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Preface

It has been over three decades since the modification of proteins by covalent attach-
ment (primarily to lysine residues) of the small, 76 amino acid protein ubiquitin,
and the ability of this modification to target proteins for destruction by a protease,
now known as the 26S proteasome, was first discovered. Subsequent discoveries

of an E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes, and E3
ubiquitin ligases that function as an enzymatic cascade culminating in the ubiquiti-
nation of substrates revealed that the vast majority of protein degradation depends
on this ubiquitin proteasome system (UPS). Today, the human UPS is comprised
of nearly 1000 proteins and has expanded beyond ubiquitin to include ubiquitin-
like modifiers (UBLs, including SUMOs, NEDD8, ATGS8, ATG12, URM1, UFM1,
FAT10, HUBI1, and ISG15), a handful of E1s, tens of E2s, hundreds of E3s, nearly
100 deubiquitinating enzymes, and UBL-specific interacting proteins that regulate
the UBL-modified proteasome within our cells. Not surprisingly, the pathways that
comprise the UPS rely on the coordinated activities of multiple pathways.

Indeed, the canonical protein turnover function of the UPS is a highly dynamic
process that is regulated on multiple levels. For example, E3 ligases, which provide
substrate specificity within the system, may be regulated at the level of expression
both transcriptionally and at the protein level by ubiquitination-mediated degrada-
tion that may be self-catalyzed or mediated by an antagonistic E3. For some multi-
subunit E3s the formation of an active holoenzyme is regulated by posttranslational
modification, including phosphorylation and conjugation of the UBL NEDD8. Once
the E3 is present in the cell, its ability to recognize substrates may be regulated by
posttranslational modification of the substrate, while the ability to ubiquitinate

the substrate may be further regulated by the expression or modification of the
cognate E2 enzyme. Then, once ubiquitinated, the fate of a substrate destined for
the proteasome is still not sealed because the modification may be removed by
deubiquitinating enzymes or its delivery to the proteasome may be regulated by the
modification or availability of ubiquitin receptors.

Conjugation with ubiquitin itself is also a multifaceted modification and we now
know that degradation is but one outcome resulting from the covalent addition

of ubiquitin to a protein. It is now accepted that polyubiquitin linkages occur via
all of seven lysines of ubiquitin, branched heterotypic chains, as well as linear
ubiquitin modifications and monoubiquitination. Although the roles of some of
these modifications are not yet well established, monoubiquitination of histones
has emerged as an important feature of the “histone code,” and regulating many
chromatin-related processes and K63-linked polyubiquitin chains is a fundamental
part of many signaling pathways. In addition to the diversity of ubiquitin signals
created by specific linkages, posttranslational modification of ubiquitin, including
phosphorylation, acetylation, and ADP-ribosylation, have recently been shown to
impact chain stability and chain elongation, among other effects.

In keeping with the diversity of the components within the UPS, we now know that
the UPS mediates central signaling events in myriad processes involved in both
cellular and organismal health and homeostasis. For example, numerous pathways



within the UPS are implicated in disease, ranging from cancer to neurodegenerative
diseases such as Parkinson’s. An in-depth understanding of these signaling cascades
will significantly enhance our knowledge of their pathological roles while identify-
ing potential therapeutic targets.

It would require a veritable encyclopedia of review articles to fully encompass the
current view of UPS research. The goal of this book is to deliver a collection of
synopses of current areas of UPS research that highlight the importance of under-
standing the biology of the UPS to identify disease-relevant pathways, and the need
to elucidate the molecular machinations within the UPS to develop methods for
therapeutic modulation of these pathways. Specifically, the chapters of this book
provide up-to-date views on cellular regulation in the context of control of the cell
cycle by ubiquitin-mediated proteolysis, the role of ubiquitin-modified chromatin
in DNA repair, and transcriptional elongation and mitotic bookmarking of epigen-
etic information during mitosis. The UPS is also examined from a disease perspec-
tive with regard to altered E3 activities in cancer (including developing therapeutic
strategies), the role of K63-linked polyubiquitin in multiple disease settings, and
the role of UCHLL1 in Parkinson’s disease. Current snapshots of several molecular
aspects of the UPS are also provided in discussions of how cells discriminate
between ubiquitin and UBLs, regulation of proteasome function by ubiquitin, the
function of B-box domains in ubiquitin ligases, and regulation of ubiquitin ADP-
ribosylation. The poignant overviews encompassed within this book are provided
by researchers at the forefronts of their respective areas and are intended to serve as
an informative primer for researchers who are new to the field and as a concise state
of the research for those who are already entrenched in the field of ubiquitin.

Matthew K. Summers

The Ohio State University,

Department of Radiology and Comprehensive Cancer Center,
Columbus, OH, USA
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Ubiquitin Signaling in Regulation
of the Start of the Cell Cycle

Michael James Emanuele and Taylor Paige Envico

Abstract

The small protein ubiquitin plays a vital role in virtually all aspects of cellular
life. Among the diverse signaling outcomes associated with ubiquitination, the
most well-established is the targeted degradation of substrates via the proteasome.
During cell growth and proliferation, ubiquitin plays an outsized role in promoting
progression through the cell cycle. In particular, ubiquitin-mediated degradation
is critically important at transition points where it provides directionality and
irreversibility to the cell cycle, which is essential for maintaining genome integ-
rity. Specifically, the boundary between G1 and S-phase is tightly regulated by
the ubiquitin proteasome system. Notably, the G1/S boundary represents a major
barrier to cell proliferation and is universally dysfunctional in cancer cells, allowing
for the unbridled proliferation observed in malignancy. Numerous E3 ubiquitin
ligases, which facilitate the ubiquitination of specific substrates, have been shown
to control G1/S. In this chapter, we will discuss components in the ubiquitin protea-
some system that are implicated in G1/S control, how these enzymes are intercon-
nected, gaps in our current knowledge, and the potential role of these pathways in
the cancer cycle and disease proliferation.

Keywords: cell cycle, ubiquitin, cullin RING ligase, anaphase promoting complex/
cyclosome (APC/C), G1, S-phase, SCF

1. Introduction

Progression through the cell cycle is driven by the oscillating activity of Cyclin
Dependent Kinases (CDKs). The activity of CDKs is controlled by their binding to
coactivator subunits termed Cyclins, as well as by CDK inhibitory proteins termed
CKiIs. The accumulation of both Cyclin and CKI proteins is tightly regulated at the
level of transcription. In addition, Cyclin and CKI proteins are controlled at the level
of their destruction. Remarkably, during each and every passage through the cell
cycle, Cyclins, CKIs, and hundreds of other proteins, accumulate and are subse-
quently destroyed via a highly regulated process of programmed degradation. This
degradation is controlled by ubiquitin.

Ubiquitin is conjugated to substrate lysines, and because ubiquitin itself contains
seven lysine residues to which ubiquitin can be added, the repetitive addition of
ubiquitin can result in the formation of polyubiquitin chains on substrates. These
chains can be formed through each of the different lysines in ubiquitin, as well as
through the amino-terminal methionine, leading to chain formations that adopt
distinct topological features [1, 2]. The most well-characterized of these are chains
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linked through lysine 48 in ubiquitin, so-called K48-linked ubiquitin chains, which
target substrates to the proteasome for destruction. More recently, K11-linked chains
were also shown to target substrates to the proteasome [3, 4]. Alternatively, ubiquitin
chains linked through other lysines (or through methionine 1) lead to diverse signal-
ing outputs by altering protein-protein interactions, protein localization, enzyme
activity, etc. This already complex picture is further complicated by the recent
discovery of branched ubiquitin chains, which contain non-homogeneous lysine
linkages. For example, branched K11/K48 chains likely represent remarkably strong
degradative signals [5, 6].

Protein degradation through the ubiquitin proteasome system (UPS) is the
major regulator of programmed protein destruction in human cells and plays an
outsized role in controlling cell cycle progression [7]. Importantly, the targeted deg-
radation and/or stabilization of specific proteins at transition points (e.g. mitosis/
G1 and G1/S boundaries) promotes cell cycle progression, provides directionality
and irreversibility to the cell cycle and maintains genome integrity [8]. Accordingly,
numerous enzymes in the ubiquitin system have been implicated in these transition
points.

The start of DNA replication represents a tightly controlled barrier to prolifera-
tion in normal cells. As such, nearly all of the non-dividing cells in the human body
are arrested prior to the start of S-phase, in either G1, or in quiescence (G0), where
they maintain the equivalent of G1-phase (2C) DNA content. In diseases of uncon-
trolled proliferation, and most notably in cancer, the S-phase boundary is per-
turbed. Thus, cancer cells are able to aberrantly enter S-phase due to a weakening
of the G1/S border [9]. The retinoblastoma tumor suppressor pathway plays a key
role in controlling G1/S. However, the ubiquitin system is also tightly linked to G1/S
regulation in normal and cancer cells. Below, we will discuss the particular enzymes
and pathways associated with ubiquitin signaling that have been implicated in
regulating the start of S-phase.

2. Introduction to cell cycle ubiquitin ligases
2.1 Cullin RING E3 ubiquitin ligases

The RING domain family of E3 ubiquitin ligases is the largest family of E3s
in higher eukaryotes, and in humans it is represented by several hundred unique
enzymes and/or enzyme complexes. The cullin RING ligases (CRLs) are the larg-
est subfamily of RING E3s, encoding nearly 300 unique enzymes. The CRL E3s all
share a common molecular architecture [10]. CRLs utilize a cullin protein back-
bone, which simultaneously binds to both an E2 ubiquitin conjugating enzyme and
substrate, positioning E2 and substrate in close proximity, and enabling the rapid
transfer of ubiquitin onto substrates (Figure 1A).

The human genome encodes several cullin proteins, including Cull, Cul2, Cul3,
Cul4A, Cul4B, Cul5, Cul7, Cul9 and the related cullin-like protein APC2. With the
exception of APC2, each cullin is thought to assemble into a ligase with a similar
architecture, where the amino terminus of the cullin engages targets and functions
as a substrate targeting module, and the carboxy terminus engages the E2, function-
ing as a ubiquitin transfer module (Figure 1B). Cullin binding to substrates and
E2-ubiquitin conjugating enzymes is indirect. Most cullins first bind to an adaptor
protein which in turn binds to a family of substrate receptors that then recruit
substrates for ubiquitination (Figure 1). Similarly, cullin proteins indirectly interact
with one of two RING domain containing proteins (Roc1/Rbx1 or Roc2/Rbx2)
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Figure 1.
Avrchitecture of the cullin RING E3 ubiquitin ligases. (A) Architecture of a canonical CRL E3 ligase. (B) Boxes
highlighting the substrate tavgeting (dark blue) and ubiquitin transfer (purple) modules.

which in turn bind to E2 ubiquitin conjugating enzymes. This architecture is shared
among all known CRL complexes.

The archetypical CRL sub-family, and one which will be discussed in greater
detail, is the Skpl-Cull-F-box family of CRLs. These ligases, commonly referred
to as SCF or CRL1 ligases, utilize a family of 69 interchangeable substrate receptor
proteins, termed F-box proteins, which designate substrates for ubiquitination and
degradation. F-box proteins rely on an F-box domain to interact with an adaptor
protein termed Skpl, which bridges F-box proteins to Cull (Figure 2). The CRL
nomenclature dictates that specific ligase complexes are depicted with the F-Box
protein as a superscript, following the name of the cullin complex. Thus, Cull-based
CRLs, in complex with the F-box substrate receptor Skp2, are designated as SCFS*?
or CRL1%"? (hereafter, Cull-based CRL complexes will be referred to as SCF).

Importantly, substrate receptors recognize proteins for degradation based on
short, linear sequence motifs, called degrons. Degron sequences are shared among
the substrates of a specific E3. In addition, degrons are transferrable, and the
addition of degron sequences to non-substrates is often sufficient to trigger their
recognition by the E3 and subsequent ubiquitination and degradation. Also, many
substrate receptors, although not all, require post-translation modification (e.g.
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substrate ;

F-box SCF ligase bound

A
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=) to a phospho-
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Figure 2.
Avrchitecture of the SCF ligase. (A) Example of an SCF-type ligase bound to a short linear degron sequence
motif in a substrate. (B) Example of an SCF-type ligase bound to phosphorylation-dependent degron in a
substrate.

phosphorylation) of the substrate within the degron for the substrate to be recog-
nized, ubiquitinated, and degraded. Thus, the degradation of many SCF substrates
is regulated at the level of the substrate and is a two-step process. First, the sub-
strate must be present and modified, and second, the ligase must also be available,
thereby enabling substrate recognition and degradation. It is important to note that
each substrate receptor can have many substrates. Furthermore, individual sub-
strates can be controlled by multiple ligases. Finally, distinct substrate adaptors can
themselves be targeted for degradation by other E3 ligases.

The Cull-based SCF ligases are the founding members of the CRL family. They
were first discovered in yeast based on their role in controlling cell cycle progres-
sion. Their discovery grew out of gain-of-function screens performed by Elledge
and colleagues, which identified suppressors of the yeast cell cycle mutant Cdc4.
This screen uncovered a new protein, whose mRNA and protein levels oscillated
during the cell cycle. Moreover, the amino acid sequence of this new protein
included a Cyclin homology domain, similar to that found in the previously iden-
tified Cyclins A, B, D, and E. Thus, this new protein was named Cyclin F [11].
Significantly, Cyclin F contained a domain with sequence similarity to Cdc4, which
they named the F-box domain. They found that the F-box domains in Cyclin F and
Cdc4 were essential for tethering both proteins to the ubiquitin machinery via bind-
ing to Skpl [12]. Shortly thereafter, the Harper lab, in collaboration with Elledge, as
well as the Deshaies lab, showed that SCF complexes could trigger the ubiquitina-
tion and degradation of the yeast CDK inhibitor Sicl. Moreover, these studies dem-
onstrated that the F-box protein Cdc4 preferentially bound to the phosphorylated
version of Sicl, thereby triggering its ubiquitination and degradation [13, 14].

2.2 The Anaphase Promoting Complex/Cyclosome

Like other E3 ubiquitin ligases, the Anaphase Promoting Complex/Cyclosome
(APC/C) plays an important role in protein degradation. APC/C regulates the
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ubiquitination and degradation of the CDK activator proteins Cyclin A and Cyclin
B, in addition to many other cell cycle regulated proteins. As such, it is a core
component of the cell cycle oscillator. As its name suggests, the APC/C is activated
in metaphase of mitosis, during which time it triggers the ubiquitination and
degradation of numerous proteins including two critical substrates, Cyclin B and
securin, thereby “promoting anaphase” and mitotic exit. In addition to its essential
function in mitosis, APC/C also plays an evolutionarily conserved role in G1-phase.
The APC/C remains active throughout G1, where in contrast to its role in promoting
progression through mitosis, the APC/C restrains progression through G1-phase
into S-phase [17], and is not turned off until immediately prior to the start of DNA
replication [15, 16]. Significantly, APC/C inactivation at the G1/S boundary is
required for the start of S-phase.

Similar to the CRLs discussed above, the APC/C has both a cullin-like subunit
(APC2) and a RING subunit (APC11). However, the APC/C is significantly dif-
ferent than the CRL ligases discussed above. Notably, the APC/C is composed of
18 polypeptide subunits and is a remarkable 1.2 mDa in size (Figure 3). The cullin
subunit, APC2, is the most divergent of the cullins, and lacks features that are
common among other cullin proteins. For example, while other cullin proteins are
post-translationally modified and activated by the small, ubiquitin-like protein
Nedds, this process is not thought to be involved in APC/C activity.

The APC/C utilizes either of two substrate receptors during somatic cell cycles.
First, during mitosis, the APC/C binds to the substrate receptor/coactivator Cdc20,
which brings Cyclin B and Securin to the APC/C for ubiquitination. Immediately
following mitotic exit, APC/C shifts to using a second substrate adaptor, the Cdc20-
related protein Cdh1/Fzrl (hereafter referred to as Cdhl). The Cdhl-bound form
of APC/C remains active throughout G1-phase and targets a myriad of cell cycle
regulators for degradation, including proteins involved in transcription, nucleotide
metabolism, and CDK activation. Thus, it is APC/C®®" that must be inactivated
prior to the beginning of S-phase. Both Cdc20 and Cdh1 recognize substrates
via short, linear degron motifs in substrates. The most well-characterized and
widespread of these degron motifs among APC/C substrates are the D-box (amino
acid sequence R-X-X-L, where X is any amino acid) and the KEN box (amino acid
sequence K-E-N). Thus, the ability of Cdc20 or Cdh1 to recruit substrate proteins
harboring D- or KEN-box motifs to the APC/C is required for the subsequent
ubiquitination and destruction of APC/C targets.

Like the SCF, the APC/C was identified by virtue of its key role in cell cycle. It
had been known that the key CDK activator Cyclin B is controlled by degradation,

Figure 3.

Architecture of the APC/C ubiquitin ligase. The color scheme is the same as above for SCF ligases. Several
proteins are specifically shown, including the cullin subunit APC2, the RING subunit APC11, and the substrate
receptor Cdha1. Note that there are many move components.
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and that both the accumulation and degradation of Cyclin B play a vital role in cell
cycles, particularly in early frog embryos [18]. In 1995, the regulator of Cyclin B
was discovered by the Kirschner and Hershko labs, who named it the Anaphase
Promoting Complex and Cyclosome, respectively [19, 20].

3. Role and regulation of SCF ligases in G1/S control

The SCF complexes can assemble from any one of 69 well-established substrate
receptor F-box proteins in humans. A subset of SCF ubiquitin ligase complexes have
been directly implicated in G1/S control. Here we will discuss the role of each of
these distinct complexes and/or substrate receptors, aspects of their regulation and
function, and their contribution to G1 progression and S-phase initiation.

3.1CDC4

The yeast specific Cell Division Control gene/protein 4, called Cdc4, was one
of the original cell cycle mutants identified by Hartwell and colleagues, who later
received the Nobel Prize for the analysis of cell cycle in budding yeast. They showed
that Cdc4 mutant yeast arrest at the G1/S boundary, prior to the start of DNA rep-
lication [21]. However, it took another 20 years for the essential molecular function
of Cdc4 in promoting cell cycle progression to become clear, and in doing so, laid
the foundation for the discovery of CRL ligases.

As the analysis of cell cycle control became increasingly popular in the late 1980s
and early 1990s, researchers revisited the role of Cdc4. Nasmyth and colleagues
showed that the budding yeast Cdc4 mutants, which arrest before the start of DNA
replication when grown at their restrictive temperature, lack appreciable CDK
activity [22]. Interestingly, cell cycle arrest is caused by an inability of Cdc4 mutant
cells to downregulate the yeast CKI Sicl, which normally decreases at the end of G1.
The decrease in Sicl allows the increase in CDK activity needed to enter S-phase.
Thus, yeast cells cannot enter S-phase when Cdc4 is inactivated [11].

As discussed above, Cdc4 is an F-box protein that binds to Sicl, promoting its
ubiquitination by the SCF®*** complex. The mechanism by which Cdc4 recognizes
Sicl to promote its degradation provides a clear example of the interplay between
phosphorylation and ubiquitination cascades. Interestingly, Sicl must first be
phosphorylated by Cyclin-CDK complexes, and this phosphorylation enables the
binding of Cdc4 to Sicl [13, 14]. Once phosphorylated and bound to Cdc4, Sicl is
recruited to the SCF complex for ubiquitination (Figure 4). Thus, CDKs promote
their own activity at the G1/S boundary by triggering the degradation of their inhibi-
tor, Sicl (Figure 4B). This implies a positive feedback loop in control of S-phase
entry. While the mechanism by which Cdc4 controls G1/S is largely attributed to its
role in destroying Sicl, Cdc4 has also been linked to other cell cycle regulators and
proteins involved in proliferative control. Cdc4 substrates include numerous proteins
involved in MAPK signaling that mediate cell cycle arrest in response to pheromone
[23-26], the replication regulator Cdc6 [27], the sirtuin deacetylase Hst3 [28], as
well as proteins involved in sister chromatid cohesion [29], regulation of calcineurin
[30], and mating-type switching [31]. Because Cdc4 has many substrates, it plays a
complex and multi-faceted role in yeast cell cycle, among other processes.

3.2 Skp2

The F-box protein Skp2 has been well-characterized in human cells and plays
an important role in the G1/S transition. Similar to Cdc4, Skp2 plays a key role
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SCF“** promotes S-phase entry in yeast by triggering the degradation of the CKI Sic1. (A) Binding between
Sic1 and Cdc4 is triggered by phosphorylation of Sic1, which then promotes Sic1 ubiquitination and
degradation. (B) A positive feedback loop between Cdc4, Sic1 and CDK promotes S-phase entry.

in regulating CDKs by promoting the destruction of CKI proteins. In particular,
Skp2 plays an important role in promoting the destruction of the human CKI
p27 [32, 33]. Moreover, the ubiquitination of p27 by SCFS*? requires that it first
be phosphorylated by CDK, and this subsequently targets p27 for destruction,
suggesting a similar positive feedback loop in G1/S regulation (Figure 5) [34].
Similarly, SCF*"? can target two other CKI proteins for degradation. These are p21
and p57, both of which are degraded in proliferating cells going through the cell
cycle [35, 36], although p21 is also degraded by a second Cul4-based CRL ligase
once DNA replication has begun [37]. Finally, Skp2 has been linked to the degra-
dation of the retinoblastoma related protein RBL2/p130 [38, 39]. Like RB, RBL2/
p130 restrains the activity of a cell cycle E2F transcription factor that promotes
proliferation and cell cycle progression.

As might be expected, Due to its role in promoting S-phase via the degradation
of CKIs, Skp2 is often overexpressed in cancers, which likely contributes to cancer
cell proliferation [40]. Chemical approaches aimed at identifying Skp2 inhibitors
have been undertaken, with some success [41, 42].

In addition to its role in regulating several target proteins, including the CKIs
discussed above, Skp2 plays a complex and more paradoxical role in regulating
proliferation. The Myc transcription factor is a potent oncogene, that is activated
in many cancers and which drives proliferation through myriad mechanisms [43].
Myc is ubiquitinated by Skp2 [44, 45]. However, remarkably, the ubiquitination
and degradation of Myc catalyzed by SCF**? triggers an increase in Myc activity.
This is consistent with prior work implicating proteolysis in the activation of several
transcription factors in both yeast and humans [46]. Accordingly, a stable allele of
Myc that cannot be ubiquitinated is more abundant, localized to target promoters,
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. <>

SCF2 promotes S-phase entry in humans by triggering the degradation of the CKI p27. (A) Binding between
p27 and Skpz2 is triggered by phosphorylation of p27, which then promotes p27 ubiquitination and degradation.
(B) A positive feedback loop between Skp2, p27 and CDK promotes S-phase entry.

but it is less active [47]. Taken together, these studies paint a complex picture of the
role of Skp2 in cell cycle progression but suggest an important role in proliferation
and likely in the pathogenesis of cancer.

Interestingly, Skp2 is itself regulated by ubiquitin mediated proteolysis. Skp2 is
targeted for degradation by the Anaphase Promoting Complex/Cyclosome during
G1-phase of the cell cycle [48, 49]. The degradation of p27 requires the upregulation
of Skp2. This degradation would presumably occur after Skp2 levels accumulate,
following the inactivation of APC/C, which occurs in late G1. That is, APC/C
inactivation should lead to an increase in Skp2 levels, since Skp2 would no longer
be degraded. Only then could Skp2 promote the degradation of p27. However, this
complex order of events remains unclear and has not yet been tested directly. Since
the abundance of CKIs, like p27, should prevent the activation of G1/S CDKs, this
also implies that APC/C inactivation precedes CDK activation. As discussed below;,
this too remains unknown, and recent evidence suggests, in fact, that APC/C
inactivation occurs after CDK activation in G1 [16].

In addition to its regulation by ubiquitination, Skp2 is also regulated by phos-
phorylation. This phosphorylation is mediated, in part, by the oncogenic kinase
AKT [50]. Notably, AKT kinase activity is cell cycle regulated, and begins to
increase in late G1-phase [51]. Skp2 phosphorylation by AKT increases Skp2 stabil-
ity and alters its localization. Surprisingly, SCF***? also ubiquitinates AKT, and
enhances AKT activation [52]. The degradation of p27 and activation of AKT and
Myc, by Skp2, are likely to play an important role in tumor biology and treatment.
The degradation of p27, a negative cell cycle regulator, creates an environment more
permissive to proliferation because cells lacking p27 can progress through the cell
cycle more rapidly. In addition, the activation of AKT and Myc could contribute
significantly to cancer cell cycles.
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3.3 Cyclin F/FBX01

The eponymous Cyclin F is the founding member of the F-box family of E3
ubiquitin ligases [11, 12, 53]. Cyclin F is unique among F-box proteins in that it
contains a Cyclin homology domain, similar to canonical Cyclins that bind and
activate CDKs. However, unlike those other Cyclins, Cyclin F neither binds nor
activates a CDK [53]. In addition, Cyclin F levels oscillate strongly throughout
the cell cycle, and this is the result of both changes in its transcription and deg-
radation. Notably, Cyclin F is the only F-box protein that was identified as cell
cycle regulated in all global studies of human cell cycle transcriptional dynamics
[54]. Accordingly, Cyclin F knockout mouse embryonic fibroblasts showed a
strong defect in cell cycle entry following synchronization in quiescence [55].
Nevertheless, despite this strong cell cycle phenotype and being the first described
F-box protein in higher eukaryotes, Cyclin F went a long time without having a
bona fide substrate.

The first two substrates described for Cyclin F were the centrosome protein
CP110 and the spindle associated, mitotic phospho-protein NUSAP1 [56, 571,
further supporting a role in cell cycle, and pointing to a function in organizing the
microtubule cytoskeleton. In addition, Cyclin F regulates the RRM2 subunit of
ribonucleotide reductase [58], histone mRNA stem loop binding protein SLBP [59],
and the DNA replication protein Cdc6 [60], highlighting a role in S-phase progres-
sion and genome stability.

Importantly, Cyclin F regulates the degradation of Cdh1, the substrate recep-
tor for the APC/C ubiquitin ligase (Figure 6). APC/C“ is activated throughout
G1l-phase and its inactivation is critical for S-phase entry. Thus, Cyclin F-mediated
degradation of Cdh1 was shown to play a critical role in entry into S-phase [61].
Interestingly, in addition to targeting the APC/C substrate receptor Cdh1 for deg-
radation, Cyclin F is also a substrate of APC/C in mitosis and early G1-phase [61].
Thus, Cyclin F exists in a double-negative feedback loop with APC/C, where itisa
substrate in mitosis and early G1, and then the regulator of Cdhl degradation in late
G1 and S-phase (Figure 6).

Like Skp2, Cyclin F is also phosphorylated by the oncogenic kinase AKT [62].
Similar to Skp2, the phosphorylation of Cyclin F by AKT leads to a significant
increase in Cyclin F stability. Phosphorylation by AKT enhances Cyclin F assembly
into SCF ligase complexes. Thus, phosphorylation contributes to the switch in
Cyclin F, from being an APC/C substrate to being capable of targeting for Cdhl deg-
radation in late G1-phase [62]. The tight regulation of Cyclin F throughout the cell
cycle, its substrates, phosphorylation by AKT, and regulation by other E3s, point to
its critical role in cell cycle progression. Moreover, these results suggest that Cyclin
F is a key regulatory node mediating the interaction between AKT-dependent
growth factor signaling and the core cell cycle machinery.

3.4 FBXW7/FBW7/FBX030

The SCF™ " ubiquitin ligase (also called SCF™®" or SCF*®*%%) is the most
tightly linked to cancer proliferation of all SCF-type E3s [63]. Fbxw7, is highly
mutated in human cancers, and exhibits both truncating mutations throughout
its gene body, as well as “hotspot” point mutations in its substrate binding motif.
Interestingly, while Fbxw7 is generally considered a tumor suppressor [64],
“hotspot” mutations are more commonly found in oncogenes, such as the common
G12V mutation recurrently observed in oncogenic K-Ras in many human malignan-
cies. SCF™™* promotes cell cycle progression by regulating the degradation of
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A Mitosis — G1

B G1 — S-phase

G G1 — S-phase
B o

Mitosis — G1

Figure 6.

SCFY*™"E and APC/C constitute a double-negative feedback loop. (A) APC/C™ targets Cyclin F for
degradation in late mitosis and early G1. (B) SCFY""  taygets Cdh1 for degradation in late G1 and S-phase.
(C) Together, this suggests a temporally ordered, double negative feedback loop that promotes S-phase entry.

Cyclin E, the key activator of CDK2 at the G1/S boundary [63, 65-67]. In addition,
Fbxw7 regulates the ubiquitination and destruction of numerous other pro-prolif-
erative and cancer associated proteins, including Myc [68, 69], Notch [70, 71] and
Jun [72].

Similar to other SCF ligases, the SCE™™" ligase recognizes substrates through
phospho-degron motifs, with the most well characterized being that on Cyclin
E. The phosphorylation of Cyclin E, by CDK2 or GSK3, can promote the degrada-
tion of Cyclin E by enhancing its binding to Fbxw7 [64, 66, 67, 73]. In addition,
Fbxw7 homo-dimerizes, and this dimerization plays an important role in its ability
to target substrates for degradation [74].
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3.5 EMI1/Fbx05

Emil is a cell cycle regulated F-box domain-containing protein. However, Emil
is unique among F-box proteins in that it has no known substrates, despite the fact
that it binds tightly to the SCF adaptor Skpl. Emil is instead a key regulator of the
cell cycle E3 ligase APC/C [75].

Many studies have demonstrated the potent and extensive role that Emil plays in
inhibiting APC/C. Emil acts as a pseudo-substrate for APC/C, blocking the binding
and ubiquitination of substrates [76]. In addition, Emil can alter the binding of the
APC/C E2 ubiquitin conjugating enzymes, providing additional layers of regulation
[77-79].

The association of Emil with S-phase entry is complex. Based largely on gain-
of-function approaches, Emil was shown capable of inhibiting APC/C at the G1/S
boundary and promoting S-phase entry [80]. This was fitting, since Emil abun-
dance is controlled by the E2F family of transcription factors, which are activated
in mid G1 and promote G1/S [80]. However, loss of Rcal, the fly version of Emil,
leads to an accumulation of cells in later stages of the cell cycle, not at G1/S [81].
Similarly, the loss of Emil in human cells was reported to induce the reactivation
of APC/C during S and G2-phase, and to induce DNA re-replication as a result of
the degradation of proteins which normally restrain licensing of replication origins
[82, 83]. However, consistent with early gain-of-function studies, recent single
cell approaches suggest that Emil contributes to the kinetics of APC/C inactiva-
tion at G1/S, and that Emil locks APC/C in an off state once S-phase begins [16].
Surprisingly, Emil might also be a substrate of the APC/C [84]. If Emil is a sub-
strate of APC/C, this implies that Emil could be ubiquitinated by APC/C in early
G1, and that it later accumulates as an inhibitor to inactivate APC/C and promote
S-phase entry, much like Cyclin F [84]. This adds to our understanding of Emil
degradation, wherein previous studies had shown it was degraded in mitosis by the
SCF"™P ubiquitin ligase [85, 86]. It will be important in the future to determine if
altering the ubiquitination and degradation of Emil by APC/C accelerates progres-
sion through G1/S and to determine how this is coordinated with other SCF ligases
that regulate G1/S.

4, Involvement of APC/C in G1/S

An extensive body of evidence has defined the role of APC/C“™™ in G1/S control
[17]. Early studies in yeast showed that Cyclin proteolysis starts in late mitosis but
then persists as cells continue through G1-phase [87]. In addition, yeast cells lacking
Cdh1 are defective at arresting in G1-phase. Similar results have been observed across
all eukaryotes in which loss of Cdh1 has been studied, including worms [88, 89], flies
[90], chickens [91], mice [92] and humans [16, 61, 93]. The loss of Cdh1 accelerates
progression through G0/G1 and promotes the start of S-phase. In addition, cells
lacking Cdh1 are universally defective in GO/G1 arrest [17]. Accordingly, single allelic
loss of Cdhl, the APC/C substrate receptor/coactivator in GO/G1-phase, is sufficient
to cause tumors in mice [94]. Since the APC/C controls the stability of many dozens
of substrates, it is unlikely that any one provides the basis for how cells enter S-phase
in the absence of G1 APC/C function. Instead, it is more likely that the concerted
upregulation of many cell cycle drivers together provides an explanation for the vital
role of APC/C in restraining G1/S. Nevertheless, the APC/C is among a small group
of key signaling molecules that prevent entry into S-phase of the cell cycle. These
regulators include the retinoblastoma tumor suppressor and its related proteins p107
and p130, as well as the CDK inhibitors p21, p27 and p57.
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Myriad mechanisms account for the inactivation of APC/C at the G1/S bound-
ary, some of which were discussed above. This includes the degradation of Cdh1
by SCF¥?"F and perhaps by the APC/C itself [61, 95]. The APC/C E2 enzymes,
Ube2S and Ube2C, are unstable proteins and are also APC/C substrates [4, 96]. The
substrate receptor Cdh1 is subject to CDK dependent phosphorylation, preventing
its association with the APC/C and likely affecting its localization [89, 97-101].
Finally, accumulation of Emil is controlled by E2F, contributing to APC/C inhibi-
tion [16, 80, 84].

5. Distilling the complexity of ubiquitination in G1/S

The interconnected web of enzymes, substrates, and pathways discussed above
paints a complicated picture of G1/S control. Remarkably, our understanding of
the role of ubiquitin ligases in S-phase entry pales in comparison to studies per-
formed on parallel kinase signaling cascades that converge on the E2F transcription
factor. In quiescent and early G1 cells, E2F activity is repressed by the retinoblas-
toma tumor suppressor (RB), as well as the RB-like proteins P130 and P107. The
phosphorylation of RB, first by Cyclin D-CDK4/6, and then by Cyclin E-Cdk2,
inactivates RB and derepresses E2F. This derepression, in turn, triggers the tran-
scriptional upregulation of many genes needed for S-phase entry.

How then do the pathways described above fit together with each other, and
with the canonical CDK-RB-E2F pathway? We propose that multiple pathways
act coordinately to promote the start of DNA replication. The most well-studied
of these is the RB-E2F pathway, which promotes S-phase entry by promoting the
expression of numerous cell cycle genes. In parallel, ubiquitin signaling pathways
that control the degradation of numerous cell cycle proteins coordinate entry into
S-phase. First, SCF°*®? must be active and able to promote the degradation of CKI
proteins. Second, SCF™™ must be inactive or otherwise unable to ubiquitinate
its substrates Cyclin E and Myc, which accumulate to promote cell cycle. Third,
SCFYi"F must be available to trigger the degradation of Cdh1 and help promote
the inactivation of APC/C. And finally, the APC/C must be inactivated, by
Cyclin F and other pathways, allowing for the accumulation of cell cycle proteins
(many of which are transcribed by E2F), to promote S-phase entry (Figure 7).

It is notable that Cyclin F and Skp2, as well as many other cell cycle proteins, are
downregulated by APC/C. Altogether, this suggests that aberrant APC/C inacti-
vation could promote cancer cell cycles. Accordingly, single allelic loss of Cdh1l
causes cancer in mice [94]. How APC/C might be inactivated in cancer remains
an open question of significant importance that has only recently begun to be
studied [17].

Upstream of these regulators are myriad kinase signaling cascades. These kinase
cascades include, for example, the phosphorylation of RB by CDK4/6 and also
CDK2; phosphorylation of Cyclin F and Skp2 by AKT; and, phosphorylation of
Myc and Cyclin E, thereby marking them for degradation by Fbw7. Significantly,
we hypothesize that these pathways control S-phase entry by globally remodeling
the protein landscape either through changes in gene expression or protein degrada-
tion. The activity of CDK2, CDK4/6 and AKT is dysregulated in many cancers. This
suggests that dysregulated cell cycle transcription, as well as dysregulated cell cycle
ubiquitination, likely contributes to a weakening of the G1/S boundary and uncon-
trolled cancer cell cycles.

Testing this hypothesis and determining how these pathways are integrated
remains an important question for future study. Determining the order of and
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Ubiquitination involved in G1/S
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Figure7.

Overview of ubiquitin signaling pathways involved in G1/S. A subset of substrates ave shown. Note that the
APC/C controls the stability of several dogen substrate proteins during late mitosis and early G1.

integration between these pathways is also critical. For example, recent live
imaging studies demonstrated that CDK2 becomes active in mid-G1, several
hours before APC/C is turned off. Moreover, these studies indicate that APC/C
inactivation occurs at nearly the same time as DNA replication [16]. What is
unclear is how Emil, Cyclin F, and Skp2 accumulate at this time, as these pro-
teins have never before been studied together in the same experimental system.
In addition, the overwhelming majority of studies that have interrogated the
kinetics of their accumulation have relied on bulk biochemical measurements
(immunoblots) in synchronized cells. While informative, these studies would
be better undertaken in asynchronous cells using either immunofluorescence
or live cell reporters. Further, CDK2 activity begins to increase many hours
before the inactivation of APC/C. It is therefore unknown how APC/C remains
active into late G1-phase and is protected from CDK-dependent inactivation.
Resolving these important questions will provide insight regarding how cells
breach the G1/S boundary during the homeostatic cell cycles that occur during
organismal development and growth, or in response to cell damage or wound-
ing. Importantly, the G1/S boundary is universally dysfunctional in cancer and
is the target of therapeutic interventions in the treatment of disease. Therefore,
unraveling the complex pathways and mechanisms by which the ubiquitin system
contributes to G1/S will shed light on both the etiology and treatment of cancer
in the future.
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Chapter2

Processes that Regulate the
Ubiquitination of Chromatin and
Chromatin-Associated Proteins

Alexander E. Have and Jeffrey D. Parvin

Abstract

Ubiquitin is a post-translational modification important for many different
processes in the cell, including antigen presentation and proteosomal degradation
of proteins. It is heavily involved in the regulation of chromatin and the proteins
that control chromatin-related processes. In this review, we will focus on ubiquitin-
based chromatin regulation involved in four different processes. The first is DNA
double strand break (DSB) repair and the role that ubiquitin plays in not just
recruiting and stimulating DSB repair, but also the choice of pathway. The second
is the PAF1 complex, which is involved in transcriptional elongation and interacts
with RNAPII. The third is polycomb repressive complexes, specifically polycomb
repressive complex 1, which utilizes ubiquitin to repress constitutively inactive
genes. The last role of ubiquitin discussed is ubiquitin as a mitotic bookmark, which
serves to provide a record of -active genes as cells transit mitosis. Each of these pro-
cesses has independent pathways, but each is necessary for proper cellular function
and organismal health.

Keywords: PRC1, RING1A, BMI1, bookmark ubiquitination

1. Introduction

Ubiquitin is most clearly associated with the process of targeted protein degra-
dation, but it is involved in many cellular processes such as chromatin regulation,
immune response, and antigen processing [1]. Proteosomal degradation is mediated
through polyubiquitin chains linked via lysine-48 (K48) on the ubiquitin chain,
interacting with the proteasome. Other processes utilize monoubiquitination or
polymerization of ubiquitin molecules via another lysine. The ubiquitination system
in humans is incredibly complex, with over 1000 known factors and over 10,000
known sites of ubiquitination, enabling its many and diverse roles in cellular biology.

In this review, we focus on four specific roles of ubiquitin in regulating chroma-
tin: DNA repair, transcription elongation, epigenetic silencing via the polycomb
repressive complex, and bookmark ubiquitination. In these processes, the ubiquitin
moiety interfaces with many other epigenetic marks, such as acetylation, methyla-
tion, and histone modification to regulate a given process.

The process of ubiquitination (or ubiquitylation) is the attaching of one ubiquitin
protein to a substrate and is performed by a cascade of three enzymes: E1 (activat-
ing), E2 (conjugating) and E3 (ligase) [2-5]. Substrates are proteins, and in the
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context of chromatin, histones are the most common class of substrate [6]. Histones
form octamers containing two each of the four core histones (H2A, H2B, H3, H4),
and when a histone octamer is wrapped with two turns of DNA, it is called a nucleo-
some. Each histone has a tail that extends outside the core of the nucleosome, where
it is more accessible to the modifying enzymes. In addition to ubiquitination, other
modifications occur, such as acetylation or methylation. The primary role of these
marks is governing the localization on the genome of specific epigenetic marks as
well as the compaction and decompaction of chromatin, which regulates accessibil-
ity of the transcription machinery to chromatin. Histone ubiquitination also serves
as signaling molecules for other downstream regulators of transcription, which
modulates transcription both directly and indirectly. Part of this concept includes
histone cross-talk, where those regulators of transcription integrate signals of
multiple distinct histone modifications on the same or nearby histones to generate a
phenotype due to the composite signals [7]. Therefore, nucleosome modification has
a fundamental function in silencing and activation of transcription. Most histone
ubiquitination occurs as a monoubiquitination, but polyubiquitin chains have also
been observed. There are a number of small ubiquitin-like modifier (SUMO) pro-
teins that share structural resemblance to ubiquitin and play some similar roles [8].
SUMO proteins come in a variety of isoforms with varying capacity for chain forma-
tion and are conjugated to substrates in a similar manner as ubiquitination.

2. Ubiquitin in DNA damage repair

Survival of organisms and their cells depends on stability and integrity of DNA,
but maintaining this integrity is a challenge for cells because they are constantly
subjected to DNA damage from a variety of sources [9, 10]. DNA damage can cause
disease and prevent faithful transfer of genetic information from one generation
to the next. DNA double strand breaks (DSB) present a difficult problem to cor-
rect since there may be no template to guide error-free repair. In the DNA damage
response, cells arrest the cell cycle and activate repair machinery. There are two
primary methods eukaryotic cells use to repair DSBs: nonhomologous end joining
(NHE]J) and homologous recombination (HR) [11]. The NHE] pathway occurs
throughout the cell cycle (except during mitosis) and is performed more commonly,
but it is error-prone since it does not utilize a template [12]. By contrast, HR is only
active during S and G2 phases of the cell cycle and because it uses the template in a
sister chromatid, the repair has higher fidelity. The faulty repair observed in NHE]
can cause chromosomal rearrangements and mutations, leading to cancer suscep-
tibility. In the following paragraphs, we highlight the roles of a variety of ubiquitin
ligases and ubiquitin binding proteins to regulate the DNA damage response.

2.1Initiation of DSB repair

When DSBs occur, ionizing radiation-induced foci form from genome-localized
high concentrations of repair machinery with a host of bound factors necessary for
DSB repair. To form these ionizing radiation-induced foci, histones near the damage
site become modified with K63-linked polyubiquitin chains via the action of the
E2 Mms2-Ubc13 and the E3 ligases RNF168 and RNF8 [13]. These K63 chains serve
as markers for recruitment of downstream repair proteins and as transcriptional
repressors to prevent propagation of problems caused by broken DNA strands.

RNF8 has a forkhead-associated domain that binds to ionizing radiation induced
foci following a cascade of events starting with the MRE11-RAD50-NBS1 (MRN)
complex binding to the DSB end, followed by ATM phosphorylation of a variant
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H2A histone called H2AX. This phosphorylated H2AX-serine139 is known as
YH2AX [14]. Sequentially, MDC1 (mediator of DNA damage checkpoint 1) binds,
[15-17], and MDC1 serves as scaffold protein near sites of DNA damage, which
it localizes to by using its BRCT (BRCA carboxyl terminus) domains to recruit
RNF8. Following RNF8 recruitment, RNF8 ubiquitinates the linker histone H1,
and thereby recruits RNF168 via ubiquitin binding domains (UBDs) binding to the
ubiquitin mark [13]. RNF168, in turn, ubiquitinates histone H2A (Figure 1A).
Once RNF168 has been recruited by RNF8-mediated H1 ubiquitination, it can
recognize its own H2A ubiquitination mark due to the UBD on its C-terminus,
allowing self-propagation of the DSB repair response [18]. RNF168-mediated H2A
is capable of monoubiquitination of H2AK13-15 [19]. Chain elongation by RNF168
is atypical: as mentioned, most DSB-related ubiquitination is comprised of polyu-
biquitin chains linked by K63, but RNF168, when overexpressed, creates K27 linked
chains instead of linkages via K63 [20]. H2AK15ub is important for the recruitment
of downstream factors, most importantly 53BP1, which promotes NHE] [21]. RNF8
and RNF168 recruit more E3 ubiquitin ligases through direct interaction with
HERC2 and via their ubiquitin ligase activity, but these other E3 ligases stimulate
DSB repair as scaffolds, rather than as ubiquitin ligases [22]. For example, BRCA1
and BARD1 have E3 ligase function, but their role in DSB repair is independent of
their ubiquitination activity [23, 24].

#
(TRIP12) (UBRS o08

- - S -

Figure 1.

Ubgiquitinatian of chromatin regulates DSB repair. (A) Following RNF8 recruitment by ATM-phosphorylated
MDC1, RNF8 ubiquitinates histone Hi1, which is necessary for RNF168 recruitment. (B) Ubiquitination
regulates expression of DSB factors. UBR5 and TRIP12 are E3 ligases, which ubiquitinate RNF168 to target
them for proteosomal degradation. (C) Deubiquitinases break down polyubiquitin chains, removing ubiquitin
signals that recruit DSB repair factors. (D) Ubiquitination leads to factor removal from DSB sites. ]MJD2A is
recognized by 53BP1 and is involved in 53BP1 recruitment. When JMJD2A is ubiquitinated, segregase activity
removes it from DSB sites.
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In NHE], DNA broken strand ends are bound by the Ku70-Ku80 heterodimer,
which in turns allows recruitment of the catalytic subunit of DNA-dependent
protein kinase (DNA-PKcs) [25, 26]. Following phosphorylation of DNA-PKcs,
the DNA ends are trimmed to make them ready for ligation. This trimming plays a
major role in why NHE] is error-prone and is more damaging to cells than HR. DNA
ligase IV and its associated proteins are responsible for ligating these trimmed ends
and finishing the NHE]J process.

HR is dependent on a series of posttranslational modifications, including ubiq-
uitination, reviewed in [27]. These modifications control a carefully orchestrated
system that recruits and displaces DNA repair factors at multiple different sites dur-
ing the process of HR. The role of ubiquitin in regulating HR is predicated on the
following well-established model of HR. When broken DNA strands are detected,
the MRN complex begins end clipping via the endonuclease activity of MRE11,
along with other proteins such as EXO1, CtIP, and DNA2, creating extensive
ssDNA near the break site. In addition to end clipping, the MRN complex recruits
ATM. Resection of these ends at the break site allows binding by single-strand DNA
binding protein, replication protein A (RPA), which is then displaced by RAD51,
which enables the important difference between HR and NHE]. RAD51 searches for
homology and locates a template with which to use to repair the damaged strand.
Because HR depends on this template, it can only occur during the S and G2 phases
of the cell cycle, when the damaged DNA has already been replicated and the copied
DNA serves as a template strand. Choosing which repair pathway, NHE] or HR,

a cell uses for repair is an important determiner of genome stability and involves
complex regulatory processes involving ubiquitin.

Regulation of DSB repair depends on a variety of ubiquitination writers, readers
and erasers. The readers and erasers require specific UBDs to recognize their spe-
cific conformations of ubiquitination. There are more than 20 unique types UBDs
that are found in mammalian proteins and a few of these are enriched in proteins
associated with DNA damage repair: ubiquitin-interacting motif (UIM), ubiquitin-
binding zinc finger (UBZ) and motif interacting with ubiquitin (MIU) [28].

These proteins possess multiple UBDs that each bind to the target cooperatively

to increase specificity and affinity. In several ubiquitin ligases, including RNF168,
RNF169, RAD18, and RAP80, specificity is increased further because they possess
ligand-binding regions adjacent to their UBDs, allow cooperative binding at higher
specificities and affinities than otherwise possible [29].

2.2 RNF8 and RNF168 regulation

RNF8 and RNF168 are important regulators of the entire DSB repair response,
and require careful regulation themselves. Because these ubiquitin ligases can
recognize the same mark they create, their action can cause over-recruitment and
overproduction of ionizing radiation-induced foci without control mechanisms.
Overproduction of these ionizing radiation-induced foci would cause widespread
transcriptional repression across much larger portions of the genome than neces-
sary. One mechanism of limitation is direct ubiquitination of RNF168 by TRIP12
and UBR5, ubiquitin ligases that recognize certain N-terminal domains and direct
proteosomal protein degradation on those targets, causing a decrease in the amount
of RNF168 in the cell (Figure 1B) [30].

Another method of RNF8 and RNF168 regulation occurs via deubiquitinat-
ing enzymes (DUBs) (Figure 1C). Ubiquitin-specific protease 3 (USP3) has been
shown to increase genomic instability and lead to spontaneous tumors when
depleted in mice. This finding was supported when it was shown that UPS3 deple-
tion led to increased levels of H2A ubiquitination, indicating the role of properly
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regulated H2A ubiquitination in DSB repair [31]. USP3, USP16 and USP44 and their
family members also deubiquitinate H2A and thus downregulate the DSB response.
One of the significant differences between these DUBs is their affinity for different
lysine chains. For example, USP3 is known to target the H2A protein K13 and K15
sites that RNF168 targets as well as the K119 and K120 monoubiquitination sites of
PRC1. In contrast, PSMD14 deubiqutinates K63-linked poly-ubiquitin, a different
RNF8-RNF168 mediated target [32, 33]. Another DUB, USP14, downregulates

DSB repair by decreasing RNF168 ubiquitination and RNF168-mediated ubiquitin
signals in the setting of inhibited autophagy [34].

RNF8 and RNF168-mediated DSB repair can also be downregulated by phos-
phorylation. During mitosis, chromatin structure undergoes massive changes and
most nuclear processes pause. Phosphorylation of RNF8 and MDC1 (a scaffold
protein) prevents DSB repair from occurring during mitosis by blocking their
interaction with 53BP1.

2.3 Pathway choice

As there are two primary pathways of DSB repair that function through entirely
different mechanisms, NHE] versus HR, cells must decide which pathway to activate.
HR requires a perfect homolog to use as a template across the DSB, and for this reason
HR should only function following replication of the DNA during S phase or in G2.
Cells must have built-in mechanisms to suppress HR during G1, since during this stage
of the cell cycle HR would use inappropriate nonhomologous DNAs as template and
thus be mutagenic [35]. In addition, during mitosis, NHE] is repressed by phosphory-
lation and inactivation of 53BP1 and RNF8 by the cyclin-dependent kinase CDK1 [36].
This inactivation of DNA repair is protective against chromosomal fusions at telomeres
that would lead to aneuploidy. The structure of the DSB is also a factor in the decision
of cells to engage in which pathway. In general, more complex DSB structures cannot
be repaired via NHE] and require the more time-consuming HR pathway [37, 38].

The RNF8-RNF168 ubiquitination pathway plays an important role in determin-
ing which DSB pathway will predominate in a cell. BRCA1 stimulates HR but antago-
nizes NHE], and conversely 53BP1 antagonizes HR and promotes NHE] 39, 40].
Ubiquitination via RNF8 and RNF168 leads to retention of 53BP1 and BRCA1 at
DSB sites and the balance between these two proteins is the primary decision point
between NHE]J and HR. 53BP1 functions to inhibit end resection that is necessary
for HR, allowing only NHE] to be performed. 53BP1 binds H2AK15ub (catalyzed by
RNF168) through its own ubiquitin-dependent recruitment motif and also possesses
Tudor domains, which recognize H4K20me?2 [21, 41]. It is proposed that H4K20me2
is the signal that 53BP1 recognizes to promote its recruitment at DSB sites. RNF8-168
ubiquitinates other proteins that impact the pathway selection, including JMJD2A,
JMJD3A, and L3MBTL1. When these three factors are ubiquitinated, they are released
from H4K20me?2. Through the action of JMJD2A, JMJD3A, and L3MBTL1 vacat-
ing H4K20me?2, 53BP1 can bind freely without competition (Figure 1D) [42, 43].
H4K20me?2 is another mechanism supporting the cell cycle dependent decision point
between pathways. As S phase continues and more DNA is replicated, H4K20me2
becomes diluted between the two replicated DNA strands, reducing 53BP1 capacity
for binding through its Tudor domains, and shifting the balance away from NHE] to
HR [44]. While 53BP1 is bound, RIF1 (and other factors) are recruited to 53BP1 and
inhibit resection of the DNA ends. These factors are responsible for replacing BRCA1
at DSB sites, inhibiting HR. BRCA1, in turn, inhibits RIF1 binding at these sites,
inhibiting NHEJ.

