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Abstract

Regulation of gene transcription is vitally important for the maintenance of normal cellular
homeostasis. Failure to correctly regulate gene expression, or to deal with problems that arise
during the transcription process, can lead to cellular catastrophe and disease. One of the ways cells
cope with the challenges of transcription is by making extensive use of the proteolytic and
nonproteolytic activities of the ubiquitin-proteasome system (UPS). Here, we review recent
evidence showing deep mechanistic connections between the transcription and ubiquitin-
proteasome systems. Our goal is to leave the reader with a sense that just about every step in
transcription—from transcription initiation through to export of mMRNA from the nucleus—is
influenced by the UPS and that all major arms of the system—from the first step in ubiquitin (Ub)
conjugation through to the proteasome—are recruited into transcriptional processes to provide
regulation, directionality, and deconstructive power.
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INTRODUCTION

Eukaryotic gene transcription is a phenomenally complex process. For a gene to be
transcribed, a large cohort of proteins need to descend upon DNA in a highly orchestrated
manner, dealing not only with the physical constraints of transcribing a template that is
encased in chromatin, but also ensuring that genes are turned on only at the right place, at
the right time, and in response to the right signals. Cells employ a myriad of processes to
ensure that these challenges are met appropriately; one of the most recently discovered of
these processes is by engaging the proteolytic and nonproteolytic capabilities of the
ubiquitin-proteasome system (UPS).

The aim of this review is discuss how ubiquitin (Ub), Ub-dependent transactions, and the
proteasome impact eukaryotic transcription by RNA polymerase Il (Pol Il). This is an area
of intense investigation, and one in which many surprising and counterintuitive discoveries
have been made. Our review centers on the UPS—other reviews have dealt with roles of
Ub-like modifications like SUMO (1)—and focuses on advances that have been made in this
arena in the past 10 years (for reviews of earlier work see References 2—4). We highlight
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four major arms of intersection between the transcription and ubiquitin-proteasome systems,
discuss the mechanisms that are at work, and present working models of how the UPS
intervenes at key stages in transcriptional processes.

CHALLENGES OF EUKARYOTIC GENE TRANSCRIPTION

At its simplest level, mRNA transcription occurs when Pol 1l engages DNA upstream of the
open reading frame of a gene and synthesizes a complementary strand of RNA that serves as
a template for protein synthesis. But numerous elaborations on this scheme both present
obstacles that must be overcome and provide critical regulatory opportunities (Figure 1).
Unlike bacterial RNA polymerases, Pol Il cannot initiate promoter-specific transcription but
relies on interactions with a host of general transcription factors (GTFs) that engage
polymerase at core promoter elements and facilitate both initiation and elongation of
transcription (5). In vivo Pol Il and the GTFs are recruited to chromatin by the action of
transcriptional activators (TAS), proteins that possess a DNA-binding domain that tethers
them to promoter DNA, and a transcriptional activation domain (TAD) that either directly or
via coactivators brings GFTs and Pol Il to sites of transcription. Transcriptional activators
and coactivators (and conversely repressors and corepressors) are a major point of regulation
of gene expression, and these proteins are heavily regulated by processes that control their
abundance, localization, and activity.

The compaction of DNA into chromatin also has a major impact on transcription (6).
Nucleosomes present a barrier to the binding of transcriptional regulators and are
incompatible with passage of Pol 11 (7), meaning that histones must either be locally
remodeled for transcription to occur or evicted from DNA ahead of the elongating Pol Il
complex (8). Importantly, because nucleosomes also act to conceal cryptic promoter
elements present throughout the genome (9, 10), histones must be redeposited appropriately
in the wake of Pol Il to prevent transcription of nonauthentic RNA from occurring. The
ability of nucleosomes to control template accessibility affords tremendous regulatory
potential, and numerous chromatin modifying and remodeling factors (6, 11) act to not only
control transcriptional processes but also to signal to the cell the transcriptional state of a
given piece of chromatin.

Finally, it is worth emphasizing that each transcript is synthesized by a single Pol 11 complex
and that events such as premessenger RNA processing and mRNA export are tightly coupled
to transcription. The net effect of this arrangement is that Pol 11 has to continually change its
entourage of interacting proteins: one set for initiation; another for elongation and RNA
processing; and yet another for termination, 3" processing, and mRNA export. Many of
these events are coordinated by the so-called CTD code (12), which corresponds to distinct
patterns of phosphorylation within the C-terminal domain of the largest subunit of Pol Il and
acts as a molecular beacon to broadcast specific points in the transcription process. The
ability of transcriptional proteins to “sense” the activity of Pol Il and other factors involved
in transcription is a key mechanism through which order is brought to each of the stages in
gene expression.

FLEXIBILITY AND UTILITY OF THE UBIQUITIN-PROTEASOME SYSTEM

The most recognizable role of the UPS is in protein turnover. Ub-mediated proteolysis is a
highly specific process in which covalent linkage of substrates to the small protein molecule
Ub signals their destruction by the 26S proteasome. Regulated protein destruction by the
UPS is instrumental in processes ranging from cell cycle regulation through to antigen
presentation, but it is important to remember that proteolysis is only one of many possible
outcomes for a ubiquitylated protein. First and foremost, ubiquitylation is a posttranslational
modification that provides a complex and nuanced way to alter the localization, activity, or
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stability of a linked protein substrate. Similarly, the complexities of the proteasome endow it
with capabilities that extend well beyond simple protein breakdown. As we describe below,
these noncanonical functions of the UPS feature prominently in the control of gene activity,
and transcription makes full use of all of the capabilities of the UPS to insure appropriate
transcriptional outcomes.

Protein Ubiquitylation

The conjugation of Ub is a multistep process (Figure 2) that begins when Ub forms a high-
energy thioester linkage with a Ub-activating enzyme, also known as an E1. The “activated”
Ub is then transferred to the active-site cysteine of a Ub-conjugating enzyme (E2), which
functions in concert with a Ub-protein ligase (E3) to conjugate Ub to an amino group on the
substrate, typically at a lysine residue. Specificity in this process is governed by the
interaction between an E3 and its target site on the substrate, known as a degron. There are
many hundreds of E3s in the mammalian genome, and degrons themselves are often
activated by posttranslational modifications, providing a high level of selectivity and control
to the process of ubiquitylation. Although numerous proteins are monoubiquitylated, most
substrates undergo additional rounds of ubiquitylation on Ub (perhaps catalyzed by an
additional class of enzymes known as E4s), leaving them in a heavily modified and
polyubiquitylated state.

