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Abstract

Transcription is an elaborate process that is required to establish
and maintain the identity of the more than two hundred cell types
of a metazoan organism. Strict regulation of gene expression is
therefore vital for tissue formation and homeostasis. An accumu-
lating body of work found that ubiquitylation of histones, tran-
scription factors, or RNA polymerase Il is crucial for ensuring that
transcription occurs at the right time and place during develop-
ment. Here, we will review principles of ubiquitin-dependent
control of gene expression and discuss how breakdown of these
regulatory circuits leads to a wide array of human diseases.
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Introduction

Human bodies contain more than two hundred cell types that
perform specialized functions and allow us to react to developmen-
tal or environmental challenges. Cell identity is established by the
expression of tissue-specific subsets of genes, which requires that
differentiating cells guide RNA polymerase II (RNA Pol II) to select
genomic loci (Djebali et al, 2012). While loss of transcription
disrupts tissue formation and is incompatible with life, the erro-
neous execution of gene expression programs can lead to a plethora
of developmental abnormalities and is often found at the heart of
tumorigenesis (Lee & Young, 2013).

Accurate gene expression relies on transcription factors that bind
to specific sequences in gene promoters or enhancers (Zaret &
Carroll, 2011). These proteins can collaborate with co-repressors
and limit transcription by maintaining chromatin in a compact state
(Venkatesh & Workman, 2015). Conversely, when gene expression
needs to be stimulated, transcription factors attract co-activators or

chromatin remodelers that increase the accessibility of RNA Pol II
for the respective genomic loci (Bulynko & O’Malley, 2011). After
initiation of RNA synthesis, a distinct set of elongation factors helps
RNA Pol II traverse histones within the coding region to allow
production of a full-length transcript (Chen et al, 2018a). Proteins
with roles in transcription termination dissociate RNA Pol II from
chromatin, which sets the complex free for another round of gene
expression at a distinct locus (Proudfoot, 2016).

Ensuring that this sequence of events occurs at the right time and
place, organisms tightly control chromatin architecture and fine-
tune the availability and function of transcription factors or RNA
Pol II. Central for the underlying regulatory circuits is ubiquityla-
tion, a posttranslational modification that was first documented for
a histone with roles in transcriptional control (Goldknopf et al,
1975). Several aspects of its biochemistry and biology allow ubiqui-
tylation to exert precise control over gene expression networks: cells
can assemble several ubiquitin conjugates of different topologies
that elicit distinct responses and hence provide an opportunity to
employ similar chemistry for multiple transcriptional outputs (Fig 1A;
Yau & Rape, 2016; Haakonsen & Rape, 2019). While, for example,
attachment of a single ubiquitin typically changes protein interac-
tions, polymers linked through K11 or K48 of one ubiquitin and the
carboxy-terminus of another trigger protein degradation (Chau et al,
1989; Jin et al, 2008). Cells can further adjust ubiquitin signaling to
their needs by synthesizing more complex conjugates, such as
branched ubiquitin chains used to dismantle stable protein complexes
(Meyer & Rape, 2014; Yau et al, 2017; Oh et al, 2020). Ubiquitin
conjugates can also be edited to modulate their output (Newton et al,
2008; Ohtake et al, 2018), or disassembled (Komander, 2009; Sahtoe
& Sixma, 2015), which creates a cellular language for the dynamic
control of gene expression in changing environments.

In humans, the writers of this ubiquitin code are ~ 600 E3 ligases
that are counteracted by ~ 100 deubiquitylases (DUBs) (Fig 1B).
Multiple effectors with ubiquitin-binding domains decipher the type
of ubiquitylation and couple the modification to its intended biologi-
cal outcome. Many E3 ligases, DUBs, and effectors control gene
expression, and their mutation is often deleterious for organismal
development. Conversely, hijacking the ubiquitylation machinery
with small molecules is beginning to be used to alter gene expres-
sion for therapeutic benefit. Here, we will review principles of ubig-
uitin-dependent control of transcription and discuss how our
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Glossary

pTrce beta-transducin repeat-containing protein
APC/C anaphase-promoting complex/cyclosome
ASCL achaete-scute homolog

AXR auxin-resistance protein

BAP BRCA1-associated protein

BCL B-cell lymphoma

BCOR BCL6 co-repressor

BRD bromodomain-containing protein

BRE brefeldin A sensitivity

BTB Broad-Complex, Tramtrack and Bric a brac
CBP CREB-binding protein

CDK cyclin-dependent kinase

CK casein kinase

CRBN protein cereblon

CRY cryptochrome

CuL cullin

DDB DNA damage binding

DCAF DDB1 and CUL4 associated factor

DDI DNA damage inducible homolog

DEF RNA polymerase Il degradation factor
DOT disrupter of telomere silencing protein
dTAG degradation tag

DUB deubiquitylase

ER endoplasmic reticulum

FACT facilitates chromatin transcription

FBXL F-box and leucine-rich repeat protein
FBXW F-box and WD-40 domain-containing protein
GATA GATA-binding factor

GID gibberellin-insensitive dwarf protein

Gli glioma-associated oncogene

GSK glycogen-synthase kinase

HIF hypoxia-inducible factor

HUWE HECT, UBA and WWE domain-containing protein
1AA indoleacetic acid-induced protein

IkBot inhibitor of nuclear factor kappa B, alpha
KANSL KAT8 regulatory NSL complex

KEAP kelch-like ECH-associated protein

LGE Large cells

MDM mouse double minute homolog

MGA multicopy suppressor of Gaml

MLL mixed lineage leukemia

MSL male-specific lethal

MYC myelocytomatosis

NMYC v-myc avian myelocytomatosis viral oncogene

neuroblastoma-derived homolog

increasing understanding of these processes is laying the foundation
for therapeutic approaches to modulate gene expression in diseases
of aberrant cell specification.

