stabilizing partners SOX2, RUVBL1, and BACH2, are not significantly stabilized by UBR5 

depletion, as determined by FACS. 

 

Figure S7: Orphan protein degradation regulates complex stability. A. UBR5 deletion leads 

to a strong accumulation of transiently expressed c-MYC and c-MYC/MAX complexes. Control or 

ΔUBR5 cells were transfected with FLAGc-MYC and treated with cycloheximide as indicated. FLAGc-

MYC was immunoprecipitated and co-purifying MAX was detected by Western blotting. B. UBR5 

increases the persistence of CCDC85B/MCRS1 complexes after inhibition of mRNA translation. 

Control or ΔUBR5 cells were transfected with FLAGCCDC85B and treated with cycloheximide as 

indicated. FLAGCCDC85B was immunoprecipitated and co-purifying MCRS1 was detected by 

Western blotting. C. hESCs produce unstable complex subunits in excess over their stable 

binding partners. Combined RNAseq and ribosome profiling experiments in hESCs show 

increased expression of MAFF over BACH2 and SPT5 over SPT4.  
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