The antagonist of 53BP1 is BRCA1, which promotes HR over NHE] by way of
supporting RAD51 activity. BRCA1 is a scaffold with activity that also depends on

29


http://dx.doi.org/10.5772/intechopen.82567

Ubiquitin Proteasome System - Current Insights into Mechanism Cellular Regulation and Disease

RAPS80, which has a ubiquitin binding domain suspected to recognize RNF8-RNF168-
mediated H2A ubiquitination and is a part of the BRCA1-A complex, which it targets
to these sites of RNF8-RNF168 ubiquitination [45, 46]. However, RAP80 depletion
does not lead to the expected abolishment of HR, but to increased HR activity. To
explain this, it has been proposed that RAP8O0 is functioning to sequester BRCA1
away from DSB sites, so when RAP80 is removed, BRCA1 recruitment to DSB sites is
unregulated, leading to the over activity of HR [47]. This would suggest an unknown
regulator of BRCA1 recruitment to sites requiring HR activity. BRCA1 also antago-
nizes 53BP1 by recruiting phosphorylated UHRF1, an E3 ligase that ubiquitinates
RIF1, which is bound to 53BP1 at DSB sites. Ubiquitinated RIF1 becomes displaced,
reducing 53BP1 mediated repression of DNA end resection [48]. Cockayne syndrome
B (CSB) protein has been proposed as fulfilling this role because it seems to antago-
nize 53BP1 support of NHE] [49, 50]. In addition, when CSB is removed, DNA dam-
age responses have been limited and CSB has been found accumulating at DSB sites.

One mechanism of HR regulation is the proteasome-mediated degradation of
factors important to HR, such as CtIP [51]. The decision point depends on the resec-
tion of broken DNA ends by factors such as CtIP in HR. During S and G2, when HR
is stimulated, CtIP is ubiquitinated by RNF138 to promote CtIP localization to DSB
sites [52]. RNF138 also ubiquitinates the NHE]J factor Ku80 during S phase, causing
the Ku70/80 heterodimer to dissociate from DSB sites, and thus suppressing NHE]
during S and G2 phases [53].

HR is also inhibited during G1 via ubiquitination of PALB2, a factor involved
in HR along with BRCA1 [54]. This ubiquitination by the E3 ligase complex CRL3
is in the BRCA1-binding domain of PALB2 and sterically blocks the two proteins
from binding. The ubiquitination is antagonized by USP11, a DUB that is degraded
during G1. Thus, while the balance of CRL3 to USP11 is heavily in favor of CRL3 in
G1, the BRCA1-binding site on PALB2 is ubiquitinated, and so the PALB2-BRCA1
interaction is blocked, preventing BRCA1 activity, and therefore, HR.

3. Ubiquitin and transcription elongation

A second key process regulated by ubiquitination of chromatin is transcription.
As mRNA is transcribed, one protein complex that associates with the elongat-
ing RNA Polymerase II (RNAPII) is the Polymerase Associated Factor 1 Complex
(PAF1) (Figure2A) [55-57]. The PAF1 complex regulates RNAPII related transcrip-
tion elongation and posttranscriptional events and is conserved across many species.

The PAF1 complex in humans is comprised of six protein subunits: PAF1,
CDC73, CTRY, LEO1, RTF1, and WDR61 [58]. WDR61 is not present in yeast,
although it is present in humans. Cells without PAF1 or CTR9 have a global decrease
in protein levels and exhibit growth defects [59, 60]. The complex is found on active
genes, at levels directly relating to transcription [61-63]. PAF1 binds directly to
the carboxy terminal domain (CTD) of RNAPII via the Cdc73 subunit when the
RNAPII CTD becomes phosphorylated via CDK9, and via Rtf1 binding along with
the elongation factor Spt5 [64-66]. The localization and recruitment of PAF1C to
specific sites on active genes is dependent upon many factors; in humans, PAF1C
recruitment is highest at the transcription start site (TSS) or immediately (~2
nucleosomes) following the TSS [62, 67].

The PAF1 complex regulates transcription and the chromatin template to ensure
its readiness for transcription. The impact of PAF1C on human chromatin was first
established from its role in the ubiquitination of histone H2B at K120 (Figure 2B)
[68]. H2Bub is an important epigenetic mark that is associated with both activat-
ing and deactivating transcription, though its primary effect on chromatin is
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Figure 2.

The PAF1 complex ubiquitinates histone H2B during transcription elongation. (A) PAF1C ubiquitinates
histones following transcription by RNAPII and elongation of mRNA. (B) The PAF1C controls multiple histone
modifications, including non-ubiquitination events. The two histone ubiquitinations controlled by PAF1C

are H2BK34ub and H2BK120ub. Ubiquitination of H2BK120ub is stimulated by PAF1C in concert with the
UBE2A/2B and RNF20/40 heterodimers. H2BK120ub is necessary for H3K79me2/3 and H3Kqme2/3, catalyzed
by additional methyltransferases. The other histone ubiquitination, H2BK34ub, is created by PAF1C interaction
with the MSL1/2 complex and promotes H4K16ac via MOF activity. The faded arrow represents crosstalk by
which H2BK34ub regulates H3K4 and H3K79 methylation.

disrupting compaction [69]. The ubiquitination at H2BK120 is catalyzed by the

E3 ligase complex containing RNF20/40, which interacts directly with the PAF1
complex, and is conjugated by the E2 UBE2A/2B. In addition to H2B ubiquitination
at K120, monoubiquitination can also occur at K34 on H2B, a separate mark placed
by the heterodimeric E3 ligase, MSL1/2 [70]. Both H2BK120ub and H2BK34ub
stimulate histone methylation at H3K79 and H3K4, which has been demonstrated
via decreases in both H2BK120ub and H2BK34ub following PAF1 depletion [71].
H2BK120ub is necessary for H3K4 and H3K79 trimethylation, while H2BK34ub
functions through trans-tail crosstalk to regulate these methylations. The mecha-
nism of this effect was revealed by experiments showing that depletion of PAF1
caused a decrease in RNF20/40 and MSL1/2 association to chromatin, indicating the
role of PAFIC as promoting localization of these E3 ligases, the method by which
PAF1C regulates H2Bub [71]. RNF20/40 and MSL1/2 each depend on the specific
binding to chromatin by the other ligase and the corresponding histone mark,
demonstrating how much interdependence exists between the two co-regulated
ligases. This interaction has multiples sources. CDKO9 is a kinase that promotes
PAF1C association to chromatin, but is itself dependent on both PAF1C-mediated
chromatin marks for its chromatin association [71].

Deregulation of this pathway and H2B monoubiquitination is commonly found
in cancers. This can occur via multiple mechanisms, such as mutations in CDC73,
one of the components of PAF1C, which has been observed in multiple cancers [72].
In addition, silencing of expression by methylation of the RNF20 promoter and
RNF20 enhancers has also been observed in many breast cancers [73]. However,
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it has also been observed that decreased levels of H2Bub have also been shown to
be associated with decreased tumor growth, an apparent contradiction to H2Bub
as a cancer-causing mutation [73]. Deregulation of a mark can also occur from
overactive removal; there are several DUBs responsible for H2Bub deubiquitination,
including USP3, USP7, USP12, USP22, USP44, USP46, USP49 [74-78]. Upregulation
of these DUBs can cause similar phenotypes as RNF20 depletion. Errors in H2B
monoubiquitination lead to errors in chromatin structure on scales larger than the
aberrantly ubiquitinated nucleosome [69].
Dysregulation of RNF20 and concomitant H2B ubiquitination has been linked
to a wide variety of cancer pathways. One method for H2Bub depletion leading to
cancer occurs via H2Bub regulated inflammation and the interaction with NF-xB [79].
Inflammation involves the production of cytokines and chemokines that promote
oncogenic activity and NF-kB is a key regulator of the inflammatory system. Reduction
in H2Bub has been shown to lead to activated NF-kB, and thus its downstream regula-
tion targets, leading to active inflammation in mice. This was indeed shown to lead
to increased colorectal cancer in these animals. Ovarian cancers also display H2Bub
dysfunction. One study found that the majority of high grade serous ovarian cancers
show global decreases in H2Bub [80]. The most deadly cancer worldwide is lung
cancer, and one of the more common forms of lung cancer is lung adenocarcinoma. In
human lung adenocarcinomas, H2Bub decreases have been associated with increased
cancer burden and a less differentiated carcinoma, a marker of poor prognosis [79].
Mixed lineage leukemia is a classification of cancers that depend on the MLL1
gene, and rearrangements of MLL1 have been shown to be dependent on RNF20
and its role in chromatin regulation [81]. Cells lacking RNF20 showed decreased
tumor growth [82]. This role of RNF20 allowing cancer progression is contrary
to its role in protecting against the above cancers, but does serve to highlight the
fundamental role that H2B ubiquitination plays in maintenance of chromatin.

4. Polycomb repressive complex

While the preceding section described how histone H2B is ubiquitinated at
multiples sites as a part of active transcription process, this section describes the
ubiquitination of histone H2A, which has an opposite impact on gene expression.
The polycomb repressive complex 1 (PRC1) monoubiquitinates H2A at lysine 119.
H2AK119ub is a repressive mark, associated with inactive transcription by condens-
ing chromatin, making it less accessible by transcription factors and associated
machinery [83]. This repressive mark is only the most common role of PRC1, as it
has also been shown to have diverse effects that have the overall impact of perma-
nently silencing chromatin as part of the differentiation process. The two polycomb
group (PcG) complexes, PRC1 and PRC2, modify chromatin to repress transcription
and lead to the methylation of the promoter DNA to stably repress transcription at
targeted genes. PRC2 contains the methyltransferase EZH2, which methylates his-
tone H3 on lysine 27, H3K27me3. This review will focus on PRC1. PRC2 is necessary
for targeted recruitment of PRC1, as experiments have shown that knockdown of
PRC2 components also decrease PRC1-mediated H2A ubiquitination. The ubiqui-
tination function of PRC1 is antagonized by the last form of polycomb repressive
complex, polycomb repressive deubiquitinase (PR-DUB), which deubiquitinates
H3K119 [84, 85]. The complimentary actions of PRC1 and PR-DUB to regulate
H2AK119ub suggests the fundamental role it plays in repressing transcription.

PRC1 complexes exist in a number of different forms that have the same general
structure, with different proteins occupying each position. The core of each complex
contains a RING protein and a polycomb group RING finger protein, which bind via
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their RING domains [86]. This core serves as the base for further PRC1 proteins to
bind. There are two possible RING proteins, RING1A and RING1B, and six possible
polycomb group ring finger (PCGF) proteins, PCGF1-6. All eight of these proteins
possess a RAWUL (RING finger and WD40 Ubiquitin-like) domain somewhere

in their structure, which bind additional proteins [87, 88]. These additional pro-
teins include chromobox and human polyhomeotic homolog (HPH) proteins,
which, when included in the PRC1, form what is known as canonical PRC1 [89].

It was previously assumed canonical PRC1 performed the H2Aub function that is
associated with PRC1, but it is now known that noncanonical PRC1 also plays an
important role in gene regulation [90]. Between the variability of chromobox, HPH,
RING, and PCGF proteins, there are well over 100 unique combinations of canonical
PRC1 complexes that can form. This diversity plays an important role in the diverse
targeting and functions exhibited by PRC1. The PCGF member of the complex
binds specifically to a variety of proteins, which are responsible for targeting and
regulation of the PRC1 activity [91]. Accordingly, PCGF RAWUL domains exhibit
more selective binding than their counterpart RAWUL domains on the RING1A or
RING1B protein. The importance of the RING domains is that the RING proteins are
E3 ubiquitin ligases, responsible for the primary activity of H2AK119 ubiquitina-
tion. However, PCGF-4 (also known as BMI-1) and RING1A both do not directly
ubiquitinate H2A, as only RING1B directly ubiquitinates H2A. Instead complexes
containing BMI-1 and RINGI1A serve to promote the RING1B E3 ligase activity [92].

4.1 PRC1 function

RING1B monoubiquitinates H2AK119 as part of the PRC1 activity following
PRC2 methylation at H3K27 (Figure 3). PcG-regulated genes show aberrant tran-
scriptional levels following removal of PRC1 via RING1B knockdown using shRNA
[93]. PRC1-related ubiquitination and subsequent gene silencing is associated with
multiple silencing contexts. PcG proteins are known to occupy and thus regulate,
developmental genes, X-chromosome inactivation, and parent of origin imprinting.
The most widely accepted model of the activity of PRC1-mediated inactivation of
target genes is through chromatin compaction. Promoters of active genes become
compacted in the setting of PRC1 action, preventing RNA polymerases from access-
ing the targeted gene, and therefore preventing transcription. This concept has been
supported by in vitro experiments and iz vivo experiments showing decreased nucle-
ase digestion at genes with PRC1-mediated compaction of chromatin [94]. While the
fact that PRC1-mediated ubiquitination of H2A leads to diminished transcription
via chromatin compaction is indisputable, the mechanism is currently unclear. It
has been shown that PRC1 does not have a role in regulating chromatin accessibility,
only to nucleosome spacing and occupancy. Identifying the direct mechanism by
which PRC1-mediated H2Aub inhibits transcription needs further elucidation.

Targeting of PcG complexes occurs via Polycomb Response Elements (PREs),
which are DNA elements that cannot be recognized by any PcG protein because
PcG proteins do not appear to possess any sequence specific DNA binding subunits
[95]. While several proteins have been suggested to have a role in recognizing the
PRE and enabling recruitment of PcG complexes, none have been confirmed to
be sufficient to mediate PcG recruitment alone, suggesting the PcG recruitment
is dependent on the interactions of several proteins coordinately creating a stable
protein-DNA complex [96]. In addition to protein-DNA interactions to promote
PcG recruitment, protein-protein interactions are important. PRC2 has histone
methyltransferase function, methylating H3K27. PRC1 can directly recognize the
H3K27me3 mark produced by PRC2 [97, 98]. Similarly, PRC2 can bind to H2Aub.
This complementary interaction can serve to support preservation of PcG silencing
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Figure 3.

Canonical PRC1 ubiquitinates H2AK119. Canonical PRC1 contains a RING protein and a PCGF protein, as
defines PRC1, but is only called canonical in the presence of a Chromobox protein and a human polyhomeotic
protein. This canonical PRC1 is vesponsible for the primary function of PRC1, ubiquitination of H2AK119.
Recognition occurs at Polycomb Response Elements (PRE) containing specific DNA sequences that have been
methylated by PRC2 at H3K27me3. PRC1-mediated H2AK119ub is a repressive mark, leading to decreased
accessibility of targeted genes by transcription machinery, leading to inactivation of targeted genes.

across disruptive events to the genome, such as DNA synthesis, when histones

are divided between the sister chromosomes [99]. Therefore, the most commonly
accepted model of PcG recruitment is that PREs are recognized by adaptor pro-
teins, which recruit PRC2 to promoters, which methylates H3K27. PRC1 recognizes
H3K27me3 and is recruited to ubiquitinate H2AK119.

In addition to the repressive effect of PRC1, it has been shown to have activat-
ing effects on transcription. PcG proteins mediate their activity by regulating
genome architecture [100]. It has been reported in mouse embryonic stem cells that
RING1A and RING1B organize genes into three-dimensional interaction networks,
which maintains interactions between promoters in the network. When PRC1 was
removed, promoter-enhancer interactions were affected, leading to activation of
affected promoters and increased transcription. This supports the compaction-
based theory of PRC1 transcriptional repression and provides a mechanism for
this activity. Deep sequencing of ChIP experiments against selected PRC1 proteins,
including both RING1A and RING1B, has shown their enrichment at active tran-
scriptional sites in human fibroblasts [101]. This experiment also showed cell-type
specific binding of PRC1. RING1B, the primary ubiquitin ligase involved PRC1-
mediated H2Aub, has been found associated with Aurora B kinase at active promot-
ers in lymphocytes, while RING1B knockdown decreased transcription at these
sites, suggesting an important activating function of RING1B [102]. Cells that have
had conditionally-inactivated RING1A and RING1B, and thus inactivated PRC1,
exhibit errors in DNA replication [103]. Slow elongation and even stalling of rep-
lication forks has been observed in these cells in specific pericentromeric regions.
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These S phase errors were rescued by monoubiquitination events, suggesting the
role of RING1A/B in S phase is dependent on their function as ubiquitin ligases. In
breast cancer, RING1B has been found at oncogene promoters, playing an activating
role and promoting cancer development and metastasis [104]. All these activating
effects of PcG proteins suggest that there is much not known about the diverse array
of proteins involved in PRC1 and that understanding PRC1 function may explain
many previously unknown chromatin regulation events.

5. Ubiquitin as a mitotic bookmark

Mitotic bookmarks are a mechanism of dividing cells that maintain the epigen-
etic and transcriptional state despite the rigors demanded by the mitosis process
[105]. Although epigenetic marks persist from mother cell to daughter cell, the
compaction of the genome during mitosis requires many epigenetic marks to be
temporarily erased. Every mitosis, the epigenome is bookmarked, erased, and
reestablished as the cells reenter G1. Cells need a mechanism allowing them to
reestablish cell specific chromatin marks after they have been erased during mitosis.
The mechanism cells use for “remembering” chromatin architecture is mitotic book-
marking, whereby specific molecules or proteins are found on promoters of genes
that enable memory of the chromatin state before mitosis. By definition, bookmarks
must be deposited in association with active genes before or at the beginning of
mitosis, persist throughout mitosis, and transmit gene expression memory to the
cell after mitosis (Figure 4). These mitotic bookmarks involve multiple chromatin
changes, including histone modifications and histone variants. Transcription factors
also make up a large number of mitotic bookmarks. Many of those transcription fac-
tors bookmark specific subsets of genes. One example of a highly selective mitotic
bookmark is Brd4, which is found only on the transcription start sites of genes that
are expressed at the end of mitosis and beginning of G1 [106]. Mitotic bookmarks
can also regulate a specific biological process, as in the case of GATA1, which occu-
pies locations on key hematopoietic genes during mitosis [107]. Ubiquitin has also
been found to play a role as a mitotic bookmark, but while many mitotic bookmarks
are specific for certain genes or pathways, the mitotic bookmark ubiquitination
appears to be generally acting at genes with high transcriptional activity.

This novel role of ubiquitin was first identified through a variant of ChIP-seq
experiments that found ubiquitin present on certain sites during mitosis that were
previously not described [108]. Those experiments showed that during interphase,
ubiquitin was present on the chromatin of transcribed regions of transcriptionally
active genes, consistent with the known function of PAF1C. The novel observation
was that ubiquitinated chromatin associated proteins were bound to promoters during
mitosis, contrasted to interphase, when ubiquitin localized to the promoter was
absent. The fundamental difference between interphase and mitosis was a shift of
the ubiquitin detected near promoters of the same genes that were previously ubiqui-
tinated on their transcribed regions. For example [109], the GAPDH gene is heavily
ubiquitinated over the gene body during G1 (Figure 4A, indicated in blue), while
during mitosis that ubiquitination over the gene body is absent but ubiquitination is
detected over the promoter (Figure 4A, gold) [108]. The ubiquitinated promoter sites
were consistently ubiquitinated at 150 bp upstream of the transcription start sites,
suggesting a specific function relating each of these promoters. The fact that this ubig-
uitin bookmark was identified on promoters of active genes further supported the
conclusion that this novel finding of ubiquitin in mitosis was playing a role as a book-
mark, not just an incidental observation. This conclusion was also supported by the
fact that the promoter-associated, mitotic ubiquitin was found on the same genes as
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A gﬂitotit bookmark containing ubiquitin is necessary for maintaining the active chromatin state after
completion of mitosis. (A) An example of measuring the ubiquitin density on an active gene (GAPDH) during
mitosis (gold) and during G1 (blue) [108]. The localization of ubiquitin on the chromatin shift from over

the gene body during G1 through G2 to over the promoter during mitosis. (B) Model for mitotic bookmarking.
During interphase, active genes have active chromatin has associated epigenetic marks, such as acetylation,
wheveas repressive marks as heterochromatin protein 1 (HP1) are present on inactive genes. When cells
transition into mitosis, all of those marks are vemoved. Instead, mitotic bookmarks are placed on the active
genes to enable cells to “remember” which genes were active. Ubiquitin is found on promoters of a subset of
active genes and is necessary to support transcription following completion of mitosis. This ubiquitin bookmark
is dependent on the E3 ligases RING1A and BMI-1. The HP1 localization is bookmarked by H3K9me3.

HP1 bound to H3KSme3

those with PAF1C-associated transcriptional H2B-ubiquitin. The association between
these two forms of ubiquitination suggests that the ubiquitin bookmark is dependent
upon transcription, as is PAF1C-associated H2B-ubiquitin. However, the mechanisms
underlying creation of these ubiquitination marks is different, suggesting that there is
no direct relationship between these two transcription-associated marks.

The presence of the ubiquitin bookmark is dependent upon the E3 ligases
RING1A and BMI-1, which are both parts of the polycomb repressive complex
discussed previously [109]. Surprisingly, RING1B, the primary E3 ligase involved in
the PRC1 primary function has no role in bookmark ubiquitination, suggesting that
the role of RING1A and BMI-1 in creating the ubiquitin bookmark is independent
of their role in the PRC1 complex. However, this remains untested and what factors
interact with RING1A and BMI-1 when they are involved in bookmark ubiquitina-
tion is an open question. With the discovery of the ligases responsible for the ubiq-
uitin bookmark, it was possible to test experimentally how the process is regulated.
RING1A depletion caused a decrease in phosphorylated RNAPII at promoters; the
phosphorylated RNAPII was used as a surrogate for transcriptional activity, indicat-
ing that the ubiquitin bookmark was necessary for the proper transcription of the
bookmarked genes, one of the criteria for mitotic bookmark. So far, what is known
about the ubiquitin bookmark is that is present during mitosis, responds to changes
in gene expression, and that it impacts transcription. These are the basic require-
ments to satisfy the definition of a mitotic bookmark.
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Beyond the basic outline of a bookmark, there are relatively few facts known
about the ubiquitin bookmark. Its localization to promoters of active genes is
notable, but only a subset of active genes is found to be bookmarked, suggesting the
input of more factors than active transcription and ubiquitination via RNF20/40
with PAF1C. What these factors are, even what kind of signal they are, is still
unknown. Only a little is also known about the mechanism by which bookmark
ubiquitination affects transcription. H3K4me3 is a histone modification known to
associate with sites of active transcription. H3K4me3 has been observed decreasing
when RING1A has been depleted, suggesting that the lack of ubiquitin bookmark-
ing has caused a decrease in transcription by decreasing H3K4me3 as a signal for
transcription [109]. If this phenomenon is unique to H3K4me3 or if it is common to
other histone modifications correlating to active transcription is unknown. Further
studies to determine this mechanism will inform the importance of this bookmark
and how broadly it affects cellular function and differentiation.

Currently the exact composition of the ubiquitin bookmark is undetermined.
The ubiquitin bookmark must have a substrate protein that is directed to the
sites identified to have ubiquitin bookmarks, and serves as the connection to
chromatin. The signal has been detected via affinity-tagged ubiquitin molecules
that do not discriminate between mono- or polyubiquitin, nor between the dif-
ferent lysine residues with which the polyubiquitin chain could be constructed.
Ubiquitin is the only known component of the bookmark, but there must be
other components yet to be identified. Given that most chromatin-associated
proteins dissociate from the genome during mitosis, there are fewer candidates
for the substrate than would be in interphase, though the possibility exists that a
protein previously unknown to remain during mitosis exhibits that ability as part
of the ubiquitin bookmark.

Another aspect for expanding our understanding of the ubiquitin bookmark is
expanding the finding of the ubiquitin bookmark to other cell lines. Thus far, all the
prior work done on the ubiquitin bookmark has been done in HeLa cells, a com-
mon model system. As the ubiquitin bookmark has not been demonstrated in any
other cell lines, nor in tissue samples, questions of the ubiquity of the bookmark are
raised. It is formally possible that the ubiquitin bookmark is unique to HeLa cells
or just cancerous cell lines and is not apparent in tissues in organisms. Obviously,
the role of the ubiquitin bookmark is only relevant in an actively dividing cell,
although the majority of cells in living tissues are postmitotic. Detecting the pres-
ence or lack thereof of the ubiquitin bookmark in other cell lines should be one of
the most pressing directions of current research. The significance of the ubiquitin
bookmark as a relatively new and poorly understood process suggests a new field in
epigenetics, or at least a significant evolution in our understanding of mitotic book-
marks as primarily transcription factors that control limited selections of genes to a
much larger, potentially genome-wide scale.

6. Concluding remarks

Chromatin is dynamically modified as genes are silenced, as genes are expressed,
as DNA damage is repaired, and as the genome is prepared for cell division. In this
review, we highlighted the diverse roles of ubiquitin in each process. Understanding
the complexity of the ubiquitin system is a monumental task of which the scientific
community is only scratching the surface. Four important processes were reviewed
here, and these processes are paramount to proper cellular functions and deregula-
tion is generally implicated in cancers.
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Chapter 3

E3 Ubiquitin Ligases in Cancer and
Their Pharmacological Targeting

Joseph Y. Ong and Jorge Z. Torves

Abstract

Ubiquitination plays many critical roles in protein function and regulation.
Consequently, mutation and aberrant expression of E3 ubiquitin ligases can drive
cancer progression. Identifying key ligase-substrate relationships is crucial to
understanding the molecular basis and pathways behind cancer and toward identi-
fying novel targets for cancer therapeutics. Here, we review the importance of E3
ligases in the regulating the hallmarks of cancer, discuss some of the key and novel
E3 ubiquitin ligases that drive tumor formation and angiogenesis, and review the
clinical development of inhibitors that antagonize their function. We conclude with
perspectives on the field and future directions toward understanding ubiquitination
and cancer progression.

Keywords: E3 ubiquitin ligase, cancer, pharmacological targeting

1. Introduction

The regulation and turnover of proteins is an essential aspect of cell homeostasis
and one that is commonly disrupted in cancer cells [1]. Regulation of a protein’s
levels, activity, or localization is affected by ubiquitination, a posttranslational
modification that involves the covalent attachment of a 76 amino acid ubiquitin
molecule onto a substrate protein [2, 3]. Depending on the cellular context,
ubiquitinated proteins can affect a myriad of cellular processes, including signaling
[4], epigenetics [5], endosome trafficking [6], DNA repair [7] and protein stability
via the 26S-proteasome [8].

The outcome of protein ubiquitination is affected primarily by two properties:
what kind of ubiquitin linkage and how many ubiquitin molecules are present [2].
Ubiquitin is usually covalently attached to its substrate via a nucleophilic lysine
residue on the substrate and the ubiquitin carboxy terminus. Ubiquitin itself can
serve as a nucleophile via one of seven lysine residues (K6, K11, K27, K29, K33, K48,
and K63) [9, 10] though K48- and K63-linkages seem to be the most abundant and
are the most well-studied. In some cases, the N-terminal amide of the initiator
methionine (M1) of the substrate can serve as the nucleophile [11, 12]. If one of the
lysine residues or the initiator methionine of ubiquitin serves as the nucleophile for
another ubiquitin molecule, a polyubiquitin chain is formed. A K48-linked
polyubiquitin chain of four or more ubiquitin molecules is typically enough to target
the substrate for 26S-proteasome mediated degradation [13]. Meanwhile, poly-K63
linkages are involved in many processes, including endocytic trafficking, inflam-
mation, and DNA repair [5, 6, 14]. Other ubiquitin linkages [11], combinations of
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linkages (mixed or branched chains) [15-17], monoubiquitination [5, 18], and
multi-monoubiquitination [19, 20] events have other diverse functions within
the cell.

Ubiquitination occurs in three main steps [21, 22]. First, the E1 ubiquitin-
activating enzyme (two in the human genome) covalently attaches to a ubiquitin
molecule via a thioester bond in an ATP-dependent process. Next, the E1 enzyme
transfers ubiquitin onto an E2 ubiquitin-conjugating enzyme (about 40 in the
human genome). Finally, the E2 enzyme binds a substrate-bound E3 ligase (about
600 in the human genome) to transfer ubiquitin onto a lysine residue of the sub-
strate. Repeating the cycle creates a polyubiquitin chain.

E3 ligases can function either as single peptides (like Parkin), simple complexes
(e.g.: hetero/homodimers, like MDM2/MDMX or XIAP), or as large complexes (like
Cullin-RING-ligase complexes or the anaphase promoting complex/cyclosome).
There are two main classes of E3 ligases [23]: HECT (about 30 in the human
genome) and RING ligases (including RING and RING-like ligases and their acces-
sory proteins, about 600 in the human genome).

HECT ligases contain a C-terminus HECT domain that accepts the ubiquitin
molecule from an E2 conjugating enzyme via a thioester bond before transferring
the ubiquitin to the substrate [24]. RING ligases contain a zinc finger domain, and
these proteins allow the E2 to transfer ubiquitin directly onto the substrate [25]. A
subclass of RING ligases known as RING-between-RING (RBR) ligases contain two
RING domains that have elements of both HECT and RING ligases: one RING
domain binds the charged E2, while the other RING domain accepts the ubiquitin
molecule before transferring it onto the substrate [26].

As E3 ligases ultimately determine the target of the ubiquitination machinery,
they play a critical role in cell regulation. They regulate key players in processes like
apoptosis (caspases), cell senescence and growth (p53, p21, p27; Hippo and

Park,

Figure 1.

E3 ubiquitin ligases (outer circle) regulate hallmarks of cancer (inner circle) to drive cancer progression.
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Hedgehog signaling), proliferation and genomic stability (c-Myc, cyclins), immune
system evasion (PD-L1), inflammation (NFkB), and metastasis and angiogenesis
(Wnt signaling) (Figure 1). Misregulation or mutation of E3 ligases can lead to
overexpression of oncogenes or downregulation of tumor suppressor genes, leading
to cancer progression. Consequently, understanding the molecular targets and
functions of E3 ligases serves as the basis for designing new cancer therapies.

Here, we describe some central and novel E3 ligases related to cancer develop-
ment, pharmacological targeting of those ligases, and perspectives on understand-
ing the role of E3 ligases in cancer progression.

2. E3 ligases and cancer progression
2.1 TP53

The tumor protein p53 (TP53) is a transcription factor that serves as one of the
principal regulators of cell function and survival (reviewed in [27]), mediating
cellular responses to proliferation, cell cycle control, DNA damage response path-
ways, and apoptosis. Consequently, it is mutated in approximately 50% of all cancer
types. Thus, regulators of p53 serve as ideal candidates to understand and address
cancer cell progression (Table 1).

E6AP (Ube3a) is a 100 kDa HECT domain ligase discovered for mediating the
interaction between human papillomavirus protein E6 and p53 [28]. Neither E6GAP
nor E6 alone have a strong affinity for p53, but together, the E6/E6AP complex
binds to p53 and changes the substrate specificity of EGAP [28], allowing E6AP to
ubiquitinate p53 at the N-terminal DNA binding domain and target it for

E3 ligase Notable substrates and Expression in cancer Cancer types
binding partners
TP53  E6AP p53 Gain of function via HPV  Cervical, breast [38, 166]
E6
MDM2/X p53 Overexpressed Many; liposarcomas
[48, 167]
SCF Skp2 p21, p27 Overexpressed Many [95, 168]

Fbxw7 Cyclin E, mTOR Downregulated or Many; endometrial,
dominant-negative cervical, blood [64, 67, 169]
mutant

B-TrCP  IkB, B-catenin, Weel, Overexpressed (in some  Many [60, 168]

Cdc25a/b tissues)
APC/C Cdc20 Cyclin A/B, securin Overexpressed Pancreatic, lung, gastric
[95, 168, 170]
Cdh1 Cdc20, Plk1, Aurora Underexpressed Many [171]
kinase A/B
Other XIAP Caspases 3,7, 9 Overexpressed Many [98, 99]
Park2 Cyclin D/E, Cdc20/ Underexpressed Breast, pancreatic,
Cdh1, tubulin colorectal, ovarian [172]
SPOP PD-L1, androgen and Downregulated or Prostate, endometrial,
estrogen receptor dominant-negative kidney [139, 141, 150]
mutant
Table 1.

E3 ligases and cancer progression.
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degradation [29]. Consequently, E6GAP may play a role in HPV-mediated cervical
cancers [30], particularly for those mediated by high-risk HPV16 strain, as E6 pro-
teins from lower-risk strains of HPV lack the ability to degrade p53 [31].

The E6/E6AP complex plays other roles in cancer cell progression. Neither E6
nor E6AP alone can activate the hTERT promoter, but together, the E6/E6AP
complex can activate the hTERT promoter, perhaps via interactions with c-Myc and
NFX-1 to respectively activate and repress promoter activity [32]. The E6/E6AP
complex has also been implicated in the ubiquitination of apoptosis-inducing pro-
teins Bak [33], Fas [34], and TNFR1 [35]. Independent of E6 binding, endogenous
E6AP targets include the tumor suppressor PML [36]; cell cycle regulators p27 [36],
Cdk1, Cdk4; cell proliferation regulator MAPK1 [37];, and guanine nucleotide
exchange factor ECT2 [38]. A published list of 130 likely substrates of EGAP
includes p-catenin and PRMTS5, proteins involved in cancer progression [37].

MDM2 is best known as a regulator of p53. MDM2 is a RING ligase [39] that
forms stable heterodimers with a homolog, MDMX (MDM4), via their RING
domains [40]. MDM2 localizes primarily in the nucleus bound to p300/CBP [41].
When complexed to p53, MDM?2 inhibits p53 activity in two ways: first, MDM2
binds the N-terminal transactivation domain [42], inhibiting p53-mediated tran-
scription [43]; secondly, MDM2 modulates p53 protein levels via ubiquitination
near the C-terminus [44]. After MDM2 monoubiquitinates p53, p300 and CBP
catalyze the polyubiquitination of p53, leading to p53 degradation [8, 41, 45].
Overexpression of MDM2 [46, 47], seen in many cancers where p53 is not mutated
[48], leads to a loss of p53 activity.

During p53 activation, p53 is phosphorylated by multiple serine/threonine
kinases at residues near the N-terminus, disrupting p53/MDM2 binding and stabi-
lizing p53. For example, ATM kinase phosphorylates p53 at S15 [49] to promote
p53-mediated transcription. Additionally, ATM phosphorylation of MDM2 on S395
disrupts the MDM2/p53 complex, allowing p53 to accumulate [50].

2.2 SCF complexes

The SCF complex is a multimeric ubiquitination complex with multiple roles in
cell regulation (Table 1). The main scaffold of the SCF complex, Cullin 1 (Cull),
recruits the substrate to be ubiquitinated at the N-terminus and the charged
ubiquitin at the C-terminus. Rather than bind the substrate directly, Cull uses two
adaptor proteins: Cull binds directly to Skp1, which then binds to one of about 70 F-
box proteins [51] that directly bind their substrates. At the C-terminus, Cull binds
an adaptor protein, either Rbx1 or Rbx2 (also known as Roc1l or Roc2), that will
bind a charged E2 ubiquitin conjugating enzyme [52, 53] .

Skp2 (Fbxl1) is a F-box protein that is most active during S-phase [54]. During S
phase, Skp2 binds and ubiquitinates phosphorylated p27 [55] by binding the Cdk2-
cyclin E complex [56]. Degradation of p27 frees inhibition of Cdk2-cyclinA/E com-
plexes, allowing for progression into S-phase and entry into mitosis [57]. Other
targets of Skp2 include p21 [58] and E-cadherin [59]. In some cases, Skp2 requires
an accessory protein Cksl to enhance binding to the substrate [60]. Skp2 both
enhances c-Myec transcriptional activity and promotes c-Myc degradation [61].
Interestingly, p300-mediated acetylation of Skp2 changes the localization of Skp2
from nuclear to cytoplasmic, increasing cellular proliferation, motility, and tumor-
igenesis [59]. Skp2 is commonly overexpressed in a variety of cancers [62], includ-
ing blood, colorectal, stomach, ovarian, and cervical cancers [60].

Fbxw7 (in yeast, Cdc4) contains a homodimerization domain, an F-box domain
that binds Skp1, and eight WD40 repeats that form a beta-propeller structure to
bind substrates [63]. Substrate binding is dependent on interaction between the
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arginine residues of the Fbxw7 WD40 domains and phosphorylated residues of the
substrate in a recognition motif termed the Cdc4 phosphodegron (CPD) [63].
Mutations that disrupt substrate binding, especially point mutations of the arginine
residues of the WD40 region, are commonly found in tumor samples [64]. Because
Fbxw7 homodimerizes, these mutations may have a dominant-negative effect [65],
as wild-type Fbxw7-mutant Fbxw7 dimers are able to effectively bind but not
ubiquitinate their substrates [66]. Fbxw7 is deleted [67] or mutated in many can-
cers, with mutations being especially common in cancers of the bile duct and
blood [68].

One well-characterized substrate of Fbxw?7 is cyclin E [69]. The ubiquitination
and degradation of cyclin E is dependent on phosphorylation of by Cdk2 and
glycogen synthase kinase 3 (GSK3) [70]. Dimerization of Fbxw7 can also change its
affinity for cyclin E as well as other substrates [71]. Other substrates of Fbxw7
include transcription factors c-Myc [72]; c-JUN, Notch 1; DNA-binding protein
DEK [73]; and nutrient sensing protein mTOR [74]. Interestingly, the SV40 large T
antigen contains a decoy CPD that can mislocalize Fbxw7 and inhibit Fbxw7-medi-
ated degradation of cyclin E [75].

B-TrCP (BTRC), Fbxwla (f-TrCP1) and Fbxw11 (f-TrCP2) are protein homo-
logs that appear to have redundant roles [76]. These F-box proteins can form homo-
and hetereodimers with each other [76] and use WD40 domains to bind a DSG
phosphodegron motif (such as DpSGXXpS) [60]. Overexpression of p-TrCP is seen
in various types of cancers, including colorectal, pancreatic, breast, ovarian and
melanomas [77].

p-TrCP plays an important role as a regulator of Cdkl. One substrate of p-TrCP
is Weel, a kinase that inhibits Cdk1 activity [78]. Phosphorylation of Weel at S53
and S123 by Plk1 and Cdk1 respectively allow -TrCP to bind to and ubiquitinate
Weel, activating Cdk1 during G2 to promote rapid entry into mitosis. Similarly, in
prophase, B-TrCP also ubiquitinates Emil, an inhibitor of the APC/C [79]. Conse-
quently, B-TrCP accelerates mitotic progression both by increasing Cdk1 activity
and activating the APC/C. In the case of DNA damage, checkpoint proteins
hyperphosphorylate Cdc25a [80], a phosphatase that activates Cdk1 by removing
repressive phosphorylation events. f-TrCP binds to and ubiquitinates hyperpho-
sphorylated Cdc25a, deactivating Cdk1 and delaying the cell cycle. p-TrCP also
ubiquitinates Cdc25b [81], a phosphatase that activates Cdk2/cyclin A and Cdk1/
cyclin B to progress through the G2/M transition [82]. Other p-TrCP substrates that
are linked to cancer progression include the IkB family [83], B-catenin [76] and
MDM?2 [84].

2.3 APC/C

Proper cell cycling and successful mitotic events rely on the coordinated accu-
mulation and destruction of cyclins [85]. Disruption of this coordination can lead to
aberrant mitotic events, aneuploidy, and cancer [86] (Table 1). While entry into
mitosis is mediated by activation of Cdk1/2, progression through and exit from
mitosis is mediated principally by the anaphase promoting complex or cyclosome
(APC/C).

The APC/C is a 1.2 megadalton complex whose activity is necessary for entry to
and exit from mitosis [87]. The structure of the human APC/C was solved via
cryoEM to 7.4 angstrom resolution, allowing for the identification of 20 subunits of
the APC/C and a mechanistic understanding of its function [88]. APC/C ubiquitin
ligase activity depends on two activating subunits, Cdc20 or Cdh1 (coded by gene
FRZ1; not to be confused with the gene CDH1, which codes for E-cadherin), which
are necessary for APC/C binding to substrate and subsequent degradation [89] via
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K11 ubiquitin linkages [90]. In early mitosis, APC/C-Cdc20 degrades proteins such
as cyclins A and B and Securin, the inhibitor of separase [91]. In later stages of
mitosis and early G1, APC/C-Cdh1 degrades Cdc20, mitotic kinases like Plk1 and
Aurora kinases A/B, and the contractile ring protein Anillin to ensure exit from
mitosis and proper transition into G1 [92]. Binding of the substrate to APC/C is
mediated by two main modalities [93]: for some substrates, Cdc20/Cdh1 binds the
substrate through a KEN box motif; for others, both the APC/C subunit Apc10 and
Cdc20/Cdh1 “sandwich” the substrate at the substrate’s D box. Some substrates
have both and/or additional motifs to bind the APC/C and Cdc20/Cdh1 [92].

Cdc20 is found overexpressed in many cancers, including lung, oral, liver, and
colon cancers [94, 95]. Cdhl is generally a tumor suppressor, as downregulation of
Cdh1 is found in some aggressive cancer cell types [95], and loss of Cdh1 sensitizes
cells to DNA damage [96].

2.4 Other

X-linked inhibitor of apoptosis protein (XIAP) is a IAP family E3 ligase charac-
terized by three N-terminal baculovirus IAP repeat domains and a C-terminal RING
domain [97]. Like other IAPs, XIAP plays a central role in mediating the cell’s
response to apoptosis. XIAP is overexpressed in many cancer cell lines, particularly
in kidney and skin cancers [98, 99].

The linker region of XIAP between BIR1 and BIR2 binds to the active site and
inhibits caspase 3 and caspase 7 [100]. The BIR3 domain of XIAP also binds to
caspase 9, inhibiting caspase 9 dimerization and activity [101]. Moreover, XIAP
ubiquitinates caspase 3 [102], caspase 9 [103], and caspase 7 [104] and targets them
for degradation. As a final level of regulation, in addition to its ubiquitin E3 ligase
role, XIAP can also function as a neddylation E3 ligase, neddylating and inhibiting
the activity of caspases [105].

XIAP also plays important roles in cell motility. On one hand, XIAP degrades
COMMD1 [106], a regulator of NFkB [107] and copper homeostasis. XIAP also
binds to MAP3K7IP1, an event that activates kinase MAP3K7 to phosphorylate sub-
strates leading to removal of NFkB inhibition [108]. XIAP also binds to survivin
[109], activating NFkB signaling and encouraging cell metastasis by activating cell
motility kinases Fadk1 and Src [110]. Conversely, XIAP has also been show to
inhibit cell migration by binding to and ubiquitinating c-RAF to direct another
ubiquitin ligase (CHIP) to degrade c-RAF [111]. Under non-stressed conditions,
XIAP ubiquitinates and degrades MDM2, stabilizing p53 and inhibiting autophagy
[112]. XIAP also binds to and monoubiquitinates TLE3, allowing B-catenin to acti-
vate Wnt-mediated transcription [113]. Finally, in addition to inflammation
involving the NFxB pathway, XIAP suppresses TLR-based inflammation [114].

Park2 (PARKIN) is an RBR-E3 ligase with both RING and HECT ligase charac-
teristics [115]. The Park2 locus is commonly deleted in cancers [116]. In mouse
models, loss of Park2 causes spontaneous liver cancer [117] and contributes to
colorectal cancer in mouse models [118]. Additionally, Park2 plays a central role in
mitophagy [119], which may affect cell redox state [120], proliferation, and metas-
tasis [121].

Park2 plays a prominent role in regulating cyclin levels. Park2 degrades cyclins D
[122] and E [123] in a Cull-dependent manner [124]. Park2 mutations found in
cancer lead to stabilization of these G1/S-phase cyclins, an increase in the number of
cells in S and G2/M phase [123, 124], and increased rates of cellular proliferation
[122]. Moreover, Park2 associates with Cdc20 and Cdh1 during mitosis in an
APC/C-independent manner and regulates the levels of many APC/C substrates
including mitotic kinases and mitotic cyclins [125]. Park2 regulates microtubules
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and the mitotic spindle, cytokinetic bridge [126], cell motility [127], and invasion
[128]. Park2 ubiquitinates and degrades HIF-1a to contribute to cell migration, and
loss of Park2 leads to tumor metastasis in mouse models [129].

In Park2 knock-out mouse models, the resulting oxidative stress and the War-
burg effect [130] caused an increase in the mRNA of Aim?2, a protein involved in
cytokine production [131]. In these mouse models, activation of Aim2 ultimately led
to upregulation of PD-L1 in pancreatic tumors and lower rates of survival, an effect
seen in human pancreatic tumors and patients [131]. Thus, Park2’s roles in metabo-
lism may affect the ability of the immune system to regulate cancer progression.

SPOP is a Cul3 substrate adaptor mutated in about 10% of prostate cancers and
some kidney cancers [132]. SPOP has three basic domains: an N-terminal MATH
domain for substrate recognition [133], a BTB domain for dimerization and inter-
action with Cul3 [134], and a BACK domain which assembles SPOP dimers into
oligomers [134], a mechanism which increases SPOP binding to and ubiquitination
of the substrate [135]. As SPOP regulates many proteins responsible for maintaining
cell integrity, mutations in the MATH domain that disrupt binding to substrate
encourage cancer progression [136].

SPOP plays a role in immunotherapy by ubiquitinating and degrading PD-L1
[137]. SPOP binding mutants cannot ubiquitinate PD-L1, resulting in larger tumor
growth and fewer tumor-infiltrating lymphocytes compared to tumors harboring
wild-type SPOP in mouse models [137]. Similarly, pancreatic cancer samples with
mutant SPOP had higher levels of PD-L1, demonstrating a role for SPOP in immune
system invasion [137].

Other notable SPOP substrates include the apoptotic protein Daxx [138, 139],
deSUMOlyase SENP7 [140], c-Myc [141], HDAC6 [142], Cdc20 [143], proto-
oncogene DEK [144], phosphatases PTEN and Dusp7 [139], hedgehog pathway
proteins Gli2 and Gli3 [145, 146], and BET transcriptional coactivators BRD2-4
[147-149]. SPOP is also closely tied to hormone-activated pathways, as steroid
receptor coactivator SRC-3 [150], androgen receptor (AR) [151], enhancer of AR-
mediated transcriptional activity TRIM24 [144], and estrogen receptor a (ERx)
[136] are all substrates of SPOP. Finally, wild-type, but not mutant SPOP degrades
ERG [152]. Interestingly, in some prostate cancer samples, some tumors expressed a
fused ERG protein due to genome rearrangements, a phenotype driven by SPOP
mutation [153]. Unlike wild-type ERG, these ERG-fusions lack an SPOP binding
site, contributing to cancer progression [154].

3. E3 ligases and their inhibitors

One ubiquitin-proteasome inhibitor has already found use in the treatment of
cancer: Bortezomib is a 26S-proteasome inhibitor approved for treating certain
types of myeloma and lymphoma that binds to and inhibits the proteasome from
degrading other proteins [155]. Another compound still in clinical development is
MLN4924 (Pevonedistat), an inhibitor of the Nedd8-activating enzyme and thus of
Cullin RING ligase complexes [155]. As ubiquitination plays many important roles
in cell regulation, these broad inhibitors can affect many cellular pathways, not just
those that are therapeutically useful. As E3 ligases are specific for their substrates,
E3 ligases serve as precise targets for therapeutic intervention (Table 2). Inhibition
of E3 ligases will hopefully minimize off-target effects. Moreover, as some E3
ligases have many oncogenes as their substrates, targeting E3 ligases may serve to be
more efficient than targeting individual substrates.

While most inhibitors have been identified via high throughput screens, the
most clinically relevant inhibitors have been derived from structure—function
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analyses of E3 ligases complexed to their substrates. For example, the crystal struc-
ture of MDM2 bound to p53 allowed for the identification of the MDM2-p53 bind-
ing pocket and the design of small molecules [156] (like Nutlins and their
derivatives) and stapled peptides [157] that bind to MDM2 and inhibit p53 binding.
Similarly, the structure of the IAP family of E3 ligases and their endogenous inhib-
itors, the SMAC peptides, allowed for the development of higher affinity peptides
[158] and peptidomimetics and the discovery of one small molecule inhibitor,
Embelin [159]. Of the inhibitors mentioned here, MDM2 and XIAP inhibitors have
advanced the farthest in clinical trials. A crystal structure of the SPOP substrate
binding domain was also used to develop an SPOP inhibitor, suggesting that struc-
tural studies may greatly enhance development of small molecule inhibitors [160].
Most inhibitors disrupt E3 ligase-substrate binding by blocking the binding
pocket of the E3 ligase. However, because HECT domains first transfer the
ubiquitin molecule to themselves via a thioester bond [24], HECT ligases have an

E3 ligase Therapeutic Mechanism Model In
clinical
In vitro Cell Mouse .
trials
assay  culture model
TP53 E6AP CM-11 peptides [161] Binds HECT X X
domain
Compound 9 [173] Binds HPV E6 X
MDM2/X Nutlins [156], Binds p53 binding X X X
RG7112 [174] site
Idasanutlin X X X X
(RG7388) [175]
MI-888 [176], Binds p53 binding X X X X
SAR405838 [151] site
AMG-232 [177] Binds p53 binding X X X X
site
NVP-CGMO097 [178], Binds p53 binding X X X X
HDM?201 [179] site
JNJ-26854165 Assumed to bind to X X X
(Serdemetan) RING domain of
MDM2 [180]
ALRN-6924 [157] Stapled peptide X X X X
binds MDM2 and
MDMX at p53
binding site
SCF Skp2 Compound #25 [181] Binds Skp1 binding X X X
site
C1, C2, C16, C20 Presumed: Binds X X
[163, 182] Skp2, Cks1 at p27
binding site
CpdA [165] Inhibits Skp2-Skpl X X
binding
NSC689857, Inhibits Skp2-Cks1 X
NSC681152 [164] binding
Fbxw7 Oridonin [183] Stabilizes Fbxw7, X X

increases the
activity of kinase
Gsk-3

54



E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting
DOI: http://dx.doi.org/10.5772/intechopen.82883

E3 ligase Therapeutic Mechanism Model In
clinical

In vitro Cell Mouse .
trials

assay culture model

B-TrCP  Erioflorin [184] Inhibits p-TrCP1 X X
binding to
substrate

GS143 [185] Presumed: Inhibits X X
binding of
B-TrCP1 and
p-1kBa

APC/C Cdc20 Apcin [186] Binds to D-box X X
binding site of
Cdc20

Cdc20/  ProTAME [187] Inhibits formation X X X
Cdh1 of APC/C-Cdc20, -
Cdh1

Other XIAP LCL161 [158] Binds to BIR3 X X X X
domain of
XIAP [188]

AEG 35156 [189] XIAP antisense X X
oligonucleotide

SPOP Palbociclib [137] Cdk4 X X X
phosphorylates
SPOP, destabilizes
PD-L1

Compound 6b [160]  Binds to substrate X X X
pocket

*Palbociclib is clinically approved for treatment of breast cancer.

Table 2.
E3 ligases and their inhibitors.

additional mode of pharmacological inhibition. The CM-11 peptides (E6AP inhibi-
tors) are one such therapy that takes advantage of this step to inhibit or disrupt the
HECT-Ubiquitin transthiolation reaction [161]. Future work may focus on design-
ing small molecules that disrupt this function of the HECT domain.

To degrade its most clinically relevant targets p21 and p27, Skp2 functions with
an adaptor protein, Cks1 [162]. At least two classes of inhibitors (NSC689857/
NSC681152 [163] and the C1/2/16/20 compounds [164]) have been developed that
disrupt the Skp2-Cks1 interaction. Similarly, the SCF ligase complex is only active
upon the binding of an F-box protein to Skpl. CpdA inhibits Skp2-Skp1 binding
[165]. These results suggest that another method of inhibitor design may focus on
disrupting crucial activators and binding partners of E3 ligases instead of merely
disrupting E3 ligase-substrate binding.