Ubiquitin-dependent control of chromatin architecture

Transcription occurs within the context of chromatin whose basic
unit is the nucleosome: an octamer of the core histones H2A, H2B,
H3, and H4, wrapped around 147 base pairs of DNA. As nucleo-
somes can restrict the accessibility of the transcription machinery to
promoter or enhancer sequences, their position on chromatin needs
to be tightly regulated. While transcription factors can destabilize
the interaction of genomic DNA with nucleosomes (Michael et al,
2020), they often recruit protein complexes with histone-modifying
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MYSM Myb-like, SWIRM, and MPN domain-containing protein

NCoR nuclear receptor co-repressor

NEDD neural precursor cell expressed developmentally
downregulated protein

NF-xB nuclear factor of kappa light polypeptide gene enhancer
in B-cells

NRF nuclear respiratory factor

PAF RNA polymerase Il-associated factor

PRC polycomb repressive complex

PROTAC proteolysis-targeting chimera

RPB1 RNA polymerase Il subunit B1

RBX RING-box protein

RING really interesting new gene

RNA Pol Il RNA polymerase I

RNF RING finger protein

RPN regulatory particle non-ATPase

RSF remodeling and spacing factor

RSP reverses SPT-phenotype protein

SALL Sal-like protein

SCF Skp, Cullin, F-box containing

SETDB SET domain bifurcated

SIAH seven in absentia homolog

SMAD Mothers against decapentaplegic homolog

SMRT silencing mediator for retinoid or thyroid-hormone
receptors

SMURF SMAD ubiquitination regulatory factor

SOX SRY (Sex determining region Y)-box

SPT suppressor of Ty

STAT signal transducer and activator of transcription

TBP TATA-box binding protein

TC-NER transcription-coupled nucleotide excision repair

TCF/LEF  T-cell factor/lymphoid enhancer-binding factor

TGF-B transforming growth factor-p

TIR transport inhibitor response

TLE transducin-like enhancer

TP tumor protein

UBR ubiquitin protein ligase E3 component n-recognin

uspP ubiquitin specific peptidase

VCP valosin-containing protein

VHL von Hippel Lindau disease tumor suppressor

WDR WD repeat-containing protein

WNT wingless-related MMTV integration site 1

WWP WW domain-containing protein

or chromatin-remodeling activities. As an essential histone modifi-
cation, ubiquitylation plays a crucial role in the regulatory processes
that shape chromatin architecture and, thereby, gene expression.

Histone H2A monoubiquitylation maintains

transcriptional silencing

It is befitting to begin a review about ubiquitin-dependent control of
gene expression by discussing the modification of histone H2A, the
first protein known to be ubiquitylated (Goldknopf et al, 1975).
Monoubiquitylation of H2A at K119 is catalyzed by polycomb
repressive complex 1 (PRC1) (Blackledge et al, 2014; Aranda et al,
2015) and plays a critical role in restricting gene expression at
tissue-specific loci, at the inactive female X chromosome, or at sites
of DNA damage (Uckelmann & Sixma, 2017; Brockdorff, 2017).
Underscoring the importance of this modification, loss of PRCI1 is
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Figure 1. The ubiquitin modification system.

(A) Various structures and functions of different types of ubiquitin conjugates. Monoubiquitylation (left) involves transfer of a single ubiquitin to a substrate.
E3 ligases can also connect several ubiquitin molecules together using the C-terminus of one subunit and one of seven lysine (K) residues (K6, K11, K27, K29,
K33, K48, K63) or the N-terminal methionine (M1) on the other. Different ubiquitin topologies adopt distinct structural conformations which direct a wide
array of substrate outcomes. (B) Ubiquitylation occurs through an enzymatic cascade. E1 enzymes use ATP to form a high-energy thioester bond to ubiquitin
through an active site cysteine residue. Charged Els transfer ubiquitin to one of ~ 40 E2 ubiquitin-conjugating enzymes, which then bind to one of ~ 600 E3
ubiquitin ligases that facilitate the transfer of ubiquitin onto a specific substrate. Approximately 100 DUBs remove ubiquitin from substrates to reverse the

ubiquitylation process.

incompatible with life (Voncken et al, 2003), and mutations that
impede its activity cause microcephaly or learning disabilities
(Pierce et al, 2018). Aberrant regulation of PRC1 also results in
tumors of the brain, liver, colon, breast, lung, prostate or lymphatic
system (Grossniklaus & Paro, 2014; Wang et al, 2015).

PRC1 installs H2A monoubiquitylation at the proper sites by
detecting CpG-rich promoter sequences or chromatin-associated
noncoding RNAs (Brockdorff, 2017), which sets in motion a series
of events leading to chromatin compaction (Bantignies et al, 2011;
Denholtz et al, 2013; Isono et al, 2013) (Fig 2A): The monoubiquity-
lated H2A is recognized by PRC2 complexes, which methylate K27
on histone H3 (Kalb et al, 2014). This recruits SETDB1 to trimethy-
late K9 in histone H3 (Zhao et al, 2016), which serves as a landing
platform for chromatin compactors, like HP1 (Nakagawa et al, 2008;
Machida et al, 2018). Trimethylated H3K27 also attracts more PRC1
complexes to seed further H2A modification for stable long-range
signaling (Blackledge et al, 2014; Tamburri et al, 2020; Blackledge
et al, 2020). Moreover, monoubiquitylated H2A can engage the
linker histone H1 to establish repressive higher-order chromatin
folding (Jason et al, 2005; Fyodorov et al, 2018), a reaction that may
involve the chromatin remodeler RSF1 (Zhang et al, 2017).

To allow for precise gene activation during development, the
ubiquitylation of H2A needs to be reversible and multiple
deubiquitylases target H2A to counteract PRCl-mediated gene
silencing. Most H2A-directed deubiquitylases are subunits of co-

© 2021 The Authors

activators (Belle & Nijnik, 2014; Chittock et al, 2017), such as
MYSMI1 that associates with the histone acetyltransferase p300/
CBP and helps release histone H1 from chromatin (Zhu et al,
2007). The H2A deubiquitylases USP16, BAP1 and MYSM1 dere-
press different sets of lineage-specific genes in stem cells
(Scheuermann et al, 2010; Yang et al, 2014; Gu et al, 2016;
Campagne et al, 2019), while USP21 has a role in liver regenera-
tion (Nakagawa et al, 2008). In addition to activating tissue-
specific genes, removal of ubiquitin from H2A increases the
expression of cell cycle inhibitors to limit stem cell proliferation
(Gatzka et al, 2015; Wilms et al, 2018). Aberrant H2A deubiqg-
uitylation can thus deplete stem cell populations, as observed
in Down’s syndrome and its triplication of USP16 (Adorno
et al, 2013). By contrast, inactivation of H2A deubiquitylases
can set in place a differentiation block associated with more
aggressive cancers and worsened patient outcomes (Carbone
et al, 2013).