A few characteristics of protein ubiquitylation are worth highlighting. First, Ub carries eight
potential sites of ubiquitylation, meaning that Ub chains acquire unique characteristics not
just via their length, but also by their topology (13). It is generally thought that proteins
targeted for proteasomal destruction must carry at least a tetra-Ub chain in which Ub groups
are linked via lysine 48 of Ub [K48-linkage (14)]; whereas other linkages, such as lysine 63,
adopt distinct conformations that are recognized by Ub-binding receptor proteins for
nonproteolytic outcomes (15). This diversity in chain recognition generates a range of
signals far more diverse than might be expected from simple iteration of the Ub moiety
itself. Second, ubiquitylation is a dynamic process that can be reversed by the action of
deubiquitylating enzymes (DUbs) that either trim Ub chains or remove them entirely (16).
The dynamic nature of ubiquitylation means that Ub conjugation is not a terminal process
and that DUbs can act to modify the fate of a ubiquitylated substrate. Finally, ubiquitylation
is unusual in that it is a very large posttranslational modification, and it is likely that the
bulkiness of Ub can itself serve to alter the inherent characteristics of a ubiquitylated
substrate protein.

The Proteasome

The proteasome is a self-compartmentalized protease (17) that carries its proteolytic
activities deep within its interior. This arrangement means that for a protein to be destroyed
by the proteasome, it not only typically needs to be ubiquitylated, but also presented in an
appropriate manner to gain access to the central proteolytic chamber. Delivery of substrates
to the proteasome is often facilitated by Ub-dependent chaperones and shuttling factors (18,
19), but once a substrate arrives on its doorstep, much of the actions of the proteasome are
devoted to feeding substrates to the inner protease sites.

The 26S proteasome (Figure 3) consists of a 20S proteolytic core particle, capped at one or
both ends by a 19S regulatory particle, the latter of which can be further subdivided into lid
and base subcomplexes (20). The lid of the 19S regulatory particle is composed of ~10
subunits, whereas the base is composed of six AAA-type ATPases and two non-ATPase
subunits. Ubiquitylated proteins delivered to the proteasome are recognized by receptors in
the 19S complex, deubiquitylated, unfolded by ATPases in the base, and translocated into
the 20S complex for destruction. Within the 20S complex, three distinct proteoltyic

Annu Rev Biochem. Author manuscript; available in PMC 2013 April 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geng etal.

Page 4

activities—chymotryptic-, tryptic-, and caspase-like—attack the target, typically cleaving it
into peptides of between 4-25 amino acids in length (17), but occasionally, these activities
clip the substrate at specific sites, generating functional protein fragments (21). The
proteasome thus carries at least six distinct biochemical activities: (&) recognition of
ubiquitylated proteins, (6) deubiquitylation, (¢) protein unfolding/chaperone, (a) protein
translocation, (€) protein destruction, and (# protein processing, which are typically devoted
to proteolysis but could theoretically be diverted to other processes as well. As we discuss
below, the potential moonlighting of these functions has received particular attention in the
field of transcriptional regulation.

REGULATING TRANSCRIPTIONAL ACTIVATORS AND COACTIVATORS

Given their importance in setting gene expression levels, it is not surprising that TAs and
coactivators are a major point of intervention of the UPS in transcriptional control. The most
obvious way in which the UPS controls these proteins is by fine-tuning their steady-state
levels or by destroying them when their function is no longer appropriate (2), but examples
also exist in which the UPS controls the localization of activators (22) or processes them
into a functional state via limited proteolysis (23). These actions are in line with traditional
views of how the UPS regulates protein activity, acting either upstream or downstream of
the point at which its substrates function. In transcription, however, the UPS has inserted
itself in a prominent way directly into the heart of gene regulatory mechanisms, controlling
activators and coactivators on chromatin and during the process of transcriptional regulation.
The ability of the UPS to modulate activators at their workplace endows the system with
tremendous potential to micromanage the proteins that control gene activity.

Nonproteolytic Functions of Ubiquitin in Controlling Transcriptional Activators

Many TAs and coactivators can be regulated by nonproteolytic ubiquitylation. A consensus
has yet to emerge on the effects of ubiquitylation on transcription factor activity, but on the
basis of published examples, we can define two general ways in which Ub acts, independent
of proteolysis, to influence activator and coactivator function.

The first group is the least mechanistically developed and encompasses examples where
monoubiquitylation stimulates TA activity through unknown means (Figure 4a). A
collection of natural (24-27) and synthetic (28, 29) transcription factors are regulated by this
mechanism, and although exactly how is unclear, the phenomenon does appear to be both
biologically relevant and a point of regulation. In the case of FOXO4, for example, a
transcription factor important for the cellular response to stress, oxidative stress induces both
monoubiquitylation and deubiquitylation of the activator. Monoubiquitylation of FOX04
causes it to enter the nucleus and stimulates its transcriptional activity, whereas
deubiquitylation by the DUb Usp7 reverses this process. By having both ubiquitylation and
deubiquitylation under the control of oxidative stress, cells inherently limit FOXO4 activity,
ensuring that ongoing rounds of FOXOA4-driven transcription are responsive to the continual
presence of the activating signal. Another interesting example centers on SRC-3, a
coactivator for hormone-liganded transcription factors (Figure 45). SRC-3 is activated by
monoubiquitylation (30) but destroyed by the proteasome once the Ub chain on SRC-3 is
extended beyond a certain threshold. The time it takes for SRC-3 to transition from a
monoubiquitylated to a polyubiquitylated species thus acts as a “molecular clock,” defining
a specific period of time during which SRC-3 can function before it is destroyed. In this
way, ubiquitylation acts as a self-limiting mechanism that prevents renegade transcription
factors from uncontrollably activating transcription. In the section titled Proteolytic Control
of Activators and Coactivators, we discuss an even more intimate coupling of activator
turnover and function that likely achieves the same objective.
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The second group includes a growing number of examples in which ubiquitylation affects
how a transcription factor binds to its target sites in the genome, both positively and
negatively. At one end of the spectrum, monoubiquitylation of the yeast activator Gal4
appears to prevent it from being stripped off chromatin by ATPases resident in the 19S base
complex (Figure 4¢) (31), suggesting that ubiquitylation could act to lock an activator onto
chromatin in an active configuration. At the other extreme, ubiquitylation can also play a
proactive role in dissociating transcriptional regulators from their target sites (Figure 44)
(32, 33). The best-understood example in this group is the yeast transcriptional repressor a2,
which controls the transition between different mating types. Although Ub-mediated
proteolysis of a2 is important for mating-type switching (34), the critical point of regulation
in this instance occurs at the level of a2 binding to chromatin and precedes proteolysis.
When the signal to switch mating types is received, a2 is ubiquitylated on chromatin, and
this ubiquitylation recruits the Ub-selective chaperone Cdc48 (p97), a AAA-type ATPase
that mobilizes ubiquitylated proteins for destruction by the proteasome (19). Once Cdc48
encounters ubiquitylated a2, it uses the energy of ATP hydrolysis to extract a2 from
chromatin, immediately terminating its function and subsequently directing it to the
proteasome for permanent inhibition of a2 activity. The a2 study is particularly important
because it demonstrates that steps in the linear sequence of Ub-mediated proteolysis may be
both temporally and spatially separated to effect immediate versus long-term outcomes and
that just because a.2 is destroyed by the UPS does not mean that proteolysis per se is the
rate-limiting step.