Upon phosphorylation by Cdk4, SPOP protein levels are stabilized, and PD-L1
expression levels decrease [137]. To improve the efficiency of anti-PD-L1 immuno-
therapies, mice treated with both Cdk4/6 inhibitors (to destabilize SPOP and thus
stabilize PD-L1) and anti-PD-L1 immunotherapy showed improved survival when
compared to untreated mice or mice with each individual treatment [137]. In this
case, stabilization of an oncogenic protein led to improved efficacy of a compli-
mentary therapy. Whether a similar combination of therapies can be used to
improve the overall survival rate in other pathways remains to be seen.
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4. Conclusions and perspectives

Recent research has highlighted the role of ubiquitination in cell regulation,
division, and cancer cell progression. While much work has advanced the identifi-
cation of E3 ubiquitin ligases and their substrates, untangling how these ligases act
upon interconnected pathways remains a challenge in cancer cell biology. For
example, understanding in which contexts certain E3 ligases are tumor-supportive
or tumor-suppressive (like f-TrCP) is still not clear. Genome-wide analyses and
advancements in systems biology have aided in and will continue to contribute to
addressing these issues.

The tumor microenvironment has established itself as a central component in
understanding and treating cancer progression. The macro-level questions of
tumors—how cancers induce angiogenesis, interact with the immune system and
cytokines, interact with the microbiome, and metastasize—are some questions that
are best addressed with research in animal models, not human cell culture models.
For example, the recent discoveries that both SPOP and Park2 play a role in medi-
ating PD-L1 stability demonstrate the need to study the roles of E3 ligases in animal
models. Given the recent success of immuno-oncology and CAR-T cell therapy, a
further understanding how E3 ligases affect macro-level phenotypes like tumor
sensitivity to immunotherapies may influence the design of clinical therapies.

While many E3 ligase inhibitors are being identified via high-throughput small
molecule screens that assess inhibition of E3 ligase-substrate binding or
ubiquitination activity, the most clinically advanced inhibitors have been refined
from structural analysis of the E3 ligase binding pocket. The structures of many E3
ligases have already been determined (for example, all 11 ligases discussed here
have at least a partial structure), so further pharmacological development may
involve identifying binding pockets and designing inhibitors to perturb ligase func-
tion, and optimizing already identified inhibitors. On the other hand, E3 ligases are
often redundant, so inhibition of one ligase may not completely stabilize a beneficial
substrate. Nonetheless, the early clinical success of some E3 ligase inhibitors sug-
gests that ubiquitin ligase inhibition is a promising venue for therapeutic interven-
tion in cancer patients.

Author details
Joseph Y. Ong and Jorge Z. Torres*
Department of Chemistry and Biochemistry, University of California, Los Angeles,

CA, USA

*Address all correspondence to: torres@chem.ucla.edu

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

56


http://creativecommons.org/licenses
mailto:torres@chem.ucla.edu

E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting

DOI: http://dx.doi.org/10.5772/intechopen.82883

References

[1] Hanahan D, Weinberg RA.
Hallmarks of cancer: The next
generation. Cell. 2011;144:646-674

[2] Komander D, Rape M. The ubiquitin
code. Annual Review of Biochemistry.
2012;81:203-229

[3] Yau R, Rape M. The increasing
complexity of the ubiquitin code.
Nature Cell Biology. 2016;18:579-586

[4] Tao M et al. ITCH K63-ubiquitinates
the NOD2 binding protein, RIP2, to
influence inflammatory signaling
pathways. Current Biology. 2009;19:
1255-1263

[5] Sigismund S, Polo S, Di Fiore PP.
Signaling through monoubiquitination.
Current Topics in Microbiology and
Immunology. 2004;286:149-185

[6] Williams RL, Urbé S. The emerging
shape of the ESCRT machinery. Nature
Reviews. Molecular Cell Biology. 2007;
8:355-368

[71 Hoege C, Pfander B, Moldovan G-L,
Pyrowolakis G, Jentsch S. RAD6-
dependent DNA repair is linked to
modification of PCNA by ubiquitin and
SUMO. Nature. 2002;419:135-141

[8] Haupt Y, Maya R, Kazaz A, Oren M.
Mdm?2 promotes the rapid degradation
of p 53. Nature. 1997;387:296-299

[9] Xu P et al. Quantitative proteomics
reveals the function of unconventional
ubiquitin chains in proteasomal
degradation. Cell. 2009;137:133-145

[10] Peng J et al. A proteomics approach

to understanding protein ubiquitination.

Nature Biotechnology. 2003;21:921-926
[11] Emmerich CH et al. Activation of

the canonical IKK complex by K63/M1-
linked hybrid ubiquitin chains.

57

Proceedings of the National Academy of
Sciences of the United States of
America. 2013;110:15247-15252

[12] Kirisako T et al. A ubiquitin ligase
complex assembles linear polyubiquitin
chains. The EMBO Journal. 2006;25:
4877-4887

[13] Thrower JS, Hoffman L, Rechsteiner
M, Pickart CM. Recognition of the
polyubiquitin proteolytic signal. The
EMBO Journal. 2000;19:94-102

[14] Chen Z], Sun LJ. Nonproteolytic
functions of ubiquitin in cell signaling.
Molecular Cell. 2009;33:275-286

[15] Ben-Saadon R, Zaaroor D, Ziv T,
Ciechanover A. The polycomb protein
Ring1B generates self atypical mixed
ubiquitin chains required for its In vitro
histone H2A ligase activity. Molecular
Cell. 2006;24:701-711

[16] Liu C, Liu W, Ye Y, Li W. Ufd2p
synthesizes branched ubiquitin chains
to promote the degradation of substrates
modified with atypical chains. Nature
Communications. 2017;8:14274

[17] Ohtake F, Tsuchiya H, Saeki Y,
Tanaka K. K63 ubiquitylation triggers
proteasomal degradation by seeding
branched ubiquitin chains. Proceedings
of the National Academy of Sciences of
the United States of America. 2018;115:
E1401-E1408

(18] Alpi AF, Pace PE, Babu MM, Patel
KJ. Mechanistic insight into site-
restricted monoubiquitination of
FANCD2 by Ube2t, FANCL, and
FANCI. Molecular Cell. 2008;32:767-777

[19] Braten O et al. Numerous proteins
with unique characteristics are degraded
by the 26S proteasome following
monoubiquitination. Proceedings of the
National Academy of Sciences of the


http://dx.doi.org/10.5772/intechopen.82883

Ubiquitin Proteasome System - Cuvrent Insights into Mechanism Cellular Regulation and Disease

United States of America. 2016;113:
E4639-E4647

[20] Kravtsova-Ivantsiv Y, Cohen S,
Ciechanover A. Modification by single
ubiquitin moieties rather than
polyubiquitination is sufficient for
proteasomal processing of the p105 NF-
kB precursor. Molecular Cell. 2009;33:
496-504

[21] George AJ, Hoffiz YC, Charles A],
Zhu'Y, Mabb AM. A comprehensive
atlas of E3 ubiquitin ligase mutations in

neurological disorders. Frontiers in
Genetics. 2018;9:29

[22] Weissman AM, Shabek N,
Ciechanover A. The predator becomes
the prey: Regulating the ubiquitin
system by ubiquitylation and
degradation. Nature Reviews. Molecular
Cell Biology. 2011;12:605-620

[23] Li W et al. Genome-wide and
functional annotation of human E3
ubiquitin ligases identifies MULAN, a
mitochondrial E3 that regulates the
Organelle’s dynamics and signaling.
PLoS One. 2008;3:e1487

[24] Scheffner M, Kumar S. Mammalian
HECT ubiquitin-protein ligases:
Biological and pathophysiological
aspects. Biochimica et Biophysica Acta
(BBA)—Molecular Cell Research. 2014;
1843:61-74

[25] Lipkowitz S, Weissman AM.
RINGs of good and evil: RING finger
ubiquitin ligases at the crossroads of
tumour suppression and oncogenesis.
Nature Reviews. Cancer. 2011;11:
629-643

[26] Dove KK, Stieglitz B, Duncan ED,
Rittinger K, Klevit RE. Molecular
insights into RBR E3 ligase ubiquitin
transfer mechanisms. EMBO Reports.
2016;17:1221-1235

[27] Kastenhuber ER, Lowe SW. Putting
p53 in context. Cell. 2017;170:1062-1078

58

[28] Scheffner M, Werness BA,
Huibregtse JM, Levine AJ, Howley PM.
The E6 oncoprotein encoded by human
papillomavirus types 16 and 18
promotes the degradation of p53. Cell.
1990;63:1129-1136

[29] Martinez-Zapien D et al. Structure
of the E6/E6AP/p53 complex required
for HPV-mediated degradation of p53.
Nature. 2016;529:541-545

[30] Alejo M et al. Contribution of
human papillomavirus in
neuroendocrine tumors from a series of
10,575 invasive cervical cancer cases.
Papillomavirus Research. 2018;5:
134-142

[31] Elbel M, Carl S, Spaderna S, Iftner T.
A comparative analysis of the
interactions of the E6 proteins from
cutaneous and genital papillomaviruses
with p53 and E6AP in correlation to
their transforming potential. Virology.
1997;239:132-149

[32] Liu X et al. HPV E6 protein interacts
physically and functionally with the
cellular telomerase complex.
Proceedings of the National Academy of
Sciences. 2009;106:18780-18785

[33] Thomas M, Banks L. Inhibition of
Bak-induced apoptosis by HPV-18 E6.
Oncogene. 1998;17:2943-2954

[34] Filippova M, Parkhurst L,
Duerksen-Hughes PJ. The human
papillomavirus 16 E6 protein binds to
Fas-associated death domain and
protects cells from Fas-triggered
apoptosis. The Journal of Biological
Chemistry. 2004;279:25729-25744

[35] Filippova M, Song H, Connolly JL,
Dermody TS, Duerksen-Hughes PJ. The
human papillomavirus 16 E6 protein
binds to tumor necrosis factor (TNF) R1
and protects cells from TNF-induced
apoptosis. The Journal of Biological
Chemistry. 2002;277:21730-21739



E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting

DOI: http://dx.doi.org/10.5772/intechopen.82883

[36] Raghu D et al. EGAP promotes
prostate cancer by reducing p27

expression. Oncotarget. 2017;8:
42939-42948

[37] Wang Y et al. Identifying the
ubiquitination targets of EGAP by
orthogonal ubiquitin transfer. Nature
Communications. 2017;8:2232

[38] Mansour M et al. The E3-ligase
E6AP represses breast cancer metastasis
via regulation of ECT2-rho signaling.
Cancer Research. 2016;76:4236-4248

[39] Fang S, Jensen JP, Ludwig RL,
Vousden KH, Weissman AM. Mdm?2 is a
RING finger-dependent ubiquitin
protein ligase for itself and p53. The
Journal of Biological Chemistry. 2000;
275:8945-8951

[40] Wang X, Wang ], Jiang X. MdmX
protein is essential for Mdm2 protein-
mediated p53 polyubiquitination. The
Journal of Biological Chemistry. 2011;
286:23725-23734

[41] Ferreon JC et al. Cooperative
regulation of p53 by modulation of
ternary complex formation with CBP/
p300 and HDM2. Proceedings of the
National Academy of Sciences. 2009;
106:6591-6596

[42] Kussie PH et al. Structure of the
MDM?2 oncoprotein bound to the p53
tumor suppressor transactivation
domain. Science. 1996;274:948-953

[43] Oliner JD et al. Oncoprotein MDM2
conceals the activation domain of
tumour suppressor p53. Nature. 1993;
362:857-860

[44] Poyurovsky MV et al. The C
terminus of p53 binds the N-terminal
domain of MDM2. Nature Structural &
Molecular Biology. 2010;17:982-989

[45] Grossman SR et al.
Polyubiquitination of p53 by a ubiquitin

59

ligase activity of p300. Science (80-).
2003;300:342-344

[46] Zack TI et al. Pan-cancer patterns of
somatic copy number alteration. Nature
Genetics. 2013;45:1134-1140

[47] Beroukhim R et al. The landscape of
somatic copy-number alteration across
human cancers. Nature. 2010;463:
899-905

[48] Oliner JD, Saiki AY, Caenepeel S.
The role of MDM2 amplification and
overexpression in tumorigenesis. Cold
Spring Harbor Perspectives in Medicine.
2016;6:2026336

[49] Canman CE et al. Activation of the
ATM kinase by ionizing radiation and
phosphorylation of p53. Science. 1998;
281:1677-1679

[50] Gannon HS, Woda BA, Jones SN.
ATM phosphorylation of Mdm?2 Ser394
regulates the amplitude and duration of

the DNA damage response in mice.
Cancer Cell. 2012;21:668-679

[51] Lydeard JR, Schulman BA, Harper
JW. Building and remodelling Cullin-
RING E3 ubiquitin ligases. EMBO
Reports. 2013;14:1050-1061

[52] Wei D, Sun Y. Small RING finger
proteins RBX1 and RBX2 of SCF E3
ubiquitin ligases: The role in cancer and

as cancer targets. Genes & Cancer.
2010;1:700-707

[53] Lyapina SA, Correll CC, Kipreos ET,
Deshaies R]. Human CUL1 forms an
evolutionarily conserved ubiquitin
ligase complex (SCF) with SKP1 and an
F-box protein. Proceedings of the
National Academy of Sciences of the
United States of America. 1998;95:
7451-7456

[54] Nakayama K et al. Skp2-mediated
degradation of p27 regulates progression
into mitosis. Developmental Cell. 2004;
6:661-672


http://dx.doi.org/10.5772/intechopen.82883

Ubiquitin Proteasome System - Cuvrent Insights into Mechanism Cellular Regulation and Disease

[55] Carrano AC, Eytan E, Hershko A,
Pagano M. SKP2 is required for
ubiquitin-mediated degradation of the
CDK inhibitor p27. Nature Cell Biology.
1999;1:193-199

[56] Ungermannova D, Gao Y, Liu X.
Ubiquitination of p27Kip1 requires
physical interaction with cyclin E and
probable phosphate recognition by
SKP2. The Journal of Biological
Chemistry. 2005;280:30301-30309

[57] Zhang H, Kobayashi R, Galaktionov
K, Beach D. p19Skp1 and p45Skp2 are
essential elements of the cyclin A-CDK2
S phase kinase. Cell. 1995;82:915-925

[58] Yu ZK, Gervais JL, Zhang H. Human
CUL-1 associates with the SKP1/SKP2
complex and regulates p21(CIP1/
WAF1) and cyclin D proteins.
Proceedings of the National Academy of
Sciences of the United States of
America. 1998;95:11324-11329

[59] Inuzuka H et al. Acetylation-
dependent regulation of Skp2 function.
Cell. 2012;150:179-193

[60] Frescas D, Pagano M. Deregulated
proteolysis by the F-box proteins SKP2
and beta-TrCP: Tipping the scales of
cancer. Nature Reviews. Cancer. 2008;8:
438-449

[61] von der Lehr N et al. The F-box
protein Skp2 participates in c-Myc
proteosomal degradation and acts as a
cofactor for c-Myc-regulated
transcription. Molecular Cell. 2003;11:
1189-1200

[62] Wei Z et al. Downregulation of Skp2
inhibits the growth and metastasis of
gastric cancer cells in vitro and in vivo.
Tumor Biology. 2013;34:181-192

[63] Hao B, Oehlmann S, Sowa ME,

Harper JW, Pavletich NP. Structure of a
Fbw7-Skp1-Cyclin E complex: Multisite-
phosphorylated substrate recognition by

60

SCF ubiquitin ligases. Molecular Cell.
2007;26:131-143

[64] Davis RJ, Welcker M, Clurman BE.
Tumor suppression by the Fbw7
ubiquitin ligase: Mechanisms and
opportunities. Cancer Cell. 2014;26:
455-464

[65] Tang X et al. Suprafacial orientation
of the SCFCdc4 dimer accommodates
multiple geometries for substrate
ubiquitination. Cell. 2007;129:1165-1176

[66] O’Neil J et al. FBW7 mutations in
leukemic cells mediate NOTCH
pathway activation and resistance to
gamma-secretase inhibitors. The Journal
of Experimental Medicine. 2007;204:
1813-1824

[67] Yeh C-H, Bellon M, Nicot C.
FBXW?7: A critical tumor suppressor of
human cancers. Molecular Cancer. 2018;
17:115

[68] Akhoondi S et al. FBXW/7/hCDCA4 is
a general tumor suppressor in human
cancer. Cancer Research. 2007;67:
9006-9012

[69] Strohmaier H et al. Human F-box
protein hCdc4 targets cyclin E for
proteolysis and is mutated in a breast
cancer cell line. Nature. 2001;413:
316-322

[70] Welcker M et al. Multisite
phosphorylation by Cdk2 and GSK3
controls cyclin E degradation. Molecular
Cell. 2003;12:381-392

[71] Welcker M et al. Fbw7 dimerization
determines the specificity and
robustness of substrate degradation.
Genes & Development. 2013;27:
2531-2536

[72] Yada M et al. Phosphorylation-
dependent degradation of c-Myc is
mediated by the F-box protein Fbw7.
The EMBO Journal. 2004;23:2116-2125



E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting

DOI: http://dx.doi.org/10.5772/intechopen.82883

[73] Babaei-Jadidi R et al. FBXW7
influences murine intestinal
homeostasis and cancer, targeting
Notch, Jun, and DEK for degradation.
The Journal of Experimental Medicine.
2011;208:295-312

[74] Mao J-H et al. FBXW7 targets
mTOR for degradation and cooperates
with PTEN in tumor suppression.
Science. 2008;321:1499-1502

[75] Welcker M, Clurman BE. The SV40
large T antigen contains a decoy
phosphodegron that mediates its
interactions with Fbw7/hCdc4. The
Journal of Biological Chemistry. 2005;
280:7654-7658

[76] Nakayama K et al. Impaired
degradation of inhibitory subunit of NF-
kappa B (I kappa B) and beta-catenin

as a result of targeted disruption of the
beta-TrCP1 gene. Proceedings of

the National Academy of Sciences of
the United States of America. 2003;100:
8752-8757

(771 Zheng N, Zhou Q, Wang Z, Wei W.
Recent advances in SCF ubiquitin ligase
complex: Clinical implications.
Biochimica et Biophysica Acta. 2016;
1866:12-22

[78] Watanabe N et al. M-phase kinases
induce phospho-dependent
ubiquitination of somatic Weel by
SCFbeta-TrCP. Proceedings of the
National Academy of Sciences of the
United States of America. 2004;101:
4419-4424

[79] Guardavaccaro D et al. Control of
meiotic and mitotic progression by the F
box protein beta-Trcpl in vivo.
Developmental Cell. 2003;4:799-812

[80] Busino L et al. Degradation of
Cdc25A by B-TrCP during S phase and
in response to DNA damage. Nature.
2003;426:87-91

61

[81] Kanemori Y, Uto K, Sagata N. Beta-
TrCP recognizes a previously
undescribed nonphosphorylated
destruction motif in Cdc25A and
Cdc25B phosphatases. Proceedings of
the National Academy of Sciences of the
United States of America. 2005;102:
6279-6284

[82] Lammer C et al. The cdc25B
phosphatase is essential for the G2/M
phase transition in human cells. Journal
of Cell Science. 1998;111(Pt 16):
2445-2453

[83] Shirane M, Hatakeyama S, Hattori
K, Nakayama K, Nakayama K. Common
pathway for the ubiquitination of
IkappaBalpha, IkappaBbeta, and
IkappaBepsilon mediated by the F-box
protein FWD1. The Journal of Biological
Chemistry. 1999;274:28169-28174

[84] Inuzuka H et al. Phosphorylation by
casein kinase I promotes the turnover
of the Mdm?2 oncoprotein via the SCF
(beta-TRCP) ubiquitin ligase. Cancer
Cell. 2010;18:147-159

[85] Satyanarayana A, Kaldis P.
Mammalian cell-cycle regulation:
Several Cdks, numerous cyclins and
diverse compensatory mechanisms.
Oncogene. 2009;28:2925-2939

[86] Malumbres M, Barbacid M. Cell
cycle, CDKs and cancer: A changing
paradigm. Nature Reviews. Cancer.
2009;9:153-166

[87] Zhang J, Wan L, Dai X, Sun Y, Wei
W. Functional characterization of
anaphase promoting complex/
cyclosome (APC/C) E3 ubiquitin ligases
in tumorigenesis. Biochimica et
Biophysica Acta. 2014;1845:277-293

[88] Chang L, Zhang Z, Yang ],
McLaughlin SH, Barford D. Atomic
structure of the APC/C and its
mechanism of protein ubiquitination.
Nature. 2015;522:450-454


http://dx.doi.org/10.5772/intechopen.82883

Ubiquitin Proteasome System - Cuvrent Insights into Mechanism Cellular Regulation and Disease

[89] Primorac I, Musacchio A. Panta
rhei: The APC/C at steady state. The
Journal of Cell Biology. 2013;201:
177-189

[90] Williamson A et al. Identification of
a physiological E2 module for the
human anaphase-promoting complex.
Proceedings of the National

Academy of Sciences of the United
States of America. 2009;106:
18213-18218

[91] Pines J. Cubism and the cell cycle:
The many faces of the APC/C. Nature
Reviews. Molecular Cell Biology. 2011,
12:427-438

[92] Davey NE, Morgan DO. Building a
regulatory network with short linear
sequence motifs: Lessons from the
degrons of the anaphase-promoting
complex. Molecular Cell. 2016;64:12-23

[93] He ] et al. Insights into degron
recognition by APC/C coactivators from
the structure of an Acm1-Cdh1 complex.
Molecular Cell. 2013;50:649-660

[94] Wu W et al. CDC20 overexpression
predicts a poor prognosis for patients
with colorectal cancer. Journal of
Translational Medicine. 2013;11:142

[95] Lehman NL et al. Oncogenic
regulators and substrates of the
anaphase promoting complex/
cyclosome are frequently overexpressed
in malignant tumors. The American
Journal of Pathology. 2007;170:
1793-1805

[96] Ishizawa ] et al. FZR1 loss increases
sensitivity to DNA damage and
consequently promotes murine and
human B-cell acute leukemia. Blood.
2017;129:1958-1968

[97] Gyrd-Hansen M, Meier P. IAPs:
From caspase inhibitors to modulators
of NF-xB, inflammation and cancer.
Nature Reviews. Cancer. 2010;10:
561-574

62

[98] Fong WG et al. Expression and
genetic analysis of XIAP-associated
factor 1 (XAF1) in cancer cell lines.
Genomics. 2000;70:113-122

[99] Tamm I et al. Expression and
prognostic significance of IAP-family
genes in human cancers and myeloid
leukemias. Clinical Cancer Research.
2000;6:1796-1803

[100] Paulsen M et al. Interaction with
XIAP prevents full caspase-3/-7
activation in proliferating human
tlymphocytes. European Journal of
Immunology. 2008;38:1979-1987

[101] Shiozaki EN et al. Mechanism of
XIAP-mediated inhibition of caspase-9.
Molecular Cell. 2003;11:519-527

[102] Suzuki Y, Nakabayashi Y,
Takahashi R. Ubiquitin-protein ligase
activity of X-linked inhibitor of
apoptosis protein promotes proteasomal
degradation of caspase-3 and enhances
its anti-apoptotic effect in Fas-induced
cell death. Proceedings of the National
Academy of Sciences. 2001;98:
8662-8667

[103] Morizane Y, Honda R, Fukami K,
Yasuda H. X-linked inhibitor of
apoptosis functions as ubiquitin ligase
toward mature caspase-9 and cytosolic
Smac/DIABLO. Journal of Biochemistry.
2005;137:125-132

[104] Creagh EM, Murphy BM, Duriez
PJ, Duckett CS, Martin SJ. Smac/Diablo
antagonizes ubiquitin ligase activity of
inhibitor of apoptosis proteins. The
Journal of Biological Chemistry. 2004;
279:26906-26914

[105] Broemer M et al. Systematic In vivo
RNAI analysis identifies IAPs as
NEDDS-E3 ligases. Molecular Cell.
2010;40:810-822

[106] Burstein E et al. A novel role for
XIAP in copper homeostasis through



E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting

DOI: http://dx.doi.org/10.5772/intechopen.82883

regulation of MURR1. The EMBO
Journal. 2004;23:244-254

[107] Ganesh L et al. The gene product
Murr1 restricts HIV-1 replication in
resting CD4+ lymphocytes. Nature.
2003;426:853-857

[108] Lu M et al. XIAP induces NF-xB
activation via the BIR1/TABI1 interaction
and BIR1 dimerization. Molecular Cell.
2007;26:689-702

[109] Arora V et al. Degradation of
survivin by the X-linked inhibitor of
apoptosis (XIAP)-XAF1 complex. The
Journal of Biological Chemistry. 2007;
282:26202-26209

[110] Mehrotra S et al. IAP regulation of
metastasis. Cancer Cell. 2010;17:53-64

[111] Dogan T et al. X-linked and cellular
IAPs modulate the stability of C-RAF
kinase and cell motility. Nature Cell
Biology. 2008;10:1447-1455

[112] Huang X, Wu Z, Mei Y, Wu M.
XIAP inhibits autophagy via XIAP-
Mdm?2-p53 signalling. The EMBO
Journal. 2013;32:2204-2216

[113] Hanson AJ et al. XIAP
monoubiquitylates Groucho/TLE to
promote canonical Wnt signaling.
Molecular Cell. 2012;45:619-628

[114] Lawlor KE et al. XIAP loss triggers
RIPK3- and caspase-8-driven IL-1f
activation and cell death as a
consequence of TLR-MyD88-induced
cIAP1-TRAF2 degradation. Cell Reports.
2017;20:668-682

[115] Riley BE et al. Structure and
function of Parkin E3 ubiquitin ligase
reveals aspects of RING and HECT
ligases. Nature Communications. 2013;
4:1982

[116] Cesari R et al. Parkin, a gene

implicated in autosomal recessive
juvenile parkinsonism, is a candidate

63

tumor suppressor gene on chromosome
6q25-q27. Proceedings of the National
Academy of Sciences. 2003;100:
5956-5961

[117] Fujiwara M et al. Parkin as a tumor
suppressor gene for hepatocellular
carcinoma. Oncogene. 2008;27:
6002-6011

[118] Poulogiannis G et al. PARK2
deletions occur frequently in sporadic
colorectal cancer and accelerate
adenoma development in Apc mutant
mice. Proceedings of the National
Academy of Sciences of the United
States of America. 2010;107:15145-15150

[119] Chourasia AH, Boland ML,
Macleod KF. Mitophagy and cancer.
Cancer & Metabolism. 2015;3:4

[120] Suen D-F, Narendra DP, Tanaka A,
Manfredi G, Youle R]. Parkin
overexpression selects against a
deleterious mtDNA mutation in
heteroplasmic cybrid cells. Proceedings
of the National Academy of Sciences.
2010;107:11835-11840

[121] Gupta A et al. PARK2 depletion
connects energy and oxidative stress to
PI3K/Akt activation via PTEN S-
nitrosylation. Molecular Cell. 2017;65:
999-1013.e7

[122] Yeo CWS et al. Parkin pathway
activation mitigates glioma cell
proliferation and predicts patient
survival. Cancer Research. 2012;72:
2543-2553

[123] Staropoli JF et al. Parkin is a
component of an SCF-like ubiquitin
ligase complex and protects postmitotic
neurons from kainate excitotoxicity.
Neuron. 2003;37:735-749

[124] Gong Y et al. Pan-cancer genetic
analysis identifies PARK2 as a master
regulator of G1/S cyclins. Nature
Genetics. 2014;46:588-594


https://999-1013.e7
http://dx.doi.org/10.5772/intechopen.82883

Ubiquitin Proteasome System - Cuvrent Insights into Mechanism Cellular Regulation and Disease

[125] Lee SB et al. Parkin regulates
mitosis and genomic stability through
Cdc20/Cdh1. Molecular Cell. 2015;60:
21-34

[126] Sun X et al. Parkin deficiency
contributes to pancreatic tumorigenesis
by inducing spindle multipolarity and
misorientation. Cell Cycle. 2013;12:
1133-1141

[127] Tay S-P et al. Parkin enhances the
expression of cyclin-dependent kinase 6
and negatively regulates the
proliferation of breast cancer cells. The
Journal of Biological Chemistry. 2010;
285:29231-29238

[128] Wang H et al. PARK?2 negatively
regulates the metastasis and epithelial-
mesenchymal transition of glioblastoma
cells via ZEB1. Oncology Letters. 2017;
14:2933-2939

[129] Liu J et al. Parkin targets HIF-1a for
ubiquitination and degradation to
inhibit breast tumor progression. Nature
Communications. 2017;8:1823

[130] Zhang C et al. Parkin, a p53 target
gene, mediates the role of p53 in glucose
metabolism and the Warburg effect.
Proceedings of the National Academy of
Sciences of the United States of
America. 2011;108:16259-16264

[131] Li C et al. PINK1 and PARK2
suppress pancreatic tumorigenesis
through control of mitochondrial iron-
mediated immunometabolism.
Developmental Cell. 2018;46:441-455.e8

[132] Frank S, Nelson P, Vasioukhin V.
Recent advances in prostate cancer
research: Large-scale genomic analyses
reveal novel driver mutations and DNA
repair defects. F1000 Research. 2018;7:
1173

[133] Zhuang M et al. Structures of
SPOP-substrate complexes: Insights into
molecular architectures of BTB-Cul3

64

ubiquitin ligases. Molecular Cell. 2009;
36:39-50

[134] van Geersdaele LK et al. Structural
basis of high-order oligomerization of
the cullin-3 adaptor SPOP. Acta
Crystallographica. Section D, Biological
Crystallography. 2013;69:1677-1684

[135] Pierce WK et al. Multiple weak
linear motifs enhance recruitment and
processivity in SPOP-mediated
substrate ubiquitination. Journal of
Molecular Biology. 2016;428:1256-1271

[136] Zhang P et al. Endometrial cancer-
associated mutants of SPOP are
defective in regulating estrogen
receptor-u protein turnover. Cell Death
& Disease. 2015;6:€1687

[137] Zhang ] et al. Cyclin D-CDK4
kinase destabilizes PD-L1 via cullin 3-
SPOP to control cancer immune
surveillance. Nature. 2017;553:91-95

[138] Kwon JE et al. BTB domain-
containing speckle-type POZ protein
(SPOP) serves as an adaptor of Daxx for
ubiquitination by Cul3-based ubiquitin
ligase. The Journal of Biological
Chemistry. 2006;281:12664-12672

[139] Li G et al. SPOP promotes
tumorigenesis by acting as a key

regulatory hub in kidney cancer. Cancer
Cell. 2014;25:455-468

[140] Zhu H et al. SPOP E3 ubiquitin
ligase adaptor promotes cellular
senescence by degrading the SENP7
deSUMOylase. Cell Reports. 2015;13:
1183-1193

[141] Geng C et al. SPOP regulates
prostate epithelial cell proliferation and
promotes ubiquitination and turnover
of c-MYC oncoprotein. Oncogene. 2017;
36:4767-4777

[142] Tan Y et al. Cullin 3 SPOP ubiquitin
E3 ligase promotes the poly-
ubiquitination and degradation of


https://2018;46:441-455.e8

E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting

DOI: http://dx.doi.org/10.5772/intechopen.82883

HDACS6. Oncotarget. 2017;8:
47890-47901

[143] Wu F et al. Prostate cancer-
associated mutation in SPOP impairs its
ability to target Cdc20 for poly-
ubiquitination and degradation. Cancer
Letters. 2017;385:207-214

[144] Theurillat J-PP et al. Ubiquitylome
analysis identifies dysregulation of
effector substrates in SPOP-mutant
prostate cancer. Science. 2014;346(80):
85-89

[145] Chen M-H et al. Cilium-
independent regulation of Gli protein
function by Sufu in hedgehog signaling
is evolutionarily conserved. Genes &
Development. 2009;23:1910-1928

[146] Cai H, Liu A. Spop promotes
skeletal development and homeostasis
by positively regulating Ihh signaling.
Proceedings of the National Academy of
Sciences. 2016;113:14751-14756

[147] Dai X et al. Prostate cancer-
associated SPOP mutations confer
resistance to BET inhibitors
through stabilization of BRDA4.
Nature Medicine. 2017;23:
1063-1071

[148] Zhang P et al. Intrinsic BET
inhibitor resistance in SPOP-mutated
prostate cancer is mediated by BET
protein stabilization and AKT-mTORC1
activation. Nature Medicine. 2017;23:
1055-1062

[149] Janouskova H et al. Opposing
effects of cancer-type-specific SPOP
mutants on BET protein degradation
and sensitivity to BET inhibitors. Nature
Medicine. 2017;23:1046-1054

[150] Geng C et al. Prostate cancer-
associated mutations in speckle-type
POZ protein (SPOP) regulate steroid
receptor coactivator 3 protein turnover.
Proceedings of the National Academy
of Sciences. 2013;110:6997-7002

65

[151] Wang S et al. SAR405838: An
optimized inhibitor of MDM2-p53
interaction that induces complete and

durable tumor regression. Cancer
Research. 2014;74:5855-5865

[152] Gan W et al. SPOP promotes
ubiquitination and degradation of the
ERG oncoprotein to suppress prostate
cancer progression. Molecular Cell.
2015;59:917-930

[153] Boysen G et al. SPOP mutation
leads to genomic instability in prostate
cancer. eLife. 2015;4:1-18. e09207

[154] An ] et al. Truncated ERG
oncoproteins from TMPRSS2-ERG
fusions are resistant to SPOP-mediated

proteasome degradation. Molecular Cell.
2015;59:904-916

[155] Zhao Y, Sun Y. Cullin-RING ligases
as attractive anti-cancer targets. Current
Pharmaceutical Design. 2013;19:
3215-3225

[156] Vassilev LT et al. In vivo activation
of the p53 pathway by small-molecule
antagonists of MDM2. Science (80-).
2004;303:844-848

[157] Carvajal LA et al. Dual inhibition of
MDMX and MDM2 as a therapeutic
strategy in leukemia. Science
Translational Medicine. 2018;10:
€2203003

[158] Weisberg E et al. Smac mimetics:
Implications for enhancement of
targeted therapies in leukemia.
Leukemia. 2010;24:2100-2109

[159] Nikolovska-Coleska Z et al.
Discovery of embelin as a cell-
permeable, small-molecular weight
inhibitor of XIAP through structure-
based computational screening of a
traditional herbal medicine three-
dimensional structure database. Journal
of Medicinal Chemistry. 2004;47:2430-
2440


http://dx.doi.org/10.5772/intechopen.82883

Ubiquitin Proteasome System - Cuvrent Insights into Mechanism Cellular Regulation and Disease

[160] Guo Z-Q et al. Small-molecule
targeting of E3 ligase adaptor SPOP in
kidney cancer. Cancer Cell. 2016;30:
474-484

[161] Yamagishi Y et al. Natural product-
like macrocyclic N-methyl-peptide
inhibitors against a ubiquitin ligase
uncovered from a ribosome-expressed
de novo library. Chemistry & Biology.
2011;18:1562-1570

[162] Ganoth D et al. The cell-cycle
regulatory protein Cksl is required for
SCFSkp2-mediated ubiquitinylation of
p27. Nature Cell Biology. 2001;3:321-324

[163] Pavlides SC et al. Inhibitors of SCF-
Skp2/Cks1 E3 ligase block estrogen-
induced growth stimulation and
degradation of nuclear p27 " :
Therapeutic potential for endometrial
cancer. Endocrinology. 2013;154:
4030-4045

[164] Ungermannova D et al. High-
throughput screening AlphaScreen
assay for identification of small-
molecule inhibitors of ubiquitin E3
ligase SCFSkP2=Cksl Journal of
Biomolecular Screening. 2013;18:
910-920

[165] Chen Q et al. Targeting the p27 E3
ligase SCF(Skp2) results in p27- and
Skp2-mediated cell-cycle arrest and
activation of autophagy. Blood. 2008;
111:4690-4699

[166] Beaudenon S, Huibregtse JM. HPV
E6, E6AP and cervical cancer. BMC
Biochemistry. 2008;9:54

[167] Wade M, Li Y-C, Wahl GM.
MDM2, MDMX and p53 in oncogenesis
and cancer therapy. Nature Reviews.
Cancer. 2013;13:83-96

[168] Nakayama KI, Nakayama K.
Ubiquitin ligases: Cell-cycle control and
cancer. Nature Reviews. Cancer. 2006;

6:369-381

66

[169] Lau AW, Fukushima H, Wei W.
The Fbw7 and betaTRCP E3 ubiquitin
ligases and their roles in tumorigenesis.
Frontiers in Bioscience (Landmark Ed.).
2012;17:2197-2212

[170] Manchado E et al. Targeting
mitotic exit leads to tumor regression In
vivo: Modulation by Cdk1, Mastl, and
the PP2A/B55x,5 phosphatase. Cancer
Cell. 2010;18:641-654

[171] Wasch R, Robbins JA, Cross FR.
The emerging role of APC/CCdhl1 in
controlling differentiation, genomic
stability and tumor suppression.
Oncogene. 2010;29:1-10

[172] Xu L, Lin D, Yin D, Koeffler HP.
An emerging role of PARK2 in cancer.
Journal of Molecular Medicine. 2014;92:
31-42

[173] Baleja JD et al. Identification of
inhibitors to papillomavirus typ. 16 E6
protein based on three-dimensional
structures of interacting proteins.
Antiviral Research. 2006;72:49-59

[174] Vu B et al. Discovery of RG7112: A
small-molecule MDM2 inhibitor in
clinical development. ACS Medicinal
Chemistry Letters. 2013;4:466-469

[175] Ding Q et al. Discovery of RG7388,
a potent and selective p53-MDM?2
inhibitor in clinical development.
Journal of Medicinal Chemistry. 2013;
56:5979-5983

[176] Zhao Y et al. A potent small-
molecule inhibitor of the MDM2-p53
interaction (MI-888) achieved complete
and durable tumor regression in mice.
Journal of Medicinal Chemistry. 2013;
56:5553-5561

[177] Sun D et al. Discovery of AMG 232,
a potent, selective, and orally
bioavailable MDM?2-p53 inhibitor in
clinical development. Journal of
Medicinal Chemistry. 2014;57:
1454-1472



E3 Ubiquitin Ligases in Cancer and Their Pharmacological Targeting

DOI: http://dx.doi.org/10.5772/intechopen.82883

[178] Jeay S et al. A distinct p53 target
gene set predicts for response to the
selective p53-HDM2 inhibitor NVP-
CGMO097. eLife. 2015;4:1-23. e06498

[179] Furet P et al. Discovery of a novel
class of highly potent inhibitors of the
p53-MDM2 interaction by structure-
based design starting from a
conformational argument. Bioorganic &
Medicinal Chemistry Letters. 2016;26:
4837-4841

[180] Yuan Y, Liao Y-M, Hsueh C-T,
Mirshahidi HR. Novel targeted
therapeutics: Inhibitors of MDM?2, ALK
and PARP. Journal of Hematology &
Oncology. 2011;4:16

[181] Chan C-H et al. Pharmacological
inactivation of Skp2 SCF ubiquitin ligase
restricts cancer stem cell traits and
cancer progression. Cell. 2013;154:
556-568

[182] Wu L et al. Specific small molecule
inhibitors of Skp2-mediated p27
degradation. Chemistry & Biology.
2012;19:1515-1524

(183] Huang H-L et al. Triggering Fbw7-
mediated proteasomal degradation of c-
Myc by oridonin induces cell growth
inhibition and apoptosis. Molecular
Cancer Therapeutics. 2012;11:1155-1165

[184] Blees JS et al. Erioflorin stabilizes
the tumor suppressor Pdcd4 by
inhibiting its interaction with the E3-
ligase B-TrCP1. PLoS One. 2012;7:
e46567

[185] Nakajima H, Fujiwara H, Furuichi
Y, Tanaka K, Shimbara N. A novel
small-molecule inhibitor of NF-xB
signaling. Biochemical and Biophysical
Research Communications. 2008;368:
1007-1013

[186] Sackton KL et al. Synergistic
blockade of mitotic exit by two chemical
inhibitors of the APC/C. Nature. 2014;
514:646-649

67

[187] Zeng X et al. Pharmacologic
inhibition of the anaphase-promoting
complex induces a spindle checkpoint-
dependent mitotic arrest in the absence
of spindle damage. Cancer Cell. 2010;18:
382-395

[188] Sharma SK, Straub C, Zawel L.
Development of peptidomimetics
targeting IAPs. International Journal of

Peptide Research and Therapeutics.
2006;12:21-32

[189] McManus DC et al. Loss of XIAP
protein expression by RNAi and
antisense approaches sensitizes cancer
cells to functionally diverse
chemotherapeutics. Oncogene. 2004;23:
8105-8117


http://dx.doi.org/10.5772/intechopen.82883




Chapter 4

The Role of Lysine 63-Linked
Ubiquitylation in Health and
Disease
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Abstract

A specific subfamily within the E2 protein family is involved in the synthesis
of noncanonical poly-ubiquitin chains, linked through lysine 63 residues. The
role of lysine 63-linked polyubiquitylation in diseases has emerged only recently.
Under physiological conditions, this process does not seem to be involved in the
classical protein degradation by the proteasome, but it is involved in the regulation
of intracellular signaling, DNA damage response, cellular trafficking, and lyso-
somal targeting. The alteration of this process has been described in a number of
pathological conditions, including immune disorders, diabetes, and cancer. In this
chapter, we will describe the role of lysine 63-linked ubiquitylation in the regulation
of diverse signaling pathways involved in cell behavior. We will also describe some
pathological conditions in which altered lysine 63-linked ubiquitylation has been
referred to play an important role.

Keywords: lysine 63-linked ubiquitylation, immune system, diabetes complications,
autophagy, cancer

1. Introduction

The ubiquitin signaling system, often referred to as “ubiquitin code’, is very
complex, although the ubiquitin moieties engaged in protein ubiquitylation are
always identical. In order to understand the complexity of the ubiquitin code, we
need to remember that the ubiquitin moiety contains seven lysine residues, all of
which can be potentially engaged in the formation of polyubiquitin chains, and the
protein fate depends upon the specific lysine residue involved in the polyubiquitin
link as well as the length of the polyubiquitin chain [1, 2].

Several types of polyubiquitin chains exist in cells and the type of chain defines
how ubiquitinated proteins are regulated. For instance, we know that ubiquitin
chains generated via lysine (K)48 of ubiquitin (K48 chains) function as a signal for
proteolysis, while chains generated via K63 (K63 chains) are involved in nonpro-
teolytic functions, such as DNA repair, protein kinase activation, and membrane
trafficking [3].

The ubiquitin signaling starts with the activation of the ubiquitin moiety by an
ubiquitin-activating enzyme E1, and the energy to initiate this process is provided
by an ATP molecule. Exploiting its active site containing a cysteine, Els attack the
ubiquitin-AMP intermediate, forming a thioester bond. The subsequent reaction
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involves the transfer of the activated ubiquitin from the E1 to an E2 enzyme through
a transthioesterification reaction; E2 enzymes also contain an active site that
includes a cysteine residue. The final step is carried out by ubiquitin protein ligase
E3 enzymes, which allows the transfer of ubiquitin to the lysine of the target protein
[4, 5]. Although target specificity is given by E3 enzymes, not all E3s are able to
ligate the ubiquitin molecule to their target directly, as this ability is dependent on
the type of active site they are furnished with. There are two main types of catalytic
domains on E3 enzymes. The E3s possessing a RING (really interesting new gene)
domain in their active site do not contain a cysteine residue within the active-site;
thus, they work by bringing the “charged” E2 in close proximity to the target
protein, and ubiquitin is transferred by the E2. E3s that possess a HECT domain
[homology to E6-AP carboxyl terminus] instead, contain a cysteine residue in their
active site that allows the formation of a thioester intermediate and the subsequent
transfer of ubiquitin to the target protein [6, 7].

In summary, the enzymatic cascade that leads to the formation of an isopeptide
bond between ubiquitin and its target molecule involves E1, E2, and E3 enzymes,
and the ubiquitin chain linkage specificity is generally conferred by E2s.

Among the E2s that participate in the specific formation of K63-linked ubiquitin
chains, Ubc13 (also known as Ube2n) is probably the best characterized. To finalize
the reaction, Ubc13 requires the concomitant presence of specific E2-like partner
proteins, among which Ube2v1 (also known as Uev1A) is involved in the formation
of K63-linked ubiquitin chains in the cytosol, while the protein Mms2 participates
in the nuclear K63-linked chain formation. It was also shown that this enzymatic
complex exerts its activity on previously mono-ubiquitinated substrates; thus, the
priming of the substrate with the first ubiquitin molecule can likely be promoted by
different E2s [8].

Overall, the complexity of the cellular responses elicited by ubiquitin is actually
greater than previously foreseen; it was recently discovered that heterogeneous
ubiquitin chains also exist, possessing both proteolytic and nonproteolytic func-
tions. Also, ubiquitin itself can be modified through phosphorylation and/or
acetylation [9, 10]. Finally, deubiquitinating enzymes (DUBs) exist which operate
through either the editing or disassembly of ubiquitin chains, allowing the fine-
tuning of the entire system [11].

Importantly, both the proteolytic and nonproteolytic functions of ubiquitin
are crucial to regulate different intracellular signaling pathways involved in the
modulation of immunity, inflammation, and cell survival [12]. Here we report an
overview on the main pathways modulated by K63-linked ubiquitylation and the
role of this post-translational modification in health and disease.

2. Physiological roles of lysine 63-linked ubiquitylation
2.1Lysine 63-linked ubiquitylation in NF-kB signaling

NF-kB is a dimeric transcription factor that controls cytokine production and
cell growth, ultimately modulating processes such as inflammation and immune
responses. This protein complex is ubiquitously present in the cell cytoplasm in an
inactive state but it can rapidly be processed into its active form by different regula-
tory mechanisms including ubiquitylation.

The canonical ubiquitylation trough K48-linked chains controls processing of
the NF-xB precursor pl00 and p105, as well as degradation of the NF-kB inhibi-
tor IxkB when it becomes phosphorylated by the IxB kinase (IKK) complex. The
noncanonical ubiquitylation through K63-linked chains is instead involved in the
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activation of the IkB kinase complex IKK [13]. These events are mediated, among
others, by a class of E3 enzymes known as the TNF receptor-associated factor
(TRAF). TRAF proteins mediate NF-kB activation from a number of receptors such
as the TNF receptor (TNFR), IL-1 receptor (IL-1R), and Toll-like receptor (TLR).
TRAF6 transduces signals from IL1-R/TLR while TRAF2 transduces signals from
TNFR. Both TRAF-2 and TRAF-6 are able to form K63-linked ubiquitin chains on
their specific targets [14].

2.1.1IL1-R/TLR-induced NF-«B signaling

In the NF-kB signaling triggered by activation of the IL1-R/TLR, the E2 protein
complex consisting of Ubc13-Uev1A, in concert with the E3 enzyme TRAF®6, leads
to the formation of K63-linked ubiquitin chains on several target proteins including
Interleukin 1 Receptor Associated Kinase 1 (IRAK1), NF-kappa-B essential modulator
(NEMO), and TRAF®6 itself [15]. Once ubiquitinated, TRAF6 can be recognized by a
specific ubiquitin binding domain (UBD) within the protein TGF-p Activated Kinase
1 (MAP3K?) Binding Protein 2 (TAB2) and this interaction activates the TAB2-
associated TAK1 kinase, which in turn phosphorylates and activates IKK. Active IKK
promotes degradation of IkB and ultimately releases inhibition on NF-«xB (Figure1).
It was shown that TAK1 can activate IKK only in the presence of the NF-«B essential
modulator NEMO. Importantly, this protein contains a C-terminal domain that binds
preferentially to K63 ubiquitin chains. Thus, this type of ubiquitylation might be use-
ful to provide a scaffold that facilitates protein interactions [14, 16, 17].

2.1.2 TNFR-induced NF-«B signaling

NF-xB activation can also be triggered by molecules that bind TNF-R1. As for
IL-1/TLR, TNF-R1 signal transduction involves a cascade of reactions that are
regulated at different levels by protein ubiquitylation.

The model proposed for NF-kB activation suggests that upon exposure to TNF-a,
TNF-R1 undergoes a conformational change that allows recruitment of the adaptor
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Figure 1.
IL1-R/TLR-induced NF-kB signaling.
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tumor necrosis factor receptor type 1-associated death domain protein (TRADD)
within the cytosol. This interaction elicits the enrollment of two additional proteins:
TRAF2 and kinase receptor-interacting serine/threonine-protein kinase 1 (RIPK1).
Unlike TRAF6, TRAF?2 is unable to attach ubiquitin moieties to RIPK1 indepen-
dently, but acts as a scaffold for the recruitment of two different E3 enzymes:
cellular inhibitor of apoptosis protein-1 (c-IAP1) and c-IAP2. These proteins add,
among others, K63-linked chains on RIPK1; thus, they are the actual effectors of
RIPK1 ubiquitylation. The following events that lead to NF-kB activation involve the
formation of a second E3 protein complex at the initial site of ubiquitylation known
as linear ubiquitin chain assembly complex (LUBAC). In linear ubiquitin chains,

the C-ter Gly76 of one ubiquitin is linked to the a-NH2 group of Met1 of another
ubiquitin moiety. Thus, the LUBAC complex catalyzes the formation of linear (M1)-
linked ubiquitin chains on RIPK1 proteins, c-IAP1 and c-IAP2. Once these linear
chains are added, RIPK1 is structurally able to attract the kinase complexes TAK1 and
IKK through their ubiquitin binding domain-containing subunits (TAB2/TAB3 and
NEMO). This ultimately triggers IKK phosphorylation by TAK1 and NF-kB activa-
tion [18] (Figure 2). In summary, a variety of ubiquitin chain modifications seem

to be required for NF-kB activation, and further studies will shed light on the many
roles of each specific type of polyubiquitin chains.

2.2 Lysine 63-linked ubiquitylation in Wnt/p-catenin signaling

The Wnt/p-catenin signaling pathway is essential in the regulation of events
such as cell proliferation, organized migration, self-renewal, and tissue polarity.
Disruption of the Wnt/p-catenin signaling pathway has been linked with oncogen-
esis and other pathological conditions. Regulation of Wnt signaling is controlled by
protein ubiquitylation at many levels, and K48- and K63-linked ubiquitin chains in
particular have been shown to regulate this pathway through both proteolytic and
nonproteolytic functions.

Within the canonical Wnt/f-catenin signaling, the absence of a Wnt ligand at
the transmembrane receptor Frizzled (Fz) determines the rapid phosphorylation

Wctﬂln
r KA48-Ub Chain

Linear M1-Ub Chain

Figure 2.
TNFR1-induced NF-kB signaling.
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of the free p-catenin in the cytosol. This reaction is catalyzed by a protein complex
that includes the proteins axin, adenomatous polyposis coli (APC), casein kinase

I (CK1), and glycogen synthase kinase 3 beta (GSK3p). When phosphorylated,
p-catenin is recognized and ubiquitinated by a specific E3 ubiquitin ligase complex
(SCF BTrCP), and degradation through the proteasome occurs (Figure 3A). Hence,
one of the roles of the axin-APC complex is to maintain low cytosolic levels of
B-catenin [19].

When a Wnt ligand binds a Fz receptor, in the presence of specific adapters
known as low-density lipoprotein receptor-related proteins 5/6 (Lrp5/6), recruit-
ment of the proteins Axin and Disheveled (DvI) occurs, and the formation of the
protein complex that drives f-catenin degradation is inhibited. As a consequence,
the levels of cytoplasmic p-catenin rise and the protein is transported into the
nucleus where it forms a complex with the T cell factor (TCF) family of transcrip-
tion factors, and activates transcription of its target genes [20] (Figure 3B).

A number of evidence demonstrate that K63-linked polyubiquitylation plays a
role in the regulation of Wnt signaling although the precise molecular mechanisms
that regulate these complex interactions have not been fully elucidated yet. We
know that the formation of K63-linked polyubiquitin chains is promoted by the E2
protein complex Ubc13-Uevla and recent evidence suggests that deletion of Ubc13
is associated with accumulation of p-catenin and increased transcription of Wnt
target genes; however, the precise molecular mechanisms that drive these signal-
ing events remain to be fully elucidated [21]. As largely known, deubiquitinating
enzymes (DUBs) act in concert with ubiquitinating enzymes to precisely adjust the
extent and duration of ubiquitin signals. Cellular experiments show that Trabid is
a DUB protein able to reverse K63-linked hyperubiquitylation of the APC complex,
thus acting as a positive regulator of the Wnt/p-catenin signaling [22].