H2B monoubiquitylation facilitates transcription elongation

Contrary to the effects of H2A modification, monoubiquitylation of
the neighboring nucleosome subunit, histone H2B, promotes gene
expression (Fig 2C; Weake & Workman, 2008; Minsky et al, 2008).
H2B monoubiquitylation at K120 is carried out by RNF20/RNF40,
which is recruited to RNA Pol II as part of the polymerase-associated
factor 1 (PAF1) complex. The yeast homolog of RNF20/RNF40,

EMBO reports 22:€5107812021 3 of 17
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Figure 2. Transcriptional effects of histone ubiquitylation.

©EMBO

—— C l Transcriptional elongation

(A) Monoubiquitylation of histone H2A at K119 by PRC1 promotes transcriptional silencing. This modification recruits PRC2 to trimethylate histone H3 at K27, a mark
which in turn recruits PRC1 to ubiquitylate additional H2A histones, resulting in spreading. H3K27me3 also leads to H3K9 trimethylation, which together with
ubiquitylated H2A, recruit factors that compact chromatin and silence transcription. (B) Histone polyubiquitylation promotes transcriptional reactivation following cell
division. During mitosis, the APC/C E3 ligase is recruited to specific promoters to polyubiquitylate histones, leading to their extraction by p97/VCP and proteasomal
degradation. This action licenses these promoters for rapid transcriptional reactivation when cells enter G1. (C) Monoubiquitylation of histone H2B at K120 and K34
mediates transcriptional elongation. As part of the PAF1 elongation complex, the E3 ligases RNF20/RNF40 and MSL1/MSL2 travel with RNA Pol Il and ubiquitylate H2B
on nucleosomes obstructing RNA Pol II's path. H2B ubiquitylation promotes nucleosome remodeling, through the FACT histone chaperone, to allow polymerase passage.
Ubiquitin is then removed by H2B DUBs to reestablish chromatin behind RNA Pol II.

BRE1, uses its partner LGE1 and liquid-liquid phase separation to
increase the local concentration of H2B for efficient modification
(Gallego et al, 2020). H2B can also be monoubiquitylated at K34 by
MSL1/MSL2 (Wu et al, 2011; Wu et al, 2014), which is similarly
recruited to RNA Pol II by the PAF1 complex.

H2B monoubiquitylation stimulates transcription by multiple
means. It disrupts higher-order nucleosome assembly by forming
a wedge between histone surfaces to prevent their tight packing
(Fierz et al, 2011; Debelouchina et al, 2017). The modification of
H2B may also destabilize the nucleosome itself (Krajewski et al,
2018), a function that is in part mediated by the FACT histone
chaperone that transiently displaces H2A/H2B dimers (Pavri et al,
2006; Wang et al, 2018; Chen et al, 2018b). In addition,
monoubiquitylated H2B acts as a platform to attract over ninety
effectors, many of which are histone modifiers and chromatin
remodelers (Shema-Yaacoby et al, 2013). One intriguing effector
is the histone H3 methyltransferase, DOT1L, which forms part of

4 of 17 EMBO reports  22: €51078 | 2021

a histone crosstalk cascade (Worden et al, 2019; Worden et al,
2020). Monoubiquitylation of H2B stimulates DOT1L methylation
of K79 of histone H3, which in turn promotes H3K4 methylation
by MLL to recruit transcriptional activators (Wu et al, 2011;
Fuchs & Oren, 2014; Levendosky et al, 2016; Valencia-Sanchez
et al, 2019). In this arrangement, H2B ubiquitylation nucleates
downstream events that make chromatin more permissive for
transcription elongation.

As observed with H2A, the modification of H2B is reversible, and
several deubiquitylases remove ubiquitin from H2B to stabilize
chromatin in its original state (Zhang et al, 2008; Zhao et al, 2008;
Atanassov et al, 2016; Nune et al, 2019). For example, the deubiqui-
tylase USP44 inhibits transcript elongation within the NCoR co-
repressor (Lan et al, 2016), and downregulation of USP44 accounts
for an increase in H2B ubiquitylation at lineage-specific genes
during stem cell differentiation (Fuchs et al, 2012; Karpiuk et al,
2012; Chen et al, 2012). Conversely, USP22 opposes RNF20/RNF40

© 2021 The Authors
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during differentiation of regulatory T cells to limit the immune
system’s anti-tumor activity (Cortez et al, 2020). While defects in
H2B monoubiquitylation block cell fate specification, altered levels
of ubiquitylated H2B are observed in many cancers (Wang et al,
2013; Fuchs & Oren, 2014; Dickson et al, 2016; Tarcic et al, 2016).
Together, these observations underscore that the site of ubiquityla-
tion can be critical for its effects on transcription: Although H2A
and H2B are in close proximity within the nucleosome, their modifi-
cation with ubiquitin has opposite consequences, i.e., inhibition or
activation of gene expression.

Histone polyubiquitylation restarts gene expression after mitosis
While monoubiquitylation of histones has long been recognized to
control chromatin architecture, histone polyubiquitylation has
recently emerged as a means of transcriptional regulation during the
cell cycle. As gene expression is downregulated during mitosis
(Palozola et al, 2017), cells must restart their transcriptional
programs every time they enter a new division cycle (Hsiung &
Blobel, 2016). This process is facilitated by factors referred to as
“mitotic bookmarks” that are deposited at active genes during the
G2 phase and persist through the rigors of mitosis into the next G1
(Palozola et al, 2019). Despite chromatin condensation during mito-
sis, bookmarked loci remain accessible to the transcriptional
machinery (Martinez-Balbas et al, 1995; Michelotti et al, 1997;
Teves et al, 2018).