Two final points are worth noting here. First, it is entirely possible that some of the first
class of activators, where the mechanism of activation by ubiquitylation is unknown, are
regulated by Ub at the level of promoter occupancy. Second, the principal that ubiquity-
lation can control transcription factor activity separate from proteolysis may not be restricted
to monoubiquitylation, nor to TAs. Atypical poly-Ub chain topologies, which do not lead to
proteasomal proteolysis, have been found to stimulate transcription factor activity under
some circumstances (35), and the activity of the repressive histone deacetylase complex
mSin3 is stimulated by formation of lysine 63-linked Ub chains on its Sds3 subunit (36).
Thus, the rules that are distilled from transcriptional regulators may be broadly applicable to
other components of the transcriptional apparatus, and similar mechanisms may be at work.

Proteolytic Control of Activators and Coactivators

The concept that transcriptional regulators can be made to accumulate or disappear by
manipulating their Ub-mediated proteolysis is well established (2, 3). There is, however,
another more intriguing side to this story: Ub-mediated proteolysis can promote the activity
of the transcriptional regulators it destroys. This counterintuitive role of the UPS in
controlling transcription has only been appreciated in recent years, but this role appears to
apply to a growing number of transcriptional regulators and provides insight into how other
processes may be controlled by an “activation by destruction” mechanism (37).

The first clue to the existence of this phenomenon came from the discovery that TADs often
overlap with degrons (38). This overlap is widespread—there are now nearly 30
transcription factors that have overlapping TADs and degrons (Figure 5)—and is intimate,
as manipulations that affect protein turnover typically have corresponding effects on TAD
activity [e.g., (28, 37, 39, 40)]. The coupling of these two functions within TAs [and
coactivators (41)] raises an intriguing question: Why are two apparently opposing functions
—activation and destruction—linked in these proteins?

Since this overlap was first noted, significant progress has been made in both expanding the
range of transcription factors that fall into this category and exposing its significance.
Although deep mechanistic insight is still lacking, a few important conclusions can be made.
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Destruction of activators is likely to be a direct consequence of their ability to activate
transcription (39, 42). Activator turnover requires DNA binding and ongoing transcriptional
activity (43), and this turnover is often signaled by kinases that are integral parts of the
transcriptional apparatus (44—46). Ub ligases are recruited to sites of activator function (2,
44, 46-50). And the ongoing activity of these proteins is dependent on their ubiquitylation
and on the proteolytic capacity of the proteasome (2, 3, 37, 39, 41, 44, 51-58). Taken
together with the widespread overlap of activation and destruction elements, these
observations indicate that Ub-mediated destruction of activators is inherently linked to the
way in which they stimulate transcription.

A number of models have been proposed to explain the connection between activator
destruction and function (2, 3, 59); the majority of these models invoke a “suicide” theme in
which destruction of the activator is an obligate part of the activation mechanism that both
drives the process forward and is guaranteed to terminate the activation signal. This notion is
closely aligned with the Ub clock hypothesis, and it is possible that a similar mechanism
underlies both processes, the only difference being the number of rounds of transcription an
activator can stimulate before it is terminated. There are, however, a number of issues that
need to be noted in any critical evaluation of a suicide-type model. First, the mechanism
must apply only to a certain mode of transcriptional activation, as there are TADs that
stimulate robust levels of transcription without triggering proteolysis (38). Second, the
mechanism must apply only in certain instances, as there are clear examples of individual
transcription factors that can be both activated and inhibited by Ub-mediated proteolysis
(44). Third, there must be a way for the UPS to attack activators only after they have
functioned; otherwise, proteolysis could precede activation and would obligatorily inhibit
TA activity. Finally, transcription-coupled destruction of an activator needs to serve a
functional purpose such that, if it is blocked, repeated rounds of transcriptional activation
cannot occur.

Taking these issues into account, we suggest a revised model (Figure 6) in which TAs are
regulated by two distinct modes of Ub-mediated proteolysis. Mode 1 occurs off chromatin,
and in this case, the UPS limits the activity of a transcription factor by restricting its
abundance. If proteolysis does not occur, the TA accumulates, and its function is enhanced.
Mode 2, however, occurs on chromatin and during the process of gene induction. We posit
that kinases associated with the transcriptional machinery (44-46) serve to mark an activator
as “spent,” trapping it in an inactive state that cannot stimulate further rounds of
transcription. At the same time, these phosphorylation events bring in components of the
UPS that destroy the activator in situ, clearing the deck for promoter association with a fresh
activator molecule. In this mode, proteolysis serves a positive role in transcription by
allowing pristine activators to access the promoter and stimulate additional rounds of
transcription. This model, which is a refinement of one originally proposed by Lipford et al.
(3, 37), predicts that the UPS is only required when the activator is locked in its
phosphorylated state. Thus, if the mode of activation does not lead to activator
phosphorylation, or if the sites of phosphorylation on the TA are blocked (37), the UPS
becomes dispensable for activator function.

