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Abstract

In eukaryotic cells, proteome remodeling is mediated by the ubiquitin-proteasome system, which
regulates protein degradation, trafficking, and signaling events in the cell. Interplay between the
cellular proteome and ubiquitin is complex and dynamic, and many regulatory features that
support this system have only recently come into focus. An unexpected recurring feature in this
system is the physical interaction between E3 ubiquitin ligases and deubiquitylases (DUBS).
Recent studies have reported on the regulatory significance of DUB-E3 interactions, and it is
becoming clear that they play important but complicated roles in the regulation of diverse cellular
processes. Here, we summarize the current understanding of interactions between ubiquitin
conjugation and deconjugation machineries, and we examine the regulatory logic of these
enigmatic complexes.
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The complexity of cellular ubiquitin dynamics

It is widely appreciated that ubiquitin is a multi-functional post-translational modifier of the
proteome that regulates many complex cellular processes, including protein quality control,
signaling relays, protein trafficking, and cell cycle control [1-6]. Ubiquitin conjugation is
mediated by an enzymatic cascade (E1-E2-E3) that culminates in the activity of an E3
ubiquitin ligase, which catalyzes the formation of an isopeptide bond between the C-
terminal glycine carboxyl group of ubiquitin to the e—amino group of a lysine residue on a
substrate protein [7]. Conjugation can be reversed by the activity of ubiquitin-specific
isopeptidases known as deubiquitylases, or DUBs [8, 9]. The biochemistry of these reactions
has been studied for decades, and their roles in regulating diverse cellular processes is well-
appreciated [1, 10]. Less well-understood is how conjugation and deconjugation activities
are coordinated in the cell to achieve complex regulation of protein homeostasis. As our
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understanding of the complexity of the ubiquitin code (see Glossary) continues to grow —
with increasing appreciation for features of the code such as branching [11, 12] and post-
translational modification of polyubiquitin chains [13, 14] — more emphasis must be placed
on interrogating how cells manage the complexity of the ubiquitin code and how conjugation
and deconjugation activities manage cellular ubiquitin dynamics.

The number of E3 ubiquitin ligases encoded in the human genome (~700) is far greater than
the number of DUBs (~100), although new DUBs are still being discovered [15-18]. It is
widely appreciated that the balance of ubiquitin conjugation and deconjugation activities is
critical for maintaining many complex cellular processes, and it is increasingly evident that
many instances of ubiquitin regulation involve the coupling of conjugation and
deconjugation machineries. This E3-DUB coupling can facilitate the fine-tuning of a number
of ubiquitin polymer variables including chain length and incorporated linkage types, and
has potential to regulate in modes ranging from switch-like (binary) to rheostat-like
behavior, allowing for sampling of many distinct, probabilistic outcomes. Here, we examine
the evidence that DUB-E3 complexes and the coupling of ubiquitin conjugation and
deconjugation activities plays an important role in the management of cellular ubiquitin
dynamics.

DUBSs step to E3s: prevalence of DUB-E3 complexes in eukaryotic cells

From the current literature, we catalogued 194 physical interactions between human DUBs
and E3 ubiquitin ligases reported in the protein interaction repository BioGrid (https://
thebiogrid.org/) (Table S1). Of the ~100 DUBs encoded in the human genome, 48 were
reported to interact with at least one E3 ubiquitin ligase, suggesting that just under half of all
DUBs encoded in the human genome physically associate with E3s (Figure 1 and Table S1).
Of these reported interactions, 35 DUBSs interact with more than one E3 ubiquitin ligase
(Figure 1A). These interactions involve 70 different E3 ubiquitin ligases, accounting for
about 10% of all E3s encoded in the human genome [19]. Of these, greater than half of the
E3s exhibit interactions with more than one DUB, and several appear to be hubs for DUB
interactions (Figure 1B). Of course, this catalog of E3-DUB interactions reported in the
literature has caveats including the potential for reporting of false positive interactions, as
well as a bias toward reporting of interactions for well-studied or high abundance proteins.
Nevertheless, the high prevalence of DUB-E3 interactions in human cells suggests that they
play a critical role in cellular ubiquitin dynamics.

For comparison, we analyzed the prevalence of reported DUB-E3 interactions in yeast cells.
The yeast genome encodes 22 known DUBs and ~60-100 E3 ubiquitin ligases [15, 20]. Of
these, we found four yeast DUBs that were reported to interact with a single E3 ubiquitin
ligase (Table 1), and one yeast DUB reported to interact with an E3 SUMO ligase [21]. For
the remaining 17 DUBs encoded in the yeast genome, there were no reports of interactions
with E3s (https://thebiogrid.org/). Furthermore, no yeast DUBs were reported to interact
with more than one E3 ubiquitin ligase. The possibility of additional DUB-E3 interactions in
yeast cannot be excluded, but given the abundance of high throughput interaction screens
performed in yeast, these findings suggest a lower incidence of such interactions in yeast
compared to human cells.
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E3-DUB Hubs