Abnormal Wnt signaling underlies a wide range of pathological conditions in
humans, including cancer. Hyperactivation of the Wnt pathway, for instance, is
a characteristic of tumor cells from patients with cylindromatosis. These patients
present mutations in the CYLD gene; this gene encodes for a DUB enzyme whose
loss in human cells causes K63-linked hyperubiquitylation of the upstream
Fz-binding effector protein Disheveled (Dvl) resulting in enhanced responsiveness
to Wnt [23].

i
§

Figure 3.
Wit/ p-catenin signaling in the absence (A) or presence (B) of a Wt ligand.
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2.3 Lysine 63-linked ubiquitylation in membrane protein trafficking

Membrane proteins serve different functions: they allow cells to sense and/or
interact with molecules in the extracellular space, confer a proper shape to the cell,
regulate the osmotic pressure, and channel the passage of ions, endogenous com-
pounds, xenobiotics, etc. Both the sorting and degradation of membrane-bound
proteins are regulated at least in part by K63-linked protein ubiquitylation.

The synthesis of membrane protein takes place specifically on those ribosomes
attached to the endoplasmic reticulum (ER). Once newly synthesized, proteins
migrate from the inner lumen of the ER to the cis face of the Golgi apparatus (more
proximal to the nucleus) where they undergo refinement and quality control to
ensure proper folding. Within the Golgi apparatus, proteins are also sorted accord-
ing to their predetermined cellular destination and finally secreted through the
trans face (more distal to the nucleus). The migration of proteins through these
cellular compartments is guided by lipid vesicles known as endosomes. Importantly,
endosomes also coordinate the downregulation of cell-surface receptors through
internalization of these proteins and subsequent degradation in the lysosomes.

A growing number of studies seem to suggest that K63-linked ubiquitin chains
act as a signal for the internalization and intracellular sorting of integral membrane
proteins [24]; more specifically, K63-linked ubiquitin chains have been shown to
direct proteins to a specialized subclass of endosomes known as multivesicular bod-
ies (MVBs). Once in the MVBs, proteins are either sent to the lysosomes for degra-
dation, or secreted as exosomes via fusion with the plasma membrane; this process
also serves to position membrane bound receptors to their specific location.

The first evidence that K63-linked ubiquitin chains could function as a signal to
stimulate internalization of plasma membrane proteins through endocytosis and
targeting into the lysosomal degradation pathway was acquired in Saccharomyces
cerevisiae [25]. These preliminary observations led to the discovery of several
mammalian proteins undergoing a similar regulatory mechanism, for example, the
epidermal growth factor receptor (EGFR) [26], the human dopamine transporter
(DAT) [27], the nerve growth factor receptor tyrosine receptor kinase A (TrkA)
[28], major histocompatibility complex class I molecules [29], and the prolactin
receptor [30] and possibly the low-density lipoprotein receptor (LDLR) [31].

3. Lysine 63-linked ubiquitylation in diseases
3.1 Lysine 63 ubiquitylation in immune disorders

Protein ubiquitylation has emerged as a key mechanism in the modulation of
the immune system development and intensity of the immune responses [32, 33].
K63-linked ubiquitylation is involved in immune cell development since germline
ablation of Ubc13 induces embryonic lethality [33]. Moreover, through the regula-
tion of different intracellular signaling pathways, K63 ubiquitylation has emerged as
critical for T cell differentiation [34]. K63 ubiquitylation chains have been described
as fundamental for both the innate and adaptive immune systems given their involve-
ment in master pathways controlling immune responses, such as NF-kB signaling [35]
and MAPK activation [36], as previously described.

3.1.1 Lysine 63 ubiquitylation and adaptive immune vesponse

The adaptive immune response, also called acquired immunity, refers to anti-
gen-specific immune response; thus, antigen presentation induces the development
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of effective T- and B-cell responses. B-cells can be divided into memory B cells that
express membrane-bound antibodies, or plasma B cells that can secrete antibod-
ies to identify free pathogens circulating into the body. All B cells express a B cell
receptor involved in antigen binding, internalization, and processing of antigens,
other than activation of intracellular signaling pathways. T cells instead mature into
the thymus where they start to express T cell receptors (TCRs) and CD4 and CD8
receptors. T cell receptors, assisted by CD4 or CD8 receptors, recognize antigens
bound to certain major histocompatibility complex class 1 (MHCI) and class 2
(MHCII), expressed by antigen presenting cells such as macrophages and dendritic
cells. Mature T cells can be mainly divided into Helper T cells, CD4+ cells involved
in the activation of other immune cells, cytotoxic T cells, CD8+ that removes
pathogens and infected cells, and T regulatory cells. T regulatory cells (Treg) play
a central role in the regulation of the adaptive immune response and representa T
lymphocyte subpopulation that maintains tolerance to self-antigens and prevents
autoimmune disease [37]. Tregs are produced in the thymus as a subpopulation of
T cells and express a transcription factor (Forkhead box protein 3) involved in Treg
development and function [38]. Tregs can also be induced from naive T cells in the
periphery in the presence of transforming growth factor b (TGF-).

K63 ubiquitylation is specifically involved in the suppressive function of Treg
cells, and it has been described as fundamental for the immunosuppressive function
of Tregs in murine models iz vivo [39]. It is also well known that NF-kB signaling
can modulate Treg cell differentiation [40]. Chang et al. demonstrated that Ubc13
deficiency in Treg, with the subsequent reduction in K63 ubiquitylation, impaired
the in vivo suppressive function of these cells. Ubc13 deficiency in Ubc13™¢7%©
mice, in fact, was able to influence the IKK signaling axis normally required for the
expression of specific Treg functional factors, such as IL-10 and SOCS1 [39]. Both
IL-10 and SOCS1 can specifically regulate Treg stability and inhibition activity.

Defects in Treg cells have been described in several human immune disorders
including systemic lupus erythematosus (SLE). Treg disorders in SLE patients are
characterized by abnormal peripheral tolerance that has been linked to a deficiency
in the E3 ubiquitin ligase Cbl-b [41], involved in the regulation of T cell receptor
signaling, during the induction of peripheral tolerance. Interestingly SLE patients
were also characterized by an altered pattern of K63 ubiquitinated proteins in Tregs,
with a decreased expression of K63 ubiquitinated proteins, related to increased
pSTAT-3 expression [42]. These processes could be responsible for the loss of Treg
suppressive capacity in SLE patients.

K63 ubiquitylation can also influence B cell receptor, T cell receptor, and IL-1
receptor (IL-1R)-mediated immune responses. Murine Ubc13-deficient T cells
showed altered proliferation in response to diverse stimuli and impaired intracel-
lular signaling altering the activation of both NF-kB and MAP kinases into T cells
[43]. Also, murine Ubc13-deficient (Ubc13—/—) B cells showed impaired activation
of the B cell receptor and CD40-induced activation, as well as Toll-like receptor
mediated activation [44]. All this evidence underlies the meaning of this process in
the mammalian immune response, thus indicating the importance of investigating
K63 ubiquitylation in immune disorders.

3.1.2 Lysine 63 ubiquitylation and innate immune response

Innate immune response is triggered upon infections with pathogens such as
bacteria, parasites, and viruses. It includes several mechanisms consisting in the
physical and chemical barrier to infectious agents, in the activation of the comple-
ment cascade, and in the recruitment to the sites of infection of immune cells [such
as macrophages and neutrophils] able to produce cytokines, thus inducing the
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inflammatory response. Innate immune response can also influence the adaptive
immune system through antigen presentation.

It has been demonstrated that K63 ubiquitylation facilitates the innate immune
signaling activated by diverse receptors such as Toll-like receptors, able to recognize
pathogen components (lipopolysaccharide—LPS—from Gram-negative bacteria
or lipoteichoic acid from Gram-positive bacteria), or cytokine receptors [45]. Also,
in the regulation of the innate immune response, such as the adaptive immune
response, the IKK-NF-kB pathway and MAPK activation plays a central role, since
they are activated by the engagement of Toll-like receptors (TLRs).

An important component of the innate immune system is represented by natural
killer (NK) cells, involved in the direct elimination of infected or transformed cells
and able to secrete diverse cytokines, including IFN-y, thus increasing the inflam-
matory response and the recruitment of immune cells. Also, IFN-y production in
NK cells is regulated by K63 ubiquitylation through its involvement in the NF-xB
pathway [46], underlying once again the importance of this mechanism in the
modulation of the immune response.

Ubiquitylation signaling has been described as specifically involved in the
anti-viral innate immune response. In fact, the importance of the ubiquitylation
pathway in the innate immune response has been validated by the discovery of some
viruses encoding deubiquitinating proteases. Deubiquitinating enzymes (DUBs)
catalyze the removal of ubiquitin from different cellular substrates, thus influenc-
ing several intracellular processes [47]. These deubiquitinating proteases produced
by viruses, can lead to the suppression of the anti-viral immune response in order to
promote viral replication [48].

Herpes Simplex Virus 1 (HSV1), a dsDNA virus belonging to the alpha-
herpesvirus subfamily, can cause humans gingivostomatitis, cold sores, and
herpetic keratitis. HSV1 dsDNA induces NF-«B signaling activation that promotes
the anti-viral immune-response. However, to evade the innate immune system,
these viruses encode for a DUB domain, called UL36USP, which is also similar to an
open reading frame encoded by other viruses such as the human cytomegalovirus
(HCMV) [49]. HCMYV is a member of the beta-herpes virus subfamily, whose infec-
tion, normally asymptomatic, once reactivated can cause severe disease in immune-
compromised and immune-suppressed individuals. Interestingly the UL36USP
deubiquitinase activity inhibits NF-kB activation, by deubiquitinating IxBa, thus
blocking its degradation and, consequently, finally quenching IFN production [50],
a cytokine important for the anti-viral immune response.

Also, retroviral infections, including HIV-1, are mediated by modulation of the
ubiquitylation system. In particular, the retrovirus factor TRIMS (tripartite motif-
containing protein 5) promotes innate immune signaling by activating, through K63
ubiquitin, MAP3K?7 kinase complex with the subsequent stimulation of AP-1 and
NF-«B signaling [51].

K63 ubiquitylation is also involved in bacterial cytoplasmic infections. These
infections induce the cytosolic exposure of peptidoglycans and are characterized
by the activation of the nuclear oligomerization domain 2 (NOD2) intracellular
signaling. Polymorphisms in NOD2 have been associated with 15-30% of genetic
Crohn’s disease [52], an inflammatory bowel disease that may affect any part of
the gastrointestinal tract, from mouth to anus, characterized by a dysfunctional
immune response to normal microbiota [53]. It has been demonstrated that the acti-
vation by NOD2 of the K63-specific E3 ubiquitin ligase TRAF6, leading to NF-kB
stimulation, is seriously compromised in Crohn’s disease-patients with the NOD2
allele L1007insC [54]. In addition, NOD2 (nucleotide oligomerization domain 2)
regulates the formation of K63-linked polyubiquitin chains on the I kappa kinase
(IKK) scaffolding protein, NEMO.
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Thus, ubiquitin-mediated regulation of the innate immune response could
represent an important node in the management of pathogen infection and could
symbolize a novel target for future therapies.

3.2 Lysine 63 ubiquitylation in diabetes and diabetic nephropathy

Diabetes mellitus is a metabolic disorder characterized by the reduction and
altered function of pancreatic insulin-producing p-cells, and by organ damage [55].
Type 1 diabetes is induced by autoimmune destruction of p-cells responsible for
insulin insufficiency, while type 2 diabetes is due to peripheral insulin resistance
and subsequent B-cell expansion and hyperinsulinemia [56]. The number of dia-
betic patients is increasing decade by decade, and this high prevalence is registered
worldwide with a projection of more than 438 million of diabetic patients with 7.8%
prevalence by 2030 all over the world.

Chronic hyperglycemia and oxidative stress have been described as pro-
apoptotic signals for pancreatic p-cell, thus influencing the metabolic state of
these cells and the cell fate decisions [56]. Several intracellular signaling pathways
can contribute to modulate p-cell function. Among these, also post-translational
modification has been recognized to play a role. SUMOylation, a post-translational
modification consisting in covalent attachment to target proteins of the small
ubiquitin-like modifier (SUMO) peptides, has been recently described as a key
event regulating p-cell survival and function [57]. Different cytokines can induce
autoimmune destruction of pancreatic -cell through the modulation of several
intracellular signaling pathways characterized by the activation of phosphorylation
and ubiquitylation events, including K63 ubiquitylation, in the cells. In fact, one of
the factors involved into cytokine-mediated apoptosis of f-cell is represented by
the mixed lineage kinase MLK3 [58], a pro-apoptotic factor involved in a cascade
of events ultimately leading to mitochondrial outer membrane permeabilization,
thus compromising mitochondrial integrity. Humphrey et al. demonstrated that
IL-1B, one of the cytokines involved in the autoimmune destruction of pancreatic
p-cells, stimulates K63-linked ubiquitylation of MLK3, thus promoting its activity
and finally influencing the progression toward p-cell death [59]. Thus, K63 ubiqui-
tylation could represent a potential target for therapeutic intervention in promoting
p cell survival in diabetic patients.

Diabetes is also responsible for the insurgence of different complications such
as retinopathy, cardiovascular diseases, and renal diseases. In the last years, the
importance of the ubiquitylation pathway in diabetes and diabetic complications,
such as cardiac diseases [60] and diabetic nephropathy [61-64], has emerged
significantly [65].

Hyperglycemia, hypertension, and other hemodynamic changes intensify the
filtration and reabsorption processes and this can lead to kidney failure progressing
toward end-stage renal disease (ESRD). The incidence of ESRD due to diabetes var-
ies among countries between 15 and 45%, with a mean value of 33%, which means
that 33% of patients are starting renal replacement therapy.

Renal damage in type 2 diabetic patients can be characterized by different
patterns including diabetic glomerulosclerosis, vascular and ischemic glomerular
changes, and other glomerulonephritis in the presence or absence of diabetic lesions
[66]. Pure diabetic nephropathy is characterized by mesangial proliferation, podo-
cyte loss, glomerular basal membrane thickening, and nodular extracellular matrix
accumulation with the classical Kimmelstiel-Wilson lesions.

The specific role of K63 ubiquitylation in diabetic nephropathy has been recently
described [67]. Hyperglycemic conditions induce in tubular cells an increased
expression of specifically K63-ubiquitinated proteins. Also, kidney biopsies from
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diabetic nephropathy patients are characterized by increased K63 ubiquitylation at
tubular cells when compared to diabetic patients without renal damage or patients
with other nephritides such as membranous nephropathy. Interestingly, increased
K63 ubiquitylation in glucose-stimulated tubular cells was able to promote epithelial
to mesenchymal transition, a process already described as involved in diabetic
nephropathy dysfunction [68]. Epithelial to mesenchymal transition represents a
potential source of myofibroblasts involved in the progression of kidney fibrosis.
Also, in in vivo kidney biopsies of diabetic nephropathy patients, tubular cells
characterized by increased accumulation of K63 ubiquitinated proteins were also
characterized by expression of mesenchymal markers [67], thus underlying the
importance of K63 ubiquitylation in the progression of renal fibrosis in diabetic
patients.

Other than in epithelial-to-mesenchymal transition, hyperglycemia-induced
K63 ubiquitylation is also involved in the apoptotic death of tubular cells through
the deregulation of autophagy. Autophagy is an intracellular process involved
in degradation of damaged proteins/organelle or in the intracellular response to
nutrient deprivation, stress, and extracellular environmental changes. In human
glomerulopathies, changes in the ubiquitin-proteasome system have been correlated
with autophagy [69]. Impaired autophagy has also been described as a characteristic
feature of diabetics [70], and recently, the molecular mechanisms responsible for this
alteration have been correlated to hyperglycemia-induced K63 ubiquitylation [71].
In diabetic nephropathy patients in vivo, those tubules characterized by increased
expression of the autophagic factor LC3 were also characterized by increase in K63
ubiquitinated protein accumulation. Interestingly, accumulation of autophagic
particles into tubular cells, due to K63 ubiquitinated protein accumulation, could be
responsible for increased apoptosis of these cells, as observed both iz vitro and in vivo
in kidney biopsies from diabetic nephropathy patients [70]. Taken together, all this
evidence support the role of K63 ubiquitylation in the progression of tubular damage
in diabetic nephropathy patients, which could be responsible for the progression of
kidney fibrosis and for the induction of apoptosis of tubular cells with the consequent
reduction of renal function.

3.3 Lysine 63 ubiquitylation and neurodegenerative disorders

Neurodegenerative disorders like Parkinson’s disease or dementia or Alzheimer’s
disease are, in some cases, characterized by the presence of insoluble deposits in
neurons containing components of the ubiquitin-proteasome system. It has been
reported, in fact, that the ubiquitylation pathways play an important role in the
pathogenesis of these diseases.

The most common cause of familial Parkinson’s disease is characterized by
mutations in Parkin [72], a ubiquitin ligase whose loss of function leads to both
toxic accumulation of its substrates [73], and impaired formation of Lewy bod-
ies, fibrillary masses of molecules implicated in the formation and degradation of
alpha-synuclein aggregates [74]. Alpha-synuclein is a protein expressed in neurons
involved in the formation of synaptic vesicles in presynaptic terminals and in the
release of the dopamine, one of the brain’s neurotransmitters. It has been demon-
strated that K63 ubiquitylation plays an important role in the generation of these
aggregates. Lim et al. observed that parkin-mediated ubiquitylation of proteins
within Lewy-body-like inclusions was augmented by K63 ubiquitylation and occurs
mainly through K63 linkages [75]. Interestingly, it has been demonstrated that the
ubiquitin hydrolase UCHLL1 is able to promote also K63-linked ubiquitylation of
alpha-synuclein [76]. Thus, K63 ubiquitylation could represent a mechanism by
which protein inclusion can occur and by which proteins are stabilized [77] forming
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aggregates observed in neurodegenerative disorders including Parkinson disease
and dementia.

Interestingly, K63 ubiquitylation can contribute not only to inclusion biogenesis,
but also to the clearance of inclusions. Intracellular alpha-synuclein can be ubiqui-
tinated in K63 residues also by the E3 ubiquitin ligase Nedd4-1 [neural precursor
cell expressed developmentally down-regulated protein 4-1], thus inducing its
degradation by the endo-lysosomal pathway [78]. The first evidence of the role of K63
ubiquitylation in modulating autophagy clearance of aggregates in neurodegenera-
tive disorders was described by Tan et al. in 2008 [79]. These authors demonstrated
that K63 polyubiquitin chains linked to protein inclusions represent a target, driving
aggregates to the clearance by autophagy.

Poly-ubiquitinated proteins can also be accumulated into the mitochondria
during proteolytic stress and can be responsible for mitochondria-mediated cell
death during proteasomal dysfunction, as demonstrated in an iz vitro model of
dopaminergic degeneration [80]. Interestingly, also monoamine oxidases (MAOs),
located on the outer mitochondrial membrane and involved in the control of the
neurotransmitters levels in the brain, can induce K63 ubiquitylation of mitochon-
drial proteins and promote autophagy of damaged organelles in neuroblastoma
cells [81].

Taken together, these results evidenced the importance of K63 ubiquitylation
in neurodegenerative disorders and open novel scenarios for the treatment of these
diseases.

3.4 Lysine 63 ubiquitylation in cancer

The involvement of ubiquitin proteasome system dysregulation in the degrada-
tions of apoptotic proteins and subsequent induction of tumor formation has been
well established, whereas, the finding that nonproteolytic ubiquitylation has a role
in cancer and metastasis is recent.

With respect to K63-linked ubiquitylation, it was recently shown that both
Ube2v1 and its partner Ubcl3 are overexpressed in breast cancer, ovarian cancer,
prostate cancer, and colorectal cancer, as well as in lymphoma [82, 83]. In breast
cancer in particular, Ubc13 was identified as a key protein for metastasis spreading
to the lung. This action appears to be mediated through TGF-p-induced activation
of the TAK1-p38 MAP Kinase cascade. Notably, it was also demonstrated that in vivo
inhibition of UBE2v1 through RNA interference can prevent breast tumor growth
and metastasis formation [84, 85].

The role of Ubc13-Uev1A in tumorigenesis was also suggested by Pulvino et al.,
in accordance with the finding that small-molecule inhibitor of Ubc13-UevlA
interaction, known as NSC697923, can inhibit proliferation and survival of diffuse
large B-cell lymphoma cells via inhibition of the Nf-KB signaling in these cells [86].

Additional proof that K63-linked ubiquitylation is involved in the regulation of
tumorigenesis comes from the observation that several E3s and DUBs involved in
this particular type of ubiquitylation/deubiquitylation are important regulators of
proteins that guide cell cycle, DNA damage, and cell death [87-90]. For a complete
review on the role of ubiquitylation on tumor formation and metastasis, refer to the
work by Gallo et al. [83].

4, Conclusions

The role of post-translational modification in the regulation of cell behavior
in response to diverse stimuli is emerging more and more and provides additional
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information regarding layers of regulation in cells. In this scenario, K63 ubiquity-
lation is starting to play an increasingly important role, since several crucial mecha-
nisms involved in cell-signaling are regulated by this type of post-translational
modification.

A vast group of human disorders such as Alzheimer’s disease, Parkinson’s
disease, Type II Diabetes, and cancer have been investigated. In this chapter, we
focused on the description of the main intracellular signaling pathways regulated by
post-translational modification with respect to K63-linked ubiquitylation. The goal
of this overview was to summarize the main findings regarding the main regulatory
mechanisms that contribute to the disease pathogenesis or progression.

A better understanding of the different layers of regulation within molecular
pathways, including the ubiquitin code, will indeed clear the path to a more precise
manipulation of those aberrant post-translational signaling events that cause
disease, marking a new era in therapeutic management and personalized medicine.

The specific targets of these modifications, influencing intracellular signaling
pathways and cellular behavior, represent the future of target therapy; thus, the
investigation of these mechanisms should be further analyzed in depth.
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Chapter 5

Regulation of Selective Proteolysis
in Cancer

Pai-Sheng Chen

Abstract

Proteins are the fundamental building blocks of cells for diverse cellular and
physiological functions. The dynamic equilibrium of protein turnover is balanced
by protein synthesis and proteolysis. The newly synthesized proteins undergo
proper folding into the three-dimensional conformations for executing biologi-
cal functions and constructing cellular components like organelles. On the other
hand, ubiquitin-proteasome system (UPS) and lysosome are two major proteolytic
systems by which the unneeded, misfolded, or damaged proteins are selectively sent
for clearance to maintain the quality and quantity of cellular proteins. Loss of the
ability to maintain cellular proteolysis in control has been known to contribute as
disease-causing factors. In this chapter, the function, regulation, and pathological
roles of dysregulated proteolysis will be described in a concise view, focusing on the
link between cancer and UPS.

Keywords: ubiquitin-proteasome system, proteolysis, cancer

1. Introduction

Protein ubiquitination is a multistep process. It is initiated by an ATP-required
activation and covalent binding of E1 ubiquitin-activating enzyme (E1) with ubiq-
uitin [1]. The E1 then passes the ubiquitin to E2 ubiquitin-conjugating enzyme (E2)
followed by forming complex with the E3 ubiquitin ligase (E3), which specifically
recognizes substrate protein and catalyzes the ubiquitin transfer. Theoretically,

E3s can function as oncogenes or tumor suppressors depending on the specificities
on substrate proteins they targeted in cancer (Figure 1). For instance, MDM2 is
oncogenic since it is the E3 for tumor-suppressive p53, while von Hippel-Lindau
(VHL) disease tumor suppressor is tumor suppressive since it is the E3 for onco-
genic HIF-1alpha (HIF-1a). However, alternative functions of E3 are also observed
since multiple targets with diverse roles may be regulated by a common E3. Here,
the selective ubiquitin-proteasome system (UPS) for p53, HIF-1a, and other cancer-
related proteins are exemplified.

Modification of substrate proteins by ubiquitination is the major way for selec-
tive proteolysis by proteasome. Ubiquitination is a reversible process controlled
by the balance of ubiquitination and deubiquitination systems. This balance of
ubiquitination is regulated by E3 ubiquitin ligases (E3s) [2] and deubiquitylating
enzymes (DUBs) [3]. In addition to UPS-mediated protein degradation, ubiquitina-
tion is also involved in diverse non-proteolytic molecular and cellular functions,
such as protein trafficking, activation, DNA repair, and apoptosis [4]. For example,
K63-linked chains regulate DNA repair and NF-kB activation [5-7]. The TNF-a
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Oncogenlc
E3s

Figure 1.
Roles of E3s and DUBs in cancer.

receptor-associated factor 6 (TRAF6) mediated K63-linked polyubiquitination

of NF-«xB essential modulator (NEMO) for IxB kinase (IKK) activation [8]. These
studies indicate the versatile function of ubiquitination machinery. In this sec-
tion, we focus on the role of ubiquitination in proteasomal degradation. There are
seven lysine residues at positions 6, 11, 27, 29, 33, 48, and 63 of ubiquitin, which
are utilized for polyubiquitination. These lysine residues serve as acceptors for
other ubiquitins. Different types (mono, multi, poly) and links (K6, K11, K27,

K29, K33, K48, K63) of ubiquitination determine the fate of tagged substrates
[9-11]. For proteasome degradation, K48- and K11-linked polyubiquitination is the
canonical signal that tags substrate proteins [12-16]. Recent studies showed that
branched K48- and K11-linked chains enhanced proteasomal degradation, whereas
homotypic K11 linkages prevent substrate protein recognition by proteasome [17].
K29-linked polyubiquitin is the most abundant atypical linkage in mammalian cells
[18]. But little is known about its cellular function. The use of K29-linked chains as
a degradation signal is also unclear as these chains may accumulate as a consequence
of proteosomal stress induced by proteasome inhibition rather than via the accu-
mulation of K29-linkage-modified proteasome substrates. The K63 linkage, while it
can be recognized by the proteasome [19], is widely regarded as a non-degradative
signaling modification that is known to regulate signal transduction and endocyto-
sis [20, 21]. In addition, efficient proteasome activity has also been found to rely on
the presence of K6-linked ubiquitination [22].

2. UPS-mediated proteolysis in cancer
2.1 Regulatory network for p53 degradation

Tumor protein p53 is a well-known tumor suppressor [23]. As a guardian of
genome, p53 can sense DNA damages, activate repair systems, pause cell growth,
or initiate apoptosis when necessary [23]. These functions establish a cellular
protective machinery, thus loss of expression or tumor-suppressive activities of
p53 are observed as a hallmark in cancer. Deregulation of p53 is orchestrated by
multiple pathways, such as gene mutation and enhanced proteasomal degrada-
tion. As an E3 for p53, overexpression of MDM?2 in human cancers has been linked
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to p53 degradation and tumorigenesis [24]. The transactivation domain of p53

is recognized by MDM2 and followed by MDM2-dependent ubiquitination and
further proteasome degradation [25]. ATM serine/threonine kinase (ATM) is a
DNA damage sensor participating in multiple mechanisms for p53 regulation.
ATM-mediated phosphorylation of p53 at Ser15 is induced by genotoxic stress
and therefore causes its escape from MDM recognition to further trigger cells

to initiate DNA repair system through p53 [26-28]. Also, the MDM2-mediated
p53 degradation is diminished when ATM-mediated MDM2 phosphorylation

is induced by DNA damage [29]. Moreover, there is a negative feedback loop in
which p53 activates the transcription of MDM2 [30]. Several inhibitors, such

as Nutlin-3 and RG7112, were developed to disrupt the interaction between p53
and MDM2 and are currently undergoing clinical trials [31]. On the other hand,
herpesvirus-associated ubiquitin-specific protease (HAUSP) is a deubiquitinase
for p53. It removes ubiquitination and stabilizes p53 even in the presence of MDM?2
[32]. Moreover, MDM2 is also stabilized by HAUSP through a p53-independent
pathway [33, 34], suggesting a feedback regulatory loop between p53 and MDM2.
The ATM-mediated phosphorylation, nuclear translocation, and stabilization of
USP10 synergistically help nuclear HASUP stabilize p53 in the presence of DNA
damage [35]. In addition, the constitutive photomorphogenesis protein 1 (COP1)
forms an E3 ubiquitin ligase complex with cullin 4 (CUL4), DNA damage-binding
protein 1 (DDB1), de-etiolated 1 (DET1), and ring-box 1 (RBX1) to target p53
[36]. Under genotoxic stress, ATM phosphorylates COP1 at Ser387 for degrada-
tion and subsequent p53 induction. Since p53 is targeted by COP1 for proteasomal
degradation, downregulation or inactivation of COP1 subsequently activates

p53 in cancer. Like MDM2, a transcriptional activation of COP1 by p53 forms a
negative feedback loop [37]. Overexpression of COP1 is correlated with reduced
p53 and has been observed in ovarian, breast, and liver cancers. P53-induced
RING-H2 (Pirh2, also known as RCHY1) is another E3 ubiquitin ligase belonging
to the RING finger family. Like MDM2, Pirh2 is considered as an oncogene to
facilitate p53 protein degradation by UPS through a MDM2-independent manner
[38, 39]. Notably, similar to the p53-MDM2 and p53-COP1 feedback loop, Pirh2 is
also upregulated transcriptionally by p53. Interestingly, several researches sug-
gested that Pirh2, but not MDM2, plays a major role in DNA damage-induced p53
degradation [38]. Moreover, in contrast to MDM2, Pirh2 can still recognize the
p53 with Ser15 phosphorylation for UPS [40]. Elevated Pirh2 level has been found
in human cancers and is correlated with unfavorable prognosis of cancer patients
[41, 42]. The regulatory network for p53 degradation is illustrated in Figure 2.

Pirh2 MDM2 COP1 —————— p-COP1
(J nhcs:r'aih,.mh'dﬂ"d“im'
p53 ATM

'E3 | \ ghesgharylation
HAUSP p-USP10 +———— USP10

DUBE

(nuclear translocation)

Figure 2.
Regulatory network for p53 degradation.
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2.2 Ubiquitination system of HIF-1a

During tumorigenesis, the increased tumor mass leads to the reduction of
available intratumoral oxygen, which is theoretically a survival stress to normal
cells. However, cancer cells develop several mechanisms to face this stressful
condition, such as the activation of hypoxia-inducible factor 1a (HIF-1a). Through
transcriptional regulation of downstream genes, accumulation of HIF-1a is not only
observed on facilitating angiogenesis at the initiation of rapid tumor growth (also
called angiogenic switch) but also enhances metastasis and malignant progres-
sion of cancer [43]. Expression of HIF-1a is tightly controlled by ubiquitination in
coordination with hypoxia (Figure 3). Inactivation of Von Hippel-Lindau (VHL)
in familial kidney cancer syndrome contributes to oncogenic effects [44]. At the
molecular level, VHL interacts with cullin 2, elongin B, elongin C, and Rbx [45-48].
This complex then targets HIF-1a for ubiquitination and proteasomal degradation
[48, 49]. Under normoxia, prolyl hydroxylase (PHD) hydroxylates HIF-1a and
facilitates its binding through N-TAD domain with VHL complex, leading to sus-
tained ubiquitination and subsequent degradation of HIF-1a. The PHD-mediated
post-translational modification (PTM) is abolished when cells encounter hypoxia
during tumor growth. The stabilized HIF-1a is then accumulated in cancer cells and
translocated to nucleus in complex with HIF-1p and other cofactors, resulting in
transcriptional activation of downstream genes [50]. The transactivation activity
of HIF-1a is also regulated by factor inhibiting HIF-1 (FIH-1). Through interaction
with the ID and C-TAD domains, FIH-1 represses HIF-1a-mediated transactivation
in association with histone deacetylase [51]. The HIF-1a-independent functions of
VHL have also been pointed out. Besides HIF-1a, growing evidence has identified
several targets of VHL with oncogenic properties in cancer [52]. It is well known
that both downregulation of VHL and accumulation of HIF-1a are associated with
cancer progression [53]. In addition to VHL, the chaperone-dependent E3 carboxy

LATS2 — YAP

CHIP
SIAH—PHDs
Hypuxia—ll
HIF-1a — * HIF-1la p— Parkin

hydroxylation

USP19

| DUB
Megative regulator of HIF-1a

Figure 3.
Regulation of HIF-1a ubiquitination.
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terminus of Hsp70-interacting protein (CHIP) is also identified to ubiquitinate
HIF-1a for protein degradation [54]. Cellular response to hypoxia is also modulated
by the E3s seven in absentia homolog (Siah) family proteins [55]. As another layer
for HIF-1a regulation, Siah proteins are accumulated by transcriptional regulation
and post-translational modification (PTM) under hypoxia [55]. The increased

Siah proteins subsequently activate the degradation of PHDs and factors inhibit-
ing HIF-1 (FIH) reduce prolyl hydroxylation of HIF-1a and consequently prevent
VHL-mediated degradation [51, 55]. In addition to this regulation, there are several
mechanisms known to cooperatively activate HIF-1a. For example, HIF-1a is
stabilized when its ubiquitination is removed by ubiquitin-specific protease-19
(USP19) [56]. Siah proteins ubiquitinate the HIF-1a inhibitor, homeodomain-
interacting protein kinase 2 (HIPK2), for degradation and thus enhance HIF-1x
activity [57]. Siah2 also enhances the ubiquitination and degradation of large tumor
suppressor kinase 2 (LATS2) resulting in suppressed HIPPO pathway and activated
Yes-associated protein 1 (YAP1) that subsequently stabilizes HIF-1a [58]. Parkin

is a recently-identified E3 for HIF-1a [59]. It facilitates HIF-1a polyubiquitina-

tion at K477 for proteasomal degradation through the interaction with HIF-1a.
Alternatively, under the stimulations by hypoxia or growth factors, the induced
HIF-1a brings Parkin and Dicer together, following by ubiquitination and autopha-
gic degradation of Dicer, and eventually enhances cancer metastasis [60]. The find-
ings exemplify the dual role of E3, which in this case, the target substrate (HIF-1a or
Dicer) determines the fate of cellular function (Figure 4).

2.3 Cellular signaling regulated by UPS

Networks of signaling pathways coordinately orchestrate the cellular functions.
Dysregulation of signal transduction pathways, especially those controlling onco-
genic behaviors, is tightly regulated and also controlled by UPS. E3s play as modu-
lators through regulating the proteolysis of key proteins in signaling networks.
Several E3s can mediate substrate degradation to modulate PI3K/Akt/mTOR and
RAS/MAPK, which are two central pathways, coordinately to control a broad range
of tumor-promoting functions.

Suppressed metastasis Enhanced metastasis

Parkin élF-‘l} \( Parkin

Parkin
&F-‘I‘. -
Proteasomal Autophagic g Di - — t m‘;
degradation degradation 3
Mat Commun, 2017 Mo 28:8(1):1823. 1 Clin Irméeat. 2008 Feb 1;128(2:625-643.

Figure 4.
Dual role of Parkin in cancer metastasis.
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2.3.1 RAS/MAPK pathway

RAS oncogenes encode the highly-conserved RAS proteins as GTPases func-
tioning in oncogenic transformation through the activation of MAPK pathway
[61, 62]. Similar to p53, RAS mutations have been identified in human cancers,
while stabilized RAS protein at post-translational level is also observed. The
E3 ubiquitin-protein ligase, neural precursor cell-expressed developmentally
downregulated protein 4 (NEDD4), is known to ubiquitinate RAS proteins for
proteasomal degradation. NEDD4 targets KRAS, HRAS, NRAS for UPS, while
its transcription is also activated by RAS signaling, which in turn, servesasa
negative feedback to prevent the hyperactivation of RAS pathway [63]. More
interestingly, this feedback mechanism is disrupted in cells expressing oncogenic
RAS with activating mutation, exemplifying how an oncogenic protein (RAS)
can escape from E3 (NEDD)-mediated degradation in cancer. Moreover, PTEN,

a PI3K/Akt inhibitor, is another NEDD4 target, meaning that overexpression

of NEDD4 facilitates PTEN degradation and activation of PI3K/Akt pathway.
Thus, NEDD4 is supposedly to act as a tumor suppressor, but in cells expressing
activating mutated RAS, NEDD4 no longer suppresses for RAS suppression and
the concomitant PI3K/Akt activation corporately to amplify oncogenic signaling.
In this case, NEDD4 functions as an oncogenic E3 [63]. However, a sustained RAS
activation might be observed in lung cancer due to an elevated expression of DUB
OTU domain-containing ubiquitin aldehyde-binding protein 1 (OTUB1), a deu-
biquitinase removing the ubiquitination of RAS and promoting the activation of
RAS-mediated oncogenic downstream [64]. In addition to targeting RAS, several
E3s are also identified to regulate downstream molecules of RAS. For example,
ring finger protein 149 (RNF149) is an E3 targeting BRAF, a downstream kinase
of RAS [65]. These machineries expend the complexity from reciprocal regulation
in RAS/MAPK pathway.

2.3.2 PI3K/Akt pathway

PI3K/Akt pathway is induced by extracellular signaling such as activation of
receptor tyrosine kinase (RTK) or G protein-coupled receptors (GPCRs). The
regulatory subunit p85 and catalytic subunit p110 form heterodimer of PI3K [66].
In addition to p85, the p110 subunit also binds to Grb2 or insulin receptor substrate
(IRS), and the competition from free p85 binding serves as an inhibitor for PI3K
signaling [66, 67]. P85 is one of the variants of p85 subunits and is a target of the
SCF-F-box and leucine-rich repeat protein 2 (FBXL2) complex [68]. SCF-FBXL2
enhances free p85p degradation through UPS and, consequently, disrupts the
inhibitory effect of p85p pool on PI3K activation. Another layer of the regula-
tion on this mechanism is controlled by dephosphorylation of p85p by PTPL1,
which facilitates p85f degradation through enhanced interaction with FBXL2
[68]. The mechanistic target of rapamycin (mTOR) is a core component of PI3K/
Akt pathway. The expression of mTOR is regulated by SCF-FBXW?7 complex that
triggers the ubiquitination and degradation of mTOR [69]. Loss of a single copy
of FBXW7 in several breast cancer cell lines is observed to be incompatible with
the loss of a single copy of PTEN, a negative regulator of mTOR, which further
confirmed the significance of the stabilization of FBXW7-mediated mTOR in
tumorigenesis. Therefore, loss of SCF-FBXW?7 may motivate anabolic processes
for tumor progression [69]. In addition to mTOR regulation, the F-box protein
FBXW?7 is a well-known tumor suppressor which recognizes and facilitates UPS
of other oncogenic substrates including c-Myc, Notch1, and cyclin E [70-81]. The
mechanism of cyclin E regulation will be discussed later in this chapter.
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2.4 E3s as cell cycle regulators

Uncontrolled cell growth is one of the hallmarks of cancer [82]. Cell cycle
progression is a fundamental process for cell survival and proliferation. Properly
regulated cell cycle progression is required for the maintenance of genome stability,
organismal development, tissue homeostasis that when deregulation coordinately
leads to defect of cell growth control. Signals that control cell cycle entry, progres-
sion, and arrest are commonly malfunctioned in cancer, and the subsequent disrup-
tion of DNA replication, DNA repair, and chromosomal segregation often lead
to genomic instability [83]. There is aberrant degradation caused by improper E3
activity in cancer. For example, abnormal expression of E3s regulates the degrada-
tion of cyclins and cyclin-dependent kinase (CDK) inhibitor proteins by UPS. The
Anaphase Promoting Complex/Cyclosome (APC/C) and Skpl, Cullinl F-box
(SCF) E3 complexes that regulate cell cycle progression are the best-studied E3s,
which further form different complexes with specific co-activators and provide the
functional diversity of E3s to recognize different substrates at different phases for
orchestrating cell cycle progression. In mitosis and G1 phase of cell cycle, APC/C is
active to suppress mitotic CDKs [84]. In contrast, various SCF complexes formed by
different protein partners contribute to multifaceted functions during the cell cycle
progression. Here, we will discuss these two ubiquitin-protein ligases, and how they
cooperatively regulate cell cycle progression.

APC/C is a well-studied E3 that recognizes the D-box sequence of substrate
proteins and ubiquitinates them for proteasome degradation [85]. The recognition of
substrates by APC/C is known to rely on a short linear motif called degron (derived
from degradation motif) including KEN-box, D-box, and ABBA motif [86]. KEN-
box is the prominent signal among APC/C degron and is contained in substrate
proteins, such as CDC20 and securin. The substrates of APC/C cover numerous cell
cycle regulators. Thus, APC/C contributes to the cell cycle regulation, especially
during M phase to G1 phase. Cell division cycle 20 (CDC20) or CDC20-like protein
1 (CDH1) are two known activators for APC/C activation [87]. Interestingly, the
two activators show opposite functions in cancer as oncogenic CDC20 or tumor-
suppressive CDH1 interact with APC/C to exert their spatial and temporal func-
tions during cell cycle [87]. It is widely observed that CDC20 is highly expressed
in human malignancies and associates with poor prognosis of cancer patients
[88-93]. Mechanistically, CDC20 recognizes securin [94], Cyclin A [95, 96], Cyclin
B1 [97, 98], Nek2A [99], Mcl-1 [100], and p21 [101] as it substrates for ubiquitina-
tion. Cdc20 is primarily active in mid to late mitosis to promote ubiquitination and
degradation of securin and cyclins to coordinately facilitate mitotic progression [87].
Thereafter, CDC20 degradation is triggered through ubquitination by APC/C-CDH1
or by itself in late M phase. As a result, the APC/C complex shifts from APC/C-
CDC20 to APC/C-CDH1. APC/C-CDH1 is activated at late mitosis phase to degrade
mitotic regulators, such as cyclins and kinases, and thereby promotes cells to exit
from M phase and enter G1 phase to further prevent premature S phase entry [87].
Mutation or abnormal expression of CDH1 leads to genomic instability and prema-
ture S-phase entry [87, 102].

S-phase kinase-associated protein (Skp), cullin, and F-box domain containing
proteins (F-box proteins) form SCF E3 ubiquitin ligase complex. Aurora kinase A and
Cyclin E are substrates for SCF-FBXW7, thus inactivation of this complex causes defect
in DNA repair system and sustained cell growth [103] suggesting the tumor-suppres-
sive roles of SCF-FBXW?7. As a key factor in SCF complex, dysregulation of F-box
protein is frequently observed to affect SCF activity. SCF-Skp2 regulates cell cycle from
G1/S to G2/M phase by targeting multiple CDK inhibitors for UPS degradation and
consequently leads to enhanced cell cycle progression and tumorigenesis [104-111].
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Interestingly, SCF-BTRCP complex also mediates the crosstalk between APC/C and
SCF complex during cell cycle. Degradation of the APC/C inhibitor Emil during pro-
metaphase and degradation of the Cdk1 inhibitor Weel during prophase are facilitated
by SCF-BTRCP in cell cycle progression [112, 113]. Activation of SCF-Skp2 complex
during G1 to S phase degrades cyclin-dependent kinase inhibitors (CKIs), thereby
induces CDK activity. The CDK2-mediated phosphorylation and inactivation of CDH1
further stabilize Skp2 by phosphorylation. SKP2 is also a D-box-containing target of
APC/C-CDH1 as an autoregulatory loop [114]. It is also noticed that the casein kinase
I (CKI)-phosphorylated MDM?2 is targeted and degraded by SCF-PTRCP complex and
results in p53 stabilization and cell cycle arrest [115].

Parkin is another E3 participating in cell cycle regulation. Mutations and loss
of copy number of PARK2, a gene encoding Parkin, are observed in cancer, which
implies its tumor-suppressive role [116-121]. Loss of Parkin expression respectively
results in the elevation of Cyclin D and Cyclin E owing to the suppression of FBXW7-
containing Parkin-cullin-RING or F-box only protein 4 (FBX0O4)-containing
complexes [117]. In animal models, Park2*’~ Apc™™* mice have higher rate of tumor
formation than Apc™™* mice, which may result from the accumulation of Cyclin
E and uncontrolled cell growth when Parkin expression is lost [118, 120]. Similar
associations between PARK2 mutations and Cyclin D, Cyclin E, and CDK4 are also
observed in human cancers [117]. Therefore, Parkin may also regulate several cell
cycle or mitotic regulators including CDC20, CDH1, Aurora kinase A, Aurora kinase
B, NEK2, PLK1, Cyclin B1, and securin, suggesting its function in maintaining
genomic stability and growth control to suppress tumor formation [119].

3. Conclusions

Malfunction of UPS machinery, especially the target selection factor E3, has been
observed in cancer for a period of time. Abnormal expression, mutation, distribu-
tion of E3s, or even the degradation of themselves may affect the affinity or activity
on substrate recognition and ubiquitination, and thus consequently regulate pro-
teasomal degradation and cellular behaviors depending on the normal functions of
dysregulated targets. Although we have focused on the selective proteolysis through
UPS, E3-mediated ubiquitination is not the only way for proteasomal degradation
and also, proteasomal degradation is not the only fate for ubiquitinated proteins.
Oftentimes, these proteins undergo autophagic degradation, intracellular localiza-
tion, functional inhibition, or activation. Moreover, the lysosomal and autolyso-
somal (autophagy-lysosomal) degradation, which are not described in detail in this
chapter, are responsible for another side of selective proteolysis. In concert with the
landscape of post-translational modification, the crosstalk and cooperation among
these proteolysis systems enable our cells to maintain biological functions in control.
Simply speaking, proteolysis serves as a dead end for protein, thus the selection
of target substrates should be tightly controlled. This chapter introduces several
pathways as examples of selective UPS. In addition, there are several clinical trials for
drugs designed to target proteolysis. As we know more about the mechanisms, we are
moving a step forward in developing strategies to fix the proteolytic chaos of cells.
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Chapter 6

Ubiquitin Carboxyl-Terminal
Hydrolase L1 in Parkinson’s
Disease

Dang Thi Phuong Thao

Abstract

Ubiquitin plays the crucial roles to maintain the ubiquitin proteasome system
(UPS) functions, which were suggested that involved in Parkinson’s diease (PD).
Ubiquitin C-terminal hydrolase L1 (UCHL1), which was detected in Lewy bodies
of nerve cells in PD brains, plays an important role for maintaining ubiquitin pool
in UPS. The first UCHL1 mutation (UCHL1I93M) was found in two siblings of a
PD family. By contrast, UCHL1S18Y mutation was recognized to reduce the risk of
developing PD by its specific antioxidant protective function. The studies of UCHL1
in mouse models showed that lack of UCHLI1 resulted in motor ataxia, degenera-
tion of axons, and instability of free ubiquitin level. Transgenic mice expressing
UCHL1I93M mutant exhibited dopaminergic neuron (DA) degeneration in MPTP-
treated conditions. In this chapter, we provide a summary on recent findings related
to roles of UCH-L1 in PD. Knockdown dUCH, a homolog of human UCHLI, in fly
dopaminergic neuron resulted as some Parkinson’s disease—like phenotype such as:
(1) the underdevelopment and/or degeneration of DA neurons; (2) the shortage of
dopamine in the brain; and (3) the locomotor dysfunctions. Those finding indicated
that dUCH (ortholog of human UCH-L1 in Drosophila) plays an important role in
Parkinson’s disease.

Keywords: UCH-L1, Parkinson’s diseases, PD model

1. Introduction

Parkinson’s disease (PD) was first described in 1817 by Dr. James Parkinson. PD
is considered as the second most common neurodegenerative disease which impacts
1% of the population over 60 years old [1]. The basic symptoms of Parkinson’s
disease are difficulty walking, slow movement, stiff and trembling limbs, balance
disorders, and facial paralysis. Symptoms appear gradually and are not marked; it
is difficult to recognize and often may be confused with other diseases [2]. Causes
are attributed to lack of dopamine, a chemical that plays an important role in nerve
signal transmission, due to degeneration/loss of dopaminergic neurons. Besides,
the presence of Lewy body was also reported as one of PD symptoms although it
is not clear to be a cause or a result of PD [2-4]. The complex interaction between
environmental and genetic factors is also thought to be a cause of PD. However, the
interaction between these factors in the PD remains unclear [5]. Previous studies
have shown that mitochondrial dysfunction, oxidative stress, altered protein prote-
olysis, and inflammation are responsible for PD pathogenesis [6-8]. In addition, the
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relation to PD of many genes and their variants such as a-synuclein, PINK-1, DJ-1,
LRRK2, and UCH-L1 has been reported [9, 10].

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is an abundant protein
in neurons. The UCH-L1 polypeptide is 24,824 Da, contains 223 amino acids,
and accounts for 1-2% of brain protein in humans [11]. In addition to the brain,
UCH-L1 is also expressed strongly in the peripheral nervous system, including
sensory and nervous system activity. UCH-L1 functions as an important enzyme
in ubiquitin proteasome system. In a form of monomer, UCH-L1 hydrolyzes the
peptide bond between two ubiquitin molecules [12]. In dimer form, it plays a
function as a ligase [13]. However, the functions of UCH-L1 in living cell and
tissue still remain unclear. UCH-L1 has been suggested to have its functions via
the role of ubiquitin proteasome system by maintaining a pool of free ubiquitin
molecules [14]. Dysfunction of UCH-L1 resulted in reduction of protein degrada-
tion, consequenced by the accumulation of ubiquitinated proteins which has been
believed as the cause of cell degeneration [15-17]. UCH-L1, therefore, involves in
many biological processes such as cell signaling, cell cycle, DNA repair, and other
ubiquitination-dependent biological processes [14-16]. Consequently, UCH-L1
had been reported as close relevant to neurodegenerative diseases, diabetes, as well
as cancer [14-16, 18].

2.UCH-L1 inParkinson’s disease

In PD, there are some evidences which reveal that ubiquitin carboxyl-terminal
hydrolase L1 (UCH-L1 or PGP9.5) is associated with PD. First, an UCH-L1I93M
mutant was identified in two siblings from a German family with autosomal
dominant PD in 1998 [18]. After that, UCH-L1S18Y mutant was discovered by
Lincoln et al. [19]. UCH-L1S18Y mutant, in some cases, has been believed to have
the potential in decreasing the risk of developing PD [20, 21] by its specific antioxi-
dant protective function [22]. Moreover, UCH-L1 is also localized in Lewy bodies
[23]; inclusions were found in nerve cells of PD. Although UCH-L1 had shown to
have close link to PD, roles of the protein in PD are still controversial. Previous
studies showed that not all mutant carriers manifest the phenotype of PD or show
the protective effect to PD. The homozygous mutation of UCH-L1 (UCH-L1E7A),
which also shows the decrease in hydrolytic activity, was found in three siblings of
a Turkish family with progressive visual loss due to optic atrophy but neither the
patients homozygous for UCH-L1E7A nor their heterozygous parents or siblings
exhibited PD features on neurological examination [24]. In addition, Healy et al.
and Ragland et al. showed that UCH-L1S18Y does not exhibit any protective effects
against PD [25, 26].

Recently, research on UCH-L1 cellular and animal models has revealed many
important findings of UCH-L1 functions in PD. An in-frame deletion of UCH-L1
gene encoding a truncated UCH-L1 lacking catalytic residue [17] in gracile axonal
dystrophy (gad) mouse exhibits some PD pathogenesis such as locomotor ataxia,
tremor, and difficulty in moving, and these symptoms are progressively severe [27].
Analysis of transcriptomic, proteomic, and histochemical in the brain of gad mouse
revealed some prominent genes and proteins, which contribute to PD pathogenesis
[28-30].

In PD research, Drosophila melanogaster has served as a valuable model to get
insight into important features of PD pathogenesis [31-33]. The Drosophila model
of PD provided a useful tool for tracking the integrity of the whole dopaminergic
neuron system, analyzing neurodegeneration with a large number of animals to
study PD in the population level, high-throughput genetic and drug screening.
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In our study, knockdown Drosophila homolog of human UCH-L1 (dUCH) in dopa-
minergic neuron system of the fly brain exerted a fly model of Parkinson’s disease
[34]. The fly model mimics all of the main PD-related symptoms including locomo-
tor behaviors, dopamine production, DA neuron integrity, as well as the progression
of DA neuron degeneration.