Early proteins proposed to serve as mitotic bookmarks were tran-
scription factors such as BRD4 (Dey et al, 2009), GATA1 (Kadauke
et al, 2012), or SOX2 (Teves et al, 2016; Deluz et al, 2016). These
included the TATA-box binding protein TBP (Teves et al, 2018),
which during interphase teams up with WDRS5 to recruit RNA Pol II
to actively transcribed genes (Tjian, 1996; Wysocka et al, 2005;
Thomas et al, 2015; Guarnaccia & Tansey, 2018). As cells enter
mitosis, WDR5 and TBP replace RNA Pol II with the E3 ligase
anaphase-promoting complex (APC/C) (Oh et al, 2020; Fig 2B). The
TBP- and WDRS5-bound APC/C modifies histones at transcription
start sites with K11/K48-branched ubiquitin chains (Oh et al, 2020),
a conjugate that recruits the p97/VCP segregase and proteasomes to
degrade proteins found in stable complexes (Meyer & Rape, 2014;
Yau et al, 2017). Accordingly, histone polyubiquitylation clears
nucleosomes off promoters for rapid reactivation of transcription in
G1. Because the APC/C also triggers mitotic exit (Glotzer et al,
1991; Peters et al, 1996), this circuit coordinates gene expression
with cell division, a role that is particularly important in stem cells
(Pilaz et al, 2016; Oh et al, 2020) (Box 1).

As seen for monoubiquitylation of H2A or H2B, histone polyu-
biquitylation is likely part of extensive crosstalk between posttrans-
lational marks. In addition to the APC/C, WDR5 binds the histone
methyltransferase MLL, which is also required for transcriptional
reactivation upon mitotic exit (Blobel et al, 2009) and may increase
binding of WDRS to promoters (Wysocka et al, 2005). Mitotic
WDRS also interacts with histone acetyl transferases that target resi-
dues in histone H3 and H4 (Oh et al, 2020). Histone acetyl trans-
ferases likely act upstream of MLL, as acetylation of H4K16 is
required for H3K4 methylation at a subset of human genes (Katoh
et al, 2011; Zhou et al, 2014), as well as for maintaining a pluripo-
tent state (Spedale et al, 2012; Sheikh et al, 2019). Revealing
another principle of ubiquitin-dependent control of transcription,
different types of ubiquitin conjugates collaborate with histone

© 2021 The Authors
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methylation or acetylation to fine-tune gene expression to the needs
of cell division and differentiation.

Ubiquitin-dependent control of transcription factor
stability and function

Key to regulating access of RNA Pol II to its target sequences are the
~ 1,600 transcription factors that are encoded in the human genome
(Juven-Gershon & Kadonaga, 2010; Magnani et al, 2011; Lambert
et al, 2018). A single transcription factor can regulate multiple genes
and act in concert with other transcription factors, thereby control-
ling the expression of specific gene sets during differentiation. Both
abundance and activity of transcription factors therefore have to be
tightly controlled during development, a task that has often been
delegated to ubiquitylation.

Rapid response times through constitutive transcription

factor degradation

In its simplest iteration, ubiquitin-dependent degradation eliminates
transcription factors that have fulfilled their functions. However,
many transcription factors are intrinsically unstable proteins that
are constantly synthesized, yet immediately degraded, if they are
not needed. While seemingly wasteful, this setup allows cells to stall
degradation as a means to translate a developmental signal into
rapid transcription factor accumulation. Radial glial cells of the
hippocampus, for example, synthesize the transcription factor
ASCL1, yet use constitutive ubiquitin-dependent degradation to
keep its concentration low. This prevents quiescent precursor cells
from premature cell cycle entry, which would deplete the stem cell
pool (Blomfield et al, 2019). When these stem cells have to undergo
self-renewal, however, they simply inhibit ASCL1 degradation, with-
out having to set in motion the machinery for ASCLI transcription
and translation. Rapid response times are also important for stress
responses that detect the many adverse conditions faced by develop-
ing organisms. Accordingly, transcription factors responding to
hypoxia (HIF1la), oxidative stress (NRF2), or DNA damage (TP53),
are constantly turned over under homeostatic conditions, yet
instantly stabilized upon stress (Salceda & Caro, 1997; Giaccia &
Kastan, 1998; Ohh et al, 2000; Ma, 2013).

As ubiquitylation can be quantitatively tuned, inhibition of
constitutive degradation is used to translate a certain amount of a
developmental signal into a distinct transcription factor level and
gene expression program. This is illustrated by B-catenin, a WNT-
responsive transcription factor that determines pluripotency and
tissue specification (Fig 3A). In the absence of WNT, B-catenin is
phosphorylated by CK1 and GSK3p kinases, which are part of a
destruction complex that includes the scaffold proteins Axin and
adenomatous polyposis coli. Its phosphorylation marks f-catenin
for ubiquitylation by the E3 ligase complex SCFFT™F and proteaso-
mal degradation. Binding of WNT to receptors inactivates the
destruction complex, which disrupts B-catenin ubiquitylation and
dependent on WNT levels, initiates the synthesis of proteins that
govern specific cell fate decisions (Nguyen et al, 2009; Vermeulen
et al, 2010; Yu et al, 2012; Nusse & Clevers, 2017; Tammela et al,
2017). Cells monitor differences in B-catenin abundance before and
after signaling, a mechanism of fold-change detection that helps
establish robust gene expression responses despite stochastic

EMBO reports 22:€5107812021 5 of 17
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Box 1. In need of answers

i How specific are ubiquitylation enzymes and effectors that con-
trol gene expression? Many E3 ligases and DUBs control tran-
scription, yet the whole spectrum of their substrates is typically
unknown. As E3 ligases often target multiple proteins, ubiquity-
lating more than one transcription factor might provide novel
ways of coordinating gene expression programs.

ii  How do E3 ligases collaborate to control gene expression? Multi-
ple E3 ligases can target the same transcription factor in
response to distinct inputs or to modify it with complex ubiqui-
tin conjugates containing multiple linkages. How such coordi-
nation between ubiquitylation enzymes is established and
regulated needs to be addressed.

iii  How does ubiquitin-dependent control of gene expression inter-
sect with other roles of the ubiquitylation machinery? Addressing
this question is of particular importance in understanding the
relationship between transcription regulation and ubiquitin-de-
pendent quality control, both of which preserve cell identity
and are affected in aging or neurodegenerative disease.

iv. How does ubiquitin-dependent control of protein complex compo-
sition affect transcriptional outputs? As most transcription fac-
tors act within dynamic multisubunit complexes, the ability of
the ubiquitin system to detect and eliminate aberrant complex
subunits is likely crucial for ensuring proper gene expression.
Determining transcription factor complex composition on a
global scale and discovering new examples of quality control of
transcription factor complex composition will be critical.

v How broadly can small molecules be used to re-wire gene expres-
sion in development and disease? Can molecular glues or
PROTACs be used to alter cell fate decisions during develop-
ment? How important is the proper timing, duration, and effi-
ciency of such therapeutic approaches?

variation in cellular protein expression (Goentoro & Kirschner,
2009; Goentoro et al, 2009).