In this catalog of human E3-DUB interactions, several human DUBS, including ubiquitin
specific protease 7 (USP7), USP15, and USP9X, were reported to interact with a multitude
of E3 ubiquitin ligases. For some of these hubs, the biochemical basis of DUB-E3
interactions has been described. For example, the large number of USP7-E3 interactions
appears to be due to a number of factors, including its ability to localize to both cytosol and
nucleus [22], as well as the presence of accessory domains including TNF receptor-
associated factor (TRAF) and ubiquitin-like (UBL) domains [23-26]. Interestingly,
structural determinants of several USP7-E3 interactions have been mapped and characterized
[23-26], and it is clear that different domains of USP7 contribute to interactions with
multiple E3s (Figure 2A). The interactions between USP7 and several E3 ubiquitin ligases
have been recently reviewed [26]. Additionally, USP15 is a well-studied DUB with reported
roles in the TGF-B receptor signaling pathway, the NFxB signaling pathway, and the
regulation of the canonical WNT pathway [27-29]. USP15 contains an N-terminal gomain
present in wbiquitin gpecific groteases (DUSP domain), which facilitates interaction with the
COP9 signalosome [30] — a complex that is critical for regulation of many Skp-Cullin-~box
(SCF) E3 ubiquitin ligases. Thus, USP15 may indirectly engage a number of SCF E3
ubiquitin ligases via its interaction with the COP9 signalosome. Indeed, USP15 interactions
with the COP9 signalosome are reported to be important for regulation of the NFxB
pathway and the canonical WNT pathway [29, 31]. Another DUB that engages multiple E3s
is USP9X; USP9X is a very large DUB (the primary sequence is 2,570 amino acids) which
harbors a USP catalytic domain, a UBL domain, and four PY (PPXY) motifs [32]. Two C-
terminal PY motifs of USP9X have been shown to mediate interactions with the WW
domains of NEDD4 family E3 ubiquitin ligases [32], and these PY-WW interactions likely
facilitate USP9X interactions with other reported NEDD4 family members (Figure 1A and
Table S1, discussed further below).

This analysis also revealed a number of E3 ubiquitin ligases, including TRAF6, TRIM63,
PJAL1, MDM2, and HUWEL, are reported to interact with a large number of DUBs (Figure
1B). Some of these proteins are major hubs for many protein-protein interactions (like
TRAF6 and MDM?2). Indeed, there is substantial overlap between the hub E3s and the hub
DUBs. For example, TRAF6, TRIM63, PJA1, MDM2, and HUWEL1 each interact with
USP7, and all except PJA1 interact with USP15 (Figure 1, Figure 2A, Table S1, and
references therein). This is suggestive of significant cross-talk between these major E3-DUB
hubs, although it could also result from experimental artifacts due to high expression or non-
specific, “sticky” interactions. Ultimately, distinguishing between these possibilities will
require rigorous characterization of the biochemical basis and physiological function of
these E3-DUB interactions.

One interesting category of E3-DUB interactions clusters around NEDD4 family E3
ubiquitin ligases, a family of HECT E3 ubiquitin ligases that harbor an N-terminal C2
domain and multiple WW scaffolding domains. Of the nine NEDD4 family E3 ubiquitin
ligases encoded in the human genome, eight exhibit at least one DUB interaction, and many
are reported to interact with multiple DUBs (Figure 2B). One recent analysis of the NEDD4
family member WWP1 detected interactions with DUBs in breast cancer cells [32], and each
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of these DUBs contained one or more PY motifs capable of engaging the WW domains.
Indeed, NEDD4 family members are reported to interact with 15 different DUBs (Figure

1A, Table S1, and references therein), and inspection of primary sequence reveals 10 of
these to contain PY motifs (Figure 2B). Furthermore, of the few DUB-E3 complexes
reported in S. cerevisiae, one involves the NEDD4 family member Rsp5 and Ubp2 [33, 34],
a DUB that contains multiple PY motifs in the primary sequence. Thus, although much work
remains to determine if the WW domains of NEDD4 family members generally scaffold
interactions with PY-containing DUBSs, we predict that these interfaces will be a recurring
theme for regulation of NEDD4 family E3s by DUBSs across evolution.

The regulatory logic of DUB-E3 interactions

The prevalence of DUB-E3 interactions suggests they play an important role in tuning the
dynamics of cellular ubiquitylation, but the regulatory logic underlying these complexes has
not been fully elucidated. There is now strong evidence that coupling the ubiquitin
conjugation and deconjugation machineries can contribute to the regulation of shared
substrates (Table 2). However, DUB-E3 complexes can also facilitate mutual regulatory
circuits (Table 3). These two regulatory modes are not mutually exclusive. Here, we explore
the regulatory logic of DUB-E3 interactions using well-characterized examples reported in
the literature.