2.1 Loss function of UCH-L1 homolog in Drosophila melanogaster resulted in
locomotor dysfunction, one of most important PD phenotypes

Parkinson’s disease is the most common movement disorder which is normally
featured by motor symptoms. These symptoms include tremor, rigidity, bradyki-
nesia, and postural instability. In the early stage of Drosophila development, the
effects of dUCH knockdown on the third instar larval wandering behavior were
examined by crawling assay. Heterozygous dUCH knockdown larvae displayed
a tremor-like behavior which was tracked as tight wavy line when moving hori-
zontally on agar plates. Additionally, these larvae accomplished a shorter moving
path (Figure 1A, right panel) comparing to driver controls (Figure 1A, left
panel) in an identical interval of time. The mean velocity of knockdown larvae
was reduced to 62% of the controls (Figure 1B). The reduction was statistically
significantly different when comparing two means (Student’s t test with Welch’s
correction, N= 10, p< 0.01). In the adult stage, dUCH knockdown resulted in
decline locomotion of Drosophila. Both knockdown and control flies showed
age-related decline in the climbing ability (Figure 1C). However, the climbing
ability of knockdown flies dropped sharply at day 25 and led to the difference
between the control and knockdown to statistically significance at this time
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Figure 1.

The dysfunction in locomotor behavior of dopaminergic neuron-specific AUCH knockdown flies. (A) Motion
paths of control larvae (TH) and dUCH knockdown larvae (TH>dUCH-IR). Knockdown larvae exhibit
shorter and disovder crawling paths (right panel) compared to control (left panel). (B) Crawling velocity of
control (TH) and knockdown larvae (TH>dUCH-IR). Knockdown larvae show the reduction in crawling
pace and parametric unpaived t test with Welch’s correction: ** p < 0.01, ervor bars present SD. (C) The
climbing ability of control (TH) and AUCH knockdown adult flies (TH>dUCH-IR). Knockdown flies start to
exhibit the decline in the climbing ability at day 25 after eclosion (vepeated measures two-way ANOVA with
Bonferroni’s post hoc test, **p < 0.01, **p < 0.001, ***p < 0.0001; error bars present SEM). (D) Survival
curve of control (TH) and dUCH knockdown (TH>dUCH-IR). Control and knockdown flies do not show
the difference in survival (Kaplan-Meier method with log-rank test, p > 0.05. TH (+; +; TH-GAL4/+), and
TH>dUCH-IR (+; +; TH-GAL4/UAS-dUCH-IR)).
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point (repeated measures two-way ANOVA with Bonferroni’s post hoc test,

p < 0.0001). The decline in climbing function of knockdown flies still sustained
on day 30 onward (repeated measures two-way ANOVA with Bonferroni’s post
hoc test, p < 0.001 at day 30 and p < 0.01 at days 35 and 40) and was struck down
to 0% at day 40 in which no fly can climb across 10 ml mark in 10 s (Figure 1C).
Furthermore, the survival analysis was carried out to determine the toxicity of
the reduction of dUCH. There is no significant difference in survival curve of
control and knockdown flies (Kaplan-Meier method with log-rank test, p > 0.05)
(Figure 1D). It illustrated that the knockdown of dUCH played no effect on
Drosophila life span. The analysis also proved that there were no effects of death
events in climbing analysis. Taken together, those data demonstrated that the
reduction of dUCH specifically in dopaminergic neurons of Drosophila melanogas-
ter leads to the disorder in crawling behavior and decline in locomotor ability but
does not affect Drosophila’s life span.

2.2 Loss function of UCH-L1 homolog in Drosophila melanogaster exerted PD
phenotype of dopaminergic neuron degeneration

Forno [35] and Thomas [2] have shown that locomotor dysfunction in PD
patients may be caused by the degeneration of dopaminergic neurons (DA neurons)
[2, 35]. These neurons play important roles in dopamine production for central
nervous system and control multiple functions of the brain including voluntary
movement. In Drosophila, the locomotor deficit was observed in many PD-related
genes such as SNCA [36], LRRK2 [37], and PARKINR275W [37] ectopic expres-
sion followed by the degeneration of DA neurons. The study of Budnik and White
showed that DA neurons assembled into some different clusters with the differences
in projection and number of DA neurons [38]. In addition, DA neurons in PPL2
cluster in adult brain were demonstrated to originate from DL2a cluster [39]. It
seems to be that the development of DA neurons not only occurs in embryonic to
larval stages but also in larval to adult stages. In Drosophila model of PD, dopami-
nergic neurons in both larval and adult dUCH knockdown brains showed its degen-
eration. The DA neuronal system in the third instar larval brain lobe was classified
into six clusters: DM1a, DM1b, DM2, DL1, DL2a, and DL2b (Figure 2A) [38, 39].
The pattern, shape, and number of DA neurons in most of clusters in dUCH knock-
down and control are similar except on DL1 cluster (Figure 2B). In DL1 cluster,
dUCH knockdown brain (TH>dUCH-IR) exhibited the reduction in numbers of DA
neurons compared to driver control (TH). It indicates that the reduction of dUCH
may cause the incomplete loss or underdevelopment of DA neurons in DL1 clusters
of the third instar larval central brain.

On the other hand, in the adult Drosophila, when dUCH was specifically
knocked down in dopaminergic neurons, the PPM2 dopaminergic cluster lost its
neurons (Figure 3A2, A2’ and A3, A3’). This loss occurred in 1-day-old flies,
increased progressively by age, reached 50% on age 20, and affected all the indi-
viduals of 40-day-old flies (Figure 3A4). In PPM3 dopaminergic cluster, the neuron
loss occurred in 1-day-old flies with highly prevalence proportion nearly 40% of the
population (Figure 3B2, B2’, B3). The number of PD disease—like flies—reached
50% as early as 10 days old and got nearly maximum prevalence on the age of 20
(Figure 3B3). In PPL2 dopaminergic cluster, the loss of a specific neuron was seen
in knockdown brain TH>dUCH-IR (Figure 3C2, C2’) compared to TH-GAL4
control TH (Figure 3C1, C1’). DA neuron in PPL2 cluster was lost in highly preva-
lence proportion; 40% of knockdown flies exhibited DA loss at 1 day old. However,
unlike PPM3 cluster the number of disease flies increased steadily through the age
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Figure 2.

Tl':ge abnormality in the number of DL1 dopaminergic neurons in dAUCH knockdown larval brain. (A) A
schematic representation of six DA neuron clusters DM1a, DM1b, DM2, DL1, DL2a, and DL2b and projection
in Drosophila larval central brain were vedrawn based on the study of Blanco et al. [39]. (B) Representative
confocal images show that DA neuron clusters in the third instar larval central brain were stained with
anti-TH (green). The whole brain was counterstained with anti-DLG (red). The heterogygous driver control
TH-GAL4/+ (TH) on the left panel (B1, B2, B3, B3’) and heterozygous dUCH knockdown TH-GAL4/
UAS-dUCH-IR (TH>dUCH-IR) on the right panel (B4, Bs, B6, B6’). The boxed area in merge image (B3,
B6) marks that DL1 cluster was magnified in (B3, B’6), respectively. The number of DA neurons in DL1
clusters in AUCH knockdown brain was less than those in driver control (B’3, B’6). (C) Quantification of DA
neurons in each cluster in driver control (black bars) and AUCH knockdown (gray bars). Only the difference

in the number of DA neurons in DL1 clusters between dUCH knockdown and driver control was significantly

different (parametric unpaired Student’s t-test with Welch’s correction, ***p < 0.001, n = 6). Scale bars, 50 um.

DA neuron, dopaminergic neuron; DM, dorsal medial; DL, dovsal lateral; TH, tyrosine hydroxylase; DLG,
Drosophila discs large.

and reached maximum prevalence on the age of 40 (Figure 3C3). The DA neu-
ron susceptibility to dUCH reduction depended on the age and neuronal type of
Drosophila adult brain.

2.3 Loss function of UCH-L1 homolog in Drosophila melanogaster resulted in
dopamine shortage

The reduction of neurotransmitter, dopamine, was observed in PD patients’
brain which has been thought to be a direct cause leading to PD symptoms. The
production of dopamine mainly occurs in DA neurons according to catecholamine
biosynthesis pathway (Figure 4A). In addition, studies on Drosophila model have
demonstrated that some Drosophila life activities such as locomotor activity [33, 40],
olfactory conditioning [41], sleep and arousal regulation [42-44], and memory and
learning process [45, 46] involve dopamine (Figure 4B). In the Drosophila model
of PD, the underdevelopment or degeneration of DA neurons was detected in the
brain of dUCH knockdown flies. Therefore, the dopamine level in the brain of
knockdown flies may be affected by these impairments. Quantification of dopamine
in dUCH knockdown brain showed that dopamine was reduced at every time point
of examination (1, 10, 15, 20, and 25 days after eclosion) in dUCH knockdown flies
compared to driver control (Figure 4C) (ordinary two-way ANOVA with Tukey’s
multiple comparisons test, ****p < 0.0001). The statistical analysis indicated that
there is no significant difference in the amount of dopamine at every time point in
the driver control flies. However, there are significant differences in the dopamine
level from days 1 to 10 and 20 to 25 in the knockdown flies (ordinary two-way
ANOVA with Tukey’s multiple comparisons test, ***p < 0.001, *p < 0.05). The data
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Figure 3.

Thge susceptibility of DA neurons in each cluster depends on age and neuronal type. Confocal images showed
TH-positive neurons in PPM2 (A1-A3), PPM3 (B1-Bz2), and PPL2 (C1-C3) clusters in adult central brain.
The prevalence proportion of AUCH knockdown flies on each cluster was described as a progressive graph,
PPM2 (A4), PPM3 (B3), and PPL2 (C4). In PPM2 cluster, two kinds of partial loss of DA neurons (two

to three neurons) were observed in heterogeneous AUCH knockdown flies TH>dUCH-IR (A2, A2’; A3, A3)
compared to heterogeneous driver control TH-GAL4 (TH) (A1, A1). The prevalence of PPM2 in AUCH
knockdown flies increased with age; 20-day-old flies reached nearly 50% of population. In PPMS3 cluster, the loss
of two DA neurons was specifically seen in knockdown flies (B2, B2’) compared to control (B1, Br’). However,
the number of flies with this loss vose dramatically and reached 50% of population before 10 days old (B3).

The loss also occurred partially in a specific DA neurons in PPL2 cluster in knockdown flies (C2, C2’; C3, C3)
compared to TH-GAL4 control (C1, C1’). Loss of DA neurons in PPL2 cluster happened steadily through aging
brain was described in C4; 50% of population suffeved from PPL2 DA neuron loss around 20 days old (C4).

indicated that knockdown of dUCH leads to the reduction of dopamine beginning

at the first day of eclosion and continuing on the following days. Interestingly, there
are two significant periods (1 to 10 and 20 to 25 days) showed the reduction of dopa-
mine in dUCH knockdown brain which may involve in the DA neuron integrity. The
reduction of dopamine in dUCH knockdown flies suggested the connection between
DA neuron impairment and locomotor deficit. These results can be modeled as the
reduction of dUCH caused the impairment of DA neurons which leads to the reduc-
tion of dopamine followed by the dysfunction in locomotor behaviors (Figure 4D).
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Figure 4.

Dfp;zmine shortage in adult AUCH knockdown brain. (A) The production of dopamine through catecholamine
biosynthesis pathway in DA neuron. (B) The functions of dopamine in life activities of fruit fly [40, 41, 43-46]. (C)
The quantity of dopamine per fly head in AUCH knockdown (TH>dUCH-IR) and driver control (TH). Knockdown
flies show the veduction of dopamine in the brain in every time point compared to driver control (two-way ANOVA

with Tukeys multiple comparisons test, *™**p < 0.0001). Knockdown flies also show the reduction of the dopamine

level in 1- to 10- and 20- to 25-day period (two-way ANOVA with Tukeys multiple comparisons test, ***p < 0.001,
*p < 0.05). (D) The intermediate role of dopamine in the process of DA neuron impairment to locomotor deficit.

3. Material and methods
3.1 Fly stocks

Fly stocks were maintained at 25°C on standard food containing 0.7% agar,
5% glucose, and 7% dry yeast. Wild-type strain Canton-S was obtained from the
Bloomington Drosophila Stock Center (BDSC). RNAI lines carrying UAS-dUCH-IR
fusion (GD#26468) for knockdown Drosophila ubiquitin carboxyl-terminal hydro-
lase (dUCH, CG4265) were received from the Vienna Drosophila Resource Center
(VDRC). GAL4 drivers were used to perform the targeted knockdown of dUCH in
dopaminergic neuron of D. melanogaster: TH-GAL4 (BDSC#8848).

3.2 Immunostaining

Larval and adult brains were dissected in cold phosphate-buffered saline (PBS)
and fixed in 4% paraformaldehyde at 25°C for 15 min. After washing with 0.3%
PBS-T (PBS containing 0.3% Triton-X100) twice, the samples were blocked in
blocking solution (0.15% PBS-T containing 10% normal goat serum) at 25°C for
20 min. Samples were then incubated with the following primary antibodies diluted
in blocking solution: rabbit anti-Drosophila ubiquitin carboxyl-terminal hydrolase
(anti-dUCH; 1:500) at 4°C for 16 h or rabbit anti-tyrosine hydroxylase (anti-TH;

1:250; Millipore, AB152) at 4°C for 20 h. After washing with 0.3% PBS-T, samples
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were incubated with secondary antibodies conjugated with Alexa 488 or FITC
(1,500; Invitrogen) at 25°C for 2 h and then washed and mounted in Vectashield
Antifade Mounting Medium (Vector Laboratories, Japan). Finally, the samples were
inspected by a confocal laser scanning microscope (Olympus Fluoview FV10i) or
Olympus BX41 Microscope.

3.3 Crawling assay

Male larvae in the early third instar stage were collected randomly and washed
with PBS to discard food traces. After that, larvae were transferred to agar plates
containing 2% agar with a density of two to four larvae per plate. The movement of
larvae was recorded by a digital camera for 60 s. The recorded videos were then con-
verted into the AVI type by MOV to AVI converter (Pazera Jacek, Poland) and then
analyzed by ImageJ (NIH, USA) with wrMTrck plugin (developed by Dr. Jesper
Sendergaard Pedersen) to track larval movement and draw motion paths.

3.4 Climbing assay

Newly eclosed adult male flies were collected and transferred to conical tubes
which have heights of 15 cm and diameters of 2 cm. After that, the tubes were
tapped to collect the flies to the bottom, and the length of time to record the
movement of flies was 30 s. The procedures were repeated five times and recorded
by a digital camera. For all of the climbing experiments, the height which each fly
climbed to was scored as follows: O (less than 2 cm), 1 (between 2 and 4 cm), 2
(between 4 and 6 cm), 3 (between 6 and 8 cm), 4 (between 8 and 10 cm), and 5
(more than 10 cm). The climbing assay was performed every 5 days until all flies
lose their locomotor abilities.

3.5 Dopamine quantification

Dopamine quantification procedure was performed as described [45] with the
following modifications. Thirty fly heads were homogenized in 600 pl homogeniza-
tion buffer (0.1 M perchloric acid/3% trichloroacetic acid) on ice and sonicated
5 times for 30 s each and then placed on ice for 30 min. Debris were removed by
centrifugation at 15,000 g for 15 min at 4°C. Fifty microliter of supernatant was uti-
lized for HPLC analysis using Nanospace SI-2 (Shiseido, Japan) with running buffer
containing 180 mM chloroacetic acid, 50 pM EDTA, 160 mM sodium hydroxide,
and 8.5% acetonitrile. Sample was separated in CapCell Pak C18 UG120 column
(Shiseido, Japan) at 0.5 ml/min flow rate. Dopamine was electrochemically detected
by Electrochemical Detector 3005 (Shiseido, Japan). Dopamine (H8502, Sigma-
Aldrich) was used to build the standard curve at 0.0025, 0.005, 0.01, 0.02, and
0.04 pM. The differences in the dopamine level of examined samples were statisti-
cally analyzed using ordinary two-way ANOVA with Tukey’s multiple comparison
test and graphed by GraphPad Prism 6.0 (GraphPad Software, USA).

4. Conclusion and perspective

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is a protein that may play
multiple roles in the cell through the effect on ubiquitin system. UCH-L1 had been
found as a PD-related protein. However, the exact mechanism remains unclear. In the
Drosophila model, specific knockdown dUCH in dopaminergic neuron exerted PD-lie
phenotypes including locomotor dysfunctions, DA degeneration, and dopamine
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shortage. Interestingly, the degeneration of DA neurons in dUCH knockdown adult
brain which occurred progressively and severely during the course of aging mimics
the epidemiology of PD. These results provided one more evidence of the UCH-L1 in
PD and suggest that the dUCH knockdown Drosophila is a promising model for study-
ing both PD pathogenesis and epidemiology. The major advantages of the Drosophila
model are a complex nervous system with DA neuron clusters and a conservation of
the basic biological process and PD-related genes and can exhibit many PD features.
The Drosophila model also can be utilized for either high-throughput screen.
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Chapter7

New Insights into the Mechanisms
Underlying NEDDS Structural and
Functional Specificities

Elena Santonico

Abstract

Ubiquitin (Ub) and ubiquitin-like (Ubl) proteins are small polypeptides that are
conjugated to substrates affecting their activity and stability. Cells encode “recep-
tors” containing Ub-/Ubl-binding domains that interpret and translate each modi-
fication into appropriate cellular responses. Among the different Ubls, NEDDS,
which is the ubiquitin’s closest relative, retains many of the structural determinants
that enable ubiquitin the ability to target proteins to degradation. Nevertheless,
the direct involvement of NEDD8 conjugation to proteasome recruitment has
been proved only in a few cases. To date, well-defined major NEDDS substrates are
primarily members of the cullin family, and cullin neddylation does not appear to
mark these proteins for degradation. Various studies have demonstrated that selec-
tivity between ubiquitin and NEDD8 is guaranteed by small but substantial dif-
ferences. Nevertheless, several issues still need to be addressed, mainly concerning
which interaction surfaces mediate NEDDS8 function and what domains recognize
them. Recently, two novel domains identified in KHNYN and N4BP1 proteins have
shed new light on this research area. Here, I discuss some recent reports that con-
tributed to shed light on the mechanisms underlining the discrimination between
ubiquitin and NEDD8. Understanding the details of these molecular mechanisms
represents a prominent facet for the identification of new therapeutic targets.

Keywords: NEDDS, ubiquitination, neddylation, ubiquitin-binding domains,
KHNYN, N4BP1

1. Introduction

Protein diversity in living organisms is the result of several mechanisms acting at
different steps of gene expression. Alternative splicing determines the production of
a variety of proteins from a single pre-mRNA, and different promoters and termina-
tion sites increase the protein diversity during gene transcription. An additional level
of complexity is achieved through posttranslational modifications (PTMs). More
than 90,000 individual PTMs have been detected using biochemical and biophysical
methods [1]. These modifications extend proteome diversity by inducing structural
changes, such as the covalent binding of functional groups (phosphate, acetyl,
methyl, lipids, and others) or the cleavage and the selective degradation of regula-
tory subunits. Such modifications in turn play a central role in regulating protein
function, as they finely tune intermolecular interactions that modulate almost all
biological processes. Thus, it is not surprising that almost 5% of the human genome
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encodes enzymes in charge of catalyzing reactions leading to PTMs. Different from
the majority of the biological processes that participate in increasing protein diver-
sification, a key feature of PTMs is the reversibility. Indeed, with only a few excep-
tions such as proteolysis, deamidation [2], and the recently reported eliminylation
catalyzed by phosphothreonine lyases [3], which are irreversible, PTMs are typically
regulated by a set of enzymes that coordinate the temporary addition and removal of
protein modifications, thus ensuring a finely tuned control of the process.

Typically, signal processing requires a third component that reads the PTM and
transmits the signal to the downstream effectors of the signaling pathway. Since dif-
ferent signal transducers can recognize the same type of posttranslational modifica-
tion, specificity is generally ensured by a context-specific recognition, meaning that
the transducer interacts with the target molecule by recognizing a posttranslation-
ally modified sequence motif that is unique for that target.

The specificity and cross talk underlining the signaling mechanisms have been
illustrated by Wendell Lim and Tony Pawson, who coined the paradigm of the
“three-part toolkit” applied to tyrosine phosphorylation [4]. Kinases “write” the
modification mark, SH2 domain-containing proteins “read” it, and finally phos-
phatases “erase” it. Such a simple model, implying for each modification writer,
eraser, and reader modules, can be easily extended to most modification systems. As
might be expected, these three module toolkits are not isolated systems, and similar
modifications have different degrees of cross talk. For instance, in the case of Ser/
Thr or Tyr phosphorylation, writers and erasers display some promiscuity with a
large number of kinases and phosphatases being able to phosphorylate or dephos-
phorylate both Ser/Thr and Tyr with low selectivity. The reader modules, on the
other hand, are rather selective with SH2/PTB and 14-3-3/FHA being able to bind
only pTyr- or pSer-/Thr-containing peptides, respectively.

The balance between specificity and promiscuity in modifications toolkits
is particularly relevant in the ubiquitination process, where up to 16 different
ubiquitin-like peptides can be covalently linked to a variety of proteins to support
very diverse cellular events [5].

Ubiquitination is an ATP-dependent process that involves the action of at least
three enzymes: an ubiquitin-activating enzyme, also known as E1 enzyme, which
catalyzes the first step in the ubiquitination reaction; an ubiquitin-conjugating
enzyme, dubbed E2, which performs the second step in the ubiquitination reaction;
and the E3 ligase involved in the ligation step, consisting in the transfer of ubiquitin
from the E2 to an internal lysine residue, thus generating an isopeptide bond. If the
“three-part toolkit” paradigm is applied to the ubiquitination process, E3 ligases
(writers), deubiquitinating enzymes (erasers), and ubiquitin-binding domains
(readers), respectively, create, transmit, and cancel the ubiquitin signal. Moreover,
the mechanisms underlying the conjugation, recognition, and removal of different
Ubls have been modified by evolution into distinct systems with their associated,
not interchangeable, modification toolkits, with the consequence that each Ubl-
associated path has evolutionary gained a specific biological function.

The case of ubiquitin and neural precursor cell expressed developmentally
downregulated protein 8 (NEDDS) is particularly intriguing. NEDDS is the ubiqui-
tin’s closest relative (58% sequence identity and 80% sequence similarity) and can
be conjugated to target substrates in a process, called neddylation, which is similar
to ubiquitination, but relies on its own enzymatic kit and targets a specific and
limited set of substrates. The clear discrimination between conjugation and decon-
jugation of ubiquitin or NEDDS is the result of a few subtle differences between
these two molecules, primarily aimed at ensuring that the substrates targeted for
neddylation are not modified by the addition of ubiquitin. In this way, the ned-
dylation pathway remains insulated, only affecting defined biological processes.
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Strikingly, alongside a clear function for neddylation, the ubiquitin readers
are in general rather promiscuous and bind to either modifications, though not
necessarily with similar affinity. Moreover, neddylation modulates ubiquitination
efficiency. Indeed, NEDD8 conjugation to cullins is an essential step in the stimula-
tion of the ubiquitin ligase activity of the Cullin RING-ligase (CRL) complexes,
clearly indicating a cross talk between the two PTMs.

Here the current comprehension of the mechanisms underlining the discrimina-
tion between ubiquitin and NEDDS is recapitulated, together with the emerging
understanding of NEDD8 recognition domains.

2. The neddylation pathway

The NEDDS8 gene encodes a small protein of 81 amino acids, which is 58% identical
and 80% homologous to ubiquitin. Like ubiquitin, the maturation of the precursor
protein requires a proteolytic step that allows the exposure of the Gly;s-Glyy residues,
which are critical for the conjugation process (Figure 1A). This reaction is catalyzed
by two enzymes: ubiquitin C-terminal hydrolase isozyme 3 (UCHL3), which can
also process the ubiquitin precursor [6], and NEDD8-specific protease 1 (NEDP1),
also called deneddylase 1 (DEN1) or SUMO-1-/sentrin-/SMT3-specific peptidase
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Figure 1.

(Ag) Overview of NEDDS activation, conjugation, and deneddylation. The NEDD8 precursor is cleaved at the
carboxyl terminus to allow the exposure of the Gly75-Gly76 residues. Free mature NEDDS is adenylated by
APPBP1/UBA3 in an ATP-dependent process; the APPBP1-UBA3-bound NEDDS is transferred from AMP

to the active-site Cys with the velease of AMP; the ATP-dependent adenylation of a second free NEDD8 by the
Cys-NEDD8-loaded APPBP1-UBA3 is followed by the transfer of the activated NEDDS8 from APPBP1/UBA3 to
the catalytic Cys of the E2 enzgyme. The E2-bond NEDDS is transferred to a Lys vesidue at the carboxyl-terminal
ends of cullin proteins by RBXs RING-ligases in the context of the CRL complexes; this step requires the activity
of the DCNL proteins. Deneddylation of cullins by CSN5 subunit of COP9 complex veleases free NEDDS for
another cycle of conjugation/deconjugation. (B) Organization of the APPBP1/UBA3 heterodimer and comparison
of the domain structures of NEDD8% E1 with the E1 for ubiquitin. Direct interactions between the heterodimer
APPBP1-UBA3 and NEDDS, ATP, and the E2 enzymes are shown.
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8 (SENP8). NEDP1 shows a remarkable specificity for the NEDD8 precursor as it
cannot cleave ubiquitin nor the small ubiquitin-like modifier (SUMO) precursors [7].
Once converted into the mature form, NEDDS is activated by the NEDD8-activating
E1 enzyme, a heterodimer composed of amyloid-f precursor protein-binding protein
1 (APPBP1, also called NAE1) and the ubiquitin-activating enzyme 3 (UBA3), the
two subunits corresponding, respectively, to the N-terminal and C-terminal halves
of a typical single-chain E1 [8-10]. Again, like all the E1 enzymes, three different
domains can be identified in NAE1: an adenylation domain, a catalytic cysteine-con-
taining domain harboring the Cys residue involved in the E1-NEDDS thioester link-
age, and a domain structurally resembling ubiquitin (called ubiquitin-fold domain,
UFD) that binds the E2 [11]. The first step of the reaction requires the ATP-dependent
adenylation of the NEDD8 C-terminus, mediated by the UBA3 adenylation domain.
The Ubl is then transferred to the catalytic cysteine in UBA3 with the formation of a
thioester intermediate and the release of AMP. At this step, the Cys~NNEDD8-loaded
E1 molecule goes through a second cycle of adenylation of a free NEDDS, which is
followed by transfer of the first activated NEDD8 from the active cysteine of the E1 to
the catalytic cysteine of the E2. Being NAE1 the only E1 enzyme for NEDDS, it has
received attention as a promising target in new cancer therapeutic strategies, and
several drugs have been developed in order to inhibit its activity. Among them,
MLN4924, an analogue of adenosine 5'-monophosphate, binds to the ATP-binding
site in UBA3 and forms an irreversible MLN4924-UBA3 adduct that inhibits NAE1,
thus causing the disruption of protein turnover and cellular apoptosis by deregula-
tion of DNA synthesis [12]. MLN4924 has shown significant anticancer efficacy in
preclinical studies, and it has been advanced into several phase I clinical trials for
certain solid tumors and hematological malignancies [12].

Structural studies of the heterodimer APPBP1-UBA3 in complex with NEDD8
showed that the interface between the two partners requires three contact sites: a
hydrophobic surface in NEDD8 that contacts the adenylation domain portion of
UBA3, an electrostatic interaction between NEDD8 and a charged surface on the
E1-specific catalytic cysteine domain portion of APPBP1, and, finally, the partial
stiffening of NEDD8’s C-terminal tail that extends away from the globular domain
and sits in a channel on the surface of UBA3 (Figure 1B). As shown below, each
of these interactions participates in determining the specificity of NEDDS for its
E1 enzyme [9]. A second trans-thiolation reaction involves the transfer of NEDD8
from the active-site Cys of APPBP1-UBA3 onto the active-site Cys of the NEDDS8 E2
enzyme, which in metazoans can be UBC12 (also known as UBE2M) or UBE2F. The
E1-E2 interface involves two surfaces. The first one is shared with other E1-E2 pairs
and mediates the interaction between the catalytic core domain of the E2 and the
UBA3’s UFD [13]. The second surface, which is unique for the NEDD8’s E1-E2 pair,
consists in an amino terminus extension in the NEDD8 E2s that interacts with a
binding groove in the adenylation domain of UBA3. The combination of these two
binding sites explains why the NEDD8 pathway remains substantially isolated from
the ubiquitin enzymatic cascade despite sharing a common structural scaffold.

Once the E2 enzyme is charged, NEDD8 is conjugated to different substrates
through the catalytic activity of several E3 ligases, resulting in the formation of an iso-
peptide bond linking the terminal carboxyl group of NEDD8 with the e-NH2 group of
a lysine residue of the substrate [14-16]. Interestingly, all the NEDD8 E3 enzymes that
have been characterized so far also function as E3 ligases for ubiquitin. Among them,
the best studied are the RING domain subunits RING-box proteins 1 and 2 (RBX1 and
2), which are components of the CRL complexes. RBX ligases transfer NEDDS8 onto
the cullins, a protein family acting as molecular scaffold of CRL complexes [17-19].
Cullin neddylation increases CRL ubiquitination activity via conformational changes
that optimize ubiquitin transfer to the target proteins [20]. Considering that cullins
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can potentially assemble hundreds of CRL complexes by utilizing different substrate
receptors and switching from one receptor to another thanks to a finely tuned mecha-
nism, CRLs are responsible for targeting a myriad of cellular substrates to degrada-
tion. Differently from RBX1, which recruits both NEDD8 E2s, RBX2 shows a clear
preference for UBE2F [21]. Interestingly, biochemical and structural studies have
demonstrated that binding of E1 and E3 to NEDD8 E2 UBC12 are mutually exclusive,
so that the unidirectionality of the E1-E2-E3 conjugation cascade requires a switch
based on the different binding affinities of NEDD8 toward charged and uncharged
enzymes [13, 22-24].

RBX1 and 2 require auxiliary E3 factors to direct NEDDS8 toward the correct
lysine residue. These factors are encoded by proteins of the defective in cullin
neddylation 1 (DCN1) family [25]. Human genome encodes for five DCN1-like
proteins termed DCNL1-DCNLS5. These DCNLs have distinct N-terminal domains
but share a conserved C-terminal potentiating neddylation (PONY) domain that
directly binds to cullins. Moreover, all DCNLs interact strongly with the CRL
regulator CAND1, which promotes the release of old and the association of new
substrate adaptors to cullin~-RING core complexes [20, 26, 27]. These complexes
including CAND1/deneddylated cullin/DCNL act as “reserve” CRLs that are ready
to be rapidly activated [28]. Finally, it has been recently shown that additional
factors can be required to ensure the efficient neddylation of specific cullins. TFB3,
an essential subunit of the TFIIH complex, which mediates transcription initiation
and is also involved in nucleotide excision repair (NER) [29], is needed for efficient
neddylation of CUL3 and for neddylation and ubiquitylation of Rtt101, two yeast
cullins regulating DNA-associated processes [30].

The COP9 signalosome (CSN) complex performs cullins deneddylation. Of the
eight subunits that make up the complex, CSN5 is the one carrying the deneddylat-
ing activity. Furthermore, the CSN complex stably binds deneddylated CRLs and
sterically inhibits RBX1-mediated E2 activation [31, 32]. The experimental evi-
dences indicate that CSNS5 is kept in an auto-inhibited state within the CSN complex
and that its activation requires the interaction with neddylated CRLs [33]. It has
been also observed that, despite being the major cullin deneddylase, CSN5 does
not deconjugate hyper-neddylated cullins [33]. On the contrary, the deneddylating
enzyme NEDP1 is responsible for the processing of non-cullin substrates [34], but
it can also convert the hyper-neddylated cullin in the mononeddylated form [33].
Intriguingly, in Avabidopsis, NEDP1 has been shown to be involved in recovering
NEDDS8 moieties from autoneddylated NAE1 subunits in order to maintain the
NEDDS pathway activity, thus suggesting a more complex involvement of the
deneddylase in NEDD8 homeostasis [34, 35]. Finally, NEDDS8 peptides and fusion
proteins can be also cleaved by USP21 [36], ataxin-3 [37], the parasite hydrolase
PfUCH54 [38], UCH-L3 [6], and its orthologue in S. cerevisiae Yuhl [39], all exhibit-
ing a dual specificity for ubiquitin and NEDD8 precursors.

3. Structure of the ubiquitin-like protein NEDDS8

Similar to ubiquitin and other Ubls, the structure of NEDDS consists of a globular
core called the p-grasp fold, comprising five-stranded mixed p-sheet and an a-helix, and
aflexible C-terminal tail that projects away from the body of the globular domain and
terminates with the Gly-Gly motif (Glys-Gly) [40]. The surface distribution of charges
is asymmetric, as in the ubiquitin structure, with a predominantly acidic face and a
hydrophobic surface characterized by the Ile44-centered patch, including residues Leu8,
Ile44, His68, and Val70. The Ile44 patch, which mediates the recognition of ubiquitin by
the majority of the ubiquitin-binding domains, is perfectly conserved in NEDDS.
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Only three amino acids differ between the ubiquitin orthologs in H. sapiens
and S. cerevisiae. Similarly, a high conservation is also evident for NEDD8, with
approximately 80% identity between the human and yeast orthologs. The sequence
alignments of ubiquitin and NEDD8 from yeast to human, performed with protein
visualization (ProViz) [41], are shown in Figure 2A. Below the alignments, colored
boxes that mark identical residues, conservative substitutions, or non-conserved
positions represent the sequence conservation degree of ubiquitin and NEDD8 in
eukaryotes. In Figure 2B, residues that are divergent between the two molecules and
not necessarily conserved during evolution within each sequence are highlighted
[40]. As shown, positions 4, 12, 14, 31, 63, 64, and 72 share the common feature
of being highly conserved in ubiquitin and NEDDS8, while differing between the
two molecules. Among them, Lys63 in ubiquitin is a substrate for the conjugation
of polyubiquitin chains that are involved in several biological processes, primar-
ily “proteasome-independent,” such as inflammatory signal transduction, DNA
repair, and endocytosis [42, 43] (Figure 2B). Interestingly, unlike most of the lysine
residues, which are conserved between ubiquitin and NEDD8, Lys63 is always a Gly
in the Ubl, thus indicating that this position has acquired a completely different role
in the Ubl. On the contrary, positions 22, 25, 28, 51, and 53, despite being divergent
between the two molecules, show a certain degree of variability, to a different
extent from one position to the other. For example, position 22 is almost always a
Thr in ubiquitin, with the only exception of the Ser22 in C. intestinalis, representing
a conservative substitution. In NEDDS, a Lys occupies position 22, with the single
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(A) Amino acid sequence alignment of ubiquitin and NEDDS orthologs performed with the protein visualization
(ProViz). The vertical black line indicates the C-termini of the mature proteins. Below the alignment conserved
and non-conserved positions are shown as boxes marked with different colors. Invariant positions are shown in
light gray; positions having similar chemical properties are marked in dark gray; divergent positions are shown in
black. (B) Conservation between ubiquitin and NEDDS sequences in human. The same coloved boxes described
in (A) are here vepresented with the addition of red boxes corresponding to the Lys residues. The conservation is
shown below. Invariant positions are shown in light gray; positions having similar chemical properties in dark
gray; conserved/divergent positions in yellow, while divergent positions are shown in black. The amino acids
occupying the positions that ave described in the text are indicated (aa in ubiquitin and aa in NEDDS). Residues
included in the hydrophobic patch are in shown in green boxes.
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exception of S. cerevisiae that has an Arg at that position. The negatively charged Glu
in NEDDS invariably occupies position 28, while in ubiquitin the small nonpolar Ala
and Ser or Gln, which are both polar but uncharged, occupy this position. Position
51 is always a Glu in ubiquitin, a negatively charged residue; conversely, in NEDD8
there is almost always an Asn, which is a polar residue, or alternatively an Ala or a
Val, which are both nonpolar aliphatic amino acids, suggesting that these positions
allow a greater variability compared to the same position in ubiquitin. Finally, posi-
tion 52 is always a Gly in ubiquitin, a residue that acts as a flexibility source, while a
negatively charged residue (Glu or Asp) occupies this position in NEDDS.

The surface distribution of these residues on ubiquitin and NEDDS is shown
in Figure 3, together with the hydrophobic patch (shown in green). As previously
observed, when mapped on the ubiquitin and NEDDB8 surfaces, the conserved/diver-
gent residues are organized in clusters along each side of the molecule [40]. In one
cluster, positions 22, 25, 28, and 31 form a line that is characterized by positive (Arg,
Lys) and negative (Glu, Glu) charges in NEDDS. In ubiquitin, this region is mainly
uncharged, with three polar residues (Thr, Asn, Gln) and the nonpolar aliphatic Ala.

Positions 51 and 53 appear to be in continuity with the residue in position 22 and
arranged like the short arm of an “L,” with the cluster constituting the longer arm.
This “short arm” is charged/polar in NEDD8 (Glu, Asn) and nonpolar/charged in
ubiquitin (Gly, Glu).

The second cluster is positioned at the opposite side of the Ubl like a stripe of
aligned residues and includes positions 4, 12, 14, 63, and 64. The chemical nature
of this pattern, looking from the top down in Figure 3, is nonpolar (Gly, Gly) and
charged (Lys, Glu, Glu) in NEDD8 and charged (Lys, Glu), aromatic (Phe), and
polar (Thr, Thr) in ubiquitin. Therefore, with the exception of Arg72 which is sur-
rounded by residues that are identical between ubiquitin and NEDDS, the remaining
divergent positions are structurally assembled in patterns characterizing different
surface regions on NEDDS8 and ubiquitin and having chemical features that are dis-
tinctive for each molecule. The features of these two groups of residues clearly sug-
gest that they could mediate interactions with different NEDD8-specific partners.
Accordingly, together with Ala72, most of these positions have been demonstrated
to be involved in the discrimination between ubiquitin and NEDD8 by enzymes that
are involved in the conjugation and deconjugation reactions, as described below.

Figure 3.
Ribbon representation of NEDDS8 (upper panels) and ubiquitin (lower panels). The conserved/divergent surfaces
and the main amino acid differences are shown.
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4. Molecular mechanisms underlining the discrimination between
ubiquitin and NEDD8 by neddylating and deneddylating enzymes

The current knowledge regarding the mechanisms allowing the discrimina-
tion between ubiquitin and NEDD8 by neddylating and deneddylating enzymes is
summarized in Figure 2B. The first key difference concerns position 72, which is
the unique divergent residue in ubiquitin and NEDD8 C-terminal tails. As previ-
ously described, an Ala in NEDDS8 and an Arg in ubiquitin occupy this position.
Comparison of the crystal structures of NEDD8 alone [40] and within the com-
plex with NEDP1 [44] or the El-activating enzyme [45] reveals that, unlike both
enzymes, NEDD8 does not undergo large conformational changes upon binding.
The main exception is given by significant conformational changes observed in the
NEDDS C-terminal tail. Particularly, in the complex of NEDD8 with UBA3, the last
three residues in the flexible tail, which are disordered in free NEDDS, adopt an
extended more rigid conformation as it docks into the binding pocket in UBA3. This
rearrangement allows the direct interaction of Leu71 and Ala72 with UBA3’ residues
Leu206 and Tyr207 in the so-called crossover loop, which is essential for the binding
preference shown by UBA3 toward NEDD8 [40, 45]. Since all the remaining residues
in NEDDS that contact UBA3 are conserved in ubiquitin, the discrimination between
NEDDS and ubiquitin, at the level of the first step in the neddylation process, is
entirely dependent on a single amino acid difference that is sufficient to ensure that
ubiquitin is not mistaken for NEDDS. Accordingly, the substitution Ala72Arg can
disrupt the specificity of the NEDD8 El-activating enzyme [45]. On the other hand,
it has been ascertained that NEDDS is qualitatively competent in the interaction with
the E1 ubiquitin enzyme. Indeed, the presence of an alanine in position 72 does not
cause any repulsion with the binding groove on the E1 enzyme, but the kinetic of the
reaction is significantly slower, thus making the NEDD8 thioesterification reaction
by the ubiquitin E1 enzyme a kinetically disadvantaged process [40, 46, 47]. This
intrinsic difference between process that is clearly prevented and another that is only
disadvantaged indicates that NEDD8 performs functions that are strictly specific
and not interchangeable. On the other hand, there are biological conditions in which,
to a certain extent, NEDD8 can perform the functions typically absolved with ubig-
uitin. For example, under diverse stress conditions, the ubiquitin E1 enzyme UBE1
can activate NEDD8 [48]. This would suggest that the differences between the two
molecules must be sufficient to guarantee their engagement in diverse functional
contexts. At the same time, a high degree of similarity ensures a very tight cross talk
when specific biological conditions take over.

Once transferred to the E2 enzymes UBC12 or UBE2F, the E3-ligase activity of
RBX1/2 promotes cullin neddylation that switches the target preference and acti-
vates substrate polyubiquitination. A recent report described the crystal structure
representing the RBX1-UBC12~NEDD8-CUL1-DCNI intermediate and showed the
mechanism of NEDDS ligation to CUL1 by Rbx1 [49]. This study demonstrated that
NEDDS directs the juxtaposition of the UBC12~NEDDS active site and the CUL1
acceptor site. This specificity is due to the side chain differences in positions 31 and
32, respectively, Glu-Glu in NEDD8, and Gln-Asp in ubiquitin [49]. As expected, at
least one of these residues—specifically Glu31 in NEDD8 and GIn31 in ubiquitin—is
divergent between ubiquitin and the Ubl. Both residues contact RBX1’s Trp35, which
is a key position in the NEDD8-binding site. Accordingly, mutation of Trp35 to Ala
or to the aromatic residues Tyr and Phe only slightly decreases NEDD8 ligation to
a cullin, whereas the Trp35Asp substitution abrogates the interaction with NEDD8
due to the repulsion with NEDD8’s Glu31 and 32 [49]. On the other hand, the subtle
differences in the side chain length between Glu and Asp in position 32 may be a
determinant in the recognition by RBX1. Indeed, while the aliphatic portion of
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NEDDS8’s Glu32 makes hydrophobic contacts with RBX1’s Trp35, the latter would
repel the ubiquitin’s shorter Asp32. Notably, the swapping of residues 31 and 32 in
ubiquitin with the corresponding amino acids in NEDDS is sufficient to promote
the ubiquitination of the C-terminal end of CUL1 by the E2 enzyme UBCHS, thus
highlighting the crucial role of this pair in the discrimination between NEDD8 and
ubiquitin by the CRL component RBX1.

CRL complexes recruit the E2 enzymes UBCHS and CDC34, together with
specific adaptor components, to the ubiquitin-conjugation machinery, and they
carry out the substrate ubiquitination [50]. Given its dual capability to conjugate
both NEDD8 and ubiquitin, depending on the specific E2 enzyme that is recruited
(UBC12, UBE2F, UBCHS5, and CDC34), Rbx1/2 constitutes a clear example of a
multifunctional RING-ligase. This dual property is shared with other E3 ligases
such as Mdm?2, c-Cbl, IAPs, and RNF111, indicating that ubiquitination and ned-
dylation of substrates are two closely connected processes.

As previously discussed, a dual specificity is also common among NEDD8
proteases, with few enzymes showing a clear selectivity for NEDD8 (CSN and
NEDP1) and the majority catalyzing the C-terminal cleavage of both molecules
(such as USP21, PfUCH54, Ataxin-3, UCH- L1, and UCH-L3 [51]). To date, no activ-
ity against neddylated cullins has yet been reported for the hydrolases of the second
group [52]. Moreover, in addition to its role in cullin deneddylation, NEDP1 appears
to control the deneddylation of many non-cullin proteins such as p53, Mdm2,
Tap73, BCA3, and E2F1 [51, 53-56].

The NEDD8/NEDP1 structure has been solved by several groups [44, 55, 57]. In
these complexes, Ala72 is oriented away from the NEDP1 surface [44, 55] with the
majority of the contacts with NEDP1 involving the main chain of the C-terminal
tail (Ala72-Gly76) and two amino acid stretches in the NEDP1 enzyme, including
residues Trp26-Asp29 and Ala99-Thr101. Like in the case of UBA3 that has been
previously described, NEDP1 undergoes a dramatic conformational change upon
NEDDS8 binding [55]. Conversely, the structure of NEDDS is a little changed from the
native protein [40]. Mutational studies have shown that two key residues, Ala72 and
Asn51 (respectively, Arg and Glu in ubiquitin), determine the clear preference of this
protease for NEDDS. Interestingly, while the A72R mutant is cleaved more slowly by
NEDP1 than the wild-type NEDDS, cleavage is similarly abrogated in the presence of
the single-mutation N51E or the double mutant N51E, A72R. Moreover, the mutation
R72A in ubiquitin is not sufficient to redirect NEDP1 specificity, while the single-
substitution E51N promotes recognition and cleavage of the mutant by NEDP1.
Accordingly, the higher catalytic activity of NEDP1 is observed in the presence of the
double mutant E51N, R72A. Therefore, at least in this case, the conserved/divergent
position 51 seems to be the primary discrimination site for the recognition by NEDP1.

Additional information can be obtained from the work of Yung-Cheng Shin and
collaborators. By using a biochemical approach, the authors demonstrated that the
discrimination between ubiquitin and NEDD8 by the Ub-specific peptidase USP2
depends on the recognition of the conserved/divergent pattern including residues
Phe4, Thr12, and Thr14 together with the C-terminal Arg72. Based on their model,
USP2 firstly binds the N-terminus of ubiquitin allowing a stable interaction, which is
followed by the recognition of the C-terminus of ubiquitin that ensures the substrate
specificity. The relevance of both binding sites in the discrimination process is dem-
onstrated by the observation that the NEDD8 Thr12/Thr14/Arg72 and the NEDD8
Phe4/Thr12/Thr14/Arg72 mutants are both accessible for hydrolysis by USP2, while
the ubiquitin Lys4/Glu12/Glul4/Ala72 mutant completely prevents it [58].

Concluding, available data move toward demonstrating that divergences in the
NEDDS sequence, which have been fixed during the evolution of the Ubl, primarily
concern the acquisition of binding sites that mediate the recognition by enzymes that
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selectively recognize NEDD8. These binding properties are not at all associated with loss
of ubiquitin recognition but rather with the acquisition of a potential dual-recognition
mode, which could be possibly modulated by the specific asset of binding partners.

5. Old and new NEDDS substrates

In recent years, it has become increasingly evident that CRLs are the main
targets of neddylation, but not the only ones (Tables 1 and 2). Indeed, nowadays
a broad range of proteins besides cullins are known to be modified by NEDDS,
and several non-RBX-family NEDD8 E3 ligases have been characterized, includ-
ing Mdm2/HDM2, HUWE1, RNF111, c-Cbl, IAP1, and Parkin [59-68]. How
neddylation controls protein function is still not fully understood, as well as
how these dual specificity ligases distinguish signals promoting neddylation or
ubiquitination of the same substrate. Nevertheless, the evidence that many of the
reported non-cullin targets include key cell cycle regulators, tumor suppressors,
signaling receptors, components of the apoptotic machinery, ribosomal proteins,
and histones highlights the potential role for NEDD8 in controlling diverse
cancer-related processes and the urgency of reaching a deeper understanding
of these regulative mechanisms. Moreover, the auto-neddylation of several
ubiquitin E3 ligases have revealed a more complex level of regulation of these
enzymes, demonstrating that our knowledge about the spectrum of processes
that are cooperatively regulated by ubiquitin and Ubls is still largely incomplete.
A detailed description of the novel NEDDS targets has been already carried out
by others [23, 30, 69, 70]. Here, we recapitulate the current knowledge regard-
ing the effects of E3-ligase neddylation and the involvement of NEDDS in the
cellular stress response.

5.1 General overview

Similar to other posttranslational modifications, neddylation causes the structural
modification of target proteins, thus affecting the enzymatic activity, the interac-
tion with binding partners, and/or the subcellular localization. In addition to the
well-known role in the activity of CRL complexes, NEDD8 has been shown to be
also involved in the regulation of several transcription factors, by modulating their
intracellular distribution and/or transcriptional activity. By comparing the effects that
are associated to the conjugation of NEDDB8 to non-cullin targets, the most frequent
consequence of neddylation is a switch in protein stability, with neddylated targets
usually being stabilized by the conjugation of the Ubl. For example, neddylation of
p53 prevents the nuclear translocation and inhibits p53 transcriptional activity [59].
This effect is also common to TAp/73p, BCA3, the ribosomal proteins L11 and L14,
HBx, HuR, TGFRII, and Pink1 55 kDa fragment. Conversely, ITCH neddylates its
substrate JunB and promotes its ubiquitin-dependent degradation, thus attenuat-
ing its transcriptional activity [71]. Differently from cullins that are neddylated on
a single conserved lysine residue, all these novel substrates have been shown to be
ubiquitinated as well as neddylated at multiple residues, which are in most cases over-
lapping. The only known exception is given by BRAP2 in which the neddylation site
Lys432 is within an amino acid sequence that resembles the consensus neddylation
sequence conserved in all cullin family proteins [72]. Consequently, while ubiquitina-
tion of these residues promotes the proteasomal degradation of target proteins, the
addition of NEDDS8 moieties to the same residues prevents substrate degradation.

In line with this effect, the insulation of the substrate from the degradative pathway
is frequently associated with the relocalization in a compartment in which the
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E3-ligase E3-ligasefunction Target Substrate function Effect of neddylation Ref.
MDM2  E3ubiquitin ligase MDM2 Neddylation promotes [51, 59]
localized in the MDM2 protein
nucleus. Targets stabilization and is
tumor suppressor reverted by NEDP1
proteins for activity. Cysteine C462,
proteasomal which is required for the
degradation E3 ubiquitin ligase activity
of Mdm?, is also required
for Mdm?2-dependent
neddylation.
p53 Short-lived tumor Neddylation of p53 [59, 153,
suppressor protein inhibits its transcriptional ~ 154]
having transcriptional activity and causes nuclear
activity that respondsto  localization
diverse cellular stresses
TAp73p Member of the p53 family Neddylation of TAp73 [53]
involved in cellular promotes cytoplasmic
responses to stress and localization and inhibits its
development transcriptional activity
VHL Component of the Neddylation of VHL [74, 75]
E3-ligase complex promotes binding to
including elongin B, fibronectin and prevents
elongin C, and cullin-2.  the incorporation of VHL
Itis involved in the within a CRL2 complex
ubiquitination and
degradation of HIF1a
L11 Ribosomal protein Neddylation protects [115, 155,
component of the 60S L11 from degradationby  156]
subunit. It is located in ensuring its nucleolar
the cytoplasm localization. Neddylation
is reverted by NEDP1
activity
L14 Ribosomal protein Neddylated RPL14 [115, 155]
component of the 60S localizes in the nucleolus.
subunit. It is located in Neddylation is reverted by
the cytoplasm NEDP1
MDMX Structural homolog of [84]
MDM2 lacking ligase
activity. In complex
with MDM2 binds
the transcriptional
activation domain of
p53 and inhibits its
activity. It inhibits MDM2
degradation
HDM2 Human homolog ~ HBx Transcriptional activator ~ Neddylation enhances [60]
of MDM2 that modulates the HBx stability by inhibiting
expressionof HBVand  its ubiquitination and
inflammatory genes promotes chromatin
localization. Neddylation
of HBx is reverted by
NEDP1 activity
HuR RNA-binding protein Neddylation promotes [61]

that selectively binds
AU-rich elements (ARE)
and stabilizes ARE-
containing mRNAs.