Linking the destruction of TAs directly to their activity installs a set of mandatory
checkpoints to the function of any particular transcription factor molecule and provides a
powerful way for the cell to tightly control transcription factor activity. Our model gives
mechanistic insight into how this may occur, but it also raises some thought-provoking
questions. Does this type of regulation apply to activators only, or are coactivators and
repressors also subject to this type of control? What are the steps in transcription that depend
on activator phosphorylation and proteolysis, and are other transcription proteins, besides
coactivators, also destroyed in the process? And—more broadly—does this type of
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inherently self-limiting mechanism apply to other cellular events in which the UPS has a
regulatory foothold?

REGULATION OF HISTONES BY THE UBIQUITIN-PROTEASOME SYSTEM

One of the most high-profile intersections between the transcription and ubiquitin-
proteasome systems centers on ubiquitylation of histones and the impact this has on
chromatin structure and function. It is now clear that all histones can be ubiquitylated (60),
that this modification is abundant [almost 10% of H2B, for example, is present in the
ubiquitylated form (61)], and that histone ubiquitylation acts nonproteolytically to control
gene activity. The best-studied examples of histone ubiquitylation are H2A and H2B. H2A
ubiquitylation is typically associated with chromatin compaction and transcriptional
repression, whereas H2B ubiquitylation is associated with gene activation (60). Numerous
excellent reviews have been written on the subject of histone modifications, so rather than
cover this subject comprehensively here, we focus on just one example, H2B, that illustrates
some of the ways in which the presence of Ub on a core histone can influence gene activities
(Figure 7).

Although H2B can be ubiquitylated at multiple sites (62), the major modification of H2B is
monoubiquitylation at lysine 120, a process carried out by the Rad6 Ub-conjugating enzyme
(63) and the Brel Ub-protein ligase (64). This modification is tightly coupled to active
chromatin (65), is likely signaled by combinatorial processes that are linked to
transcriptional elongation (66-68), and depends on transcription-coupled alterations to
chromatin structure (66, 69). Thus, ubiquitylation of H2B marks the template as having
recently been transcribed and sets forth a process that impacts transcriptional events. But
what does H2B ubiquitylation do?

Inherently, modification of H2B by Ub does not disrupt nucleosome architecture (70), but
does impair chromatin fiber compaction, and can work with other histone modifications to
relax higher-order chromatin structure (71). This phenomenon is consistent with the bulky
nature of the Ub moiety, which presumably prevents tight compaction of chromatinized
DNA strands, and has obvious ramifications for influencing the ability of Pol 11 to access its
template. In vivo, however, H2B ubiquitylation is unlikely to act solely through this
mechanism. The effects of H2B ubiquitylation cannot be recapitulated by replacing Ub with
another bulky Ub-like modification, such as SUMO (72) or HUb1 (71), suggesting that
components in the transcriptional machinery recognize the Ub modification on H2B to elicit
a biological response.

Ubiquitylation of H2B is closely connected to the function of the FACT nucleosome-
remodeling complex, which is important for displacing H2A/H2B dimers ahead of Pol 11
and for reassembling them after polymerase has passed (73). H2B ubiquitylation stimulates
the activity of FACT (74) and appears to negatively act against other nucleosome-restoring
complexes, making FACT the preferred nucleosome rebuilder at transcribed genes where
H2B ubiquitylation occurs (75). The ability of ubiquitylated H2B to select for FACT implies
that a specific molecular recognition event, signaled by Ub on H2B, acts to stimulate FACT
activity at specific sites in the genome. In a similar vein, recognition of Ub by histone
methyltransferase complexes (76-78) is likely involved in another essential function of H2B
ubiquitylation—signaling processive methylation of histone H3 (79). In this instance, the
presence of H2B ubiquitylation at active sites of transcription allows localized assembly and
activation of methyltransferase complexes (80-83), which then go on to modify their
respective sites in H3. The linking in #rans of these two sets of histone modifications may
seem like a lot of effort, but it provides the cell with a way to amplify and extend the actions

Annu Rev Biochem. Author manuscript; available in PMC 2013 April 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geng etal.

Page 8

of H2B ubiquitylation by tying it into a host of processes that respond to H3 methylation
(84-87).

Finally, like many ways in which the UPS controls transcription, H2B ubiquitylation is a
dynamic process that acts both positively and negatively, and the timing and extent of this
modification determines the biological outcome. Removal of Ub from H2B, which is
mediated by a DUDb that is an integral part of the SAGA coactivator complex, is important
for optimal levels of transcription (88). If ubiquitylated H2B accumulates, Pol Il cannot
recruit kinases important for transcriptional elongation (89), and stalled Pol 11 complexes
cannot be reactivated by factors such as TFIIS (90). It seems likely, therefore, that H2B
ubiquitylation is not a static event but that H2B is cycling between its modified and
unmodified states, giving the cell a set of constant updates on transcriptional processes and
providing critical opportunities for regulatory intervention.

CONNECTIONS BETWEEN THE TRANSCRIPTION AND UBIQUITIN-
PROTEASOME SYSTEMS

Given the growth of this field in recent years, we cannot hope to cover all of the various
examples that have surfaced of how Ub-dependent processes impact transcription. We can,
however, make two important points that illustrate the extent to which the UPS regulates
gene activity and the physical connections between the two processes.

The first point is that activators, coactivators, and histones are not the sole venue of
intervention of the UPS in transcriptional processes. Termination of transcription depends
on proteasome function (91). Core components of the transcriptional machinery are
regulated by Ub-dependent processes (36, 47). And events that occur commensurate with
transcription, such as premRNA splicing and mRNA export, are also impacted by Ub and
the proteasome (92, 93). Indeed, given that Ub-dependent processes are also important for
translation (94), it seems that the UPS has inserted itself into just about every stage in the
expression of the genetic information.