DUB-E3 complexes operating on a common substrate: switches, rheostats, and quality

control

Since DUBs and E3 ubiquitin ligases catalyze opposing reactions, a classical viewpoint
predicts that complexing of DUBs and E3s would result in antagonism, with the two
activities competing to determine if the substrate achieves a specific ubiquitin-mediated
outcome (Figure 3A). There are numerous reports of this type of switch-like regulation
resulting from DUB-E3 complexes. One example involves the canonical WNT signaling
pathway, which, when activated, signals to stabilize the protein B-catenin, allowing it to
accumulate in the nucleus where it interacts with transcriptional regulators and modifies the
transcriptional program of the cell [35]. In the absence of WNT ligand, the g-fransducin
repeat containing grotein (BTrCP), an F-Box subunit of an SCF E3 ubiquitin ligase complex,
functions to ubiquitylate p-catenin, targeting it for proteasomal degradation and preventing
canonical WNT activation [35]. Importantly, the DUB USP15 can interact with BTrCP and
thereby antagonize ubiquitylation of B-catenin, limiting its proteasomal degradation to
promote canonical WNT activation [29]. Many other examples of such antagonism have
been reported in recent years (Table 2 and references therein).

While complexing DUBs with E3s has the potential to result in direct antagonism that
generates a switch-like behavior, it also has the potential to facilitate other forms of
regulation. For example, the coordinated regulation of E3 and DUB activities on a shared
substrate can behave more like a rheostat to provide graded regulatory outcomes within the
dynamic environment of the cell (Figure 3B). For example, the WNT signal transducing
protein disheveled (DVL2) is subject to complex regulation by multiple E3 ubiquitin ligases
and DUBs [32, 36-38], and it was recently reported that an interaction between USP9X and
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WWP1 regulates DVL2 participation in canonical WNT and non-canonical WNT signaling
pathways [32]. Biochemically, these two coupled activities finely tune the extent of
ubiquitylation on DVL2, which regulates not only proteasomal degradation but also DVL2
interactions with canonical WNT and non-canonical WNT factors [32]. A similar type of
tuning was reported to occur on the Wiscott-Aldrich Syndrome protein family /omolog
(WASH) complex, which nucleates actin polymerization on endosomes and regulates
endosomal protein recycling [25]. In this case, the MAGE-L2-TRIM27 E3 ubiquitin ligase
complex, which contains the DUB USP7, regulates K63-linked ubiquitylation of the WASH
complex. Importantly, the coupling of DUB and E3 activities in this complex contributes to a
ubiquitin rheostat on the WASH complex, which is critical for fine tuning of actin
polymerization on endosomal membranes [25]. Thus, ubiquitin rheostats play important
roles in complex cellular processes subject to fine regulation — like localized actin
polymerization or pathway specification in cell signaling.

Coupling of DUBs and E3s into protein complexes that function as switches or rheostats
also plays an important role in protein quality control (QC). A looming question central to
cellular protein QC relates to the ability of E3 ubiquitin ligases to successfully triage
potential substrates and discriminate between folded and misfolded proteins, a non-trivial
task considering the large number of potential misfolded proteins that a QC E3 may
encounter. DUB-E3 interactions may facilitate such triage by allowing QC E3s to sample
large numbers of potentially misfolded substrates with associated DUB activities serving to
limit the commitment to degradative outcomes. Importantly, recent work has revealed that
protein quality control at the endoplasmic reticulum (ER) involving ER-associated
degradation (ERAD) requires not only the activity of E3 ubiquitin ligases but also the
activity of associated DUBs [39-43]. Using /n vitro reconstitution biochemistry and kinetic
modeling to characterize how the HIV-encoded virulence factor Vpu promotes the specific
degradation of host CD4 by ERAD, one study revealed that the presence of DUB activities
converts subtle differences in substrate-E3 engagement into larger differences in poly-
ubiquitination of the substrate [44]. Although this study does not specifically account for or
model direct interactions between DUBs and E3s, it underscores the potential of DUB-E3
interactions to aid in the ability of quality control pathways to discriminate between folded
and misfolded substrates [44]. Another example of the importance of DUB-E3 interactions
in protein quality control involves an E3 ubiquitin ligase called autocrine motility factor
receptor (AMFR) (also called gp78), which ubiquitylates ERAD pathway substrates, as well
as ERAD pathway components, including UBL4A [45], a part of the BAG6 complex that
helps chaperone retrotranslocated ERAD substrates to the proteasome for degradation [46].
Importantly, USP13 associates with AMFR to prevent polyubiquitylation of UBL4A,
protecting the BAG6 complex from proteasomal degradation and maintaining proper ERAD
pathway function [45]. Thus, the association of USP13 with AMFR prevents collateral
damage in the ERAD pathway by promoting the distinction between bona fide ERAD
substrates and protein complexes that ERAD pathway E3s must engage to ensure proper
substrate shuttling for degradation. In yeast, DUB-E3 complexes appear to play a similar
role, as evidenced by the interaction of Ufd3 (a ubiquitin ligase) and Otul (a DUB) on
Cdc48 complexes that regulate proteasomal degradation of substrates [47]. These findings
suggest that an important and evolutionarily conserved function of DUB-E3 coupling may
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relate to protein quality control and the discrimination between folded and misfolded
substrates.