While rapid and quantitative signaling is highly advantageous
for cells that need to adapt to changing environments, the circuits
described above come at considerable risk. Mutations that prevent
transcription factor degradation uncouple developmental inputs
from gene expression outputs, with devastating consequences for
the organism. Indeed, mutations that prevent E3 ligases from
recognizing transcription factors or aberrant activity of E3 ligases
often drive tumorigenesis. Inactivation of the destruction complex
or the B-catenin phosphodegron is associated with most cases of
familial and sporadic colon cancers (Shang et al, 2017; Gao et al,
2018), whereas mutation or aberrant expression of VHL, KEAPI,
or MDM2, the E3 ligases responsible for HIF1la, NRF2, and TP53
degradation, are among the most frequent events across all
cancers (Lawrence et al, 2014; Gossage et al, 2015; Karni-Schmidt
et al, 2016).

Negative feedback regulation of transcription factor activity

In addition to regulating the speed or amplitude by which develop-
mental signals are transmitted, transcription factor turnover can set
the duration of a gene expression response. This function is often
built around negative feedback loops, in which a transcription
factor induces the expression of its own E3 ligase. In an example
of particular importance for disease, TP53 drives the synthesis of
the E3 MDM2, which in turn ubiquitylates TP53 to induce its
proteasomal degradation (Karni-Schmidt et al, 2016). The resulting
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negative feedback plays a role in establishing the pulsatile nature
of DNA repair signaling, when cells take the persistence of DNA
damage as basis for their decision to exit the cell cycle (Purvis &
Lahav, 2013). The balance between TP53 and MDM2 is skewed in
cancer, as MDM2 is amplified in a large number of hematological
and solid tumors (Dembla et al, 2018). Elevated levels of MDM2
suppress wild-type TP53 and hamper a cell’s response to genotoxic
damage, which increases mutagenesis rates to drive tumor evolu-
tion (Manfredi, 2010).

While negative feedback regulation is a common principle of
ubiquitin-dependent control of gene expression, it comes in several
twists. In addition to producing its own E3 ligase, SCFPTrCP B-
catenin also drives the synthesis of Axin, the rate-limiting compo-
nent of the destruction complex that marks B-catenin for ubiquityla-
tion and proteasomal degradation (Jho et al, 2002; Lee et al, 2003).
Thus, B-catenin accelerates maturation of its degron to increase
rates of ubiquitylation. Conversely, yeast RPN4 promotes expression
of proteasomal subunits, in part to provide efficient responses to
unfolded proteins accumulating in the cytoplasm (Schmidt et al,
2019). Once RPN4 has accumulated and proteasomes have been
assembled, the proteolytic machinery degrades the transcription
factor (Xie & Varshavsky, 2001).

Signal integration through multiple E3 ligases

Differentiating cells not only need to respond quickly to signals
received from their environment, they also have to integrate multi-
ple inputs at a time to make the appropriate fate choice. Ubiquityla-
tion provides a unique opportunity to combine developmental
signals into a coherent response, as a single transcription factor can
be targeted by several E3 ligases that react to distinct inputs. A strik-
ing example is provided by MYC and MYCN, two transcription
factors that play crucial roles in relaying anabolic signals to the cell
cycle machinery (Fig 3B).

MYC and MYCN release paused RNA Pol II to increase
expression of many genes at a time (Baluapuri et al, 2020).
Ensuring that MYC is activated to the right extent during cell
division, its levels are kept in check by phosphorylation of two
residues, TS58 and S62, and subsequent ubiquitylation by
SCF'BXW7 (Welcker et al, 2004; Welcker & Clurman, 2008). Phos-
phorylated T58 also mediates binding of MYC by a distinct E3
ligase composed of SCF™* and its co-adaptor CRY2 (Huber
et al, 2016). Rather than connecting MYC activity to the cell
cycle, this regulation establishes proper transcription factor activ-
ity in the context of the circadian clock. Mutation of T58 of
MYC, which is observed in a high percentage of Burkitt’s
lymphoma patients (Bahram et al, 2000; Gregory & Hann, 2000),
thus disrupts control by both the cell cycle and circadian clock.
In a similar manner, mutation of the analogous residue in MYCN
can lead to neuroblastoma, medulloblastoma, or glioblastoma
(Rickman et al, 2018).

As the most frequently amplified human oncogene, the levels of
MYC must not exceed a threshold that would trigger cell death
(McMahon, 2014). MYC and MYCN levels are additionally restricted
by the E3 ligase UBRS, which triggers degradation independently of
T58 or SCF™™W7 (Qiao et al, 2020; Schukur et al, 2020). UBRS
thus sets a cap for MYC activity, which is exploited by cancer cells
that overexpress UBRS5 together with stabilized MYC. As MYC
controls the transcription of many ribosomal genes (van Riggelen
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the B-catenin transcription factor (B-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3p and CK1 as
well as the ubiquitin ligase SCFPT™P. The presence of WNT ligand stabilizes B-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, B-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBRS, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCF™®"” E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-kB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFP™™ E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-kxB dimers are sequestered in the cytoplasm by an inhibitor, IxBa, until cellular
signals lead to degradation of IxBa and liberation of mature NF-kxB. Only then can mature NF-kB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol Il complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5°"8""EC adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol Il leading to p97/VCP-dependent removal of the stalled complex from DNA.

et al, 2010), downregulation of MYC by UBRS5 decreases protein
synthesis by limiting ribosomal biogenesis. Interestingly, UBRS5 also
eliminates aberrant translation products through quality control of
nascent peptides (Yau et al, 2017). Another E3 ligase, HUWEI,
controls both MYCN levels (Adhikary et al, 2005) and excess
ribosomal proteins (Sung et al, 2016), underscoring the impor-
tance of coordinating MYC activity with protein synthesis in
dividing cells. Cells therefore implement at least four E3 ligases to
establish the appropriate levels of MYC or MYCN under a wide
range of conditions.