The second point is that the extensive functional links between the transcription and
ubiquitin-proteasome systems are how supported by a host of physical interactions between
components in the two pathways (Table 1). Molecules that directly connect the transcription
and ubiquitin-proteasome systems influence processes ranging from gene repression through
to chromatin modifications and to elongation of transcription. The understanding that has
come from studying these molecules gives important insight into how the UPS is such an
efficient regulator of transcriptional processes.

Notably, many proteins that connect the transcription and ubiquitin-proteasome systems are
integral components of the transcriptional apparatus. TAF,, for example, is a core
component of the TFIID complex and is unusual in that it has combined E1 and E2 activities
(95), allowing it to single-handedly activate Ub and conjugate it to a substrate. The basal
factor TFIIH has two potential ways it can influence ubiquitylation, acting as a direct Ub
ligase (96) and by modulating the activity of other ligases that are regulated by the Ub-like
modification Nedd8 (97). And as mentioned above, the SAGA chromatin-remodeling
complex has a built in DUb (88) that deubiquitylates H2B, and potentially other substrates.
The setting of Ub-conjugating and deconjugating enzymes within components of the
transcriptional apparatus gives the UPS extraordinary opportunities to influence gene
expression mechanisms.

One of the more interesting features to emerge from the study of proteins that connect these
systems is that many of them have evolved the ability to sense the activity or environment of
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molecules involved in gene regulation. In this regard, three general mechanisms have
emerged to explain how the UPS zeros in on its active transcriptional targets. First, the UPS
can read activity-dependent modifications or configurations of transcription proteins (Figure
84). This concept is at the heart of our model of how Ub-mediated proteolysis controls TAs
(Figure 6), but examples also exist in which an E3 can directly interpret the CTD code on
Pol 11 (98) or in which the CTD is read together with other structural changes in polymerase
that only occur when the molecule is active (99). Second, components of the UPS can be
activated specifically within a transcriptional context (Figure 856) (100, 101). One of the best
examples of this is the Ub ligase TIF1y, which is activated by modified histone tails (102),
allowing it to select only its chromatin-bound pool of substrate (Smad4) for ubiquitylation.
Finally, Ub ligase selectivity can be directly reprogrammed by transcription proteins to
target new substrates (Figure 8¢) (103, 104). In one surprising example, the transcription
factor Met4 inserts itself within a Ub ligase complex (104), changing E3 selectivity and
allowing Met4 to direct the proteolysis of its transcriptional coregulators. By these three
mechanisms, the activity of the UPS can be co-opted and tuned with laser-like precision
toward transcriptional processes. The close interplay between molecules important for
transcription and Ub-dependent transactions, and the ability of transcription proteins to
inherently alter the function of proteins such as Ub ligases, makes the UPS an effective tool
for controlling transcriptional processes.

THE PROTEASOME IN TRANSCRIPTION

Implicit in much of our discussion is the concept that the proteasome is available to process
ubiquitylated substrates within the immediate vicinity of chromatin, either directly or via
chaperones, such as Cdc48. This indeed appears to be the case. Proteasome subunits are
clearly recruited to sites of transcription (105-112), and genome-wide studies suggest that
one or more components of the proteasome interact with the majority of highly active genes
in yeast (109), raising the intriguing possibility that few Pol Il-transcribed genes, and
perhaps those transcribed by RNA polymerase | (113), are expressed without proteasomes
being present. Studies have implicated the proteasome in just about every step in gene
transcription (Table 2), from control of activators and how they associate with chromatin
through to regulated exchange of coactivators (52, 114), elongation (115, 116), termination
(91), covalent histone modifications (114, 117-120), and repressing cryptic transcription
(111, 121). However, the nature of the proteasome that is involved in gene regulation and
the exact contributions of 19S versus 20S activities are unclear.

One school of thought posits that the transcriptionally relevant form of the proteasome is an
independent 19S base complex (122), which uses the energy of ATP hydrolysis to regulate
dynamic exchanges of key proteins at sites of transcription. Support for this notion comes
from genetic evidence linking 19S base components—but not those in 20S—to activities of
the yeast Gal4 activator (123-126), from the finding that TADs and GTFs can selectively
interact with 19S proteins in vitro (117, 127, 128), and from some notable discrepancies in
the distribution of 19S and 20S components on chromatin, as measured by chromatin
immunoprecipitation (105, 106, 108, 109, 111). Importantly, biochemical studies have
clearly indicated that 19S complexes are sufficient for promoting events such as
transcriptional elongation (116), and stimulating coactivator binding (114), lending further
support to the notion that ATPases in the 19S base are all that is needed for transcriptionally
relevant processes.

By contrast, an equally compelling case can be made for the role of 20S proteins in critical
transcriptional events. 20S components bind active genes (91, 109, 111, 112); are required
for activator and coactivator function (described above), as well as for transcriptional
termination (91) and repression of cryptic transcription (111, 121); and are recruited to
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chromatin in response to DNA damage (129), where they facilitate removal of Pol 11
complexes that have terminally stalled at DNA lesions. It appears, therefore, that the
proteolytic activity of the proteasome is required for normal transcriptional processes and
also to cope with problems that arise during expression of the genetic information.

How can we reconcile these apparently disparate observations? It needs to be stated that
evidence for the existence of free 19S base complexes is lacking and is confounded by the
inherent instability of proteasome complexes during extraction (130). Most in vivo evidence
supporting a 20S-free role of proteasome components in transcription is based on chromatin
immunoprecipitation studies, which are susceptible to issues of epitope accessibility, and on
studies using pharmacological inhibitors of the chymotryptic site of the proteasome, which
can leave other proteoltyic activities intact (57). It should also be stressed that there is no
conceptual need to physically segregate the proteasome for its nonproteolytic activities to
act; protein unfolding occurs on the surface of the 19S complex (131), and 26S proteasomes
can disrupt protein complexes independent of proteolysis (132). Depending on their
characteristics, some proteins are inexorably shuttled into the proteolytic chamber, whereas
others escape degradation (133). Thus, canonical 26S proteasomes certainly have the
capability to act both proteolytically and nonproteolytically during the transcription process.