DUBs and E3s working together to edit polyubiquitin chains

One interesting and poorly-understood example of a regulatory function for DUB-E3
complexes involves ubiquitin chain editing. In ubiquitin chain editing, a DUB removes
polyubiquitin of a specific linkage-type on a substrate and an E3 subsequently adds a
different polyubiquitin chain, resulting in a net change of linkage type and an altered fate for
the substrate (Figure 3C and Table 2). One example of ubiquitin chain editing involves a key
attenuator of NFxB signaling called A20, a multi-functional protein that contains both a
DUB domain and an E3 ubiquitin ligase domain, and its substrate /eceptor mteracting
protein (RIP), a signal transducing protein that associates with the aumor recrosis factor
(TNF) receptor 1 (TNFR1) signaling complex [48, 49].The TNF receptor signaling pathway
is an upstream activator of NxFB signaling, and the active TNFR1 signaling complex is
stabilized by K63-linked polyubiquitylation of RIP [48, 50]. To attenuate NFxB signaling,
the DUB domain of A20 removes K63-linked polyubiquitin chains from RIP and the E3
ligase domain of A20 subsequently conjugates K48-linked polyubiquitin chains to RIP,
targeting it for proteasomal degradation and thus inhibiting NFxB signaling [49].

Another example of ubiquitin chain editing within the NFxB signaling pathway involves the
kinase TAK1, another signal transducing protein that can be activated by TNFR signaling to
promote NxFB activation. Upon TNF activation, TAK1 undergoes K63-linked
polyubiquitylation via the activity of TRAF2/TRAF6, and this K63-polyubiquitination is
required for NxFB activation [51, 52]. Interaction between the NEDD4 family E3 ubiquitin
ligase ITCH and the DUB CYLD provides a key attenuation step for this level of the
inflammatory response, with CYLD removing K63-linked polyubiquitin chains from active
TAK1 and ITCH catalyzing the formation of K48-linked polyubiquitin chains onto TAK1,
targeting it for degradation by the proteasome [53]. Only a few examples of such
polyubiquitin chain editing complexes have been reported in the literature — perhaps owing
to the difficulty associated with their discovery and biochemical characterization. However,
given the emerging complexity of polyubiquitylation — particularly with chain branching and
layered post-translational modifications — we predict that chain editing on substrates will
emerge as a key feature of DUB-E3 complexes.

Mutual Regulatory Circuits in DUB-E3 complexes

There are many examples of E3 ubiquitin ligases performing autoubiquitylation as a form of
self-regulation to achieve negative feedback [54]. Therefore, it is not surprising that one
function of DUB-E3 complexes appears to be to promote E3 stability or function by
antagonizing autoubiquitylation (Figure 3D and Table 3). For example, several DUBs,
including USP4 [55, 56], OTUB1 [57], and USP20 [58], are reported to interact with and
deubiquitylate autoubiquitylated TRAF6, an important attenuation step in the NFxB
pathway. Additionally, several DUBS, including USP2 [59], USP26 [60], and USP12 [61],
operate on autoubiquitylated MDM2 to promote its stability and effectively antagonize p53.
Further, the yeast DUB Ubp2 has long been known to interact with and antagonize the
activity of Rsp5 by reversing ubiquitylation of its substrates [33, 34], but more recent studies
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have implicated Ubp2 in the stabilization of adaptors required for Rsp5 activity [62]. In
these instances, rather than antagonizing E3 activity, DUB interactions can positively
regulate E3 activity by antagonizing autoubiquitylation and promoting E3 stability. Thus,
without empirical evidence, it is difficult to predict if a DUB-E3 interaction will stabilize or
de-stabilize a given E3 substrate.

There are also examples of E3 ubiquitin ligases interacting with DUBs to promote their
ubiquitylation, thereby regulating DUB stability or activity (Figure 3D and Table 3). The
DUB USP37 has been implicated as a key cell cycle regulator, controlling both the G1/S
transition (by operating on cyclin A) [63] and mitotic entry [64]. This regulation is achieved,
in part, by association with the E3 ubiquitin ligases APCCPHL and SCFBTICP which drives
the ubiquitylation and degradation of USP37 [64], although how USP37 degradation
regulates mitotic entry remains to be elucidated. USP5 is a DUB known to play a key role in
promoting the production of TNF-a during the inflammatory response, and its interaction
with the NEDD4 family E3 ubiquitin ligase SMURF1 promotes its ubiquitylation and
proteasomal degradation and thus attenuates TNF-a. production [65]. From these examples,
it is clear that the regulation occurring in DUB-E3 complexes can go both ways, depending
on the context.