© 2021 The Authors

Transcription factor regulation by multiple E3 ligases is a
common theme in development, as also illustrated by members of
the SMAD family that control transforming growth factor-p (TGF-B)
signaling (Budi et al, 2017). Binding of TGF-B growth factors to
plasma membrane receptors induces phosphorylation and nuclear
translocation of receptor-regulated SMADs, allowing them to
promote transcription of genes involved in cell proliferation, migra-
tion, and apoptosis (David & Massague, 2018). While nuclear
SMADs are ubiquitylated by the E3 NEDD4-L to prevent aberrant re-
initiation of transcription (Gao et al, 2009), constitutive modification
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of cytoplasmic SMADs by the E3s SMURF1 and SMURF2 sharpens a
cell’s sensitivity toward changing TGF- levels and helps establish
rapid response times (Zhu et al, 1999; Lin et al, 2000; Zhang et al,
2001). This integrated control of SMADs in multiple compartments
is likely pivotal for setting the dynamics of TGFf-signaling that drive
tissue patterning (Sorre et al, 2014).

Ubiquitin-dependent processing of transcription factors

While degradation is an established consequence of ubiquitylation,
this modification can also be used to rapidly activate transcription
factors. This surprising role of ubiquitylation has emerged for inac-
tive precursors of transcription factors, which are cleaved, rather
than degraded, by the proteasome (Fig 3C). Providing an early
example, NF-kB transcription factors are synthesized as cytosolic
p100 or pl105S precursors that are converted into active p50 or p52
subunits through ubiquitin- and proteasome-dependent cleavage
(Palombella et al, 1994; Skaug et al, 2009; Yilmaz et al, 2014).
Proteasomal processing occurs in multiple organisms and distinct
contexts: proteasomal cleavage of the yeast transcription factors
SPT23 and MGA2 modulates lipid composition at the endoplasmic
reticulum (ER) membrane (Hoppe et al, 2000), yet processing of
Drosophila Cubitus interruptus controls Hedgehog-dependent tran-
scription during development (Jiang, 2006). Proteasomal process-
ing also regulates gene expression through targets other than
transcription factors. In response to transcriptional stress, trimming
of the DEF1 protein generates the substrate receptor subunit of an
E3 ligase that, in turn, downregulate levels of RNA Pol II (Wilson
et al, 2013b).

To prevent complete degradation, precursors of proteasomal
processing are often tethered to another protein or even an organelle
(Hoppe et al, 2001; Piwko & Jentsch, 2006; Yilmaz et al, 2014). This
provides a physical impediment to the proteasome, which in turn
can initiate, but not complete, degradation to yield a processed
target. Following proteasome action, processed transcription factors
need to be extracted from their protective partners, which led to the
discovery that the AAA-ATPase p97/VCP is a ubiquitin-selective
segregase (Rape et al, 2001). Although p97/VCP mostly collaborates
with proteasomes, it also allows for the ubiquitin-dependent, but
proteasome-independent, activation of the transcription factor NRF1
(Radhakrishnan et al, 2014). NRF1 is synthesized as a precursor that
is embedded into the ER membrane yet constitutively degraded. In
cells experiencing proteasome inhibition, NRF1 evades degradation
and is instead cleaved by the ubiquitin-selective rhomboid protease
DDI2. P97/VCP then liberates cleaved NRF1 from the ER membrane
and allows it to enter the nucleus for renewed synthesis of proteaso-
mal subunits (Radhakrishnan et al, 2014; Koizumi et al, 2016; Sha &
Goldberg, 2016; Vangala et al, 2016; Lehrbach & Ruvkun, 2016;
Dirac-Svejstrup et al, 2020).

Ubiquitin-dependent remodeling of transcription factor complexes
Most transcription factors operate within multisubunit assemblies
that define their specificity for particular loci or set the extent of
transcriptional activation, and the formation of these complexes
needs to be tightly monitored for development. The majority of the
~ 120 transcription factors with BTB domains, for example, form
homodimers to engage their proper effector proteins impacting
transcription. The transcription repressor BCL6, which is mutated in
B-cell lymphomas (Yang & Green, 2019), binds to a SMRT, BCOR,
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and NCoR co-repressor through each of its BTB subunits (Ahmad
et al, 2003; Ghetu et al, 2008). BCL6, however, also forms aberrant
heterodimers that are unable to engage co-repressors and impede
gene regulation (Mena et al, 2018). A protective pathway referred to
as dimerization quality control selectively detects and eliminates the
inactive heterodimers to ensure proper BCL6 complex formation
(Mena et al, 2018; Mena et al, 2020).

While dimerization quality control constitutively regulates tran-
scription factor interactions, development or environmental inputs
often elicit signal-dependent changes in binding partners to alter
gene expression (Mottis et al, 2013). This is illustrated by WNT-
mediated cell specification, which relies on remodeling of a complex
around TCF/LEF family transcription factors (Fig 3A). In the
absence of WNT, TCF/LEF is kept in check by the Groucho/TLE co-
repressor, but when WNT has been bound by cell membrane
receptors, the stabilized B-catenin directs the E3 ligase UBRS to
polyubiquitylate Groucho/TLE (Flack et al, 2017). Groucho/TLE
ubiquitylation signals p97/VCP-dependent extraction from the
TCF/LEF complex to relieve chromatin compaction and initiate
efficient transcription.