We propose that transcriptionally active genes recruit the entire proteasome and use it as a
kind of “Swiss army knife” that carries an integrated set of biological functions (Figure 9).
During the early stages of transcription, ATPases in 19S complex regulate activator
occupancy (134) and coactivator recruitment (52, 114), and the entire proteasome is poised
to destroy the activator once its suicide mechanism is activated. After Pol 1l has initiated
transcription, proteasomes enter the transcribed portion of the gene and again put their
proteolytic and nonproteolytic activities to work, remodeling the chromatin template to
facilitate transcriptional elongation (115, 116) and linked histone modifications (107, 114,
117-120), as well as serving to remove failed transcriptional complexes or those that have
initiated at inappropriate sites in the genome (109, 111, 135). And as transcription nears
completion, the proteasome uses its activities to drive changes in the composition of Pol |1
complexes necessary for appropriate termination of transcription (91). Thus, just as one
might carry a Swiss army knife—both for routine tasks and to cope with emergencies—
transcription complexes carry proteasomes and sample their various activities depending on
the stage or challenge to transcription.

Notably, our model does not exclude the possibility that individual functions of the
proteasome may be transiently inhibited or that proteasomes may be fragmented to achieve
gene-specific transcriptional outcomes. For example, the human immunodeficiency virus 1
(HIV-1) promoter recruits both 19S and 20S components when in the process of
synthesizing short, nonproductive transcripts but, in response to the activator Tat, recruits a
proteasome disassembly protein, PAAF1, that displaces 20S proteins, allowing the 19S
functions to predominate in synthesis of long, productive mRNAs (136). These results lend
support to the notion that proteasomes are recruited en masse into transcriptional processes,
but also demonstrate that proteasome subcomplexes can be tailored to meet specific
transcription requirements on select promoter DNAS.

How proteasomes are recruited into transcriptional complexes is largely unresolved. This
could occur by direct interaction with TADs (105, 117, 137-140), by histone modifications
specific to active chromatin (107), or by specific adapter proteins (112, 141). Alternatively,
if the canonical 26S proteasome is the form that is involved in transcription, there is no
reason to believe that proteasomes could not simply come in response to the presence of
specific ubiquitylated substrates—a notion supported by the finding that the Ub ligase
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activity of the CCR4-Not complex is required for specific recruitment of proteasome
proteins to the active PMAI gene in yeast (142).

The Swiss army knife model makes a number of frank predictions about how proteasomes
associate with chromatin, and these predictions need to be challenged experimentally, the
most important of which is the tracking of proteasome subunit association across genomes.
This research will likely require combined efforts that use multiple approaches to
systematically monitor proteasome interaction with chromatin as well as functional
approaches that compare the effects of disrupting both 19S and 20S functions on patterns of
authentic and nonauthentic transcription. Only once unambiguous assignment of how these
subunits interact with active genes is made—or once a transcriptionally relevant activity of
the 19S base complex that cannot function within a 26S setting has been found—can these
issues be resolved with certainty.

CONCLUSIONS

We hope to make it clear in this review that the UPS is intimately involved, physically and
functionally, in gene regulatory mechanisms. Both proteolytic and nonproteolytic activities
of the system impact transcriptional processes by targeting multiple steps in gene activity,
from controlling activators through to export of a finished transcript from the nucleus, and
possibly beyond. We emphasize that, because of the nature of the UPS and the linkage
between many of its activities, it is likely that the examples we have cited here represent
points on a spectrum of possibilities rather than absolute ways in which the UPS is always
involved in gene regulation. It is easy to imagine, for example, how lines between
proteolytic versus non-proteolytic regulation of a specific transcription protein could be
blurred by events that change the type of Ub linkage or that transiently inactivate one or
more functions in downstream UPS components, such as the proteasome. Indeed, it may
very well be that transcription is a perfect venue in which to expose the various intricacies of
the UPS in protein regulation. On a related note, it will be very interesting to learn whether
processes other than transcription can be regulated in so many interesting ways by Ub, Ub-
dependent processes, and the proteasome.
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Glossary
Ubiquitin-proteasome includes all proteins required for ubiquitylation,
system (UPS) deubiquitylation, recognition, and processing

(proteoltyic or otherwise) of ubiquitylated proteins

Ub ubiquitin
RNA polymerase |l (Pol 11) a 12-subunit enzyme responsible for mRNA synthesis
General transcription a group of ancillary proteins necessary for promoter-
factors (GTFs) driven transcription by Pol Il
TA transcriptional activator
Transcriptional activation a transferable element present in transcriptional
domain (TAD) activators that is responsible for recruiting Pol Il and

GTFs to chromatin
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SUMMARY POINTS

The ubiquitin-proteasome system (UPS) interacts with chromatin and regulates
multiple steps in gene transcription, from controlling activators through to
MRNA export.

Proteolytic and nonproteolytic actions of the UPS are important for
transcriptional regulation. This includes proteolytic and nonproteolytic roles for
Ub as well as the proteasome.

Transcriptional regulators are a major point of intervention of the UPS in
transcriptional processes. Nonproteolytic ubiquitylation can modulate activator
binding and activity, whereas proteolytic ubiquitylation can both inhibit and
promote activator function.

The UPS can paradoxically be required for the function of transcription proteins
it destroys. This likely reflects the action of the UPS in promoting activator
turnover on chromatin and provides the cell with a way to maintain tight control
over activators by inexorably linking their destruction to their activity.

Histone H2B ubiquitylation is a dynamic process that controls higher-order
chromatin compaction; that influences transcription by recruiting effectors,
promoting nucleosome disassembly and reassembly; and that signals additional
histone modifications.

The extraordinary ability of the UPS to impact transcription stems from close
physical connections between the two processes and from the ability of the UPS
to detect the activity of proteins that are functioning in a transcription context.

The proteasome associates with chromatin and uses chaperone functions in the
ATPase base, as well as its proteolytic capabilities, to modulate activator
binding, coactivator recruitment, transcriptional elongation, and transcriptional
termination. The proteasome also plays an important role in clearing RNA
polymerase complexes that have stalled or initiated at incorrect sites in the
genome.

The proteasome is an integrated multifunctional machine that has the potential
to bring at least six distinct biochemical activities to bear in transcriptional
processes.
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FUTURE ISSUES

The mechanism through which monoubiquitylation regulates the binding and
activity of TAs and coactivators needs to be exposed.