DUB-E3 complex logic: the system is baroque

The regulatory logic of DUB-E3 complexes becomes even more complex when considering
that the scenarios outlined above, including operation on a shared substrate to achieve
switches, rheostats, or ubiquitin chain editing, and mutual regulatory circuits, are not
mutually exclusive. Indeed, many characterized DUB-E3 complexes exhibit properties that
correspond to different modes of regulation. For example, in addition to functioning to finely
tune ubiquitylation of the WASH complex, USP7 also helps to stabilize the MAGE-L2-
TRIM27 E3 ubiquitin ligase complex by antagonizing TRIM27 autoubiquitylation [66].
Because of this, we predict that many DUB-E3 complexes will exhibit multi-faceted
regulatory capabilities incorporating many of the elements discussed above. This complexity
is compounded even further when considering that multiple E3s or multiple DUBs may be
associating with each other or shared substrates. For example, the DUB USP2a interacts
with and deubiquitylates MDMZ2 in order to promote MDM2 stability and p53 degradation
[59]. This differs from USP7, which can deubiquitylate both MDM2 and p53 in a context-
dependent manner and can thus function to promote or antagonize p53 stability [26]. Thus,
in some cases, multiple DUBs can interact with the same substrate to elicit different
outcomes.

The functional significance of a DUB-E3 complex can also shift in a context-dependent
manner. A clear example that highlights this phenomenon involves USP7, a DUB known to
interact with and regulate multiple E3 ubiquitin ligases (Figure 1A, Figure 2A, and Table
S1) [26]. One well-characterized regulatory interactor of USP7 is the E3 ubiquitin ligase
MDM2. Under normal conditions, MDM2 functions to regulate levels of the transcription
factor p53 [67]; in these conditions, USP7 interacts in a complex with MDM2 and p53 to
reverse autoubiquitylation events on MDM2 and ultimately drive p53 degradation. However,
under stress conditions, USP7 preferentially deubiquitylates and stabilizes p53 in order to
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activate an apoptotic pathway [26]. This switch in USP7 function results from altered
associations with regulatory proteins under stress conditions [68]. Similarly, USP7
complexed with the E3 UHRF1 and its substrate DNA methyltransferase-1 (DNMT1) can
function to deubiquitylate and stabilize UHRF1 or DNMTL1 in a manner that is cell-cycle
dependent [69]. Based on these examples, it will be important to determine if other functions
of USP7 (like regulation of WASH-mediated actin polymerization [25]) also involve
context-dependent toggling between operating on an E3 (e.g., MAGE-L2-TRIM27) and on a
shared substrate (e.g., the WASH complex). These examples illustrate that the regulatory
outputs of DUB-E3 complexes can be multi-faceted, context-dependent, and regulated in
response to the cell cycle or conditions of stress.

Concluding Remarks

All of the components of the ubiquitin system contribute to a highly dynamic ubiquitin code
with layers of complexity that are still not fully understood. This complexity is ultimately
managed by coordination of the conjugation and deconjugation machinery, which appears to
be achieved, at least in part, by interactions between E3 ubiquitin ligases and DUBs. From
the examples discussed in this review, it is evident that DUB-E3 complexes play important
roles in many complex biological processes, including the regulation of cell signaling and
protein quality control. While it is clear that DUB-E3 interactions have the potential to
provide many layers of regulation within the ubiquitin network, there are many known
DUB-E3 interactions that have not been characterized functionally or biochemically. Thus,
given the potential for artifacts leading to false-positive interactions, many of the reported
DUB-E3 interactions (Table S1) (especially those reported in high-throughput studies) will
require rigorous biochemical validation alongside substantial evidence that such interactions
have regulatory significance. Considering that many different DUBs and E3s are currently
being investigated as potential therapeutic targets for various diseases, further investigation
of DUB-E3 complexes and their regulatory function in cells will have important implications
for targeting DUBs and E3s in drug development (see Outstanding Questions).

To our knowledge, the coupling of antagonistic activities is not a prevalent feature of other
post-translational regulatory networks. For example, protein kinases and phosphatases do
not commonly interact in complexes; this may be related to the inherently binary and digital
nature of phosphorylation (compared to the more analog nature of ubiquitin modification).
One interesting example of coupled antagonistic activities occurs in phosphatidylinositol
phosphorylation where the kinase that generates PI(3,5)P, on the vacuole/lysosome
associates with the P1(3,5)P, phosphatase FIG4 [70, 71]. Interestingly, this complex is
conserved from yeast to man and the presence of the phosphatase is required for kinase
activity, as well as conversion of PI1(3,5)P, to PI(3)P [70, 72, 73]. While the regulatory
significance of this complex is still being investigated, we propose that such coupling of
antagonistic activities will occur in other regulatory networks. Thus, the regulatory logic of
DUB-E3 complexes has the potential to inform other regulatory networks that also rely on
coupling of antagonistic activities.