HuR nuclear localization
and protection

from degradation.
Deneddylation by NEDP1
reduces the nuclear
localization of HuR
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E3-ligase E3-ligasefunction Target Substrate function Effect of neddylation Ref.
FBXO11  Subunit of the p53 Neddylation of p53 [86]
ubiquitin-protein inhibits its transcriptional
ligase SKP1-cullin- activity
F-box (SCF)
c-Cbl RING finger EGFR Transmembrane NEDDS conjugation [64]
E3 ligase acting glycoprotein with kinase ~ enhances ligand-induced
as negative activity that binds to ubiquitination of the EGF
regulator of signal epidermal growth factor. receptor and clathrin-
transduction. It Binding of the protein mediated endocytosis for
interacts with to aligand induces lysosomal degradation.
Y-phosphorylated receptor dimerization
substrates and and tyrosine
targets them autophosphorylation and
for proteasome leads to cell proliferation
degradation TGFpRII Kinase that forms a Neddylation protects [118]
heterodimeric complex  the receptor from
with TGFPRI. Once ubiquitination by
activated by TGF-B, the ~ promoting the clathrin-
complex phosphorylates  mediated endocytosis of
target proteins, which TBRII into EEAl-positive
enter the nucleus and early endosomes.
regulate the transcription Neddylation is reverted by
of several genes NEDP1
RBX1/2  RING finger CRL1, CRL2, Cullins are scaffold Neddylation enhances [11,21]
(alias protein playinga ~ CRL3, CRL4, proteins of CRL the activity of CRLs and
RNF7) key role in CRL CRL5 complexes that control subsequent ubiquitination
complexes the stability of proteins ~ and degradation of the
with diverse functions regulated substrates
XIAP RING-ligase is a XIAP [65,157]
(alias negative regu lator Caspase-7 Cysteine-aspartic acid Neddylation suppresses [65,157]
1AP3) of apoptosis . .. .
protease acting in the caspase activity, while
pathway execution phase of deneddylation is required
cell apoptosis. Casp7 is to execute apoptosis
activated upon cell death
stimuli
DIAP DIAPisthe DIAP Auto-neddylation of DIAP  [65]
Drosophila does not seem to affect its
homolog of hIAP1 E3-ligase activity
Drice It is involved in the Neddylation inhibits [65]
activation cascade of its proteolytic activity.
caspases in Drosophila The inhibitory effect is
melanogaster reverted by NEDP1
CRL2 E3 ubiquitin- HIFla HIF-1 functions as a The effect of neddylation  [79]
protein ligase master regulator of on HIF-1 stability is
consisting of cellular and systemic contradictory. It has
elongin C, homeostatic response  been suggested that the
elongin B, RBX1, to hypoxia by activating neddylation process

cullin 2, and an
E2 ubiquitin-
conjugating
enzyme

transcription of many
genes, including

those involved in
energy metabolism,
angiogenesis, apoptosis,
and other genes whose
protein products
increase oxygen
delivery or facilitate
metabolic adaptation to
hypoxia

is required for the
ubiquitination and
subsequent degradation
of HIF-1
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E3-ligase E3-ligasefunction Target Substrate function Effect of neddylation Ref.
SMURF1 E3 ligase that SMURF1 The auto-neddylation [66]
is specific for of SMURF1 stimulates
receptor-regulated the activation of its
SMAD proteins ubiquitin E3 ligase and the
in the bone degradation of substrates.
morphogenetic Neddylation of SMURF1
protein (BMP) is reverted by NEDP1
pathway activity
RSP5 Homolog of RSP5 Neddylation of Rsp5 is [66]
SMURF1inS. important for the Rsp5-
cerevisiae mediated ubiquitylation
of Vps9
RNF111  Nuclear RINGE3  HistoneH4  Basic nuclear protein that DNA damage causes [63]
ligase promoting is a component of the an increase in RNF111-
the ubiquitination nucleosome structure mediated H4 neddylation
and proteosomal and the recognition of
degradation of the NEDDS chains by
inhibitor SMADs RNF168, which is required
in the TGFp/ for the subsequent
NODAL signaling recruitment of the latter to
pathway the sites of DNA damage
RNF168  RING finger E3 Histone H2A  Basic nuclear protein that DNA damage causes [63, 145]
ligase involved is a component of the adecrease in H2A-
in DNA double- nucleosome structure neddylation that allows
strand break its ubiquitination and the
(DSB) repair redistribution of RNF168
from H2A to H4
TRIM40 Member of the IKKy IKKy (alias NEMO) is TRIM40-mediated [143]
tripartite motif the regulatory subunitof —neddylation of
(TRIM) protein the inhibitor of kappaB IKKy inhibits the
family that plays a kinase (IKK) complex, transcriptional activity of
role as a negative which activates NFkB NFkB. Neddylation has
regulator against resulting in activation been proposed to oppose
inflammation and of genes involved in the activation of IKKy
carcinogenesis inflammation, immunity, mediated by conjugation
cell survival, and other of K63-linked and linear
pathways polyubiquitin chains
FANCA  Member of CXCRS5 Cytokine receptor Neddylation of CXCR5 [158]
the FANC that is expressed in receptor promotes
complementation mature B cellsand membrane localization
group, a nuclear Burkitt’s lymphoma. and is required for cell
protein complex Binds to B-lymphocyte motility and migration
required for the chemoattractant and of B lymphocytes to
monoubiquination is involved in B-cell the germinal centers in
and relocalization migration response to its ligand,
of FANCD2 to CXCL13
nuclear foci in
response to DNA
damage
Table 1.

Neddylated substrates and E3 ligases responsible for the modification.

proteasomal degradation is precluded. NEDD8-conjugated proteins predominately
reside in the nucleus, thus supporting the idea that nuclear compartmentalization

is a feature frequently associated with the neddylation process. Examples are the
Mdm?2-mediated neddylation of p53, which causes its nuclear localization [59], while
P53 degradation is mainly cytoplasmic. Neddylation of the ribosomal proteins L11
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E2F-1 Transcription factors playing a crucial Neddylation negatively regulates [54,
role in the control of cell cycle and E2F-1 activity. The effect is 78]
tumor suppressor proteins. E2F binds reverted by the action of the
to retinoblastoma protein pRB in a cell NEDP1 enzyme or upon DNA
cycle-dependent manner. It can mediate both damage. Neddylation sites are also
cell proliferation and p53-dependent/p53- targets of methylation
independent apoptosis

BRAP2 Cytoplasmic RING E3 ligase which may Unknown [72]
regulate nuclear targeting by retaining
proteins with a nuclear localization signal
in the cytoplasm. It binds to the nuclear
localization signal of BRCA1 and other
proteins

AICD Fragment produced by y-secretases; it binds Neddylation of AICD inhibits its [159]
to the transcriptional coactivator Fe65 and interaction with FE65 and Tip60
forms a complex in conjunction with Tip60 transcriptional co-regulator,
to activate the transcription of a target genes thus resulting in the impairment

of AICD-Fe65-Tip60 complex
formation

Parkin Component of a multiprotein E3 ubiquitin Neddylation promotes ubiquitin [67,
ligase complex that mediates the targeting E3-ligase activity toward 68]
of substrate proteins for proteasomal synphilin-1and increases Parkin
degradation auto-ubiquitination

Pink1 Serine/threonine protein kinase that localizes PINK1 neddylation increases the [67]
to mitochondria. It is thought to protect stability of the PINK1 55 kDa
cells from stress-induced mitochondrial fragment, a processed form
dysfunction of PINK1 that is found in the

cytoplasm and forms a complex
with Parkin

BCA3 Nuclear protein that interacts with protein BCA3 neddylation suppresses [56]

(alias kinase A catalytic subunit and regulates NF«B transcription via its

AKIP1) the effect of the cAMP-dependent protein ability to associate with nuclear
kinase signaling pathway on the NF-kappa-B p65. Moreover, neddylated
activation cascade BCA3 associates with cyclin D1

promoter
Table 2.

Neddylated substrates for which the E3 ligase is unknown.

and L14 ensures their localization in the nucleolar compartment, protecting L11 from
degradation occurring in the nucleus. Relocalization following neddylation is also
observed for TAp73p that, unlike p53, accumulates in the cytoplasm [53]. Moreover,
the RNA-binding protein HuR relocalizes in the nucleus following Mdm2-mediated
neddylation, and it is protected from degradation. Pink1 55 kDa fragment is stabilized
following neddylation and relocalizes from mitochondria to the cytoplasm, where it
forms a complex with Parkin [67]. If NEDD8 conjugation promotes the relocalization
of the target protein, thus it is plausible to assume that the differential intracellular
distribution would be dependent on the recognition of the NEDD8 modification

by shuttling proteins (spatial sequestration). Interestingly, the majority of the
transcription factors that are neddylated by the same E3 ligases responsible for their
ubiquitination show reduced transcriptional activity and intracellular relocalization.
A molecular switch affecting the enzymatic activity (conformational inactivation)
could explain this effect. However, neddylation may also control the differential
incorporation in complexes that, similarly to the case of shuttling proteins, drive

the transcriptional activity mediated by the neddylated targets toward different
promoters (selective recruitment), thus inhibiting the main downstream effects and
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promoting alternative pathways that must be activated in specific cellular conditions.
The observation that transcription factors such as p53 are also involved in cytoplasmic
processes like endocytic degradative pathways of membrane receptors and actin
remodeling [73] supports the notion that differential posttranslational modifications
could be key events underlying triggering of alternative pathways. As an example, the
Hdm?2-mediated neddylation of hepatitis B virus X protein (HBx), a transcriptional
activator that modulates the expression of hepatitis B virus (HBV) genes and inflam-
matory genes, enhances HBx stability and promotes chromatin localization, which in
turn favors HBx-dependent transcriptional regulation, cell proliferation, and HBV-
driven tumor growth [60].

Another example of switch mediated by target neddylation is given by the Von
Hippel-Lindau (VHL) tumor suppressor [59, 74]. VHL is a component of the VHL tumor
suppressor-containing E3 ubiquitin ligase complex (ECV), a class of CRL2 complexes
that controls the stability of the transcription factor hypoxia-inducible factor 1-alpha
(HIF1a) upon hypoxic conditions [75]. The function of VHL is to recruit the substrate
HIF1a by directly interacting with the a-subunits of the transcription factor, thus
promoting its degradation by the CRL2 complex. Interestingly, VHL can also interact
with fibronectin and promote extracellular matrix assembly [76]. The switch between
these two functions (negative regulator of HIF1a and positive regulator of fibronectin)
is regulated by the neddylation of VHL. Indeed, NEDD8 conjugation precludes ECV
complex formation by steric hindrance, causing the exclusion of CUL2 from the complex
and the stabilization of HIFla. At the same time, neddylation of VHL confers the ability
to interact with fibronectin and to promote extracellular matrix assembly [75].

Neddylation of several membrane receptors has been recently described. The
EGFR and TGFpRII have been shown to be neddylated by c-Cbl, a RING E3 ligase
containing an N-terminal phosphotyrosine-binding domain, which allows it to
interact with numerous tyrosine-phosphorylated substrates, targeting them for
proteasomal degradation. Following NEDD8 modification, two opposite effects
have been described: while EGFR degradation is promoted following ligand stimu-
lation, neddylation of TGFpBRII reduces the receptor degradation rate by shifting
the receptor internalization from caveolae to clathrin-coated pits. In both cases,
neddylation of these receptors results in the inhibition of proliferation and cell
cycle arrest. Therefore, despite promoting different outcomes, the resulting effects
of neddylation converge toward the same signaling output. Shc, an adaptor that
transduces signals from several receptor tyrosine kinases and cytokine receptors,
has been recently identified as a NEDD8 target. Neddylation of Shc promotes
downstream signaling by favoring the formation of a ZAP70-Shc-Grb2 complex
that is required for downstream Erk activation [77].

It must be pointed out that several reports analyzed the neddylation of substrates
using an experimental approach that is based on the transient overexpression of
tagged NEDDS, which is known to cause nonphysiological effects due to “atypical”
neddylation of substrates [47]. This is particularly relevant in those papers in which
the E3 ligase responsible for target neddylation has not been identified [78-80].
Nevertheless, the parallel use of complementary approaches, such as knockdown or
inhibition of APP-BP1 activity, the use of a dominant-negative mutant of Ubc12, and
NEDP1-mediated deneddylation, supports the main statement and encourages in the
direction of deepening the unexpected functions of neddylation and how ubiquitin
and Ubl conjugations are combined in modulating biological processes.

5.2 The Mdm?2/p53 pathway

In unstressed conditions, Mdm2/Hdm?2, which heterodimerize with MdmX,
mainly controls the levels of the transcription factor p53. Mono-ubiquitination of
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p53, promoted by Mdm2 low levels, is sufficient for nuclear export, whereas high
levels of Mdm?2 activity induce p53’s polyubiquitination and proteasome-dependent
degradation [81]. Several evidences suggest that neddylation, promoted by Mdm?2,
regulates p53 signaling at different levels. Under DNA damage conditions, the
phosphorylation of Mdm2 and MdmX by c-Abl promotes the association of the
heterodimer, with Mdm?2 acting as a ubiquitinating enzyme that destabilizes MdmX
resulting in p53 stabilization [82-84]. On the contrary, in growing conditions under
c-Src activity, Mdm?2 acts as neddylating enzyme that neddylates p53, Mdm? itself,
and MdmX [84, 85]. Neddylation of p53 prevents the nuclear translocation and
inhibits p53 transcriptional activity; in contrast the neddylation-resistant mutants
retain the transcriptional activity [59].

Interestingly, also the F-box protein FBX011, a component of the CRL1 complex,
promotes p53 neddylation by inhibiting p53 transactivation function. Nevertheless,
differently from Mdm?2, it does not ubiquitinate p53 nor affect its stability [86].
Deneddylation of p53 is promoted by two different mechanisms: the activity of
NEDP1 [51] and the interaction of p53 with NUB1, a NEDD8-interacting protein
that acts as negative regulator of NEDD8 and neddylated proteins [87]. NUB1
associates with neddylated p53, decreases p53 neddylation, and stimulates p53
mono-ubiquitination, resulting in p53 nuclear export. Recently, it has been found
that NUBL is a target of Mdm2-mediated ubiquitination. Instead of representing a
degradative signal, Mdm?2 conjugates a di-ubiquitin signal on NUB1 that is thought
to be necessary for exposing the NEDD8-binding site following the intramolecular
recognition between the UBA domain of NUB1 and the di-ubiquitin signal [87].

5.3 Dual E3 enzymes: insights into the regulation of HECT and RBR ligases

Based on their structural organization and conjugation mechanism, E3 enzymes
are commonly grouped into three classes. Really interesting new gene (RING) E3s
act as allosteric activators of E2 that promotes the transfer of ubiquitin from the
E2 to the target protein. Homologous to E6AP C-terminus (HECT)- and RING-
between-RING (RBR)-type ligases, although being structurally distinct, require an
intermediate step where the ubiquitin is first transferred from the E2 to an active-site
cysteine residue on the E3 ligase to be then conjugated to the target protein [88, 89].
The NEDD4 subfamily is the best-characterized family of the HECT E3s. It contains
an N-terminal C2 domain that binds Ca2+ and phospholipids followed by two up
to four WW domains, responsible for the substrate recognition [90, 91]. Auxiliary
or inhibitory factors, respectively, facilitate or interfere with the substrate recruit-
ment [91-93]. A distinct level of regulation instead affects the HECT domain and
depends on intramolecular interactions between the HECT and the C2 domains
that keep the E3 ligase in an auto-inhibited conformation. Typically, signals that
trigger the addition of phosphorylations along the amino acid chains promote relief
of the inhibited state and substrate recruitment [94]. In the only case of SMURF1,
homo-dimerization inhibits the catalytic domain by promoting its association with
the C2 domain of the partner in the dimer; the relief is achieved by the interaction
with adaptor proteins including CKIP, CDH1, or CCM2 [95-97]. Among the PTMs
that are known to regulate HECT E3 ligases, auto-ubiquitination, together with the
reverse reaction promoted by deubiquitinating enzymes, defines the rate of HECT
downregulation mediated by the proteasomal degradation [98]. Interestingly, a
non-covalent interaction of the HECT domain with ubiquitin has also been reported,
at least for Rsp5 and NEDD4 [99, 100]. The ubiquitin-binding site, called “exosite,” is
located in the N-terminal lobe of the HECT domain of these E3 ligases and contacts
the hydrophobic patch residues of ubiquitin. Disruption of the interaction, obtained
by mutagenesis of the HECT-/ubiquitin-binding interface, resulted in defects in the
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substrate polyubiquitination, leading to the interpretation that the N-lobe ubiquitin-
binding site promotes the elongation of the ubiquitin chain by orienting the distal
end of the ubiquitin chain in the optimal position for the next conjugation event.

In addition to ubiquitination, also neddylation regulates E3-ligase activity. Indeed,
it has been shown that several E3 ligases have neddylating activity and are regulated by
auto-neddylation. Typically, neddylation promotes both the activity toward substrates
and the increase in auto-ubiquitination, leading to ubiquitination and subsequent
degradation of the ligase. The first ubiquitin E3 ligases identified as subjected to such
regulative mechanism were Mdm2, Parkin, and XIAP, all belonging to the RING-ligase
family. Auto-neddylation has been then demonstrated to regulate also SMURF2,
SMURF1, and its homolog in S. cerevisiae RSP5 [66, 101]. Even though the details of the
activation mechanism have not been yet clarified, it is interesting to observe the active
site responsible for SMURF1 auto-neddylation maps in the HECT N-lobe (Cys426),
thus being different from the ubiquitination catalytic cysteine typically located in
the C-lobe (Cys716). This spatial separation underlies the potential autonomy of the
NEDDS8-regulated mechanism. Conversely, the homolog RSP5 uses the same catalytic
site Cys777 both for neddylation and ubiquitination [66]. A similar mechanism could
also involve other members of the HECT family, such as ITCH, NEDL1, and NEDL2,
but not in NEDD4.1 and NEDD4.2 [66]. Moreover, in addition to promoting its auto-
neddylation, ITCH neddylates its substrate JunB and attenuates its transcriptional
activity by promoting JunB ubiquitination-dependent degradation. This catalytic
mechanism requires the same Cys residue (Cys830) that is involved in the ubiquiti-
nation reaction [71]. Whether the remaining HECT-type ubiquitin ligases can also
catalyze the neddylation of protein substrate remains to be experimentally verified.

Interestingly, together with the capability to conjugate NEDD8, a Ubl non-
covalent-binding site has been identified in SMURF2, and it has been shown to be
conserved also in SMURF1 [102] (see below). The evidence that, following muta-
tions that disrupt the non-covalent interaction with NEDD8, SMURF neddylation
is reduced and the E3-ligase stabilized due to reduced self-ubiquitylation highlights
the importance of this interaction in regulating SMURF enzymatic activity.
Accordingly, NEDDS8 binding to SMURF plays important roles in the regulation
of cell migration and in the BMP and TGFp signaling pathways, both biological
processes in which SMURFs are known to play a key role [102].

5.4 Neddylation in the nucleolar stress response

In eukaryotes, ribosomes are preassembled in pre-ribosomal particlesin a
subnuclear compartment called nucleolus and then transferred to the cytoplasm
where the assembly of the two subunits takes place. The limiting factor of ribosome
assembly is the rate of rRNA transcription in the nucleus; therefore the forma-
tion and accumulation of unusable components are minimized through the rapid
ubiquitination and proteasome-dependent degradation of free ribosomal proteins
[103]. Since ribosome biogenesis is a complex and highly resource-consuming pro-
cess, several control mechanisms are in charge of monitoring any insult that causes
activation of stress signaling, thus leading to rapid repression of protein synthesis
and ribosome biogenesis in response to stress, as well as rapid derepression in
response to improved conditions. The nucleolus, long known primarily for its role
in ribosome biosynthesis, has assumed a function in recent years as a sensor for
those cellular stresses that lead to the impairment of ribosome biogenesis homeosta-
sis. This function has led to the coining of the term “nucleolar stress” or “ribosomal
stress,” highlighting that perturbations in ribosome biogenesis are accompanied
by morphological changes, functional defects, and eventually disruption of
nucleolus. The nucleolus is in continuity with the surrounding nucleoplasm, so that
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any soluble molecule is potentially free to traffic between the nucleolus and the
nucleoplasm. Accordingly, several proteins enriched in the nucleolus are frequently
shuttled between the nucleolus and the nucleoplasm. Among them, nucleophosmin
(NPM1), an abundant nucleolar protein, is massively moved to the nucleoplasm and
cytoplasm following various cellular insults, so that its redistribution upon stress
has been set as indicator of nucleolar stress [104].

Nucleolar stress is induced by various stressors such as heat shock, chemothera-
peutic agents, UV, starvation, etc., resulting in the activation of both p53-dependent
and p53-independent signaling pathways and cell cycle arrest. The p53-dependent
response relies on the disruption of the interaction between p53 and Mdm2/Hdm?,
which results in p53 stabilization and activation. For example, NPM1 undergoes
S-glutathionylation upon nucleolar oxidative stress, translocates to the nucleoplasm,
and disrupts the p53-Hdm?2 interaction [105]. Interestingly, over the last years,
several studies have shown that most of the p53-dependent but also p53-independent
stress responses are dependent on the activity of free ribosomal proteins (RPs) that
have been shown to perform multiple extra-ribosomal functions, including regula-
tion of apoptosis, cell cycle arrest, cell proliferation, and DNA damage repair [106,
107]. In response to nucleolar stress, the RPs L5, L11, and L23 bind to Mdm2 and
block Mdm?2-mediated p53 ubiquitination and degradation, leading to p53 stabiliza-
tion and activation [108-111]. Similarly, L5, L11, and L23 have been shown to bind
and suppress c-Myc and E2F-1, two transcription factors that, respectively, control
ribosome biogenesis and promote cell proliferation, thus leading to p53-independent
inhibition of cell proliferation [112-114]. Interestingly, also the switch between
the ribosome biogenesis pathway and the incorporation of free ribosomal proteins
within transcription factor complexes is regulated by neddylation. Indeed, it has
been shown that Mdm2 promotes the neddylation of L11, which accumulates in the
nucleolus, thus protecting it by the ubiquitin-dependent degradation in the nucleo-
plasm. Under nucleolar stress, a decrease in L11 neddylation promotes its nucleo-
plasmic relocalization, where it binds and inhibits Mdm?2. This not only provides
a trigger for p53 activation but also makes L11 susceptible to ubiquitin-mediated
degradation. Analogously to L11, the ribosomal protein L14 binds to Hdm2 and
inhibits Hdm2-mediated p53 polyubiquitination and degradation, thus increasing
P53 stability and activity. Upon neddylation, L14 associates with hCINAP, which in
turn recruits NEDP1 on L14. Deneddylation by NEDP1 promotes the release of L14
from the complex and the relocalization of L14 to the nucleoplasm [115].

Recently, a novel function of NEDD8 in proteotoxic stress has been identified
[62]. Exposure of cells to heat shock, proteasome inhibitors, or oxidative stress
increases neddylation through an enzymatic chain that requires the ubiquitin
El-activating enzyme UBA1 instead of the NEDD8-activating E1 enzyme. It also
involves the formation of hybrid NEDD8/ubiquitin conjugates [47, 48]. The authors
demonstrated that NEDD8 promotes the transient and reversible nuclear protein
aggregation during proteotoxic stress and colocalizes with ubiquitin in the nuclear
aggregates but not in the cytoplasmic aggresomes. These nuclear aggregates, in
which RNA transport and ribosomal proteins account for almost half of the total
components, require the activation of NEDD8 by UBA1, as demonstrated by the
observation that a drastic decrease of protein aggregation follows treatment of cells
with the specific UBA1 inhibitor MLN7243 but not the NAE1 inhibitor MLN4924
[62]. Interestingly, even though they are also enriched in RPs, the NEDD8/ubiquitin
nuclear aggregates are distinct from the stress-induced nucleolar structures. A
proteomic study identified the HECT E3-ligase HUWE1 as a component of nuclear
aggregates, and immunofluorescence and biochemical assays strongly suggested
that HUWET is the major E3 ligase that specifically promotes neddylation dur-
ing proteotoxic stress [62]. Accordingly, depletion of HUWE1 does not affect the
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global ubiquitination or the amount of ubiquitin staining in the nuclear aggregates
while causing a dramatic decrease in neddylation, thus compromising the NEDD8-
mediated cellular response to proteotoxic stress. Moreover, HUWE1 has been also
reported to be a neddylation substrate in a proteomic analysis [116]. Finally, given
that ubiquitin-NEDD8 mixed chains are resistant to proteasome degradation,
the stress-induced aggregation of substrates modified with both molecules could
be intended as a way to sequester a certain group of proteins from the ubiquitin-
mediated degradative route, in order to promptly restore their functions once the
external conditions return to be favorable to cellular growth and proliferation.
Concluding, neddylation is clearly emerging as an important regulator of several
pathways, governing proliferation, differentiation, and survival. However, despite
the importance of this posttranslation modification in cell biology, the mechanism
through which neddylation controls protein properties is still a matter of debate.
Neddylation influences the stability of the target protein, but it also determines its
intracellular distribution by promoting the interaction with shuttling proteins. Most
of all, neddylation seems to be involved in cellular stress signaling, by providing a
regulatory mechanism that acts like a “switch,” allowing the activation of alterna-
tive pathways dictating the key steps of the cellular stress response. This switch is
promoted by the disruption of protein complexes acting in unstressed conditions
and the assembly of new complexes in which seemingly secondary functions of key
components become decisive for the correct signaling output.

6. NEDDS8 chains and mixed ubiquitin-NEDDS8 chains

Traditionally, neddylation consisted in the addition of a single NEDD8 molecule
to a target protein. Nevertheless, a significant amount of experimental evidences
gradually emphasized that the neddylation signal, as also happened for ubiquitin,
was more detailed and complex than initially thought.

The first argument is the evidence that several lysine residues in NEDD8 can
be used for chain extension [116] and that, at least in vitro, poly-NEDDS chains
can be synthesized [117]. Moreover, evidence that NEDDS chains can be gener-
ated in vivo has been recently recovered, even though the biological significance
of poly-neddylation remains unknown [116]. The second point that supports the
existence of poly-neddylation is the evidence that high-molecular-weight NEDDS8
conjugates have been observed through affinity purification and mass spectrometry
[54, 67, 68, 118]. Again, whether these conjugates are the result of poly-neddylation
or correspond to mono-neddylation events remains to be elucidated.

Finally, clear experimental evidence demonstrated that, upon proteotoxic stress,
proteins are simultaneously modified by NEDD8 and ubiquitin mixed chains [48].
One possible explanation is that NEDDS acts as a ubiquitin substitute, but, being less
easily ubiquitinated, it caps the ubiquitin chain and prevents the excessive exten-
sion, a cellular response that could be a key event to avoid a further escalation of
the proteotoxic stress, especially in those conditions in which the ubiquitin pool is
depleted. Another possibility is based on the evidence that several ubiquitin-binding
domains have been shown to interact poorly with NEDD8 [119] (see below). Based
on this assumption, protein domains that recognize ubiquitin chains are disfavored
when dealing with mixed NEDD8-ubiquitin chains. Consequently, the conjugation
of these signals would trigger the exclusion of binding partners that transduce the
ubiquitin signal under unstressed conditions, for example, favoring the interaction
with protein domains that specifically recognize these mixed chains. This interpreta-
tion is consistent with the model that sees neddylation as a switch in the outcome of
unstressed/stresses responses. Moreover, several proteomic studies have reported
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phosphorylation, acetylation, and succinylation sites on NEDD8 [120-122]. One
could speculate that mixed chains are assembled and further modified in order to
“create” an entirely new signal, which goes well beyond the simple random mix
between ubiquitin and NEDDS. In order for poly-neddylation and mixed NEDDS8-
ubiquitin signals to be effective, however, the existence of a system that unambigu-
ously discriminates between different combinations of two strictly similar molecules
should be assumed. The identification of protein domains capable of recognizing
unusual combinations of these signals and the need to clarify to what extent known
NEDD8-binding proteins are capable to do it are research topics required for a deeper
comprehension of the cross talk between these two posttranslational modifications.

7. Ubiquitin-binding domains: a general overview

The first ubiquitin receptors to be identified were intrinsic components of the
proteasome that directly bind polyubiquitin chains driving the recruitment and
the degradation of the substrates [123-125]. Subsequently, polyubiquitin-binding
domains have been also found in mobile shuttling factors that direct polyubiqui-
tinated proteins to the proteasome, and, in a relatively short space of time, it has
been clear that ubiquitin functions spread in modern eukaryotes to play key roles
in several cellular processes. Many of these functions are mediated by the associa-
tion with ubiquitin-binding domains (UBDs), which usually bind to ubiquitin only
weakly [126]. Nevertheless, several mechanisms work together in order to increase
both affinity and avidity of the recognition. For example, specific binding can be
greatly enhanced by polymerization of the ubiquitin signal, in the form of homolo-
gous, mixed, and branched ubiquitin chains. In this way, multiple surfaces can be
generated on a target protein, thus increasing the number of different UBDs that
can simultaneously recruit the substrate. Moreover, the arrangement in tandem of
more UBDs along the same amino acid chain increases the contact sites between the
substrate and the ubiquitin receptor.

To date, at least 20 structurally distinct UBD classes have been characterized that
vary considerably in size (from ~30 to 150 residues) and tertiary structure [126].
They interact with ubiquitin monomers or chains, usually recognizing diverse ubiq-
uitin signals. UBDs that bind to ubiquitin chains are often selective for a specific
type of chain linkage. This selectivity may arise from the recognition of a unique
orientation of the chain and distinct surfaces on the ubiquitin moieties or via direct
interaction with the linker region connecting the two ubiquitins. Ubiquitin/UBD
interactions have been thoroughly reviewed in recent years [126-128]. The canoni-
cal ubiquitin/UBD complex requires the recognition of the Ile44-centered hydro-
phobic patch in ubiquitin, including residues Ile44, Val8, His68, and Val70. Residues
peripheral to the hydrophobic patch are also important for UBD binding. Indeed,
distinct structural motifs have been shown to recognize the hydrophobic patch in a
variety of orientations that can be attributed to specific contacts between each UBD
and residues surrounding the hydrophobic patch on ubiquitin. Accordingly, muta-
tions outside the hydrophobic patch that disrupt one ubiquitin/UBD pair do not
necessarily affect the recognition by another domain [129]. In some cases, however,
Ile44 does not constitute the “center” of the interaction site and contributes only
marginally to the binding affinity of an interaction [130]. Moreover, although the
hydrophobic patch plays a role in many interactions with UBDs, other regions can
solve this function, among them the Ile36 patch (Leu8-Ile36-Leu71-Leu73), the
C-terminal end (Gly75-Gly76), and the surface including residues of and around
the flexible loop between 1 and $2 and Lys6 and Lys11. The Ile36-centered hydro-
phobic patch is the contact site for a relatively small number of binding partners.
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Among them, contacts between the E3 enzyme and the Ile36 patch of the ubiquitin
moiety conjugated to the E2 have been shown to favor the ubiquitin transfer [131].
Interestingly, due to the close proximity of different binding sites in ubiquitin,
multiple contact sites can increase the interaction affinity for a given partner [132].
Like ubiquitin, the NEDD8 backbone is relatively rigid, although slight struc-
tural changes occur during binding. On the contrary, the C-terminus of both
proteins is highly flexible in solution and adopts a more rigid conformation only
following the interaction with the enzymes responsible for the conjugation process
[44, 45]. Finally, while the main contact sites (Ile44-patch, Ile36 patch, and p1-p2
loop) are well conserved in NEDDS, polar and charged surfaces show a greater dif-
ferentiation, and they are expected to influence specific binding properties [40].

8. NEDDS interacting partners

Small ubiquitin-like modifier (SUMO), which is the Ubl that is more similar
to ubiquitin after NEDDS, shows only 17% of identity and, similarly to NEDDS,
is involved in many cellular processes where it exerts non-proteolytic functions.
The conjugation of SUMO leads to consequences that are similar to NEDD8
conjugation. For example, sumoylation of transcription factors and histones is
generally associated with decreased gene expression and intracellular relocaliza-
tion. Moreover, SUMO and ubiquitin can compete for the same target lysines
[133]. Both a sumoylation consensus motif and a non-covalent SUMO-interaction/
SUMO-binding motif have been identified in selected SUMO enzymes, targets,
and downstream effectors [134]. Despite a certain degree of cross talk between
ubiquitin and these Ubls in several biological processes, it seems that NEDD8 and
SUMO have been subjected to a very different evolutionary pressure, which have
led to a clear pattern for the SUMO recognition by a specific set of binding partners,
while maintaining a strong overlap in the recognition of NEDDS versus ubiquitin.
This “ambiguity” reflects the biological need to maintain a high degree of identity
between ubiquitin and NEDDS, with few well-defined differences. But it also leaves
open the question of whether neddylation is always functionally distinct from
ubiquitination.

Despite the limited understanding of the NEDD8 interaction network, recent
advances support the assumption that, similarly to ubiquitin, specific NEDD8-
binding proteins recognize neddylated substrates acting as downstream effectors
(Table 3). As shown, in most cases these proteins recognize non-cullin NEDD8-
conjugated substrates or NEDD8-containing chains. In some cases they interact
with NEDD8 only when conjugated to cullins, and, in a few cases, they also recog-
nize free NEDDS.

Besides the enzymes of the neddylation pathway that has been previously dis-
cussed, the first NEDD8-binding protein to be identified was the negative regulator
of the NEDD8 pathway NUB1 and its splicing variant NUB1L [135-138]. Following
overexpression, NUB1 and NUBIL, which have both a nuclear localization signal,
mainly localize in the nucleus [135]. Tanaka and collaborators characterized the
NEDD8-binding sites in the two splicing variants: these signals localize at the
C-terminal end of the amino acid chain and respond to the consensus sequence
A(X4)L(X10)L(X3)L. Moreover, Leu to Ala substitutions abolish the interaction of
NUB1 and NUBIL with NEDD8 in vitro as well as the capability of NUB1 to down-
regulate NEDD8 conjugates. Another NEDDS interactor, identified a short time
later, was UBXN7 that belongs to the UBA-UBX family of substrate adaptors [139].
The UBA domain recruits proteasome substrates by interacting with the ubiquitin
chains conjugated on the target protein, while the UBX takes contact with the p97

139


http://dx.doi.org/10.5772/intechopen.83426

Ubiquitin Proteasome System - Current Insights into Mechanism Cellular Regulation and Disease

Interactor Description NEDDS- Domain- Ref.
binding binding
interface interface
NUB1/ Adaptor protein negatively regulates Ile44 patch Consensus [135-
NUBIL Nedd8 and neddylated substrates (predicted) sequence A (X4) 138]
L(X10)L(X3)L
UBXD7 Involved in the degradation of misfolded Ile44 patch UIM [139,
or damaged proteins 140]
RNF168 RING E3 ligase involved in DNA double- NEDDS8 MIU2 [145]
strand break repair chains
TRIM40 Negative regulator of inflammation and Unknown Unknown [143]
carcinogenesis
DNMT3b DNA methyltransferase that functions in Unknown Residues [142]
de novo methylation 532-583
of mouse
DNMT3b
HGS Adaptor involved in the endosomal Ile44 patch UIM [64]
sorting of membrane receptors (predicted)
TRIAD1 RBR ligase Unknown UBA-like [147]
domain
HHARI RBR ligase Unknown UBA-like [147]
domain
hHR23a, Non-proteasomal ubiquitin receptors Ile44 patch UBA2 [141]
UBQLN1 and shuttles (RAD23), UBA
and Ddil (UBQLN1),
UBA (Ddi1)
BRAP2 (or Cytoplasmic protein, which may Unknown Multiple [72]
RNF52) regulate nuclear targeting BRCA1 and domains in
other proteins with a nuclear localization BRAP2 show
signal, in the cytoplasm NEDDS-
binding
properties
AHR Transcription factor localized in Unknown Unknown [144]
the cytoplasm that moves to the
nucleus upon ligand binding and
stimulates transcription of target genes
involved in the response to planar
aromatic hydrocarbons. Activated
AhR is exported from the nucleus
for degradation in the cytosol by the
ubiquitin/proteasome pathway
SMURF1 HECT E3-ligase belonging to the Ile-patch Consensus [102]
NEDD4 family sequence L(X7)
R(X5)F(X)
ALQ.
SMURF2 HECT E3-ligase belonging to the Ile-patch Consensus [102]
NEDD4 family sequence L(X7)
R(X5)F(X)
ALQ.
NEDL1 HECT E3-ligase belonging to the Unknown Unknown [102]
NEDD4 family
NEDL2 HECT E3-ligase belonging to the Unknown Unknown [102]
NEDD4 family
Rpt6 Regulatory particle base subunit of the Unknown Unknown [116]

proteasome
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Interactor Description NEDDS- Domain- Ref.
binding binding
interface interface

SMC1 Cohesins are required for nuclear Unknown Unknown [116]

division; they prevent premature
separation of sister chromatids

DNA-PK DNA-dependent protein kinase Unknown Unknown [116]
belonging to the PI3/PI4 kinase family,
required for DNA double-strand break
repair and recombination

KHNYN Unknown function Negatively CUBAN [119]
charged domain
surface
centered
on residues
31-EEKE-34

Table 3.
NEDDS intevacting proteins.

ATPase of the proteasome. UBXN7 also contains a UIM motif, which interacts
with neddylated CUL2 and sequesters it, thus negatively regulating the ubiquitin
ligase activity of the CRL complex. Accordingly, UBXN7 overexpression causes the
accumulation of HIFl« in its non-ubiquitinated form, suggesting the involvement
of the UIM-NEDDS interaction in the processivity of the CRL ubiquitin ligase [139].
Subsequently, den Besten and colleagues reported that the replacement of NEDD8
with ubiquitin on CUL2 does not affect the interaction with UBXN?7, indicating that
this recognition is rather context dependent [140].

The non-proteasomal ubiquitin receptors hHR23a, UBQL1, and Ddil have been
shown to interact non-covalently with NEDD8 [141]. These shuttle proteins deliver
ubiquitinated cargoes from the cytoplasm and the nucleus to the proteasome.
Their structures contain an N-terminal ubiquitin-like (UBL) domain that binds
to the proteasome and a C-terminal UBA domain that binds to ubiquitin chains. It
has been suggested that, under stress conditions in which heterologous chains are
formed by the enzymes of the ubiquitin pathway in order to compensate the ubiq-
uitin depletion, these chains would be recognized by the shuttles and processed by
the proteasome. Since mixed chains are shorter than the polyubiquitin chains, due
to the less efficiency in NEDDB8 chain extension, the formation of the heterologous
chains would counteract the further depletion of free ubiquitin within cells.

A heterogeneous group of proteins that non-covalently bind NEDDB8 substrates
includes the DNA methyltransferase DNMT3b [142], the RING-ligase TRIM40
[143], the HECT ligases NEDL1 and NEDL2 [102], the DNA-dependent protein
kinase DNA-PK [116], cohesin SMC1 [116], the transcription factor AHR [144],
the cytoplasmic retention factor for nuclear proteins BRAP2 [72], and a regula-
tory particle of the proteasome Rpt6 [116]. All of them have been identified by
using yeast two-hybrid screenings or the immunoprecipitation of overexpressed
tagged NEDD8. Moreover, with the exception of DNMT3b and BRAP?2 for which
an attempt, although not conclusive, to identify the NEDD8-binding region has
been carried out, neither the identification of the NEDDB8 recognition surface nor
its function has been well established. This lack of knowledge does not allow the
identification of a putative NEDD8 recognition module. Nevertheless, these works
represent documented examples linking NEDDS to the recruitment of effectors in
processes like proteasome degradation, DNA methylation, transcription, and DNA
damage repair.
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A second class of NEDD8-interacting proteins comprises proteins in which a
typical UBD has been shown to mediate NEDD8 binding with similar efficiency, thus
leaving open the issue of whether NEDD8 and ubiquitin are effectively distinguished.
These proteins exert downstream signaling effects by binding to NEDDS8 chains and/
or neddylated proteins. The motif interacting with ubiquitin (MIU) 2 domain of
RNF168 binds NEDD8 chains and mediates the recruitment of the E3 ligase on sites
of DNA damage, thus allowing the RNF168-mediated polyubiquitination of y-H2AX
[145]. The UIM motif of hepatocyte growth factor-regulated Tyr kinase substrate
(HGS) promotes the recruitment of the activated EGF receptor, which is ubiquiti-
nated and neddylated on several lysine targets in the cytoplasmic tails [64].

In the recent years, the HECT E3-ligases SMURF1 and SMURF?2 have been dem-
onstrated to require the direct interaction with free NEDD8 in order to promote their
ubiquitin ligase activity toward both substrates and the enzyme itself. Interestingly,
each ligase contains two NEDD8-binding sites, located, respectively, in the N-lobe
and C-lobe, that are not embedded in a known UBD. Both sites conform to the con-
sensus sequence L(X7)R(X5)F(X)ALQ [102]. Importantly, the NEDD8-binding sites
in both ligases are clearly distinct from the ubiquitin-binding sites (the “exosites™)
that map in the N-lobe and recognize the Ile44 patch of ubiquitin [146]. This spatial
separation supports the notion that, despite being closely associated and function-
ally interconnected, the non-covalent interactions with ubiquitin and NEDDS play
roles that are rather complementary more than simply overlapping.

Finally, it has been recently shown that two RING-between-RING E3 ligases,
TRIAD1 and HHARI, engage a UBA-like domain to recruit different NEDDS8-
conjugated cullins [147]. Despite interacting with different CRL complexes, the
outcome of both interactions is the same: the release of the auto-inhibited state and the
subsequent stimulation of their E3-ligase activity, which also results in their own pro-
teasomal degradation. Concluding, these observations reveal a novel role of NEDDS8 in
recruiting additional E3 ligases to existing CRL E3 ubiquitin ligase complexes.

9. CUBAN: a novel domain showing a preference for NEDDS8

Recently, the characterization of several Ubl-binding domains has been per-
formed by using the phage display approach [119]. By panning a human brain
phage-displayed cDNA library, a number of ubiquitin- and NEDD8-binding
domains were identified. In particular, panning with NEDD8 identified five puta-
tive binding partners, including the UBA domains of the ubiquitin shuttles RAD23
and UBQLN1. Both proteins have been previously shown to interact with NEDD8
([141] and Table 3), and they have been suggested to be involved in the recogni-
tion of mixed ubiquitin-NEDD8 chains by the proteasome under stress conditions.
Moreover, while the binding affinity for ubiquitin of UBA domain of RAD23 is
sensibly higher than NEDDS, the corresponding domain in UBQLN1 shows a
similar affinity for both molecules.

Even though the approach did not provide evidence for a protein domain strictly
specific for NEDDB8 (since all NEDD8-binding proteins are also ubiquitin interac-
tors), it allowed the identification of a novel domain in the KHNYN (KH domain-
and NYN domain-containing) protein, which has unique features compared to the
previously characterized binding domains. The first peculiarity of this domain is to
show a clear preference for NEDD8. Indeed, it interacts with monomeric NEDD8
with a binding affinity that has been evaluated to be around 24 + 2 oM, a measure
significantly higher than that detected for ubiquitin and that is comparable to
the highest affinity for ubiquitin observed in some CUE and UBA domains [126].
Secondly, in addition to showing a clear preference for NEDD8 over monomeric
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Figure 4.
Ribbon representation of CUBAN (KHNYN), UBA (MUD21), CUE (gp78), and GAT (GGA3) domains. Arrows
indicate the velative spatial distributions of the three helices ({1, (2, and (3). N- and C-terminal ends are indicated.

ubiquitin, this domain—both isolated and in the context of the full-length pro-
tein—promotes the interaction with neddylated cullins, the reason for which it has
been dubbed CUBAN, for cullin-binding domain associating with NEDDS8. The
investigation by NMR spectroscopy showed structural elements that are common
in other UBDs belonging to the most populated category represented by a three-
bundle helix, such as CUE and UBA. Nevertheless, unique features of CUBAN
domain reveal the presence of a novel three-alpha-helix bundle domain, which is
characterized by an unusually extended loopl. Moreover, by comparing the folding
of the CUBAN domain with other known ubiquitin-binding domains, it can be
observed that the central helix in CUE and UBA domains is located in front of the
plane formed by helices 1 and 3, in CUBAN as well as in the GAT domain projected
on the opposite side (Figure 4).

By studying the protein complex between NEDD8 and CUBAN, a third relevant
feature emerged: CUBAN, although requiring the presence of an integral hydropho-
bic patch in NEDDS, binds to residues in the second p-strand (Ile13 and Glul4) and
in the C-terminal end of helix a-1 (31-Glu-Glu-Lys-Glu-34) of NEDDS, indicating
that the interaction is more electrostatic than hydrophobic. Accordingly, positively
charged residues (His651, Arg652, Arg659, and Arg664) mapping in turnl, helix
a2, and turn2 characterize the binding interface in CUBAN. Interestingly, the
molecular details of this interaction are reminiscent of the electrostatic interaction
between the acidic residues Glu31 and Glu32 in NEDD8 and the linker of RBX1
[148], suggesting that distinct interactors require the recognition of the same
binding surface. A fourth consideration regarding CUBAN is that this domain also
binds di-ubiquitins and this interaction disrupts the association with free NEDDS.
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It must be pointed out that ubiquitin chains follow the principle of the higher
avidity of binding, which is mediated through multivalent interactions that largely
increase binding affinity [149]. Since these contact sites are in close proximity, it

is not surprising that the di-ubiquitin competes out monomeric NEDDS, at least
when analyzing the isolated domain. Nevertheless, it cannot be excluded that once
NEDDS is conjugated to cullins, KHNYN could interact with the CRL complex in

a way that hampers the access of ubiquitin chains to the CUBAN domain. More
important, more than being specific, the CUBAN domain demonstrates a discrimi-
nating capability, since it has gained structural features that clearly make it capable,
differently from other ubiquitin-binding domains, to select and distinguish NEDD8
from its closer relative. This feature, which is the result of the evolution of two
distinct binding sites, suggests that the interaction with NEDD8 and ubiquitin must
be finely tuned, similarly to what has been shown for RBX1, which shares with
CUBAN both the dual specificity toward ubiquitin and NEDD8 and the recognition
of an electrostatic surface on the Ubl molecule.

Such discriminating capability is also revealed by the evidence that the A72R
mutation in the C-terminal tail of NEDDS partially affects binding of CUBAN
to NEDDS, suggesting that the acquisition of ubiquitin features interferes with
the ability of this domain to bind its specific target in KHNYN. On the contrary,
the same mutation strongly favors the interaction with those UBDs showing an
in vitro weak binding toward NEDDS, a consequence of the evolutionary conserved
features mediating the ubiquitin recognition by the majority of UBDs. Therefore,
among the residues that are divergent in NEDD8 and ubiquitin, Ala72 is responsible
for the weak binding of NEDDS to the UBDs that can potentially recognize both
posttranslational modifications.

The NEDDB8-binding region identified in KHNYN maps to the carboxyl-ter-
minal end (aa 627-678). Interestingly, the full-length KHNYN is also consistently
ubiquitinated in cells, and such covalent modification is abrogated in the absence
of the CUBAN domain. The protein localizes both in the nucleus and the cytoplasm
and contains a putative nuclear localization signal, and it has been found to be
associated to membranes [150]. Interestingly, an evolutionary related protein called
NEDD4-binding protein 1 (N4BP1) has been identified in the same panning experi-
ment and shares with KHNYN the presence of a domain interacting with ubiquitin
at the very carboxyl-terminal end. Despite the high level of identity (about 40%),
the divergences are sufficient to determine a marked difference in their binding
preferences, as highlighted by the evidence that only KHNYN can recognize mono-
meric and conjugated NEDDS [119]. Both proteins contain an N-terminal evolu-
tionary conserved KH domain (K homology), which is present in a wide variety of
nucleic acid-binding proteins where it can function in RNA recognition, followed
by the NYN domain (N4BP1, YacP nucleases), with predicted ribonuclease activity
[151, 152]. The comprehension of the regulatory mechanisms that associate RNA
recognition and degradation with the recruitment of activated cullin RING-ligase
complexes will help in clarifying the biological functions and the cellular processes
that are regulated by this protein.

10. Concluding remarks

Our understanding of the complexity within the NEDD8 pathway and how
it cross-reacts with ubiquitin is rapidly growing. Numerous signaling pathways,
such as apoptosis, DNA damage, and nucleolar stress signaling, are clearly emerg-
ing as biological contexts in which neddylation plays a key role. Nevertheless, an
important question that needs to be further investigated is whether neddylation
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is always functionally distinct from ubiquitination. Current knowledge indicates
that the two posttranslation modifications must be closely interconnected, as also
testified by the evidence that NEDD8 has evolutionary gained few, but key, features
that allow it to be distinguished from ubiquitin while maintaining a considerable
degree of identity that is much higher than other Ubls. Moreover, the identification
of novel NEDD8-binding motifs that are always close to ubiquitin-binding sites, for
example, in SMURF1/2, RBX1 and KHNYN, would suggest that these interactions
act cooperatively rather than in a mutually exclusive manner. A complete under-
standing of how these interactions are modulated and the mechanisms controlling
the NEDD8 pathway will help in identifying new potential NEDD8 targets and
inhibitors which can pave the way to clinical developments in the treatment of
several diseases.
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Chapter 8

ADP-Ribosylation of the Ubiquitin
C-Terminus by Dtx3L/Parp9

Teddy Kamata and Bryce Paschal

Abstract

Ubiquitylation is a post-translational modification that regulates a wide range
of cellular pathways including protein degradation, autophagy, mitophagy, cell
signaling, DNA damage response, and protein trafficking. This post-translational
modification is characterized by covalent attachment of ubiquitin to lysine residues
on target proteins by E3 ubiquitin ligases. These enzymes can catalyze both mono-
and polyubiquitylation of target substrates. Because of the presence of multiple
ubiquitylation acceptor sites on ubiquitin, polyubiquitin chains differing by linkage
type and branching patterns can be generated. Post-translational modifications on
ubiquitin including glutamine deamidation, lysine SUMOylation, lysine acetyla-
tion, and serine, threonine, and tyrosine phosphorylation add to the range of ubiq-
uitin structures that can be synthesized in cells. Recently, ADP-ribosylation was
discovered as a new post-translational modification on ubiquitin in two different
biological contexts. The bacterial SidE proteins ADP-ribosylate ubiquitin to activate
it for a unique mode of ubiquitylation. The human Dtx3L (E3 ubiquitin ligase)/
Parp9 (ADP-ribosyltransferase) complex ADP-ribosylates ubiquitin which inhibits
conjugation. In this review, we describe the discovery of ubiquitin ADP-ribosylation
in the bacterial context, provide an overview of the biological roles of Dtx3L/Parp9,
and discuss how NAD" levels and ubiquitin ADP-ribosylation could regulate the E3
output of Dtx3L/Parp9.

Keywords: ubiquitin, Dtx3L, Parp9, ADP-ribosyltransferase, ADP-ribosylation,
SidE, Legionella pneumophila, DNA damage, cancer

1. Introduction

Ubiquitylation (also known as ubiquitination) is a major type of post-
translational modification that plays diverse roles in cells and involves covalent
attachment of the 76 amino acid protein ubiquitin to target substrates [1]. The
process of ubiquitylation involves the sequential actions of three classes of
enzymes: E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, and
E3 ubiquitin ligase [2, 3]. Activation of ubiquitin by E1 takes place in an ATP-
dependent manner where an ubiquitin-adenylate intermediate is initially formed.
This is followed by release of AMP and the formation of a thioester bond between
the C-terminal carboxyl group of ubiquitin and the sulfhydryl group of a cysteine
in the active site of E1. The activated ubiquitin is transferred from E1 to a cysteine
in E2 in a trans-thioesterification step. Finally, E3 ubiquitin ligase catalyzes the
transfer of ubiquitin from E2 onto a lysine residue in the target substrate, forming
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an isopeptide bond between the C-terminal carboxyl group of ubiquitin and the
lysine epsilon-amino group. In mammalian cells, there are over 600 E3 ubiquitin
ligases which are subdivided into three groups: really interesting new gene (RING),
homologous to E6-AP carboxyl terminus (HECT), and ring between ring (RBR) [2].
RING class E3 ubiquitin ligases act as scaffolds to bring together E2 and substrate to
mediate ubiquitylation. In contrast, HECT class E3 ubiquitin ligases catalyze a two-
step ubiquitylation reaction where the ubiquitin is first transferred from E2 onto a
cysteine on HECT E3 ubiquitin ligase before it is transferred to the target substrate.
RBR has characteristics of both RING and HECT E3 ubiquitin ligases because of
the presence of RING domains as well as a key cysteine that acts as an acceptor for
ubiquitin from E2, analogous to HECT E3 ubiquitin ligases [3].