Suicide models for activator function need to be challenged biochemically to
determine the steps in transcriptional activation that require the UPS, the role of
phosphorylation in this process, and whether regulatory proteins are the sole
molecules being destroyed during transcriptional induction.

The role of ubiquitylation on histones H1, H3, and H4 needs to be understood
both it terms of its impact on chromatin organization and its influence on
transcriptional processes.

Receptors for ubiquitylated proteins in the transcriptional apparatus need to be
identified. Given the large number of transcription proteins regulated by Ub, it
seems likely that Ub-specific receptors exist, but few examples are known.

The influence of Ub chain length and topology on the function of transcription
proteins needs to be understood. Understanding how differences in Ub chains
are established and recognized could help resolve instances where it is uncertain
whether proteolytic or nonproteolytic ubiquitylation is at work.

Clear resolution of the relative contribution of 19S versus 20S activities of the
proteasome in each step of transcription is needed. The unambiguous
assignment of the association of various components of the proteasome on
chromatin, and their mode of recruitment to transcription sites, also needs to be
resolved.

Biochemical analysis of transcriptionally relevant functions of the proteasome is
required to reveal the steps in transcription that are directly impacted and to
understand the molecular actions of chaperone proteins in the 19S base.

Other processes heavily controlled by the UPS need to be carefully examined to
see if similar mechanisms, such as activation by destruction, recognition on the
basis of activity, and functionally independent 19S chaperone action, are at
work.
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Figure 1.

Transcriptional regulation. (&) Activation of transcription. Within a permissive chromatin
environment, a transcriptional activator (TA) binds to promoter sequences, often in response
to environmental signals. The activator typically requires a coactivator (CA), and together
they recruit general transcription factors (GTFs) and RNA polymerase Il (Pol 1), leading to
the initiation of transcription. (4) As Pol Il enters the elongation phase, histones are evicted
ahead of the transcribing Pol Il and redeposited in its wake. At this stage, components of the
RNA processing (RnP) machinery join Pol 1, carrying out premessenger RNA maturation.
This is also a stage when transcription can reinitiate, or the signal to initiate is terminated.
(¢) Transcription-coupled chromatin marks persist on the recently transcribed gene, and
transcription terminates by association of Pol Il with the termination machinery (Tm).
MRNA is then exported from the nucleus. Blue lines represent the template DNA duplex.
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Ubiquitylation. A destruction element in the substrate (a degron) is activated, often by
phosphorylation in response to a specific signal. The degron is then bound by a ubiquitin
(Ub)-protein ligase (E3), which acts in conjunction with a Ub-activating enzyme (E1) and
Ub-conjugating enzyme (E2) to transfer Ub (green circle) to the substrate (SUBS), typically
at a lysine residue. Repeated rounds of this process, perhaps catalyzed by a Ub chain
elongation factor (E4), give rise to a polyubiquitylated substrate. Ubiquitylation can be
opposed by the action of deubiquitylating enzymes (DUbs), which can remove all Ub or trim
the length of the Ub chain.
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Figure 3.
Architecture of the 26S proteasome. The proteasome is a self-compartmentalized protease

that consists of three main subcomplexes: a 20S core particle (CP) that houses three distinct
proteolytic activities in its inner core, a 19S lid that recognizes and deubiquitylates
substrates, and a 19S base structure that uses the energy of ATP hydrolysis to unfold
proteins and pass them into the 20S CP for destruction. 26S proteasomes can be capped at
one or both ends by a 19S complex.
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Roles for ubiquitylation in controlling transcriptional regulators on chromatin.

(&) Activation by monoubiquitylation. In this view, monoubiquitylation of DNA-bound
activators stimulates their inherent activation properties, a process that is promoted by Ub
ligases (E3s) and antagonized by deubiquitylating enzymes (DUbs). (6) The Ub clock
model. In this view, the period of activity of a transcriptional regulator is governed by the
length of time it takes to transition from the monoubiquitylated and active form to a
polyubiquitylated form that is rapidly destroyed by the proteasome. (¢) Control of promoter
stripping by activator ubiquitylation. In this model, activators are aggressively removed
from chromatin by resident ATPases in the 19S base complex (b/ue ring). The presence of
Ub on the activator blocks this activity, allowing the TA to stably associate with its cognate
DNA element. (d) Extraction of ubiquitylated transcription factors from chromatin by Ub-
selective chaperones. Here, polyubiquitylation of the a2 repressor causes it to be extracted
from promoter DNA by the ATPase activities of Cdc48 (p97), a process that allows
immediate cessation of function before a2 is subsequently destroyed by the proteasome.
Note that these models are not mutually exclusive, and it is possible that multiple
mechanisms contribute to transcription factor control at a specific promoter. Abbreviations:
GTFs, general transcription factors; Pol 11, RNA polymerase Il; TA, transcriptional
activator. Blue lines represent the template DNA duplex.
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Figure5.

Transcriptional activation domains (TADs) often overlap with degrons. The domain
structure of 28 transcription factors is shown. Although the overlap of TADs and degrons is
not always perfect, it is worth remembering that different studies have typically defined each
type of element and that different sets of mutations (which define the boundaries) have been
used in these studies.
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Two modes of activator regulation by ubiquitin-mediated proteolysis. The figure shows how
a transcription factor can be regulated in disparate ways by proteolysis and the consequences
of disrupting the ubiquitin-proteasome system (UPS) on those modes of regulation. Mode 1
occurs off chromatin, and the UPS is used to limit the concentration of available activators.
When the UPS is disrupted in this case, the transcription activator (TA) accumulates, and
transcription is induced. Mode 2 occurs on promoter DNA and during the course of
transcriptional activation. We posit that kinases (K) associated with the general
transcriptional machinery phosphorylate activators at some point during transcriptional
activation. This phosphorylation (P, red circles) has two functions. Its marks the activator as
spent and incapable of stimulating further rounds of transcription. Concurrently, it also
recruits a Ub ligase that ubiquitylates the transcription activator (TA), allowing it to be
destroyed and a fresh activator to reach the promoter. In this mode, if the UPS is perturbed,
the inactive TA remains on chromatin, and subsequent rounds of transcription are blocked.
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Abbreviations: CA, coactivator; E2, ubiquitin-conjugating enzyme; E3, ubiquitin-protein
ligase. Blue lines represent the template DNA duplex.
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Figure7.