Trends Biochem Sci. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nielsen and MacGurn

Page 9

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

We are very grateful to T. Graham for thoughtful comments and critical reading of this manuscript. We are also
grateful to E. MacGurn for help with graphic design. J.A.M. is grateful for support from the NIH (ROOGM101077,
R21AG053562 and R0O1GM118491) and support from Vanderbilt University.

GLOSSARY

Canonical WNT signaling

a signaling pathway that senses extracellular WNT ligands and transduces signals to regulate
the stability of B-catenin. When stabilized, p-catenin translocates into the nucleus to regulate
transcription

COP9 Signalosome

a multiprotein complex with isopeptidase activity that catalyzes the de-conjugation of
NEDDS (a UBL) from the cullin subunit of SCF E3 ubiquitin ligases. Such NEDD8
conjugation/deconjugation cycles are critical regulators of SCF function in cells

Endosomes
membrane-bound organelles that often serve as intermediate sorting compartments for
trafficking of proteins between the Golgi complex, the plasma membrane, and the lysosome

Endoplasmic reticulum associated degradation (ERAD)
a ubiquitin-dependent quality control pathway that targets misfolded endoplasmic reticulum
proteins for degradation by the proteasome

NEDD4 family E3 ubiquitin ligases

An evolutionarily conserved family of E3 ubiquitin ligases containing a C-terminal HECT
catalytic domain, an N-terminal C2 domain that binds to lipids, and multiple internal WW
domains that function in protein interaction scaffolding

NFxB signaling pathway

NF«xB is a transcription factor that activates various immune responses, including the
inflammatory response. In the absence of pathway activation, an inhibitory factor called I1xB
binds and sequesters NFxB in the cytosol. Many different inputs can activate the ubiquitin-
dependent degradation of 1xB, resulting in translocation of NFxB into the nucleus and
transcriptional activation of its targets

Non-canonical WNT signaling
pathways that sense extracellular WNT ligands and transduce signals into the cytosol
independent of the regulation of B-catenin stabilization

Rheostat
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in contrast to “on/off” switches, molecular rheostats are mechanisms for graded regulation
of protein function. Molecular rheostats allow for fine tuning of cellular responses, in
contrast to the binary nature of an on/off switch

SCF E3 ubiquitin ligases

Skp-ullin-F~box complexes are a large family of E3 ubiquitin ligases that share a common
modular assembly based on the scaffolding properties of cullin family proteins. SCF
complexes bring E2-ubiquitin complexes into close proximity with substrates, thus
catalyzing the formation of an isopeptide bond between ubiquitin and a substrate

SUMO
small wbiquitin-like madifier is a UBL that can be covalently conjugated to substrates to
regulate protein function

TGF-g receptor signaling pathway

fransforming growth factor beta is a cytokine that bind and activate surface TGF- receptors,
which are receptor protein kinases that activate a downstream signaling cascade which can
regulate various cellular processes including proliferation and differentiation

TNF receptor signaling pathway
Jumor Mecrosis Factor is a cytokine sensed by cell surface receptors that signal to regulate a
variety of immune responses

Ubiquitin code

Ubiquitin conjugation can result in polymers of varying lengths containing linkages at any
one of seven internal lysine residues, or the N-terminus. Polymers can be homogenous,
contained mixed linkages, or can be branched with multiple linkages arising from a single
ubiquitin moiety. Furthermore, ubiquitin itself is subject to post-translational modifications
such as phosphorylation or acetylation. All of this leads to a complex code, that ultimately
modifies protein function and stability according to the interactions a polymer facilitates
with ubiquitin binding domains

UBL

a protein or domain that contains a ubiquitin- fike fold. Some UBL proteins (e.g., SUMO)
can undergo conjugation and deconjugation biochemistry, while other UBLSs contribute to
non-covalent regulation of protein function
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OUTSTANDING QUESTIONS

How are DUB-E3 complexes leveraged in quality control pathways? How
does the balance of activities in DUB-E3 complexes facilitate discrimination
between folded and misfolded substrates in ubiquitylation pathways tasked
with protein quality maintenance in the cell?

To what extent does DUB-E3 coupling contribute to the complexity of
polyubiquitin chains? Do DUB-E3 interactions facilitate (or restrict) the
formation of branched polymers? Do post-translational modifications of
ubiquitin (i.e., phosphorylation, acetylation) contribute to the tuning and
balance of coupled DUB-E3 activities?

What is the structural basis for DUB-E3 coupling throughout the ubiquitin
system? What biochemical scaffolds are used to facilitate these interactions
on a broad scale? What is the stoichiometry of these interactions in a cellular
context?

In consideration of DUBs and E3s as potential drug targets — how do DUB-E3
interactions affect the outcomes associated with inhibiting a specific DUB or
E3? For example, does pharmacological inhibition of a DUB (counter-
intuitively) trigger stabilization of protein substrates - based on
autoubiquitylation and degradation of an interacting E3?