E3 ubiquitin ligases can catalyze the attachment of a single ubiquitin to a
substrate (monoubiquitylation) where the linkage is usually formed between the
carboxyl group of the C-terminal glycine 76 from ubiquitin and the epsilon-amino
group of a lysine from the substrate. Monoubiquitylation can occur on multiple
lysine sites on a target protein, which is referred to as multi-monoubiquitylation [1].
In addition, E3 ubiquitin ligases can catalyze attachment of ubiquitin to a monou-
biquitylated substrate and generate an ubiquitin chain through successive rounds of
ubiquitylation (polyubiquitylation). The basis for chain formation is that ubiquitin
contains seven lysines (residues 6, 11, 27, 29, 33, 48, 63) that can serve as acceptor
sites for additional ubiquitin to form a series of covalently-linked ubiquitins. In
addition, the N-terminal primary amine group from methionine 1 of ubiquitin can
serve as an additional site of linkage with another ubiquitin [1, 4]. Thus, there are
eight possible linkages for ubiquitin that can be utilized for polyubiquitylation.
Homotypic polyubiquitin chains only contain a single type of ubiquitin linkage,
while heterotypic polyubiquitin chains contain more than one type of ubiquitin
linkage [1, 4, 5]. The latter can be further subdivided into mixed and branched
types. In mixed chains, while different linkage types exist, each ubiquitin mol-
ecule is modified by ubiquitin at a single linkage site, resulting in an unbranched
polyubiquitin chain. On the other hand, ubiquitin found in branched types may be
modified by more than one ubiquitin, thereby serving as a branch point for chain
formation. Overall, a range of polyubiquitin structures that differ in the type of
linkage present within the polyubiquitin chain as well as branching pattern can exist
within cells.

An additional layer of complexity to ubiquitylation is the discovery of post-
translation modifications that can occur on ubiquitin. Based on mass spectrometry
data from proteomic studies, ubiquitin can be modified by SUMOylation and
acetylation of lysine residues, and phosphorylation of serine, threonine, and
tyrosine residues [4, 5]. Some of these post-translational modifications have been
shown to impact ubiquitin conjugation properties. One of the best characterized
examples of ubiquitin post-translational modification is serine 65 phosphoryla-
tion catalyzed by the protein kinase PINK1 during mitophagy [4]. PINK1 can
phosphorylate both ubiquitin monomers and polyubiquitin chains iz vitro, making
the latter more resistant to degradation by deubiquitinases [6], and polyubiquitin
chains with serine 65 phosphorylation have been detected in cells [7]. In all 13
E2s tested, no major differences in terms of ubiquitin loading onto E2 by E1 was
observed between unmodified ubiquitin and serine 65 phosphorylated ubiquitin,
suggesting that in general, this modification on ubiquitin does not affect the initial
E1 and E2 processing steps [6]. However, depending on the specific E3, the subse-
quent assembly of polyubiquitin chains can be inhibited by serine 65 phosphoryla-
tion on ubiquitin [6]. In terms of the effects that lysine acetylation has on ubiquitin
conjugation properties, the most extensive characterization has been conducted for
lysine 6 and 48 [8]. Using E. coli with an expanded genetic code, lysine 6 and lysine
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48 acetylated ubiquitin was generated and used in iz vitro experiments to show that
ubiquitin charging of E1 and E2 as well as monoubiquitylation of histone H2B was
unaffected by acetylation [8]. These two acetylation modifications were detected in
cells by mass spectrometry from substrate-conjugated ubiquitin as well as ubiquitin
monomers, suggesting that a pool of free acetylated ubiquitin is present in cells
that can be utilized for acetyl-ubiquitylation of substrates. Potential substrates for
acetylated ubiquitin are histone H2A and H2B, as enrichment of lysine 6 and lysine
48 acetylation marks were observed in monoubiquitylated histone H2A and H2B
fraction versus total ubiquitin conjugate fraction [8]. Acetylation on ubiquitin can
influence the linkage type present within polyubiquitin chains because acetyla-
tion and ubiquitylation compete for the same lysine sites. In support of this idea,
acetylation of ubiquitin lysine 48 can inhibit the formation of lysine 48-linked
polyubiquitin chains [8]. In addition, lysine 48 acetylation can repress polyubiqui-
tylation at lysine 11 and 63, and lysine 6 acetylation can repress polyubiquitylation
atlysine 11, 48, and 63. The lysine acetylation data show that modification at one
lysine site can influence polyubiquitylation at another lysine, and suggest potential
cross-talk between post-translational modification sites on ubiquitin that affect the
ubiquitin conjugation properties. Deamidation of glutamine 40 on ubiquitin has
been observed as an additional type of post-translational modification [9]. This

is catalyzed by the bacterial effector Cif homolog from Burkholderia pseudomallei
and blocks polyubiquitin formation. Based on the characterization of serine 65
phosphorylation, lysine 6 acetylation, lysine 48 acetylation, and glutamine 40
deamidation, it is clear that post-translational modifications can affect ubiquitin
conjugation. For the majority of ubiquitin post-translational modifications, further
studies are needed to understand the full impact that ubiquitin modifications have
on conjugation properties as well as the functional significance. Follow-up studies
would help address the question of whether these post-translational modifica-
tions occur on free ubiquitin monomers or conjugated ubiquitin (either mono- or
polyubiquitylation).

The existence of post-translational modifications on ubiquitin leaves open the
possibility of expanded diversity in terms of polyubiquitin chains containing a
unique pattern of post-translational modifications on the constituent ubiquitins.
Each of these polyubiquitin chains could promote specific biological outcomes
for the modified substrate protein. This concept of post-translational modifica-
tion patterns encoding biological information is reminiscent of the role of histone
post-translational modifications in chromatin regulation. Histones, which are
core components of nucleosomes, can undergo a large array of post-translational
modifications including phosphorylation, methylation, ADP-ribosylation, acetyla-
tion, ubiquitylation, and SUMOylation [10-12]. The term ‘histone code’ has been
put forth for the concept that various combinations of post-translational modifica-
tions on histones encode biological information that regulate underlying chromatin
processes [13, 14]. Furthermore, there are specific recognition modules (e.g., bro-
modomain) and enzymes (e.g., histone acetyltransferases and histone deacetylases)
that function as readers, writers, or erasers of histone modifications and allow cells
to interpret and change this histone code [11, 12, 15]. Thus, histone modifications
constitute an important regulatory mechanism for almost all chromatin-related
processes. Analogous to the histone code, the term ‘ubiquitin code’ has been coined
to reflect the rich biological information that could be encoded in polyubiquitin
chains through different combinations of post-translational modifications, polyu-
biquitin linkage, and branching patterns [16].

The discovery of ADP-ribosylation of ubiquitin by bacterial proteins adds to
the list of post-translational modifications for ubiquitin and further expands the
ubiquitin code [17]. This was soon followed by the example of a heterodimeric
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complex comprised of the human proteins Deltex-3-like (Dtx3L, an E3 ubiquitin
ligase) and Parp9 (an ADP-ribosyltransferase (ART)) catalyzing ADP-ribosylation
of ubiquitin [18], suggesting this type of ubiquitin post-translational modification
could play broad roles in biology. In the following section, we discuss the initial
observation of ADP-ribosylation of ubiquitin occurring in the setting of bacterial
infection. We then describe the background on Dtx3L/Parp9 biological roles and
the key data characterizing the ADP-ribosylation of ubiquitin by this complex. We
highlight differences as well as common features between the two ways in which
ADP-ribosylation of ubiquitin occurs. Finally, we pose some questions that remain
to be resolved for this newly identified modification on ubiquitin.

2. ADP-ribosylated ubiquitin is generated by SidE effector proteins of
Legionella pneumophila

ADP-ribosylation of ubiquitin was first discovered in the context of infection
by the bacteria L. pneumophila, the causative agent for Legionnaires’ disease [17].
During infection, the bacterial Dot/Icm type IV secretion system translocates
into the host cell effector proteins that play a role in the formation of Legionella-
containing vacuoles which support bacterial survival and replication [19]. Among
these effectors are the SidE family of proteins consisting of four members (SdeA,
SidE, SdeB and SdeC) which ubiquitylate ER-associated Rab small GTPases and
Rtn4 [17, 20-25]. Investigation of Rab33b, one of the Rab small GTPases targeted
by SidE proteins, showed that ubiquitylation causes modest decrease in both GTP
loading and GTP hydrolysis [17]. It is not known whether these findings extend to
other Rab small GTPases. Exactly how these biochemical changes in Rab33b, along
with ubiquitylation of Rtn4, contribute to Legionella-containing vacuole forma-
tion remain to be determined. Notably, the ubiquitylation of Rab small GTPases
and Rtn4 by SidE proteins does not involve E1 or E2, but requires NAD" in order to
generate ADP-ribosylated ubiquitin as an activated form of ubiquitin. NAD" is a
small molecule with diverse roles in biology including its role as a cofactor in redox
reactions, as an ADP-ribose donor in ART-catalyzed processes, and as an enzyme
substrate for the histone deacetylases, sirtuins [26]. SidE proteins use NAD* as an
ADP-ribose donor to ADP-ribosylate and activate ubiquitin for subsequent conjuga-
tion. This stands in contrast to the canonical activation mechanism for ubiquitin
that is mediated by E1 in an ATP-dependent manner. ADP-ribosylation of ubiquitin
occurs on arginine 42 and is mediated by the mono-ART (mART) domain within
SidE proteins [17, 20-25, 27]. Once ADP-ribosylated ubiquitin is generated by the
mART domain, the modified ubiquitin is utilized by a phosphodiesterase (PDE)
domain within SidE proteins to complete the ubiquitylation of target substrates on
serine residues [20, 21, 23-25]. A catalytic mechanism has been proposed where
AMP is initially hydrolyzed and the resulting phosphoribosylated ubiquitin is
subsequently attached to serine residue of target substrates to complete the ubiqui-
tylation process [20, 21, 23, 24]. In support of this mechanism, an enzyme reaction
intermediate where the phosphoribosylated ubiquitin is covalently linked to a
key catalytic histidine residue in the PDE domain of SdeA, a member of the SidE
protein family, has been observed by mass spectrometry [23].

The mART and PDE domain active sites face away from each other and act
independently to catalyze the two enzyme steps involved in ubiquitylation
[20, 25]. Mixing together independent mART and PDE domains can recapitulate
the ubiquitylation of substrate protein, although the efficiency is reduced because
the separated domains cannot form proper inter-domain interactions that would
be present in the intact protein [20, 25]. Supplying the PDE domain alone with
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ADP-ribosylated ubiquitin recapitulates the ubiquitylation of substrate, support-
ing the notion that ADP-ribosylation of ubiquitin by mART and ubiquitylation

of substrates by PDE using ADP-ribosylated ubiquitin are independent steps

[20, 22, 23, 25]. Overall, ADP-ribosylation activates ubiquitin to allow ubiqui-
tylation mediated by SidE proteins to take place in an E1- and E2-independent
manner. Ubiquitylation of Rab small GTPases and Rtn4 by SidE proteins through a
unique serine-phosphoribose linkage is important for mediating the formation of
Legionella-containing vacuoles and supporting bacterial infection. ART mutants
of SidE proteins displayed defects in terms of formation of Legionella-containing
vacuoles within host cells, highlighting the essential role that ADP-ribosylation of
ubiquitin plays in this novel mode of ubiquitylation [17, 24].

3. Dtx3L, an E3 ubiquitin ligase, forms a heterodimeric complex with
Parp9, an ADP-ribosyltransferase

Deltex-3-like (Dtx3L, also known as B-lymphoma- and B aggressive lymphoma-
associated protein (BBAP)) is a member of the Deltex family of E3 ubiquitin ligases
[28]. Sequence analysis shows that Dtx3L shares amino acid sequence identity with
other Deltex proteins in the C-terminal region containing a RING domain and the
Deltex C-terminal domain, while the N-terminal region is distinct [28, 29]. Dtx3L
was initially identified in a yeast two-hybrid screen as an interacting partner for
Parp9 (also known as ART diphtheria toxin-like 9 (ARTD9), and B-aggressive
lymphoma 1 (BAL1)), a key risk factor gene for an aggressive subset of diffuse
large B cell lymphoma (DLBCL) [28]. Based on homology of the C-terminus to
the Parp catalytic domain, Parp9 is classified as an ART, a class of enzymes that
transfer ADP-ribose from NAD" onto target substrates [30-32]. In addition to its
C-terminal Parp catalytic domain, Parp9 has two macrodomains in the N-terminus.
Macrodomains are protein modules that bind to ADP-ribose [33, 34], and the Parp9
macrodomains have been shown to bind to poly-ADP-ribose (PAR) [18, 35, 36].
The interaction between Dtx3L and Parp9 is mediated through the N-terminus of
Dtx3L and the C-terminus of Parp9 [28, 36]. Neither PAR-binding by Parp9 nor the
E3 ubiquitin ligase activity of Dtx3L is required for formation of the heterodimeric
complex [36].

4. Both Dtx3L and Parp9 are overexpressed in cancer

Both Dtx3L and Parp9 are overexpressed in an aggressive subset of DLBCL, and
are coordinately expressed from a common, interferon (IFN) y-inducible bidirec-
tional promoter containing interferon regulatory factor (IRF) and signal transducer
and activator of transcription (STAT) binding sites [37]. In addition, Dtx3L and
Parp9 are highly overexpressed in metastatic prostate cancer cell lines that have
increased IFNy/STAT1 signaling activity [38]. Analysis of gene expression datasets
from The Cancer Genome Atlas showed elevated levels of both Dtx3L and Parp9 in
prostate cancer as well as breast cancer, bladder urothelial carcinoma, colorectal
adenocarcinoma, head and neck squamous cell carcinoma, clear cell renal cell car-
cinoma, papillary renal cell carcinoma, lung adenocarcinoma, stomach adenocar-
cinoma, thyroid carcinoma, and uterine corpus endometrial carcinoma [18]. Dtx3L
expression is increased in melanoma compared to benign melanocytic tumors [39],
and in gliomas where Dtx3L expression level positively correlates with the grade of
glioma [40]. In summary, these expression changes point toward Dtx3L/Parp9 hav-
ing specific biological roles that support tumor behavior. Current evidence suggests

161


http://dx.doi.org/10.5772/intechopen.81613

Ubiquitin Proteasome System - Current Insights into Mechanism Cellular Regulation and Disease

that the Dtx3L/Parp9 complex plays a role in DNA damage response [18, 35, 41] and
the regulation of IFNy/STAT1 signaling pathway [38, 43]. Dtx3L also may function
independently of Parp9 in promoting cell migration and metastasis [38, 39, 40].

5. Dtx3L/Parp9 mediates DNA damage response

The Dtx3L/Parp9 complex is involved in DNA damage response. Dtx3L or Parp9
knockdown leads to increased sensitivity to the DNA damaging agent doxorubicin,
suggesting the Dtx3L/Parp9 complex plays a role in DNA repair [35, 41]. Using
a plasmid-based GFP reporter assay that measures non-homologous end joining
(NHE]) DNA repair, Yang et al. found that knockdown of either Dtx3L or Parp9
leads to an approximate two-fold reduction in NHE] repair [18]. Conversely,
overexpression of Dtx3L/Parp9 had increased efficiency of NHE]. Recruitment of
Dtx3L and Parp9 to laser micro-irradiated sites was observed in cells, supporting a
role for this complex in DNA damage response [18, 35]. PAR synthesized by Parpl
and 2 at DNA damage sites serves as a scaffold for recognition by factors involved
in DNA damage repair [42]. Because Parp9 contains two macrodomains that bind
to PAR, heterodimerization with Dtx3L helps target this E3 ubiquitin ligase to sites
of DNA damage. Consistent with this idea, depletion of Parp9 or treatment of cells
with PJ-34, a Parp inhibitor that blocks PAR synthesis, prevented Dtx3L localization
to sites of laser-induced DNA damage [35].

Once recruited to DNA damage sites, Dtx3L initiates an early wave of ubiqui-
tylation to help coordinate recruitment of DNA damage response proteins. In cells
exposed to DNA damage, early recruitment of DNA damage response proteins
tumor suppressor p53-binding protein 1 (53BP1) and BRCA1 were reduced when
Dtx3L or Parp9 was depleted via siRNA knockdown [35, 41]. Dtx3L knockdown
caused decreased chromatin association of the histone methyltransferase SET8 as
well as decreased histone H4 lysine 20 mono- and dimethylation [41]. The mecha-
nism for Dtx3L-dependent recruitment of SET8 to chromatin remains unknown.
Furthermore, histone H4 monoubiquitylation was reduced by Dtx3L knockdown,
and lysine 91 was identified as the site of monoubiquitylation on histone H4 by
Dtx3L [41]. Thus, histone H4 lysine 91 monoubiquitylation mediated by Dtx3L is a
prerequisite for methylation of histone H4 lysine 20 and subsequent recruitment of
53BP1. In terms of BRCA1, recruitment to DNA damage sites depends on the adap-
tor protein RAP80 which contains ubiquitin interacting motifs that could recognize
ubiquitylation marks generated by Dtx3L. Because of the DNA damage response
role for this complex, Dtx3L/Parp9 overexpression in various cancers could have
important clinical consequences in terms of therapy resistance to DNA damaging
strategies such as chemotherapy and radiation.

6. IFN signaling regulation by Dtx3L/Parp9

In addition to the DNA damage response, the Dtx3L/Parp9 complex has pro-
tumorigenic functions through regulation of IFN signaling. In prostate cancer
cells, both Dtx3L and Parp9 were shown to be critical factors for mediating cell
proliferation and chemoresistance [38]. One mechanism for how Dtx3L/Parp9
supports tumor growth is the repression of IRF-1, an important transcription
factor within the IFN signaling pathway that mediates anti-proliferative and
pro-apoptotic responses. Expression of IRF-1 was negatively correlated with
expression of Dtx3L and Parp9 in prostate cancer cell lines [38]. Consistent with
this observation, knockdown of either protein led to increased expression of IRF-1,
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and overexpression of Dtx3L or Parp9 had repressive effect on expression of a
luciferase reporter under the control of a IRF-1 promoter [38]. The repression was
further enhanced when STAT1, a transcriptionally repressive isoform of STAT1,
was co-expressed with Dtx3L and Parp9. This closely mirrors the result from a study
in DLBCL where Parp9 together with STAT1p represses IRF-1 expression, thereby
supporting cancer cell survival and proliferation [43]. Thus, overexpression of
Dtx3L and Parp9 represents a strategy in DLBCL and prostate cancer to repress the
expression of the tumor suppressor IRF-1, thereby blocking IFNy signaling from
acting in an anti-proliferative and pro-apoptotic manner.

7. Dtx3L promotes cell migration and metastasis

In addition to acting in a complex with Parp9 to promote tumor growth, Dtx3L
may have Parp9-independent roles in mediating cancer metastasis. Knockdown of
Dtx3L, but not Parp9, reduced prostate cancer cell migration [38]. Both STAT1 and
STAT?3 are involved in Dtx3L-mediate cell migration as co-knockdown of either
STATs with Dtx3L did not lead to a further decrease in prostate cancer cell migra-
tion [38]. The role of Dtx3L in regulating cell migration may be relevant in other
types of cancer as well. Analysis of the mouse B16 melanoma cell and its more inva-
sive sublines showed that Dtx3L levels positively correlate with how invasive the
melanoma cells are [39]. Knockdown of Dtx3L in human melanoma cells reduced
their invasive properties, and decreased lung metastasis was observed when Dtx3L-
depleted mouse melanoma cells were injected into tail veins of nude mice, suggest-
ing Dtx3L promotes melanoma metastasis [39]. Additionally, depletion of Dtx3L
inhibited migration of glioma cells in a transwell migration assay [40]. The role of
Parp9 in cancer cell migration and metastasis was not investigated in the setting of
melanoma and glioma. Overall, the available evidence supports the role of Dtx3L in
cancer metastasis, and whether Dtx3L acts independently of Parp9 in settings other
than prostate cancer remains an open question.

8. Enhancement of anti-viral response by Dtx3L/Parp9

Outside of the context of cancer, the Dtx3L/Parp9 complex promotes anti-viral
response through regulation of the IFN/STAT1 signaling pathway. As shown in
DLBCL and prostate cancer cells, both Dtx3L and Parp9 are coordinately expressed
via IFN signaling pathway in order to allow infected cells to mount an effective
anti-viral response [36]. Co-expression of Dtx3L and Parp9 augmented IFN/STAT1-
mediated anti-viral response, resulting in reduced viral load for encephalomyo-
carditis virus, Sindbis virus, and influenza A virus [36]. Furthermore, Dtx3L and
Parp9 co-expression enhanced luciferase reporter expression under the control of
IFN-stimulated response element and IFNy-activated site promoter and increased
nuclear localization of STAT1 [36]. Both Dtx3L and Parp9 can interact with STAT1,
suggesting an interplay between all three proteins to augment anti-viral IFN
response and enable cells to better control viral replication [36]. Here, enhanced
binding of STAT1 to the IRF-1 promoter by Dtx3L/Parp9 co-expression is observed,
which contrasts with the repressive role against IRF-1 expression that this complex
plays in cancer. The enhanced STAT1-dependent IFN-stimulated gene (ISG) expres-
sion requires Dtx3L-mediated histone H2B] monoubiquitylation at the promoter.
Deposition of this histone modification leads to a concomitant increase in chro-
matin accessibility and histone H3 lysine 4 trimethylation, an epigenetic mark for
active transcription, at the ISG IFN-induced protein with tetratricopeptide repeats
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1 (IFIT1) promoter. In addition to working with Parp9 to enhance ISG expression,
Dtx3L also has a Parp9-independent role in directly suppressing viral replication by
ubiquitylating and targeting the encephalomyocarditis viral 3C protease for deg-
radation [36]. Thus, for effective viral defense, Dtx3L can function with Parp9 in a
complex to enhance IFN/STAT1 signaling response, and also acts independently of
Parp9 to target viral protease for degradation through ubiquitylation.

9. ADP-ribosylation of the ubiquitin C-terminal glycine 76 carboxyl
group by Dtx3L/Parp9

The Dtx3L/Parp9 heterodimeric complex represents the first example of mam-
malian proteins that catalyze ADP-ribosylation of ubiquitin [18] (Figure 1). Parp9 was
originally thought to be inactive in terms of ART activity based on previous studies
where the ability of Parp9 to automodify itself was tested [30, 44]. However, Parp9
displayed comparable NADase activity to other ART family members when Dtx3L
was also added to the iz vitro reaction, suggesting Parp9 functions as an active enzyme
when complexed with Dtx3L [18]. Furthermore, when ubiquitin was added to this
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Figure 1.

ADP-vibosylation of ubiquitin by Dtx3L/Parp9 and proposed pathways for regeneration of free ubiquitin.

(1) Ubiquitin (Ub, blue circle) processing by E1 and E2. (2) Under low NAD*, ubiquitylation by Dtx3L is
favored that plays a role in DNA damage response and transcription vegulation. (3) Under high NAD*, ADP-
ribosylation of ubiquitin at the C-terminus by Parp9 is promoted, thereby blocking conjugation to substrate and
restraining Dtx3L E3 ubiquitin ligase activity. ADP-vibosylated ubiquitin could undergo processing through

two ways in ovder to regenerate free ubiquitin: a single step cleavage of ADP-ribose by a glycohydrolase (4), or
a two-step process where a phosphodiesterase cleaves AMP to generate phosphoribosylated ubiquitin, followed
by a hydrolase cleavage step to regenerate free ubiquitin (5). Both ADP-ribosylated and phosphoribosylated
ubiquitin may play signaling roles. Dotted lines indicate speculative steps.
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reaction, Parp9-mediated ADP-ribosylation of ubiquitin was detected. The ADP-
ribosylation of ubiquitin was dependent on processing of ubiquitin by E1 and E2 as
well as the RING domain in Dtx3L. Binding of an ubiquitin antibody that recognizes
an epitope in the C-terminus was reduced when ubiquitin was ADP-ribosylated,
indicating that the site of ADP-ribosylation was at the C-terminal portion of ubig-
uitin. ADP-ribosylation of proteins takes place on a variety of amino acids including
glutamate, aspartate, serine, phosphoserine, threonine, lysine, arginine, asparagine,
and cysteine [45, 46]. Arginine residues 72 and 74 at the C-terminus of ubiquitin were
excluded as the sites of ADP-ribosylation because mutations targeting these residues
did not prevent ubiquitin ADP-ribosylation by Dtx3L/Parp9 [18]. An independent
approach for interrogating ADP-ribosylation sites takes advantage of the differential
sensitivity to chemical-based ADP-ribose release, depending on the type of amino acid
that is ADP-ribosylated [47]. Neutral hydroxylamine which removes ADP-ribose from
acidic R group, efficiently removed ADP-ribose from ubiquitin, suggesting that the
site of ADP-ribosylation on ubiquitin is an acidic R group [18]. Based on these observa-
tions, the site of ADP-ribosylation was narrowed down to the C-terminal carboxyl
group of glycine 76, the only available acidic moiety that could serve as an acceptor for
ADP-ribose in the C-terminus of ubiquitin (Figure 1).

10. Dtx3L E3 output is regulated by ADP-ribosylation of ubiquitin and
PAR-binding to Parp9 macrodomains

Given that conjugation of ubiquitin onto target substrates occurs through its
C-terminus, ADP-ribosylation of the C-terminus of ubiquitin would block ubiqui-
tylation from taking place. Thus, modulation of Parp9-mediated ADP-ribosylation
would be expected to change the ubiquitylation output by the heterodimer partner
Dtx3L. This prediction was tested by adding NAD" to an iz vitro ubiquitylation reac-
tion, which would promote ADP-ribosylation of ubiquitin. As expected, increasing
concentration of NAD" led to reduced ubiquitylation of histone H2A and histone
H3 by Dtx3L [18]. This supports the idea that Parp9 ADP-ribosylation of ubiquitin
effectively blocks ubiquitin from being utilized in Dtx3L-mediated ubiquitylation,
and that Parp9 negative regulation of Dtx3L can be modulated through changes
in free NAD" concentration (Figure 1). In addition to regulation of Dtx3L ubiq-
uitylation by the Parp9 catalytic domain, Parp9 can also regulate Dtx3L through
binding to PAR via its two macrodomains. Addition of PAR in an iz vitro ubiqui-
tylation reaction increased Dtx3L-generated polyubiquitylated product as well as
monoubiquitylation of histone H2A [18]. This suggests PAR binding to the Parp9
macrodomains has a stimulatory role in terms of Dtx3L function and points toward
aregulatory mechanism where a conformational change from PAR-binding to Parp9
macrodomains is transmitted to Dtx3L to enhance E3 ubiquitin ligase activity. A
precedent for PAR activation of E3 function has been established where RNF146, an
E3 ubiquitin ligase, is stimulated by PAR binding through its Trp-Glu-Glu (WWE)
domain [48, 49]. On the other hand, PAR binding to Parp9 had no effect in terms
of generation of ADP-ribosylated ubiquitin. As Dtx3L and Parp9 play a role in
NHE] DNA repair, the regulatory role of Parp9 ADP-ribosylating ubiquitin in this
process was examined. Yang et al. found that co-expression of catalytically inactive
Parp9 with Dtx3L had enhanced DNA damage repair, compared to co-expression of
wild-type Parp9 and Dtx3L [18]. This is consistent with the model that Parp9 ADP-
ribosylation of ubiquitin precludes ubiquitylation of substrates by Dtx3L that would
be important for the recruitment of DNA damage repair proteins. Reducing the ART
activity in Parp9 by mutation relieves this inhibitory effect, thereby promoting DNA
damage repair dependent on Dtx3L E3 ubiquitin ligase activity.
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Based on experimental evidence discussed earlier, we put forth the concept that
in the context of DNA damage, NAD" functions as an important regulator of E3 out-
put for Dtx3L/Parp9 via two distinct mechanisms. When cells are exposed to DNA
damage, depletion of NAD* occurs because as part of the DNA damage response,
Parpl and 2 utilize NAD" as an ADP-ribose donor molecule for the synthesis of PAR
at sites of DNA damage [42, 50]. As the NAD" level is low and PAR is present, the
local environment at the DNA damage site would be optimal for Dtx3L E3 ubiquitin
ligase activity that is critical for DNA damage response. Low NAD* means that
ADP-ribosylation of ubiquitin by Parp9 is occurring minimally; hence, ubiquitin is
available to participate in Dtx3L-mediated ubiquitylation (Figure 1). Moreover, PAR
synthesized from NAD" helps recruit the Dtx3L/Parp9 complex to DNA damage sites
and stimulates Dtx3L E3 ubiquitin ligase activity through recognition by the Parp9
macrodomains. As the repair of DNA damage proceeds, the balance shifts from
synthesis of PAR toward disassembly of PAR and restoration of NAD" to basal level.
The heterodimeric complex becomes disengaged from PAR, and hence, the stimula-
tory impact of PAR-binding to promote Dtx3L ubiquitylation is reduced. High NAD*
levels would favor ADP-ribosylation of ubiquitin by Dtx3L/Parp9, and this attach-
ment of ADP-ribose to the C-terminal glycine 76 would block utilization of ubiquitin
in Dtx3L-mediated ubiquitylation (Figure 1). In this setting, the combination of
high NAD"* and low PAR levels would not be conducive for Dtx3L E3 ubiquitin ligase
function, which is appropriate as DNA damage is resolved and Dtx3L-mediated
ubiquitylation to coordinate early DNA damage response is no longer necessary.
Thus, NAD" and its derived macromolecule PAR serve as critical regulatory mecha-
nisms for controlling Dtx3L-mediated ubiquitylation in the context of DNA damage.
As part of this regulation of Dtx3L, ADP-ribosylation of ubiquitin plays a restraining
function for Dtx3L E3 ubiquitin ligase activity when DNA damage has been repaired.

11. Distinct biological properties and roles for ADP-ribosylated
ubiquitin generated by Dtx3L/Parp9 and SidE proteins

While both the Dtx3L/Parp9 complex and the SidE proteins can mediate the for-
mation of ADP-ribosylated ubiquitin, clear distinctions are evident between the two
cases. The ADP-ribosylation of ubiquitin by Parp9 requires that ubiquitin undergo
E1 and E2 processing as well as the presence of the E3 ubiquitin ligase Dtx3L. This
requirement for strict coupling ensures that Parp9 ADP-ribosylation of ubiquitin is
specifically tied to activated ubiquitin that is in the process of being handled by the
heterodimer partner, Dtx3L, and ensures that ADP-ribosylation of ubiquitin does
not take place promiscuously. In contrast, the mART domain of SidE proteins is
sufficient to generate ADP-ribosylated ubiquitin in the absence of ubiquitin process-
ing by E1 and E2. The roles of the generated ADP-ribosylated ubiquitin are different
between Dtx3L/Parp9 and SidE proteins. For Dtx3L/Parp9, ADP-ribosylation of
ubiquitin takes place to short-circuit the normal ubiquitylation process by Dtx3L,
thereby acting in a negative regulatory manner. In essence, ADP-ribosylation at the
C-terminus of ubiquitin prevents the modified ubiquitin from being conjugated onto
target substrates, and thus appears to be a regulatory feature for Dtx3L E3 output in
the context of DNA damage repair as discussed earlier. It is possible that the control
of Dtx3L-mediated ubiquitylation by Parp9-mediated ADP-ribosylation of ubiquitin
operates in the context of active IFN signaling and viral infection as well. Depletion of
NAD" has been observed in cells treated with IFNy [51], and this could further aug-
ment Dtx3L E3 output and downstream control of viral infection. Decreasing levels
of NAD" would lead to less Parp9-mediated ADP-ribosylation of ubiquitin; hence,
unmodified ubiquitin is available for Dtx3L-mediated ubiquitylation of histone
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H2BJ which results in increased ISG expression. It would be interesting to test this
hypothesis through co-expression of catalytically inactive Parp9 mutant and Dtx3L
and examine how transcription of ISG is impacted. If our model is correct, then ISG
transcription should be increased because the negative regulatory mechanism on
Dtx3L E3 activity is relieved by inactivation of Parp9 catalytic activity. Similar to
ubiquitin ADP-ribosylated at the C-terminal glycine 76, ubiquitin ADP-ribosylated
on arginine 42 and its phosphoribosylated derivative are unable to be utilized in E1
and E2 processing, thereby disrupting host ubiquitylation processes [21]. However,
the main role of ADP-ribosylated ubiquitin generated by SidE proteins is to serve as
an activated intermediate for non-canonical serine ubiquitylation of host proteins
that is important for supporting bacterial infection. Because Dtx3L/Parp9-mediated
ADP-ribosylation of ubiquitin occurs on the C-terminus, this enzyme complex would
not be able to ADP-ribosylate pre-existing polyubiquitin chains already conjugated

to a target substrate, as no C-terminal carboxyl group from ubiquitin is available for
the attachment of ADP-ribose. Unconjugated polyubiquitin chains are present in cells
[4], so it is conceivable that the glycine 76 carboxyl group at the C-terminus of the
polyubiquitin chain can be modified by Dtx3L/Parp9. Because of the tight coupling
of Dtx3L/Parp9-mediated ADP-ribosylation of ubiquitin to E1 and E2 processing,
this scenario would likely require that free polyubiquitin chains are first processed

by E1 and E2 before ADP-ribosylation by Dtx3L/Parp9 could take place. However,

to the best of our knowledge, handling of free polyubiquitin chains by E1 and E2

has not been observed, and thus, ADP-ribosylation of free polyubiquitin chains

by Dtx3L/Parp9 remains highly speculative. On the other hand, SidE proteins can
modify existing polyubiquitin chains. Incubation of lysine 48- or methionine 1-linked
ubiquitin tetramers with SdeC led to ADP-ribosylation of the incorporated ubiquitin
[24]. Further investigation showed that ADP-ribosylation and phosphoribosylation of
lysine 63-, lysine 48-, lysine 11-, or methionine 1-linked diubiquitin chains could be
catalyzed by SdeA [52]. No preference for modification of either ubiquitin within the
diubiquitin was observed. In most cases, the ADP-ribosylated or phosphoribosylated
diubiquitins were resistant to hydrolysis by deubiquitinases, suggesting SidE proteins
could have broad effects in host cell by changing deubiquitinase susceptibility of
polyubiquitin chains on various target substrates [52].

12. Some open questions for ADP-ribosylation of ubiquitin

While it is clear that ADP-ribosylation of ubiquitin by Dtx3L/Parp9 prevents
substrate conjugation, the biological processes impacted by this form of regula-
tion outside of Dtx3L-mediated NHE] DNA repair remain to be identified. One
can also speculate that ADP-ribosylated ubiquitin could be playing a signaling role
as a second messenger molecule, similar to how free ubiquitin or a polyubiquitin
chain could serve signaling roles [4] (Figure 1). Another major question is the fate
of ADP-ribosylated ubiquitin after it is generated. It does appear that cells have
enzymatic activity to reverse this post-translational modification on ubiquitin
as treatment of ADP-ribosylated ubiquitin with cell lysate restores detection of
the C-terminus by the C-terminal ubiquitin antibody [18]. There are at least two
mechanisms by which cells can reverse the ADP-ribosylation and regenerate free
ubiquitin (Figure 1). One is that a glycohydrolase cleaves the ADP-ribose from
the C-terminus of ubiquitin in a single step reaction. MacroD1, macroD2, and
terminal ADP-ribose protein glycohydrolase 1 (TARG1) are examples of glycohy-
drolases that remove ADP-ribose from acidic residues [45, 46], and are potential
candidates for regenerating the C-terminal carboxyl group of ubiquitin. The other
possibility is removal of ADP-ribose from the C-terminus of ubiquitin involves a
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phosphodiesterase that releases AMP to generate phosphoribosylated ubiquitin,
though regeneration of ubiquitin would still require a hydrolase to remove the
phosphoribosyl group. It is conceivable that both mechanisms are operating within
the cell. The latter mechanism where phosphoribosylated ubiquitin is generated
opens up the question of whether this modified species of ubiquitin has biologi-

cal functions, rather than it occurring as a recycling intermediate. As speculated
earlier for ADP-ribosylated ubiquitin, the phosphoribosylated ubiquitin could

have cell signaling roles. This idea is applicable to the phosphoribosylated ubiquitin
generated by SidE proteins as well where it is currently unknown whether and how
phosphoribosylated ubiquitin is processed by host cells. Although the sites of modi-
fication are different, there could be overlap in terms of the host cell mechanisms
that handle the reversal of phosphoribosylated ubiquitin generated by SidE proteins
versus phosphoribosylated ubiquitin generated as a result of breaking down ADP-
ribosylated ubiquitin generated by the Dtx3L/Parp9 complex. Thus, we currently
have little understanding of what other roles ADP-ribosylated ubiquitin may play
aside from being a starting point for bacterial protein-catalyzed ubiquitylation or
aregulatory mechanism against the Dtx3L E3 ubiquitin ligase, as well as how cells
regenerate free ubiquitin from ADP-ribosylated or phosphoribosylated ubiquitin.

13. Concluding remarks

ADP-ribosylation of ubiquitin is an exciting new addition to the possible
post-translational modifications for ubiquitin. To date, SidE proteins and the
Dtx3L/Parp9 complex are the only proteins known to generate ADP-ribosylated
ubiquitin. These two cases of ADP-ribosylation of ubiquitin represent distinct
mechanisms by which ubiquitin conjugation activity is regulated (Figure 2).
Dtx3L/Parp9-mediated ADP-ribosylation of the C-terminal glycine 76 of ubiq-
uitin effectively prevents the modified ubiquitin from being utilized in ubiq-
uitylation processes until the blocking ADP-ribose is removed. SidE-mediated
ADP-ribosylation of ubiquitin occurs as an activation step for subsequent
E1- and E2-independent ubiquitylation process. These are still early days in
understanding the important roles ADP-ribosylation of ubiquitin plays in both
the Dtx3L/Parp9 and SidE context and many questions remain. How exactly
does abrogating the Parp9 ART activity enhance the NHE] DNA repair mediated
by Dtx3L? What are the Dtx3L target substrates involved in this process? While
histone H4 is one of the important candidate substrates based on previous data
[41], there may be other DNA damage response factors that are ubiquitylated
by Dtx3L during NHE] DNA repair. For SidE proteins, it would be interesting to
see whether other bacterial effector proteins as well as eukaryotic counterparts
exist that can catalyze the E1- and E2-independent ubiquitylation on serine.
Furthermore, by utilizing ADP-ribosylated ubiquitin, SidE-mediated ubiqui-
tylation results in a phosphoribose linkage between serine and ubiquitin that is
distinct from the canonical isopeptide linkage between lysine and ubiquitin. How
this novel ubiquitin linkage changes the biological properties of Rab and Rtn4,
the targets of SidE proteins, is a future area of research. An intriguing possibility
is that perhaps other bacterial effector proteins specifically recognize this unique
serine-phosphoribose-linked ubiquitin and co-opt the modified Rab and Rtn4
for the generation of Legionella-containing vacuoles. Finally, much work remains
to be done on characterizing the cellular mechanisms involved in processing and
handling of ADP-ribosylated and phosphoribosylated ubiquitin after they are
generated. Answering these questions regarding ADP-ribosylation of ubiquitin
would provide additional insight into the ubiquitin code.
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Figure 2.

NAD" regulation of ubiquitin conjugation activity by two distinct mechanisms. Models of ADP-ribosylated
ubiquitin weve generated in Pymol by attaching ADP-ribose (magenta) to either arginine 42 (black) or
C-terminal glycine 76 (black) in the solved ubiquitin crystal structure (PDB: 1UBQ, green).
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Abstract

Ubiquitylation is a posttranslational modification that determines protein fate.
The ubiquitin code is written by enzymatic cascades of E1 and E2 and E3 enzymes.
Ubiquitylation can be edited or erased by deubiquitylating enzymes. Ub-receptors
are proteins that read and decipher the ubiquitin codes into cellular response.

They harbor a ubiquitin-binding domain and a response element. Interestingly,
Ub-receptors are also regulated by ubiquitylation and deubiquitylation. However,
until recently, the molecular details and the significance of this regulation remained
enigmatic. Rpnl10 is a Ub-receptor that shuttles ubiquitylated targets to the protea-
some for degradation. Here we review recent data on Rpn10, with emphasis on its
regulation by ubiquitylation.

Keywords: ubiquitin receptor, crystal structure, ubiquitylated ubiquitin receptor,
regulation mechanisms, cargo shuttle

1. Introduction

Protein ubiquitylation functions as a cellular code to alter structure-function,
localization, and interactions or as a destruction signal. The signal is decoded by
several hundreds of ubiquitin receptors, proteins that carry a ubiquitin-binding
domain(s) tethered to a response element. To precisely decode the numerous cel-
lular ubiquitylation signals, ubiquitin receptors also carry element(s) that sense(s)
the cellular context [1]. Intriguingly, ubiquitylation also regulates the function of
ubiquitin receptors by their ubiquitylation.

The 268 proteasome is a multiprotein complex that degrades ubiquitylated
proteins. Several proteasome Ub-receptors that mediate the recognition of ubiqui-
tylated proteins were identified including proteasome subunits Rpn1 [2], Rpn10 [3],
and Rpn13 [4] and shuttling factors Dsk2, Rad23, and Ddil that are not a protea-
some subunit [5].

Rpn10 is one of several Ub-receptors that target ubiquitylated proteins destined
for degradation by the 26S proteasome [3]. It contains a VWA (Von Willebrand
factor type A domain) tethered to a ubiquitin-binding domain called UIM (ubig-
uitin-interacting motif). The VWA binds the proteasome, whereas the UIM binds
ubiquitin non-covalently. Rpn10 is evolutionarily conserved with some species
like human and plant having additional one or two UIM, respectively (Figure1).
Interestingly, deletion or silencing of Rpnl10 in yeast and worm is dispensable for
viability [3, 6]. However, in fruit fly and mice, Rpn10 deletion is lethal and has
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Figure 1.
Scheme of Rpnio architecture and conservation. VWA, purple; UIM, orange.

deleterious phenotypes in plants [7-9]. Mice lacking only the UIM of Rpn10 are
viable. Altogether, it is believed that in some organisms, the redundancy of protea-
some Ub-receptors compensates for the lack of Rpn10.

Rpnl0 can be found in a proteasome bound form and in a free cytosolic
form. Its association with the proteasome is therefore dynamic [10-12].
Experiments with yeast, fly, plant, and human cells collectively suggest that
free Rpn10 molecules recognize and shuttle ubiquitylated targets to degrada-
tion in the proteasome [10, 12-14]. Excess Rpn10 can bind another receptor
Dsk?2 and restrict its association with the proteasome. This observation raised
the hypothesis that the cytosolic Rpn10 pool possesses a regulatory role on
proteasome function.

It has been demonstrated that non-covalent ubiquitin binding and intramo-
lecular monoubiquitylation are coupled [15]. Moreover, monoubiquitin binding
by ubiquitin receptors is regulated to avoid occupation of the ubiquitin-binding
domain (UBD) by free ubiquitin [16]. The conjugated monoubiquitin might occupy
the UBD to prevent the binding to ubiquitylated partners [18]. Therefore, cleavage
of conjugated ubiquitin from the receptor would expose the UBD to bind a ubiqui-
tylated cargo in a spatially and temporally mode.

In a seminal study, Crossas and co-workers demonstrated that Rpn10
is monoubiquitylated mostly on lysine 84 (K84) in vivo in yeast by the E3
ligase Rsp5 [17]. They showed that ubiquitylation has an inhibitory effect on
the ability of Rpn10 to bind ubiquitylated substrates, suggesting that in the
ubiquitylated from, the UIM is blocked by the conjugated ubiquitin. Rpn10
monoubiquitylation levels were reduced under cellular stress conditions where
protein degradation was enhanced, thus supporting a connection between
monoubiquitylation of Rpn10 and proteasome function. It was later shown that
Rpnl0 monoubiquitylation leads to its dissociation from the proteasome [11].
Ub-Rpn10 molecules are much less associated with the proteasome compared
to apo-Rpn10. Proteasomes lacking Rpnl10 were still functional suggesting that
Rpn10 removal does not destabilize the proteasome [11, 17]. Several groups
suggested that Rpn10 monoubiquitylation serves to decrease Rpnl10-associated
proteasome and increase Dsk2-associated proteasome. Elevation of Ub-Rpn10
decreases Dsk2 association with the proteasome, supporting a role for Rpn10
ubiquitylation as a way to fine-tune the substrates that reach the proteasome
[10, 11]. Although Rpn10 loosely associates with the proteasomes, it remains an
enigma how monoubiquitylation mediates the dissociation of Ub-Rpn10 from
the proteasome.

In this chapter, we will review the purification process of Ub-Rpn10 for crystal-
lization, determine the structure by X-ray diffraction, and present the structural
models of Ub-Rpnl0 as apo and in the context of the proteasome. Moreover, we will
discuss a postulated mechanism of action derived from the structures and series of
in vitro and in vivo experiments that corroborate this mechanism.
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2. E. coli-based expression and purification system for ubiquitylated
proteins

To obtain large quantity of ubiquitylated proteins for downstream biochemical and
biophysical studies (including X-ray crystallography), we constructed an E. coli-based
system that synthetically expresses a functional ubiquitylation apparatus [18]. The
system consists of two or three compatible plasmids that express Hiss-Ub, E1, E2, E3,
and MBP fusion of protein target of interest for ubiquitylation (Figure 2A). We con-
structed the system in a polycistronic manner. In the case of Ub-Rpn10 purification, we
specifically expressed Hiss-Ub, UBA1 (E1), and Ubc4 (E2) from one plasmid and Rsp5
(E3) and MBP-Rpn10 from other two plasmids. As the ubiquitylated protein possesses
both six-histidine- and maltose-binding protein tags, we used Ni** and amylose affinity
chromatography columns to purify the modified protein. We then cleaved the affinity
tags by Hisg-tobacco etch virus (TEV) protease and removed tags and the protease using
the same affinity columns. Final purification was accomplished by an additional ion-
exchange chromatography steps. The expression system and purification process were
found to be very efficient as we obtained milligrams of purified Ub-Rpn10 using this
purification protocol (Figure 2B) [18, 19]. Biochemical and mass-spectrometry analysis
clearly showed that Rpn10 is authentically monoubiquitylated at K84 in E. coli as was
previously demonstrated to be modified originally in Saccharomyces cerevisiae [17].
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Figure 2.
Expression and purification of ubiquitylated Rpnio. (A) Scheme of the expression and purification of Ub-Rpnio
and (B) Coomassie-stained SDS-PAGE showing the purified sample of Ub-Rpnio and apo Rpnio for comparison.

3. Structure of Ub-Rpn10

The structure of Ub-Rpn10 highlighted two key findings [20]: (i) it revealed that
in addition to the UIM, the VWA domain may also function as a UBD, and (ii) it
allowed assessment of the Ub-Rpn10 structure in the context of the structure of the
proteasome. We will now elaborate on the findings from the structure.

4. The VWA domain of Rpn10 is a bona fide UBD

The structure shows that the covalently bound Ub-moiety at K84 interacts with
the neighboring VWA molecule in a non-covalent manner (Figure 3). The interac-
tion interface centered at the famous ubiquitin [44 patch. This observation suggests
that binding of ubiquitin by the VWA might be biologically important. In silico
algorithm that screens for potential UBDs corroborated this finding [21]. Indeed,
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Figure 3.

A non-covalent binding interface between ubiquitin and Rpnio: (A) shows the major residues forming the
interaction network and (B) shows the affinity values as measured by SPR (BIACORE) and quantitative
growth efficiency as measured from bacterial spots. Correlation between the measurements is shown (vight).

surface plasmon resonance experiments showed that VWA binds wild-type ubiqui-
tin. Moreover, ubiquitin mutants at the interaction interface presented significant
lower affinity. Similarly, structural-based mutations at the ubiquitin-binding patch
on VWA significantly reduced or abrogated the interaction (Figure 3B). In an
orthogonal study, we harnessed a bacterial genetic selection system for ubiquity-
lation to quantify the effect of these mutants on E. coli growth. In this system E. coli
cells co-express split antibiotic protein tethered to ubiquitin and the VWA domain
along with functional ubiquitylation cascade. The non-covalent interaction of
ubiquitin with the VWA domain promotes the ubiquitylation of the latter, results
in a functional assembly of the reporter, which give rise to bacterial growth under
selective conditions (i.e., in the presence of antibiotic). The data obtained using this
system also indicated that the VWA domain binds ubiquitin. Moreover, structural-
based mutants abrogated the ubiquitylation and the growth. Figure 3B demon-
strates the strong correlation between the two orthogonal studies. Altogether, these
data indicate that the Rpn10-vWA domain is a bona fide ubiquitin-binding domain.

5. Ub-Rpn10 clashes with proteasome subunit Rpn9

The second finding raised from superpositioning of the Ub-Rpn10 with the
proteasome cryo-EM structures [22-25]. This operation revealed that whereas
the structures of the VWA domain from the two complexes are perfectly aligned,
the conjugated ubiquitin collides with the proteasome adjacent subunit Rpn9. This
suggests that Ub-Rpn10 cannot reside on the proteasome. The hypothesis was evalu-
ated by three different methodologies: first, biochemical experiments with purified
proteasome lacking Rpn10, supplemented with purified Rpnl10 and enzymes mix of
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its ubiquitylation cascade. These experiments showed that while Rpn10 can associ-
ate with the proteasome, Ub-Rpn10 cannot [20]. Second, pulldown experiments
show that Rpn9 binds Rpn10 but not Ub-Rpn10. Third, in orthogonal study in vivo
in yeast together with the group of Ben Aroya, we demonstrated that native chro-
mosomal expression of Rpn10 harboring the K84R mutation, which cannot undergo
ubiquitylation at this site, tightly binds the proteasome subunit Rpn9. However,
wild-type Rpnl0 that can undergo ubiquitylation at K84 shows no interaction with
Rpn9. Together, these experiments demonstrate that Rpn10 but not Ub-Rpn10
interact with Rpn9.

The structure, the biochemical, the biophysical, and the genetic experiments
therefore support a model where upon ubiquitylation, Ub-Rpn10 dissociates from
the proteasome, allowing a new molecule of Rpn10 to bind (Figure 5). Crosas and
co-workers independently showed that ubiquitylation of Rpn10 leads to reduction
of Rpnl0-associated proteasomes, supporting our observation [11].

6. Ub-Rpn10 modifies Dsk2 interactions at the proteasome

At the same time we determined and analyzed the structure of Ub-Rpn10,
Crosas and his co-workers found that monoubiquitylation of Rpn10 dissociates
Ub-Rpn10 from the proteasome [11]. Moreover, they found that the proteasome
shuttle Dsk2 interacts with Rpn10 but this interaction is precluded by the ubiq-
uitylation of Rpn10. They examined the localization of Dsk2 in a model of con-
stitutively ubiquitylated Rpn10 in which Ub is fused to Rpn10 (Ub-Rpn10). They
demonstrated that Dsk2 no longer interacts with Ub-Rpn10 but instead it associates
the proteasome by interaction with Rpnl. Their data indicate that under these con-
ditions, more Dsk2 is associated with the proteasome suggesting that ubiquitylation
of Rpnl0 also regulates the interaction of Dsk2 with the proteasome.

7. Conclusions

It is now becoming clear that ubiquitylation signal goes beyond degradation and
serves as a regulation mechanism for protein-protein interaction. Recent study in
our laboratory demonstrated that a similar mechanism also regulates the activity of
HECT E3 ligases [26] and other Ub-receptors (unpublished data). We, therefore,
postulate that other cellular Ub-receptors and perhaps shuttling factors are regu-
lated by coupled monoubiquitylation.