A frequent consequence of ubiquitin-dependent changes in
complex composition is the re-localization of transcription factors in
or out of the nucleus. Processed NF-«xB, for example, is held back in
the cytosol by its inhibitor IkBo, until proinflammatory signals elicit
IxBa degradation and nuclear entry of NF-«B (Fig 3C; Winston et al,
1999). The NF-kB-dependent resynthesis of IkBa re-exports NF-kB
out of the nucleus, thereby establishing pulsatile gene expression
(Ashall et al, 2009). Such regulation might also occur in the absence
of degradation: it has been proposed that monoubiquitylation of
TP53 masks its recognition by importin-o3 and thereby prevents it
from entering the nucleus (Lohrum et al, 2001; Marchenko et al,
2010). Conversely, monoubiquitylation may block recognition of
export sequences within transcription factors to promote nuclear
accumulation (van der Horst et al, 2006; Trotman et al, 2007).

Together, these examples illustrate the diverse nature of ubig-
uitin-dependent control of transcription factors. It ranges from
fine-tuning protein levels to ensuring that stimulus-induced
changes in their activity or location are set in place for the neces-
sary duration. Ubiquitin-dependent control of transcription factor
activity and abundance can be established rapidly and with high
precision, making it a powerful tool for regulatory circuits that
integrate the many inputs received by gene expression networks
during development.

Ubiquitin-dependent regulation of
transcription elongation

While initiation is often the rate-limiting step in transcription, the
entire message must be produced to generate a stable transcript that
can be translated into a functional protein. Premature abortion of
transcription produces mRNA species that are turned over by nucle-
ases, in part because they would encode truncated and likely
misfolded proteins. Despite the dangerous consequences of ineffi-
cient transcription, elongation of the message is not a smooth
process and RNA Pol II frequently stalls due to topological
constraints of chromatin or damaged templates (Selth et al, 2010;
Wilson et al, 2013a). While transcription-coupled nucleotide
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excision repair (TC-NER) can remove DNA lesions in the path of
RNA Pol II (Gaillard & Aguilera, 2013), the polymerase itself is
evicted from DNA if repair fails (Woudstra et al, 2002; Anindya
et al, 2007).

Recent studies showed that the largest subunit of RNA Pol II,
RPBI1, is a central target for ubiquitin-dependent control of tran-
scription elongation. While UV-induced DNA damage broadly
downregulates transcription, it is followed by recovery of gene
expression once damage has been cleared. During this process,
RPBI1 is ubiquitylated on a specific Lys residue, K1268, which leads
to its rapid proteasomal degradation (Wilson et al, 2013a; Tufegdzic
Vidakovic et al, 2020) (Fig 3D). Proteolytic clearance of stalled RNA
Pol 1I prevents inappropriate re-initiation of transcription for short
genes when DNA damage persists. A failure to ubiquitylate RNA Pol
II, and its resulting aberrant transcription, yields a Cockayne
syndrome-like phenotype characterized by premature aging and
neurodegeneration (Anindya et al, 2010; Nakazawa et al, 2020).

Several E3 ligases act on RNA Pol II to decorate it with
distinct ubiquitin conjugates. RPB1 is monoubiquitylated by the E3
ligase NEDD4 (Anindya et al, 2007; Harreman et al, 2009), while
CULS5™on8InABC 4ttaches K48-linked chains for p97/VCP-dependent
extraction and proteasomal degradation (Yasukawa et al, 2008;
Harreman et al, 2009). NEDD4 and CULSE°"8M45C Jikely act on dif-
ferent Lys residues in RPB1 (Somesh et al, 2007; Tufegdzic Vida-
kovic et al, 2020). Elongin ABC functions as a transcription
elongation factor independent of CUL5 and only recruits the cata-
lytic CUL5-RBX1 module upon stalling (Yasukawa et al, 2012;
Weems et al, 2015). Finally, the E3 ligase WWP2 can ubiquitylate
RNA Pol II for extraction at double-strand breaks (Caron et al,
2019), which is co-opted by MYCN to alleviate transcriptional stal-
ling in neuroblastoma (Herold et al, 2019). Akin to transcription
factor regulation by multiple E3 ligases, these findings suggest that
RNA Pol II ubiquitylation plays a similar role in coordinating the
cellular response to multiple sources of transcriptional stalling.

Regulation of transcription by small molecules
targeting ubiquitylation

As highlighted in this review, ubiquitylation plays a pivotal role in
controlling gene expression in development and disease. This is
dramatically underscored by mutations in the degron motifs of tran-
scription factors, such as TP53, NRF2, B-catenin, or MYC, that drive
many cancers. Given the prevalence of aberrant gene expression in
disease, it has been a goal of many drug discovery programs to alter
the stability of transcription factors for therapeutic benefit. As most
E3 ligases and transcription factors lack obvious pockets for small
molecules (Gu et al, 2018), it only recently became apparent how
protein stability can be altered to modulate gene expression.
Complementing the physiological regulation of transcription by
ubiquitin, our final paragraphs will therefore discuss how the
ubiquitylation machinery can be hijacked by small molecules to
modulate the transcriptional networks that control development and
prevent disease.

E3 ligase inhibition to target unstable transcription factors

A straightforward way to affect gene expression by small molecules
are inhibitors of E3 ligases that target transcription factors (Huang &
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Dixit, 2016), as spearheaded for the tumor suppressor TP53 (Sarek
& Ojala, 2007) (Fig 4A). While TP53 is mutated in ~50% of
cancers, many tumors downregulate TP53 by overexpression of its
E3 MDM2. In these cases, inhibition of MDM2 could reactivate
TP53-dependent gene expression and help eliminate malignant cells.
The first class of MDM2 inhibitors were “Nutlins”, which prevent
MDM2 from interacting with TP53 (Vassilev et al, 2004). Other
compounds directly inhibit the E3 ligase activity of MDM2 or desta-
bilize MDM2 by shutting off its protective deubiquitylase USP7
(Turnbull et al, 2017; Kategaya et al, 2017; Sanz et al, 2019)
(Fig 4A).

Small molecule inhibitors of E3 ligases are most effective against
transcription factors that are constitutively turned over. In addition
to TP53, this is illustrated by the antioxidant transcription factor
NRF2 (Hayes & Dinkova-Kostova, 2014), whose transient stabiliza-
tion is of interest for the treatment of neurodegeneration or diabetes
(Schmoll et al, 2017). NRF2 can be regulated by targeting reactive
cysteine residues in its E3, CUL3"FA"! (Zhang et al, 2004), using
compounds, such as dimethyl fumarate, which has been approved
for the treatment of multiple sclerosis (Dodson et al, 2019).
However, inhibition of NRF2 has to be carefully monitored, as
persistent stabilization of this transcription factor induces a gene
expression program that triggers reductive stress and prevents
muscle stem cell differentiation (Manford et al, 2020).