Why is the coupling of antagonistic activities so prevalent in the ubiquitin
system compared to other regulatory networks (e.g., phosphorylation/
dephosphorylation)? What regulatory features are enabled by antagonistic
coupling? What other networks operate with broad coupling of antagonistic
activities?
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HIGHLIGHTS

. Physical interactions between the ubiquitin conjugation (E3 ubiquitin ligases)
and deconjugation (deubiquitylases; DUBs) machineries are prevalent in
eukaryotic cells and contribute to the regulation of complex signaling
networks and protein quality control.

. DUB-E3 interactions can result in various regulatory outcomes, including
ubiquitin switches and rheostats, polyubiquitin chain editing on a shared
substrate, or mutual regulation of ubiquitylation and stability.

. The regulatory logic of DUB-ES3 interactions is complex, and how such an
interaction contributes to the outcome of a substrate is difficult to predict.
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Figure 1.

Prevalence of DUB-E3 interactions reported in human cells. A complete catalog of reported
human DUB-E3 interactions curated on BioGrid (https://thebiogrid.org/) is provided in
Table S1. (A) For each DUB in the DUB-ES3 interaction catalog, the number of distinct E3
interactions is plotted. (B) For each E3 in the DUB-E3 interaction catalog, the number of
distinct DUB interactions is plotted. A complete listing of these interactions is provided in
Table S1.
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Figure 2.
E3-DUB hubs in the ubiquitin network. (A) USP7 is the DUB with the most reported E3

interactions. A schematic representation of the USP7 domain structure is depicted,
illustrating the location of the TRAF domain (blue), the USP catalytic domain (yellow), and
the five C-terminal ubiquitin-like (UBL) domains (red). Orange boxes illustrate interactions
where the specific domain of USP7 that binds to the specified E3 has been mapped. (B)
Many DUBs are reported to interact with NEDD4 family E3 ubiquitin ligases (boxed in red,
middle). Many of the NEDD4-interacting DUBs harbor PY motifs (boxed in green, left),
while a few lack PY motifs (boxed in blue, right). The preponderance of NEDD4 family
interactions with PY motif-containing DUBSs suggests that many occur via WW domain
scaffolding, although in most cases experimental evidence on the biochemical basis of
interaction is lacking.
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Figure 3.
The regulatory logic of coupling ubiquitin conjugation and deconjugation activities. DUB-

E3 complexes can operate on a shared substrate, resulting regulation of substrate protein fate
that can be switch-like or rheostat-like. (A) Switch-like behavior results from direct
antagonism in a DUB-E3 complex and can lead to ubiquitin-driven outcomes that are binary
in nature. In such cases, E3 activity must overcome the counter-acting DUB activity to
achieve a ubiquitin-mediated outcome. (B) Rheostat-like behavior can also result from
antagonism in a DUB-E3 complex when fine-tuning of E3 and DUB activities results the
substrate transiting through different states with varying degrees of ubiquitylation, leading to
graded responses and/or multi-variate outcomes. (C) DUB-E3 complexes can mediate
polyubiquitin chain editing. This occurs when the DUB-E3 complex operates sequentially
on a polyubiquitylated substrate, with the DUB activity removing the extant polyubiquitin
chain and the E3 activity adding a polyubiquitin chain of a different linkage type. This type
of chain remodeling can have the effect of altering the fate of the substrate protein. (D)
DUB-E3 complexes can also lead to mutual regulation of DUB and E3 stability. Specifically,
DUBs can protect an interacting E3 from the potential degradation that can result from
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autoubiquitylation (left) while an E3 can potentially ubiquitylate an interacting DUB and
thereby alter its activity or promote its degradation (right).
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Yeast DUB-E3 interactions
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DUB E3 Regulatory function of complex Reference
Cdc48 simultaneously engages both Ufd2 and Otul, coupling activities to fine tune substrate
Ol Ufd2 ubiquitylation. (47, 74]
Rpnll | Mms22 Rpn1l was detected in a proteomics screen for Mms22 interactors. Regulatory significance unknown. [75]
Ubp2 interacts with Rsp5 and is reported to antagonize its function and also protects Rsp5 adaptors
Ubp2 Rsp5 from degradation. 33, 34, 62, 76]
Ubp15 Ssm4 Interaction detected in a high throughput two-hybrid screen. Regulatory significance unknown. [77]
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Table 2:
Human DUB-E3 complexes operating on shared substrates
DUB E3 Regulatory function of complex Reference
UCHL1 | MDM2 UCHL1 antagonizes MDM2-mediated ubiquitylation of p53 [78]
UCHL1 | TRAF6 UCHL1 antagonizes TRAF6-mediated ubiquitylation of TRAF3 [79]
usp7 TRIM27 USP?7 interacts with MAGE-L2-TRIM27 to regulate WASH ubiquitylation and actin polymerization on [25]
endosomes
USP9X | WwP1 USPIX interacts with WWP1 to regulate DVL2 ubiquitylation and WNT signaling [32]
USP10 | RNF168 USP10 interacts with RNF168 to regulate TOP2a ubiquitylation and chromatin association [80]
USP12 ITCH USP12 interacts with ITCH to regulate Notch trafficking and degradation [81, 82]
USP13 AMFR USP13 interacts with gp78 to stabilize UBL4A and promote ERAD [45]
USP15 BTrCP USP15 interacts with BTrCP to regulate the stability of B-catenin [29]
USP20 | TRAF6 USP20 interacts with TRAF6 to regulate the ubiquitylation of B-arrestin2 [83] [58]
USP28 | FBXW7 USP28 interacts with FBXW?7 in nucleus to regulate MY C degradation [84]
USP28 | RCHY1 USP28 interacts with PIRH2 to regulate CHK2 degradation in the DNA damage checkpoint [85]
USP36 | FBXW7 USP36 interacts with FBXW?7 in nucleoli to regulate c-MYC degradation [86]
A20 A20 A20 performs a polyubiquitin chain editing event on RIP, replacing K63-linked polymers with K48- [49]
linked polymers, targeting RIP for degradation
CYLD ITCH An ITCH-CYLD complex performs a polyubiquitin chain editing event on TAKZ, replacing K63-linked 53]
polymers with K48-linked polymers, targeting TAK1 for degradation