Functions of H2B ubiquitylation. (8) During transcriptional elongation, the ubiquitylation
machinery for H2B (Rad6/Brel) is recruited to transcriptional complexes, where it
ubiquitylates H2B, most prominently on lysine 120. This modification does not impact
nucleosome structure, but it does relax higher-order chromatin configurations. (6) As
transcription proceeds, ubiquitylation of H2B selectively recruits the FACT elongation
complex (F), which not only displaces H2A/H2B dimers ahead of RNA polymerase 11 (Pol
I1), but also insures that histones are redeposited afterward. (¢) H2B ubiquitylation recruits
and activates Dot1- and Set1-containing histone methyltransferase complexes (MeT), which
promote the di- and trimethylation of histone H3 at lysine residues 4 and 79. These
methylation events, in turn, recruit other factors to chromatin and repel binding of
transcriptional silencing complexes (not shown). If levels of ubiquitylated H2B accumulate,
elongation factors such as TFIIS are excluded from chromatin, preventing the rescue of
stalled polymerase molecules. Abbreviations: E2, ubiquitin-conjugating enzyme; E3,
ubiquitin-protein ligase. Blue lines represent the DNA duplex. Brown circles represent
nucleosomes. Green circles represent ubiquitylated histone H2B.
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Figure8.

Ways in which the ubiquitin-proteasome system (UPS) can sense the activity of the
transcriptional machinery. (&) By recognizing the specific context of the substrate. This
example shows how the ubiquitylation machinery detects RNA polymerase Il (Pol 1) only
when it is engaged in transcription, via a combination of phosphorylation events and
structural changes in polymerase that are induced by transcription. (6) By context-specific
activation of the ubiquitylation machinery. In this example, the ubiquitin-protein ligase, E3,
is not active off chromatin, but it is activated by histone tails, insuring that it ubiquitylates its
target only within a transcription setting. (¢) By reprogramming Ub ligase selectivity. Here,
a transcription factor (TF) serves as a substrate adapter for the ubiquitylation machinery,
reprogramming E3 specificity from substrate 1 to substrate 2 and allowing selective
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modification of the second substrate in a transcriptional context. Abbreviation: E2,
ubiquitin-conjugating enzyme. Blue lines represent the DNA duplex. Green circles represent
ubiquitin. Brown circles represent nucleosomes. Red circles represent covalent histone
modifications.
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Figure9.

The Swiss army knife model of proteasome function in transcription. This model posits that
the entire 26S proteasome is recruited into transcriptional processes, and its various
activities are used depending on the molecular requirements. (&) The proteasome uses a
combination of proteolytic and nonproteolytic functions to control activator binding,
residency time, and coactivator (CA) exchange on promoter DNASs. (6) We posit that
proteasomes enter the open reading frame (ORF) of transcribed genes, where their ATPase
activities stimulate elongation, while their proteolytic functions serve to remove terminally
stalled RNA polymerase 11 (Pol 11) complexes that may arise. (¢) Proteolytic activity of the
proteasome is also important for attenuating cryptic, nonauthentic, and transcription
complexes as well as for processes required for appropriate termination of the transcription
event. Abbreviation: Tm, termination machinery. Blue lines represent the DNA duplex.
Brown circles represent nucleosomes. Red circles represent covalent histone modifications
present before transcription. Cyan circles represent covalent histone modifications present
after transcription. The spool is the 26S proteasome (as in Figure 3).
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Component Linkage between the transcription and ubiquitin-proteasome systems Reference

Asrl Ub ligase that binds directly to the C-terminal domain of RNA polymerase Il in response to S5 98
phosphorylation

Atfl Sequence-specific DNA-binding transcription factor that activates the anaphase-promoting complex 100
(APC) Ub ligase complex

BAF250 Component of the SWI/SNF-A chromatin-remodeling complex that associates with elongin C to form 103
an E3 that ubiquitylates histone H2B

CBP/p300 Transcriptional coactivator and coactivator of the APC Ub ligase complex 101

CCR4-Not Transcriptional repressor complex containing an E3 143

CSN COP9 signalosome; prevalent Ub ligase complex and transcriptional regulator 144

Elongin B,C Ub ligase complex that associates with RNA polymerase 11 (Pol 11); isolated as a factor that stimulates 145
transcriptional elongation

GCN5 Histone acetyltransferase and Ub ligase cofactor 146

Med8 Component of the Pol Il-associated mediator complex; forms a Ub ligase complex with elongins B,C 145

Met4 Transcriptional activator that acts as a substrate-specificity factor for the SCFMet30 Up ligase 104

Rpn4 Substrate, ligand, and transcriptional regulator of the proteasome 147

Ssl1 Ub ligase and core component of the TFIIH general transcription factor 96

TAF, Part of the basal transcription factor TFIID, carries on both E1 and E2 activities; ubiquitylates histones 95, 148
and activators

TBL1/TBLR1 Ubiquitin ligases that are part of the N-CoR corepressor complex 52

Tfh3 RING-finger component of TFIIH, stimulates Ub-like modification on the Cullin-type Ub ligase 97

TIFly Ub ligase that is activated by binding to modified histone tails; destroys Smad4 on chromatin 102

Toml Ub ligase associated with the SAGA chromatin-remodeling complex; ubiquitylates the mRNA export 149, 150
factor Yral

gbfp783, SGf11, Susl, Deubiquitylating enzyme module of the SAGA complex; deubiquitylates histone H2B 88

g
Uch37 Deubiquitylating enzyme that is an integral part of the Ino80 chromatin remodeler; activated by the 151

proteasome
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Component of the

proteasome Activity Reference
19S Regulates transcriptional activator loading onto chromatin 152
Strips activators off chromatin 31, 153
Promotes activator/coactivator association 106, 114
Promotes transcriptional elongation 115, 116
Regulates histone modifications 107, 114, 117-120
26S Promotes dynamic association of activators with chromatin 154-157

Activity-coupled destruction of transcription factors

37,44, 47,54, 55, 57

Promotes coactivator exchange 52, 158
Terminates transcription appropriately 91

Represses cryptic transcription 111,121
Resolves permanently stalled RNA polymerase 11 complexes at sites of DNA damage 99, 129
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