Induced protein degradation to control gene expression

Providing an alternative approach, small molecules can alter gene
expression by eliciting the turnover of transcription factors. Such
induced protein degradation was first naturally observed in plants,
where hormones of the auxin family bridge an E3 ligase, SCF™®!,
with the transcriptional repressors AXR2/IAA7 and AXR3/IAA17
(Sakamoto et al, 2001; Dharmasiri et al, 2005; Kepinski & Leyser,
2005). In a similar manner, the hormone gibberellin triggers
complex formation between the E3 SCFS'™? and the transcriptional
repressor DELLA (Hauvermale et al, 2012). As molecular glues
between an E3 ligase and a protein, these hormones induce the
ubiquitylation of transcription regulators and control gene expres-
sions programs important for plant development (Fig 4B).

Synthetic molecular glues are now used to modulate transcrip-
tion factor stability in human cells, as illustrated by the
immunomodulatory drug thalidomide that was once prescribed as
sleep medication and now is prescribed to combat hematological
malignancies (Lasagna, 1960; Vargesson, 2009). Thalidomide and
its derivatives direct the E3 CUL4“®®N to degrade zinc finger
proteins, many of which are transcription factors (Lu et al, 2014;
Sievers et al, 2018). One transcription factor, SALL4, is essential for
limb development, and its induced degradation during early preg-
nancy likely accounts for the drastic thalidomide-induced birth
defects (Donovan et al, 2018; Matyskiela et al, 2020). While thalido-
mide was introduced into the clinic without knowledge of its mecha-
nism, the first prospective molecular glue to connect an E3 ligase to
a pathological protein was recently reported (Simonetta et al, 2019).
This compound tethered unphosphorylated B-catenin to the E3
SCFPT™? to induce degradation of this transcription factor in colon
cancer cells carrying mutations in the destruction complex. Molecu-
lar glues can also elicit transcription factor degradation by means
other than directly attracting an E3 ligase: Compounds that bind
BCLG, for example, trigger formation of BCL6 fibers that recruit the
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E3 ligase SIAH1 and counteract BCL6-dependent gene repression in
lymphoma cells (Kerres et al, 2017; Slabicki et al, 2020b). Moreover,
molecular glues can affect the activity of RNA Pol II itself, by
controlling the stability of a cyclin-dependent kinase that regulates
transcript elongation (Mayor-Ruiz et al, 2020; Lv et al, 2020; Slab-
icki et al, 2020a).

Understanding thalidomide’s mechanism of action led to the
development of bifunctional molecules composed of two
warheads, one that binds an E3 ligase and the other that recog-
nizes the target (Winter et al, 2015). Having been proposed to
elicit degradation almost two decades earlier (Sakamoto et al,
2001; Sakamoto et al, 2003), such proteolysis-targeting chimeras
(PROTACs) induce the recruitment of pathological proteins to E3
ligases to trigger proteasomal degradation of the disease-causing
agent. PROTACs have been widely applied to alter gene expres-
sion, as they can eliminate transcription factors, such as STAT3
(Bai et al, 2019), histone modifiers, such as the PRC2 complex
(Potjewyd et al, 2020), or readers of histone modifications, such as
BRD4 (Winter et al, 2015) (Fig 4C). In 2019, the first PROTAC
entered clinical trials for the treatment of castration-resistant pros-
tate cancer, targeting the androgen receptor and its transcriptional
networks (Wang et al, 2020). Degradation tags (dTAGs) (Nabet
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et al, 2018) are PROTACs that target the FKBP12™°' domain
which, when fused to a transcriptional regulator, can be a power-
ful way to acutely change gene expression in the laboratory (Erb
et al, 2017). Hijacking E3 ligases thus offers multiple opportunities
to alter gene expression networks that have been notoriously diffi-
cult to target by traditional means.

To conclude, accurate transcription is critical for guiding tissue
formation and homeostasis. The failure to initiate gene expression
at the right time and place or problems in resolving transcriptional
stress can lead to cell death and disease. It is clear that cells use
ubiquitylation in proteolytic and nonproteolytic ways to control
nearly every step of transcription—from modulating chromatin
architecture over limiting transcription factor abundance to ensuring
transcript elongation. The past years have witnessed groundbreak-
ing improvements in our understanding of ubiquitin-dependent
control of gene expression, which led to novel therapeutic strategies
that may help patients with cancer and other ailments. It is now
possible to mobilize the ubiquitylation machinery to selectively
degrade transcription factors that were once deemed “undruggable”.
As clinical trials are underway, whether these compounds live up to
their promise will soon become apparent. If they do, ubiquitin-
dependent control of gene expression will be a textbook example of

¢) Inhibition of M\DM2

binding activity
U
«—— «——

(o} PROTACs

_
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Figure 4. Regulation of transcription by small molecules targeting ubiquitin components.

(A) Mechanisms of small molecules that prevent degradation of the transcription factor and tumor suppressor, TP53, by its E3 ubiquitin ligase, MDM2. (a) Inhibitors of
the USP7 deubiquitylase lead to increased autoubiquitylation and destabilization of MDM2. (b) Small molecules, such as the Nutlins, block TP53 degradation by
disrupting the substrate-ligase interaction surface. (c) Compounds that block the E3 ligase activity of MDM2, but not substrate binding, also result in accumulation of
TP53. (B) Molecular glues are small molecules that alter the surface of proteins, namely an E3 ligase and substrate, to promote their association. These compounds often
display low binding affinities for each interactor but simultaneously bind both components to enhance their interaction. (C) PROTACs (proteolysis-targeting chimeras)
are heterobifunctional molecules that consist of two small molecules tethered by a linker. One of the small molecules binds a target protein while the other binds an E3
ligase. In this manner, the cell’s endogenous ubiquitin—proteasome system can be used to rapidly and selectively eliminate any given protein target-of-interest.
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how fundamental research in understanding principles of signal
transduction can have a profound impact on human health.
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