It is convincing to see that different studies conducted by several laboratories
found the same data in which monoubiquitylation of Rpn10 at K84 induces dis-
sociation of the receptor from the proteasome. While each laboratory examined
different outcomes, it seems that there is no contradiction between the models, but
they actually provide a more complete and comprehensive view on the regulation
mechanism of Rpnl0 and proteasome function. It would be interesting to explore
the mechanism that determines the timing of Rpn10 ubiquitylation on the protea-
some. Moreover, it is yet to be explored if and when deubiquitylation promotes the
recycle of Rpn10-dependent substrate degradation.
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Figure 4.
Structure of Ub-Rpn1o at the proteasome context. Superimposition of the Ub-Rpnio structure with the

proteasome complex cryo-EM structure. (A) Zoom into the interaction interface between Rpnio, Rpn9, and
Rpn8. The Ub-moiety [from Ub-Rpnio molecule (coloved in ovange)] clearly clashes with Rpn9 subunit
(light green). There is no interaction between the Ub-moiety and subunit Rpn8. (B) A view in context of the

proteasame.

Figures.
A model for the regulation of Rpnio by monoubiquitylation.
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Chapter 10

Zinc-Binding B-Box Domains

with RING Folds Serve Critical
Roles in the Protein Ubiquitination
Pathways in Plants and Animals

Michael Anthony Massiah

Abstract

Protein ubiquitination is an essential cellular process that maintains protein
homeostasis, regulates protein, and cell functions, and removes aggregated and
misfolded protein. Disruption in function of any of the protein components of the
ubiquitination pathway is associated with human diseases including cancers. An
important member in the ubiquitination cascade is the very large E3 ligase family that
directs substrate modification. The RING-type E3 ligases possess a cysteine/histidine-
rich zinc-binding RING domain that confers ligase functionality. RING domains
adopt a canonical ppa-fold. TRIM proteins represent a novel class of RING-type E3
ligase. TRIM proteins consist of an N-terminal RING domain followed by one or two
B-box domains. The two types of B-box domains play essential roles in protein ubiqui-
tination by contributing to substrate targeting, ligase activity enhancement, and
redundancy of ligase activity. This review presents a general background of the B-box
domains, a structural and functional comparison with RING domains, and a sum-
mary of recent work demonstrating their role in proteolysis. We discuss new findings
that reveal B-box domains which are ubiquitous and are found in non-TRIM plant
proteins without the adjacent RING domain, indicating that B-boxes are members of
RING-class E3 ligases.

Keywords: zinc-finger, ubiquitination, E4 ligases, MID1, TRIM, BBX

1. Introduction

Protein ubiquitination is an essential cellular process that maintains protein
homeostasis (proteostasis) and removes aggregated and misfolded protein that
could recruit other proteins away from their normal cellular functions. It serves to
regulate protein and cellular functions. Dysregulation of any of the protein compo-
nent usually result in human diseases including cancers and birth defects. As such,
the focus on protein ubiquitination has grown significantly in the past 2 decades,
leading to extensive knowledge and new insights. A member of the ubiquitination
cascade that has received considerable attention involves the large and growing
family of E3 ligases. This family directs the last step in the reaction cascade by
facilitating the ubiquitination of protein substrates. It is generally accepted that each
E3 ligase has a specific or group of substrates (Figure1).
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There are several subgroups of E3 ligases, with the largest consisting of proteins
with a RING domain that confer ligase functionality. The RING E3 ligase domains
are cysteine- and histidine-rich sequences that bind two zinc ions in a unique cross-
brace manner and adopt a canonical fpa-fold (Figure 1). Tripartite motif (TRIM)
proteins represent a new class of RING E3 ligases. TRIM proteins are characterized
by their N-terminal RING domain followed by one or two cysteine/histidine-rich

B-box1 + B-box 2

Figure 1.

Zinc-binding and structurve of RING and B-box domains. A. Cross-brace zinc-binding mechanism by Cys/
His-vich sequences of RING and B-box domains. Unlike other zinc-finger domains in which the zinc ion is
coordinated by Cys and His ligands in a sequential manner, the cross-brace mechanism involves coordination
by alternating pairs of ligands. The consensus zinc-binding sequences are different for RING and the B-box
domains. B. Ribbon drawings of a representative RING (pdb 2hdp) domain and MID1 B-box1 (2ffw) and
B-box2 (2dqs5) domains. The ppa-canonical RING fold consists of a short a-helix and two loops, both of which
contribute ligands to bind the zinc. Loop1 (L1) is usually less mobile than loop2 (L2). The relative locations
of the zinc ions (red spheves) ave similar among RING domains and the B-box domains. C. The superposition
of structures of the B-box1 and B-box2 domains shows that the overall structures ave similar. The structure is
rendered to smooth out variation of the loop to simplify the image.
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regions called B-box domains. The two types of B-box domains play important
roles in protein ubiquitination, contributing to substrate targeting, enhancement of
ligase activity, and redundancy in ligase activity. This review presents a historical
background of the B-box domains commonly found in TRIM proteins, a structural
and functional comparison with RING domains, and a summary of recent work
demonstrating their role in protein ubiquitination. A brief discussion on the current
understanding of RING E3 ligases mechanism of function is presented. We also
discuss findings that reveal B-box domains are found in non-TRIM plant proteins
without an accompanying RING domain. Finally, we argue that the B-box domains
represent a new addition to the RING-class E3 ligases with a more versatile role
than RING E3 ligase, namely they bind substrates, regulate E3 ligase activity of the
adjacent RING domain, enhance E3 ligase activity of TRIM proteins, and actually
function as E3 ligases.

2. Background

B-box and RING domains fall under the category of zinc-finger domains, which
are present in a diverse family of proteins that includes transcription factors,
ribonucleoproteins, proto-oncoproteins, and E3 ligases [1]. Zinc-finger domains
or proteins are characterized as having cysteine and histidine residues arranged in
one of several motifs that are relatively conserved in other proteins [2]. The thiol
group (S7) of the cysteine and a nitrogen atom of the histidine imidazole side-chain
tetrahedrally bind a zinc ion [2].

Most zinc-finger proteins typically coordinate either a single zinc ion or two zinc
ions, depending on the number of cysteine and histidine residues and their position
within the sequence [3]. A defining property of zinc-finger domains is that zinc
coordination is required to stabilize the tertiary structure. Loss of zinc coordination
by a mutation of any of its cysteine or histidine residue results in complete unfold-
ing of the protein structure. Protonation of the cysteine or histidine by decreasing
the pH of the protein solution will also result in unfolding. For domains that bind
two zinc ions, disruption of coordination of one zinc ion is usually accompanied by
the loss of binding of the other zinc ion, causing the domain to become unfolded
rather than partially folded with one zinc ion [4, 5].

Zinc-finger domains were identified in the mid-1980s within the Xenopus
nuclear factor 7 (XNF7), first by Aaron Klug [6-8]. The subgroups of A-box and
B-box cysteine/histidine-region domains were first identified a few years later with
the Xenopus transcription protein TFIIIA ([9]). The A-box domain precedes the
B-box region by 20-45 amino acids. Subsequently, other proteins were observed
to have a similar A-box motif without an accompanying B-box region. The A-box
regions constitute 60-80 amino acids with a zinc-binding consensus sequence of
C-X,-C-X[9_39]-C-X[1_31-H-X[2_3]-C-X»-C-X[4_48-C-X,-C. This consensus sequence
reveals eight zinc-binding ligands (cysteines) that can coordinate two zinc ions.
There are also variations in the zinc ligands as A-box domains are observed to
have more than one histidine. By the early 1990s, the A-box domain was renamed
really interesting new gene (RING). The uncreative moniker remains for the B-box
domain [10].

For the next 2 decades, the number of proteins observed with the RING and B-box
domain pairs would have increased, with most belonging to TRIM proteins that are
defined by their N-terminal RING, B-box, and coiled-coil (RBCC) domains [11, 12].
This RBCC domain arrangement is conserved and found in all multicellular organ-
isms [12]. In humans, the RBCC domain is observed in a family of over 50 proteins;
although few have been characterized in detail, their importance is underscored by
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the fact that some are oncoproteins (e.g., PML, RFP, and TIF1a), while others, when
mutated, give rise to various congenital abnormalities [13, 14]. Members of this large
protein family are found to play regulatory roles in a variety of cellular processes,
including sperm vesicle exocytosis and intracellular release of HIV [15, 16]. The RBCC
domain arrangement indicates at the very least that TRIM proteins have an overall
common function. The RBCC proteins can have quite diverse C-terminal domain
arrangements [17].

Interestingly, many TRIM proteins possess three consecutive cysteine/histidine-
rich regions, the first being the RING domain. The other two domains are referred
to as B-box1 and B-box2 domains ([18]). While the nomenclatures suggest that the
two types of B-box domains are homologous, they do not share any discernable
sequence similarity with each other or with RING domains. A single B-box domain
in TRIM proteins is always of the type 2 form (B-box2), while TRIMs with two have
the B-box1 domain preceding the B-box2 domain. The name may have persisted to
prevent confusion in distinguishing the presence of the two types of B-box domains
in TRIM proteins. The B-box1 domain is slightly larger (50-60 aa) with a zinc-
binding consensus sequence of C-X,-C-X;_1,C-X,-C-X;-C-X,-[C/H]-X3 4-H-X, o-H
[C5(C/H)H2]. The B-box2 domains are 35-45 and have a consensus sequence
of C-X,-H-X,_o-C-X,-[C/D/E]-X,-C-X,-C-X;_s-H-X, ,-[C/H] [CHC(C/D/E)
C2H(C/H)] [4]. Comparison of the consensus sequences of RING and the B-box
domains reveals two regions in which the number of amino acids between zinc-
binding pairs is different. RING domains have the longest length (X [9.39], X [4.43])
following by the B-box1 domain (X7_1, X4 9) and B-box2 domain (X7.o, X3.6).

3. Description of B-box domain structures

Despite their prevalence and location downstream of RING domains in TRIM
proteins, very little was initially done to characterize the structures and functions of
B-box domains. We postulate that this might have been so because of difficulties in
obtaining sufficient quantities of the B-box domains for structural and functional
studies. Indeed, each type of the B-box domain has proven to be quite challenging
to express and purify using E. coli. The same can be said for RING domains because
there are only a few dozen structures solved, and given their uniqueness in defin-
ing substrate specificity, structural comparisons would be important to identify
differences in mechanism of function and activity. Our experience revealed that the
B-box and RING domains tend to form inclusion bodies [19]. In identifying condi-
tions to obtain large quantities of these domains, we have established a purification
protocol that not only works for B-box domains but also for other proteins that are
prone to forming inclusion bodies [19, 20]. The protocol can extract natively folded
proteins from inclusion bodies without refolding. Despite some of these initial
challenges, there are now several structures of both types of B-box domains in the
protein database.

The first comprehensive structural studies of B-box domains were based on
the TRIM18/MID1 protein [13, 21]. Human MID1 is required for proper midline
development during embryogenesis ([22-26]). Mutations of MID1, some of which
are found within the B-box domains, are associated with X-Linked Opitz G/BBB
syndrome (XLOS), a congenital disorder characterized by clefts of the lip and pal-
ate, cardiac structural defects, and genital anomalies [14, 27].

The structure of the B-box1 domain (residues GIln87-Pro165) was solved in 2006
by analyzing multidimensional data acquired by nuclear magnetic resonance (NMR)
spectroscopy. The B-box1 domain was observed to coordinate two zinc ions in a cross-
brace manner with six cysteine and two histidine residues (Figure 1) [13]. Residues
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Alal115 to Prol65 form the core of the structure, while the preceding 30 amino acids
are unstructured and initially included to aid in solubility. The structure consists of

a two-turn a-helix that is preceded by a long structured loop consisting of two short
p-strands separated by a type-2 f-turn. Two cysteine residues within the first part

of the structured lasso-like loopl coordinate one zinc ion with two other cysteine
residues located within the first helical turn of the helix. Two cysteine residues that
are part of the p-turn and two histidine residues, one located at the end of the a-helix
and the other on the loop2 that follows the helix, coordinate the second zinc ion. The
overall structure is very similar to the ppa-canonical RING fold (Figure1).

The structure of MID1 B-box2 domain was solved a year later, using NMR data.
In contrast to the MID1 B-box1 domain, the MID1 B-box2 consists of seven classical
cysteine and histidine zinc-binding residues, suggesting that only one zinc might
be coordinated by four of these residues (Figure 1). Sequence alignment of TRIM
B-box2 domains reveals that approximately half of B-box2 domains consist of
aspartate residues and the other half a cysteine residues in the same location. This
observation suggests that Asp must be a highly conserved change [21] that should
be performing the same role as the cysteine residue. Indeed, the MID1 B-box2
domain coordinates two zinc ions in a similar cross-brace manner as the B-box1
and RING domains. Two histidine, cysteine, and aspartate residues coordinate one
zinc ion. The carboxylate oxygen of this conserved aspartate side chain participates
in zinc coordination. The aspartate residue forms the necessary zinc-knuckle
conformation with a cysteine residue two positions away (CxxD) to tetrahedrally
coordinate the zinc ion [2, 21]. Although carboxylate groups are involved in bind-
ing catalytic zinc ions, for example, carbonic anhydrase [28-30], or other non-
structural metals, this was the first demonstration in a zinc-finger protein. The
B-box2 domain adopts a two-turn a-helix, two short f-strands separated by a type-2
p-turn, and two structured loops adjacent to the helix. Despite a lack of sequence
similarity, the structures of the two types of B-box domains are remarkably similar
(Figure 1C). The positions of the two zinc ions are in similar locations, namely near
the N-terminus of the helix and to the bottom left of the helix (given the specific
orientation shown in Figure 1B). Importantly, the mechanism of zinc coordination
(cross-brace) and the ppa-fold are comparable to those of RING domains.

Structures of the B-box1 domain from TRIM19 and the B-box2 domain from
TRIM1/MID2, TRIM5a, TRIM21, TRIM29, TRIM39, TRIM41, TRIM54, and
TRIM63/MuRF1 have been solved. All the B-box domain structures are similar.
Consequently, we conclude that MID1 consists of three consecutive domains with
RING folds. Thus, the TRIM protein family must represent a new class of E3 RING-
type ligase, consisting of two or three consecutive RING folds.

To identify a possible role of the two adjacent B-box domains, the structure of
both was determined in their native tandem form (res A110-E214). The two B-box
domains maintained their original structures and pack against each other with the
interface formed by residues located on the structured loop-1 near the two antiparal-
lel p-strands. The surface area of the interface is 188 A? (17% of the total surface).
Interestingly, the tandem globular structure is very reminiscent of the intermolecular
association observed for heterodimeric RING structures, such as the BARD1 and
BRCA1 domains (12) and the polycomb group protein (Bmi-1) and Ring1B polycomb
group (14), and the homodimeric RINGs, such as HDM2 [31], RNF4 and 8 [32, 33],
and cIAP2 [34]. The TRIM19 B-box1 and TRIM54 B-box2 domains were solved as
symmetric dimers by X-ray crystallography. The structures of RING dimers reveal
the domains interacting via residues located on and near loop-1. The BRCA1-BARD
and RNF8 dimers also include adjacent structures, such as helical dimers. The area
of the interface of the hetero- and homo-RING dimers is approximately 150-200 A%,
similar to that observed for the MID1 B-box1,2 heterodimer. In spite of their
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interactions, it appears that in the case of MID1, unfolding of the B-box1 structure,
via a mutation of one its zinc-binding residues, had little effects on the structure and
stability of the B-box2 domain [4]. This observation suggests the possibility that each
B-box domain could function independently or have redundant E3 ligase function.

The structures of two B-box domains were solved in complex with another
TRIM domain. The TRIM5a B-box2 was crystallized with its coiled-coil domain,
which contributes to oligomerization. Binding studies using NMR and dynamic
light scattering using a TRIM5a proteins with a native and mutant B-box2 domain
reveal that the B-box2 domain contribute to higher order self-association [35].
Given that the B-box2 domain is required for substrate ubiquitination, self-
association may contribute to enhanced E3 ligase activity and substrate targeting
[36, 37] of the native TRIM5a. The B-box domains of TRIM27 are also determined
to be crucial for multimerization by possibly helping to orient the coiled-coil
domain in a way that maintained the multimer interaction [38]. In contrast, the
B-box2 domain of TRIM21 was crystallized with the N-terminal RING domain,
and the structure reveals that the B-box2 domain interacts with the RING domain
on a surface that is important for RING-E2 interaction. In this case, the structure
suggests that TRIM21 B-box2 may have an autoinhibitory effect, although further
studies are required. It is possible that the structures of these complexes may be
affected by protein packing within the crystal lattice. More work needs to be done
to understand the mechanism of function of these B-box domains, which we
postulate are now key players in the ubiquitination field.

4. A brief description of ubiquitination and the role of E3 ligases

In order to appreciate the function of RING and B-box domains, a brief sum-
mary of protein ubiquitination is provided. All living organisms employ a fairly
common mechanism to recycle proteins so as to regulate protein function, pro-
teostasis, and cell cycle. Eukaryotic cells employ protein ubiquitination, a post-
translational modification using the highly stable 76-amino acid ubiquitin protein
(Ub) [39-41]. Bacteria use prokaryotic ubiquitin-like protein (Pup) in an analogous
manner [42]. Polyubiquitinated proteins, usually with a chain of at least four-linked
Ub, are targeted to the proteasome where they are proteolytically cleaved into
peptides [39, 40, 43]. Ubiquitin chains can form via any of its seven lysine residues
or combinations of the seven; homogenous chain links, example K48, promote
protein degradation [44-46], but some have signaling functions [47, 48]. The Ubs
are cleaved by deubiquitinating enzymes (DUBS) and recycled [49]. Although
mono- and diubiquitinated proteins are directed to the proteasome [50], there is
evidence that this level of modification serves a signaling role, in which modified
proteins can have their functions and cellular location altered. The monoubiquitina-
tion of cytosolic proteins results in translocation to the nucleus to participate in
DNA repair, transcription regulation, and inflammatory response [39, 51-54].

Ubiquitination involves three classes of enzymes. First, the El-activating
enzyme (E1) catalyzes the adenylation of the C-terminal glycine of Ub (Ub~AMP).
This phosphoester bond undergoes a nucleophilic attack by the sulthydryl group of
the active site cysteine residue on the E1. In the next step, the Ub is transferred to
an active site cysteine residue on a family of E2 conjugating enzymes (E2) to form
an activated thioester-linked E2~Ub complex [39, 43]. Typically most types of E2
enzymes require the concerted action of an E3 ligase (E3) to target and facilitate
substrate ubiquitination [40, 43]. There are several classes of E3 ligases: the homol-
ogous to the E6-AP Carboxyl Terminus (HECT), RING-InBetweenRing-RING
families, and RING class [39-41, 50, 55]. The HECT and RING-IBR-RING families
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accept the Ub via a trans-thiolation reaction from the E2 before transferring it to
the target protein. The RING E3 ligase, which includes the Skp-Cullin-F-box (SCF)
complex, U-box, and now the B-box, represents the overwhelming majority of E3
ligases. While the mechanism is unclear, the RING-type ligase binds and places in
close proximity to the target protein and the E2 enzyme. With the SCF complex, the
RING domain (aka RBX) recruits the E2~Ub, while another SCF subunit (usu-

ally, the F-box) binds the substrate. In the last reaction, the E2~Ub thioester bond
undergoes a nucleophilic attack (thiolysis) by a lysine residue of the target protein
whereby the side-chain amino group forms an isopeptide bond with the C-terminal
carboxylate group of Ub. Subsequent Ubs can be attached to other lysine residues
of the substrate, but more commonly observed to form a polyubiquitin chain with
linkages to one of seven lysine residues of the Ub [39, 40, 43]. Chains can be formed
with Lys 6, 11, 27, 29, 33 and the N-terminus (M1) amino group, but the two more
common reported linkages involve Lys48 and Lys63 [44]. We argue that the level or
amount of polyubiquitination or Ub processivity can be an assessment of the level
of E3 ligase activity by a RING protein.

Typically, confirmation that a RING domain/protein possesses E3 ligase activity
is accomplished by performing i vitro autoubiquitination assays consisting of all
the protein components except the substrate. In most cases, the protein substrate is
unknown. In these reactions, the proximity of the RING domain with the activated
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Figure 2.

Exiaeated RING E3 ligase results. Cartoon representation of a Western blot image showing autoubiquitination
results in no E3 ligase (In1), a RING-type E3 with “weak” E3 ligase activity forming mono- and sometimes
(di-ubiquitinated) products, and a RING E3 with stronger activities (In3). The smearing represents
polyubiquitinated products with various amounts of Ub on the protein. Substrate ubiquitination will usually
mirror the results shown.
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E2~Ub complex promotes auto- or self-ubiquitination, suggesting that a RING
protein is a substrate of its own E3 ligase activity. How autoubiquitination affects
substrate ubiquitination is a subject of intense studies. A protein mixture with E1,
E2, E3, Ub, and ATP is incubated, and ubiquitinated E3 is probed by Western blot
with an antibody against the Ub or the E3 ligase (Figure 2). Protein bands corre-
sponding to a RING domain with covalently attached Ubs typically indicate E3 ligase
activity [39, 40]. The level of E3 ligase activity can be estimated by the rate and
amount of autoubiquitinated products observed as a function of assay time [56, 57].
Western blot images of various levels of polyubiquitinated products are often indi-
cated with a smearing of high molecular weight products, while a less active enzyme
is indicated by less smearing or the presence of mono- or di-ubiquitinated products
(Figure 2). However, it should be noted that even though an E3 ligase catalyzes
mono- and di-ubiquitination does not mean it is a “weak” ligase; it is wholly possible
that it has evolved to function at this level, and as noted, mono- and di-ubiquitina-
tion may serve as signaling events [54, 58]. There are lots of questions about how
and why RING domains exhibit different levels of substrate ubiquitination.

5. Possible mechanism of action of RING E3 ligases

As noted, the mechanism of function of RING E3 ligases is unclear, but con-
siderable progress has been made to provide insights. The structures of several
E2-RING complexes reveal that the RING domain is positioned ~15 A from the
active site and the thioester linkage between the E2 and Ub [59, 60]. Based on these
structures, it is unclear how the RING domain affects reactivity or electrophilicity
on the E2~Ub linkage. To gain insights on the role of RING E3 ligases, Klevit and
co-workers [61, 62] used molecular dynamic and NMR studies to show that the
bound RING E3 ligase promoted a “closed” E2~Ub conformation, whereby the Ub
populates one interaction mode with slightly greater frequency. In the absence of
a bound RING domain, the covalently attached Ub is highly mobile and does not
favor any specific surface of E2 to interact [62]. There is no fixed or stable structure
between the Ub and E2 proteins. Promoting the positioning of the Ub to the “back”
surface of the E2 reduces steric hindrance for nucleophilic attack by the incoming
lysine residue. In addition, key amino acid interactions at the E2-RING binding
interface appear to contribute to the activation of the thioester bond. For example,
residue GIn92 of UbcHS5 (Ube2D1), which is located on a helical turn adjacent to
active site Cys-85, forms a hydrogen bond with an arginine or lysine residue on
loop-2 of the RING domain. Disruption of this interaction through mutation of
GIn92 or the arginine severely disrupts the rate of Ub transfer [62, 63]. In fact, the
rate of thiolysis with free lysine, as the substrate, for either mutant is comparable to
that of E2~Ub without a bound RING domain. Thus, it is generally accepted, given
what is known from the various E2-RING interaction studies that the RING domain
contributes allosterically to electrophilicity of the thioester bond.

6. The B-box domains are new members of the RING E3 ligase

Given that the B-box domains have similar RING folds, it was postulated to
function similarly. First confirmation that the B-box domains possess E3 ligase
activity was demonstrated with MID1 [64]. The in vitro assays revealed that each
type of B-box domain exhibited weak E3 ligase activity. Mono-ubiquitinated
products were observed. Varying degrees of RING E3 ligases activities have
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been reported in the literature, but no explanation has been provided; for some
instances, RING hetero- or homodimerization is necessary. Despite the similar
overall fold of RING and B-box domains, we postulate that subtle amino acid
differences and structural variations between RING folds may contribute to
differences in the levels of activities. Furthermore, it is possible that the cohort E2
enzyme used may provide a specific level of activity [59]. Most RING E3 ligases are
confirmed using the common UbcHS5, . (Ube2D1-3) E2 family. For MID1 B-box
domains, mono-ubiquitination activities were observed with at least 12 different
E2 enzymes [64]. As noted above, it is possible that the level of activities of the
B-box domains may be physiological and evolutionarily determined. Below, the
structures of RING and B-box domains are compared to provide rationales for

the differences in activities.

Intriguingly, the tandem B-box domains also exhibit weak E3 ligase activity,
with no greater level of autoubiquitination activity than that observed with the
B-box1 domain [64]. This is in contrast to hetero- and homodimeric RING dimers,
which exhibited greater activity than the mono form [32, 33, 65]. The BRCA1-
BARD1 complex, in which BRCA1 (breast cancer 1) heterodimerizes with BARD1
(BRCA1-associated RING domain), exhibited enhanced activities compared to
BRCAL1 alone; BARD1 does not exhibit ligase activity [65-68]. Enhancements of
activities were also observed for MDM2/HDX [69], RNF4 [33], inhibitor of apop-
tosis (IAP) proteins [70], BMI1-RING1 [71], and membrane-associated RING-CH
family of E3 ubiquitin ligases (MARCH1) RING dimers [72], to name a few. The
mechanism of E3 ligase enhancement by RING dimers or the lack of enhancement
by the MID1 B-box domains is unclear. However, there are several publications
that proposed rationales of the role of RING dimers [32, 73], but they will not be
discussed here.

Despite the MID1 B-box domains not showing strong ligase activity, studies
with TRIM16 revealed that its B-box domains exhibited greater level of activities.
There were substantial amount of polyubiquitinated products, as demonstrated by
the intensity of the smearing observed by Western blot analysis [74]. Both in vivo
and in vitro ubiquitination assays with constructs containing B-box1 and B-box2
domain deletions resulted in the loss of the polyubiquitin smearing. TRIM16 is a
pseudo-TRIM that lacks a RING domain,; it is possible that TRIM16 B-box1 and 2
domains have evolved to possess increased activity in light of the missing RING
domain. However, results from TRIM16 indicate that TRIM16 can dimerize with
other TRIM proteins, and it may be that these interactions contribute to iz vivo
increased activity. This observation suggests a more intricate mechanism of action
for TRIM proteins, namely that they can homo- and heterodimerize, and this can
affect the levels of E3 ligase activity. Furthermore, recent in vitro and in vivo studies
with TRIM27/rtf, a protein with RING-B-box2-CC domain, showed that the B-box2
domain, and not the RING domain, is responsible for substrate binding and ubiqui-
tination [75].

7. Tandem RING and B-box domains are more active: could it be E4
ligases?

To understand the role of the B-box domains in the context of being adjacent
to the RING domains, as they are commonly found in TRIM proteins, autou-
biquitination assays were performed with the MID1 RING domain in tandem
with B-box1 (RING-B-box1 (RB1)) and both B-box domains (RING-B-box1-B-
box2 (RB1B2)). The goal was to determine whether each domain functions
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independently or if they have synergistic contribution to justify a possible evo-
lutional reason for their presence in tandem. In the case of RB1, greater amount
of polyubiquitinated products were observed compared with the results of the
ubiquitination assay with the RING domain alone [14, 64, 76]. The rate of product
formation was qualitatively faster. Whereas polyubiquitinated products were
observed with the MID1 RING domain after 120 minutes, polyubiquitinated
products were observed within the first 5-10 minutes of the assay with RB1.
Similarly, the MID1 RB1B2 protein construct exhibited comparably rapid ligase
activity as the RB1 domain construct. Within experimental error, it was difficult
to determine whether there was greater or lesser amount of polyubiquitinated
products. Therefore, it was difficult to identify the contribution of the B-box2
domain within the RB1B2 construct.

To probe whether the B-box2 domain contributes to ligase activity as part of
the RB1B2 construct, a C142S mutation was introduced within the B-box1 domain
(RB1"B2). Cysteine-142 coordinates one of the two zinc ions, and its mutations to
serine resulted in the loss of coordination of both zinc ions and unfolding of the
B-box1 domain [4]. By Western blot, the E3 ligase activity of the RB1*B2 protein
construct was indistinguishable from the RB1B2 construct, indicating that the
B-box2 domain can compensate for the loss of function of the B-box1 domain. To
confirm that the B-box2 domain has the same enhancing role as the B-box1 domain,
an RB1* protein construct was designed, and the activity was observed to be similar
to that of just the RING domain [64].

These observations indicate that the B-box domains, by some unknown
mechanism, appear to enhance the E3 ligase functionality of the adjacent RING
domain. It is wholly possible that the enhancement observed could be that both
RING and the B-box domains have gained E3 ligase activities, there is some syn-
ergy in activities, or that the B-box domains may function as E4 ligases [77-80].
E4 ligases are domains with a RING fold that enhance the ligase activity of RING
E3 ligases. Possible examples of E4-enhancing ligases are the BARD1 and HDMX
RING domains. In the mid-2000s, the U-box domain, which adopts a similar ppa-
RING fold but without the coordination of zinc ions ([81]), was initially shown
to play an E4-enhancing role for RING E3 domains [82]. Subsequently, it was
concluded that U-box domains can function as E3 ligases and now represent a new
member of the RING-type E3 ligases with a similar mechanism of action as RING
domains [61, 83, 84].

The function of the B-box domains of TRIM5«, TRIM25, and TRIM32 is also
studied [85, 86]. TRIM5a possesses anti-viral/anti-HIV activities [56, 87]. TRIM25
plays a crucial anti-viral role by ubiquitinating the N-terminal caspase activation
and recruitment domains (CARDs) of the recognition receptor RIG-I [86, 88].
Mutations of TRIM32 are associated with limb-girdle muscular dystrophy type
2H. TRIM25 consists of RING, B-box1, and B-box2, while TRIM5a and TRIM32
have the RING and B-box2 domains. TRIM25 possesses both Ub and interferon-
stimulated gene 15 (ISG15)-E3 ligase activities [86, 88]. ISGylation serves more of
a signaling role, as ISG15-modified proteins have altered functions [89]. For these
proteins, the B-box domains are required for enhanced activities. Using thiolysis
assays (nucleophilic attack on the thioester of charged E2~Ub by lysine), the role
of the B-box domains was assessed for TRIM25 and 32 [86]. The constructs with
the RING domain alone marginally activated the reaction, but those including the
B-box domains significantly accelerated thiolysis.

In the case of TRIMSa, autoubiquitination assays with monomeric RING alone
did not produce polyubiquitinated products/chains. In contrast, the RB2 and
RB2CC protein constructs showed considerable increases in activities, which were
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attributed to the presence of the B-box domain. As control, the RB2*CC protein
construct with a destabilizing B-box2 mutant resulted similar levels of ubiquitina-
tion products as just with the RING domain [36].

In summary, the results from the RB1, RB1B2, RB1*B2, and RB1* autoubiquitina-
tion assays of MID1/TRIM18, TRIM25, and TRIM32 suggest that TRIM proteins
with RING and two B-box domains have some redundancies in the enhancement
role of the B-box domains. Furthermore, given that the RING-less TRIM16 tandem
B-box possesses strong ligase activity adds to the support that the B-box domains
can possibly have dual roles, functioning as E3 and E4 ligases.

8. The B-box domains are required for substrate polyubiquitination

While the in vitro assays confirmed E3 ligase activities of B-box domains and
their possible role in E3 ligase enhancement, it is important to resolve whether
observations of autoubiquitination activities translate to substrate ubiquitination.
In the case of MID1, there are three known substrates: the catalytic subunit of
protein phosphatase 2A (PP2Ac) [14, 90], alpha4 [76], and the fused kinase (FK)
[91]. PP2Ac is part of a heterotrimeric PP2A complex consisting of the scaffold-
ing subunit PP2Aa (PR65) and one of several regulatory subunits (PP2Ab) that
defines cellular location and substrate specificity. PP2A functions as a master
switch to control metabolism (review [92]), cell cycle progression (via cdc2
kinase activation), DNA replication, transcription and translation, cell prolifera-
tion, cytoskeleton dynamics and cell mobility, and apoptosis [93-100]. PP2A is
considered a tumor suppressor, deactivating oncogenic MEK1 and ERK within
the RAS-RAF-MEK-ERK/MAP kinase cascade [92, 96, 101]. The alpha4 protein
[102-106] regulates PP2A within the target of rapamycin (TOR) signaling path-
way that controls transcription, protein synthesis, and cell cycle progression in
response to nutrients and extracellular stimuli [104, 105, 107-112]. Alpha4 binds
the PP2Ac and induces a conformational change that keeps PP2Ac in an inactive
conformation until needed [14, 113, 114]. The fused kinase is a key regulator within
the Sonic Hedgehog pathway important for cell polarization and body symmetry
[115]. Specifically, FK is shown to activate Hh- and Ci-dependent transcriptional
activation in Drosophila Schneider 2 cells.

For all three substrates, full-length MID1 was shown to catalyze their polyubiq-
uitination [14, 76, 91]. The role of the B-box domains for substrate ubiquitination
was demonstrated for PP2Ac and alpha4 [14, 76]. With just the RING domain, a
weak band was observed on the Western blot, indicating low amount of mono-
ubiquitinated products [14, 76]. In contrast, polyubiquitinated products were
observed with the RB1 and RB1B2 protein constructs. The results of the assays with
the RB1* (C141S) protein construct yielded monoubiquitinated PP2Ac and alpha4
products, confirming the B-box1 domain is important for substrate targeting and
polyubiquitination. The RB1*B2 protein construct catalyzed the polyubiquitination
of PP2Ac but not alpha4. These results indicate a few things: the B-box binding of
protein substrates is a critical role for polyubiquitination, the B-box2 domain can
compensate for the unfolded B-box1 domain, and the B-box2 domain can contrib-
ute to some B-box1 redundancies in MID1’s overall E3 ligase activity. The levels of
ubiquitination of PP2Ac and alpha4 parallel the results observed with the autoubiq-
uitination assays, confirming the various roles of the B-box domains. Similar results
were observed with TRIM5« TRIM?25, TRIM19/PML, and TRIM®63.

TRIMSa targets the HIV capsid protein. Deletion of the B-box2 domain affected
oligomerization state, E3 ligase activity, and substrate ubiquitination [35, 37, 56].
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TRIM25 targets RIG-I. In vivo studies with HEK293T cells were performed with
wild-type TRIM25 and with the B-box domains deleted individually and as a pair.
Protein constructs consisting of either B-box domain yielded polyubiquitinated
RIG-I products, supporting key observations with the MID1 protein [88]. TRIM19/
PML is a tumor suppressor protein that is associated with a wide variety of can-
cers. TRIM19 is shown to function as a small ubiquitin-like modifier (SUMO)
protein E3 ligase targeting MDM2, which functions as a regulator of protein p53.
Sumoylation affects protein stability and cellular localization and sometimes serves
as precursor to prime the protein substrate for ubiquitination. The results of in
vivo and in vitro sumoylation assays revealed that the B-box domains are required
for MDM2 sumoylation. Similarly, mutations destabilizing of the B-box2 domain
of TRIM28/KAP-1 completely eliminated KRAB domain binding, demonstrat-

ing that the B-box2 domain is important for binding and targeting of the KRAB
[116]. TRIM63/MuRF1 is found in striated muscle and observed to be upregulated
with muscle atrophy. The muscle-type creatine kinase (M-CK) is one substrate

of TRIM63 and co-precipitated with TRIM63 only with an intact B-box2 domain
[117]. Ubiquitination of M-CK required the B-box2 domain. Furthermore, the
B-box2 domain also contributed to the overall oligomeric TRIM63 structure [118].
It is unclear whether B-box2 domain dimerization or oligomerization is a universal
observation or protein specific. In the case of MID1, there is no evidence that the
B-box2 domain is dimer (unpublished data).

Finally and importantly, studies with TRIM27/rfp revealed a central role of the
B-box domain in substrate binding and ubiquitination and subsequent degradation
[75]. This report was the first demonstration that E3 ligase activity of TRIM27, a
TRIM protein with a RING domain, is conferred to the B-box domain instead [75].
This unique finding has not, to our knowledge, been observed with any other TRIM
proteins containing both RING and B-box domains.

9. MID1 B-box1 domain E3 ligase activity can be enhanced

As noted, we postulate that RING E3 ligases that exhibit different levels of in vitro
activities might be due to evolutionary determinants that include subtle differences
in amino acids and structures between the RING E3 ligases (Figures 3 and 4).

This idea is supported with the MID1 B-box1 domain in which an XLOS-specific
mutation, P151L, yielded a B-box1 domain with greater E3 ligase activity [119].
Furthermore, the RB1*(P151L) protein construct possesses greater activity than the
wild-type RB1 protein construct. NMR data revealed that the B-box1 P151L mutant
is folded. This proline is conserved among many TRIM B-box1 domains, and it

may be a key determinant for the weaker E3 ligase activity observed. Residue P151
is located at the end of the helix and beginning of loop2. Residues of loop2 partici-
pate in E2-RING interactions, specifically allowing an arginine or lysine residue to
hydrogen bond with E2-GIn92, necessary for activation of the thioester bond in the
case of Ube2D1. For the MID1 B-box1 domain, the rigidity of the backbone property
of proline-151 positions loop2 differently, which prevents key loop2-E2 interactions
(Figure 4A) [119]. The P151L mutation is most likely repositioned loop2 for more
favorable interactions with the E2 (Ube2D1) enzyme used in the assay. In the case
of TRIM16, there is no proline in the corresponding location, and this maybe the
reason why it exhibits greater E3 ligase activity than the MID1 B-box1 domain. The
lower activity of the B-box2 domain cannot be explained because there is no proline
residue to reorient loop2. However, compared to the RING consensus sequence,
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Figure 3.

RI?VG and B-box domain comparison. A. Sequence alignments of five representative RING domains and
five B-box1 and B-box2 domains from TRIM proteins. The amino acids involved the two zinc ions are
identified in yellow and lines above connecting the corvesponding residues consistent with the cross-brace
mechanism. Some more conserved hydvophobic residues are coloved green, while the acidic and basic residues
are colored red and cyan. B. Suvface representation of HDM2 RING and the MID1 B-box1 and B-box2
domains displaying the surface in same relative orientation for which the E2 engyme intevacts. Hydrophobic
(green), basic (K, R, blue), acid (E, D, red), and uncharged polar (white) regions arve shown. The pattern
of amino acid type distribution is similar for many of the RING and solved B-box1 and B-box2 structures.

loop2 of MID1 B-box2 and several B-box2 domains are significantly shorter, and this
could limit optimal interactions with the E2 enzyme.

Intriguingly, even though the P151L mutant B-box1 possesses greater activity,
substrate ubiquitination assays revealed that the mutation disrupts binding and
targeting of the alpha4 protein. This observation strongly supports our hypothesis
that RING E3 ligase activities may be a compromise between level of activity and
substrate binding, as defined evolutionarily. In unpublished work, we have identi-
fied several specific amino acids in RING domains that are important for RING-E2
interaction but that are not present in B-box1 domains. Introduction of these amino
acids into the MID1 B-box1 domain resulted in significant increases in auto-
ubiquitination activity, including polyubiquitination (unpublished).
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Ube2D2(E2

Figure 4.

Ezg-E3 interactions. A. Ribbon vepresentation of the UbcHs/Ube2D1(green)-cCbl RING (purple) complex
with the structure of the B-box1 domain (ved) superimposed onto the RING domain. In this orientation, loop2
is positioned away from the E2-RING binding interface. Residues of RING loop2 make important E2-binding
interaction; similar intevactions ave not observed with the B-box1 domain. B. Close-up to the E2-binding
surface of the fancl RING domain; the dashed line separates the surface of the RING and E2 Ube2T (most of
which is not shown for clarity). Consistent with several E2-RING complexes, the E2 enzymes bind on a fairly
large hydrophobic surface on one side of the RING domain (Figure 1) with specific electrostatic and hydrogen
bonding interactions. Green = hydrophobic residues, blue = basic, red = electrostatic, white = uncharged polar,
and red-sphere = zinc ions.

10. Structural comparison of RING and B-box domains

In light of our findings that the E3 ligase activity of the MID1 B-box1 domain can
be enhanced, we examine the structures of RING and B-box domains to understand
if there may be additional features that can rationalize the difference in activities of
MID1 RING and B-box domains. While it is not feasible to provide detailed analyses of
all the differences between the various RING and B-box domain structures, we make
general qualitative comparisons. As noted, the overall structures of RING and B-box
domains are similar (Figure 1). In the case of the MID1 B-box domain, the position
and size of loop2 may contribute to their decreased E3 ligase activities (Figure 4A).
The sequences of a few RING and B-box domain are aligned, and distributions of
amino acid types on the E2-binding surface on the RING and B-box domains are
depicted for comparison (Figures 3 and 4). There are some key differences in amino
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acids between the RING and B-box domains that may also contribute to differences

in the level of activity. However, those will not be discussed in detail here. The exact
mechanism of E2-Bbox binding has not been characterized, and therefore, for the
following discussion, we make the assumption that the B-box domains interact with
the E2 enzyme in a similar manner as RING domains. The different types of residues
(hydrophobic [green], acidic [red], basic [blue], and uncharged polar [gray]) are
displayed. We used the HDM2 and human Fanconi anemia (fancl) RING domains

[31, 120]. On the E2-binding surfaces, both RING domains (Figures 3 and 4) show
predominantly hydrophobic residues. With the structure of the HDM2 RING domain
(PDB 2hdp), there is also a large adjacent basic patch on the outer surface of the helix,
but its role in E2 binding is not clear. There is also a basic residue on loop2 and a small
acidic patch toward the top of the structure, and these participate in Ube2D2 E2 bind-
ing. For the fancl RING domain, the large hydrophobic patch is located in same region,
but there are no large charged surfaces. Evaluation of fancl-RING-Ube2T complex
(PDB 4ccg) reveals that the E2 enzyme interacts predominantly with the hydrophobic
region of the RING domain (Figure 4B) [120]. Structures of other RING-E2 com-
plexes reveal similar types of interactions.

In contrast, the hydrophobic patches on the MID1 B-box1 and B-box2 structures
are smaller and not as contiguous as those observed with the HDM2 and Fancl
RING structures (Figure 3). There are more charged residues on the surface.

The PML/TRIM19 B-box1 domain (PDB 2mvw) [121] has more polar residues
distributed instead of hydrophobic residues. Two smaller hydrophobic patches are
observed on opposite sides. The distribution of residues for the TRIM5a B-box2
domain (PDB 2ecv) is very similar to that of the MID1 B-box1 structure. These
comparisons reveal that there are differences in amino acid types at the canonical
E2-binding site that might influence the mechanism of interactions between RING
and B-box domains with their cognate E2 enzymes and hence the level of activity.

Interestingly, the structure of fancl RING domain with Ube2T E2 reveals that
Ube2T does not have a corresponding GIn92 residue to form a hydrogen bond with
a basic residue on loop2 of the RING domain, which is present is several RING and
U-box domains. Instead, the complementary positions consist of hydrophobic resi-
dues, suggesting that allosteric effects of RING binding might be transmitted via
hydrophobic interactions. In contrast, the HDM2 RING domain has an arginine that
can form a hydrogen bond with GIn92 of the Ube2D2/UbcHS5 E2 enzyme. This inter-
action is important for allosteric effects to influence cleavage of the thioester bond.
It is possible that these subtle differences in binding mechanisms might provide a
rationale for differences in the level of E3 ligase activities observed for RING-type
E3 ligases. Differences in activity may also be due to mismatch in cognate E2-RING
partners with in vitro ubiquitination assays. For example, some RING and B-box
E3 ligases may possess sumoylation and ISGylation activities and, therefore, prefer
different E2 conjugating enzymes.

11. B-box2 domain may additionally possess a regulatory role

In addition to the above noted roles of the B-box domains, it has been suggested
that the presence of MID1 B-box2 domain impacts the binding efficiency of the
B-box1 domain to alpha4. Binding studies with the MID1 and alpha4 proteins revealed
tightest binding with a RB1 construct and reduction in binding with RB1B2 and larger
MID1 constructs [90]. The apparent reduction in RB1-alpha4 binding may due to
the B-box2 domain binding in an overlapping site with alpha4 [122]. Interestingly,
we saw a reduction of the band intensities of the polyubiquitinated products of both
auto- and alpha4-ubiquitinations with RB1B2 [76], indicating that B-box2 domain is
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regulating the alpha4 interaction. On the other hand, it is possible that the decrease is
due to the two B-box domains affecting the RB1B2 interaction with the E2 enzyme.

Another TRIM protein for which the B-box2 domain has been ascribed a possible
regulatory function is TRIM21, which is involved in immune signaling and is found
in almost all cell types and tissues in mammals. In contrast to MID1, the TRIM21
RING domain exhibited greater ligase activity than the RB2 protein construct [123].
The result is confirmed by the E2~Ub thiolysis assays: the rate of Ub discharge was
greater with the RING than with the RB2 domain construct. NMR experiments
confirmed that the RING and B-box2 domains interact via the surface important for
self-oligomerization [124].

12. The role of B-box domains in RINGless-TRIM proteins

There are currently six characterized human TRIM proteins that lack the
N-terminal RING domain: TRIM14, TRIM16 (EBBP), TRIM20 (PYRIN/MEFV),
TRIM29 (ATDC), TRIM44 (DIPB), and TRIM66. RINGless TRIM proteins are
found in Drosophila melanogaster (Brat, Wech/Dappled) and C. elegans (LIN-41),
but the functions of these proteins are not characterized. A detailed list of all cur-
rent TRIM, RINGless TRIM, and BBX proteins are shown in Figure 5.

TRIM16 is a transcriptional regulator involved in regulating neuroblastoma cell
growth, migration, and tumorigenicity [74]. Apparently, it can function as E3 ligase
via both homodimerization and heterodimerization with TRIM18, TRIM19, and
TRIM24 [125]. The tandem B-box domains are capable of very weak homodimerizing
interactions in the absence of the coiled-coil domain. In vitro ubiquitination assay
with TRIM16 consisting of domain deletions confirmed that the B-box domains
confer E3 ligase activity [74]. TRIM20 is involved in innate immune response and is
associated with the autoinflammatory disorder familial Mediterranean fever (FMF),
characterized by pyogenic arthritis and pyoderma gangrenosum [126]. For TRIM20,

Figure 5.

B-box containing TRIM proteins. Protein family distribution of all currently known TRIM and RINGless
TRIM proteins grouped by the presence of the B-box1 and B-box2 domains. Pseudo-TRIM16 and 66 lack a
RING domain, and pseudo-TRIM 25 and 69 lack the B-box domains.
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a pyrin domain (PYD) that belongs to the death domain family associated with apop-
tosis and inflammatory responses is in place of the RING domain. TRIM20 targets the
proline/serine/threonine phosphatase-interacting protein 1 (PSTPIP1) by interac-
tions via the B-box domain. The binding causes the B-box domain to unmask the PYD
domain, allowing it to interact with downstream binding partners that are important
for regulating inflammation. Deletion of the B-box domain resulted in constitutively
active PYD and TRIM20 [127].

Very little is known about the other RINGless-TRIM proteins (Figures 5 and 6).
TRIM29 is an oncogene that regulates p53 and is overexpressed in many different
cancers including breast, lung, bladder, and pancreatic [128, 129]. It can form both
homodimers and heterodimers with TRIM1/MID2, TRIM11, TRIM23, and TRIM27
[125]. Despite the lack of the RING domain, iz vivo studies showed that TRIM27
maintained E3 ligase activities in response to viral and bacterial infections [130].

E3 ligase activity of TRIM29 was confirmed through its single B-box2 domain [131].
TRIM44 is involved in antiviral and immune response regulation, with some func-
tions linking it to cancer. It can form a heterodimer with TRIMS8, TRIM17, TRIM27,
and TRIM69. Instead of a RING domain, TRIM44 contains a zinc-finger ubiquitin
protease domain (UBP) that functions as a deubiquitinase [125]. Interestingly,
TRIM44 is the only known deubiquitinase among the TRIM protein family [132, 133].
TRIM14 is involved in antiviral innate immune response [134, 135]. TRIM66 is
correlated with the proliferation, invasion, and migration of non-small cell lung
cancer [136]. TRIM66 possesses a PHD zinc-finger domain that preceded the B-box
domains. The PHD domain is shown to coordinate two zinc ions and adopts RING
fold, but its function as an E4 ligase is not clear.

While the mechanism of action is not clear, it is possible that RINGless-TRIM
proteins function through homo- or heterodimerization via at least one of its B-box
domains. Self-association/oligomerization through the B-box domains is shown to
contribute to E3 ligase activity possible via an apparent localized concentration effect.

Figure 6.

B—%ox containing non-TRIM proteins. Protein family distribution of all currently known non-TRIM proteins
arvanged by the presence of the B-box1 and B-box2 domains. These proteins ave generally termed BBX (B-box)
and COL (Constans-like) and are found in plants. There are nine non-BBX non-TRIM proteins that contain
RING and B-box domains but lack the coiled-coil domain vequived for TRIM definition; these ave not found in
plants.

201


http://dx.doi.org/10.5772/intechopen.85895

Ubiquitin Proteasome System - Current Insights into Mechanism Cellular Regulation and Disease

13. B-box domains are found in plants

While the majority of B-box domains are found in mammals, recent publications
have identified 32 B-box proteins (known as BBX proteins) in Arabidopsis, rice,
and more than a dozen other plants species [137]. These non-TRIM proteins do not
possess a RING domain, and the B-box domains are usually found at the N-terminus
(Figure 6). The conservation of BBX proteins in multiple plant species suggests that
these proteins play important roles in plant physiology similar to TRIM proteins
in mammals [138]. The parallels of TRIM and BBX proteins regarding the B-box
domains conferring E3 ligase activity suggest conservation of function across mul-
tiple kingdoms. Like TRIM proteins, there is a mixture of BBX proteins that consists
of either a single or tandem B-box domains. Of the 32 BBX proteins, 21 of them
have tandem B-box domains, in the same order observed in RING-less TRIM pro-
teins. In rice (Oryza sativa), more than half of its 30 known BBX proteins contain
two B-box domains [139]. The BBX proteins do not contain a coiled-coil domain but
shown to interact with proteins that contain a coiled-coil domain to create the TRIM
equivalent of a RBCC motif (see review [140]). Studies of BBX proteins containing
tandem B-box domains revealed that only one of the B-box domains is essential for
maintaining biological activity in plants, supporting redundancy observed with
several TRIM proteins [141].

Defining specific functions to the B-box domains of BBX proteins is lacking, prob-
ably because of their recent realization in plants. Without specifics, a large number
of these BBX proteins are postulated to be involved in the ubiquitination pathway.
Several BBX proteins are shown to interact with an Arabidopsis RING E3 ligase called
constitutive photomorphogenic-1 (COP1) through interactions with the B-box
domain, during the dark cycle of plants (see review [140]), but it is unclear whether
this association is as an E4 ligase to COP1, as a substrate or something else. Similar to
TRIM B-box domains, the BBX B-box domains play important roles in protein-protein
interactions, whether directly or indirectly [140]. They can form heterodimers
and facilitate transcriptional regulation. For example, BBX21, BBX22, BBX24, and
BBX25 interact with a COP1-associated protein called HY5. The BBX21 and BBX22
activated HY5 [142], while BBX24 and BBX25 repressed its activity [143, 144].

14. Summary

While it is clear that there is still much to be learned about TRIM proteins and
their E3 ligase activity, there has been a great push toward better understanding of
the role of the B-box domains over the past decade. Although the RING domain has
received much of the spotlight, it is now clear that the B-box domains are integral
for substrate binding/targeting, protein ubiquitination, and enhancement or
activation of the ligase activity of TRIM and BBX protein families. B-box domains
have diverse roles that include protein-protein interactions, substrate ubiquitina-
tion and sumoylation, and transcriptional regulation. What is not clear is whether
B-box domain really served as E4-enhancing ligase to enhance the ligase activity
of the RING domains, as observed in dimer RING E3 ligases, or whether they
synergistically gain activity alongside the RING domains. Their role in contributing
to oligomerization for some TRIM and BBX proteins to account for enhanced E3
ligase activity may be due to an apparent increase in the localized concentration of
the TRIM or BBX protein. However, more studies are needed. Progress will require
multifaceted approaches involving structure determination, protein-protein bind-
ing studies, and functional assays. Nonetheless, we hope that sufficient evidence
have been provided, including those of TRIM18/MID1 and TRIM27, demonstrating
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that B-box domains are and should be considered E3 ligases and not as a supporting
player to RING domains.
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