Trends Biochem Sci. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Nielsen and MacGurn

Table 3:

Examples of mutual regulation in the human DUB-E3 interaction network
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DUB E3 Regulatory function of complex References
CSN5 MDM2 CSN5 deubiquitylates MDM2, thereby regulating p53 stability [87]
OoTUuB1 TRAF6 OTUB1 and OTUB?2 interact with TRAF3 and TRAF6 to attenuate innate immune signaling [57]
UsP2 MDM2 USP2a regulates p53 by deubiquitylating and stabilizing MDM2 [59]
USP4 HUWE1 USP4 deubiquitylates HUWEL resulting in decreased p53 levels [88]
USP4 TRAF2 USP4 deubiquitylates TRAF2 to attenuate innate immune signaling [55]
USP4 TRAF6 USP4 deubiquitylatesTRAF6 to attenuate innate immune signaling [55] [56]
USP7 MARCH?7 USP7 deubquitylates and stabilizes MARCH?7 in the nucleus [89]
USP7 MDM2 USP7 deubiquitylates MDM2 to promote its stability and destabilize p53 [90, 91]
USP7 RAD18 USP7 deubiquitylates RAD18 to regulate the DNA damage response [92]
USP7 RNF168 USP7 deubiquitylates RNF168 to regulate the DNA damage response [93]
USP7 RNF169 USP7 deubiquitylates RNF169 to promote double-strand break repair [94]
USP7 TRIM27 USP7 deubiquitylates TRIM27 regulating WASH complex activation [25]
USP7 UHRF1 USP7 interaction with UHRF1 promotes its association with chromatin [95]
USP9X ITCH USP9X interacts with ITCH and antagonizes autoubiquitylation, promoting its stability [96-98]
USP9X | MARCH7 USP9X deubquitylates and stabilizes MARCH?7 in the cytosol [89]
USP9X | SMURF1 USP9X interacts with SMURF and antagonizes autoubiquitylation, promoting its stability [99]
USP10 TRAF6 USP10 interacts in a complex Witt;{{gtlgea&?: yBcg’gtI:i’\}ai?oﬁrder to deubiquitylate TRAF6 and [100]
USP11 XIAP USP11 deubiquitylates XIAP, promoting tumor initiation [101]
USP12 MDM2 USP12 negatively regulates p53 stability by deubiquitylating MDM2 [61]
USP15 SMURF2 USP15 deubiquitylates SMURF2 to regulate TGF receptor signaling [28, 102]
USP19 XIAP USP19 regulates the stability of XIAP, enhancing TNFa-induced caspase activation and apoptosis [103]
USP20 TRAF6 USP20 negatively regulates NFxB activation by deubiquitylating TRAF6 [58]
USP26 MDM2 USP26 deubiquitylates MDM2 resulting in decreased stability of p53 [60]
| ousESintrcons vt destaioe e DUB by promtingprosssomal dgracetin |
AMSH SMURF2 RNF11 recruits AMSH to Smurf2 for ubiquitination, leading to its degradation by the 26S proteasome [104]
UCHL1 PARK?2 UCHL1 is ubiquitylated and degraded in a PARK2-dependent manner [105]
USP5 SMURF1 USP5 is ubiquitylated and degraded in a USP5-dependent manner [65]
USP20 VHL USP20 is ubiquitylated and degraded in a pVVHL-dependent manner [106]
USP19 SIAH1/2 SIAH1 and SIAH2 promote USP19 ubiquitylation and proteasomal degradation [107]
USP33 B-TrCP USP33 is ubiquitylated and degraded in a B-TrCP-dependent manner [108]
USP33 VHL USP33 is ubiquitylated and degraded in a p\VVHL-dependent manner [106]
USP37 BTrCP SCFBTCP ubiquitylates USP37 to promote its degradation and facilitate mitotic entry [64]
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