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Abstract

The ubiquitin system plays an important role in essentially every cellular process, regulating numerous pathways ranging from
development, transcription, DNA damage response, cell cycle, and signal transduction. Its best studied role involves removal of
faulty proteins or those that are not necessary anymore. Aberrations in the ubiquitin system have been implicated in various
pathologies including cancer, where specific mutations in E3 ligases such as Mdm2, pVHL, and BRCA1 have been linked to
disease progression, prognosis, and resistance to drugs. Yet, there are hundreds of E3 ligases in the human genome and our
knowledge of their target proteins and their dynamic regulation in the cellular environment is largely limited. In addition, funda-
mental questions related to recognition and specificity in ubiquitin conjugation remain unanswered. It is thus of major importance
to characterize the ubiquitin landscape under various cellular conditions, and study how the regulatory network is altered in health
and disease. To do so, analytical tools that allow identification of ubiquitin substrates, the conjugation and removal of ubiquitin,
and the nature of specific ubiquitin linkages that are formed are needed. In this mini-review, we discuss common proteomic
methodologies applied to studying the ubiquitome, and specifically focus on our recently developed post-translational modifica-
tion (PTM) profiling approach. PTM profiling is a functional assay, amenable to biochemical manipulation, which allows the
detection of protein modifications in a high-throughput manner. We discuss in detail the advantages and limitations of this
system, focusing primarily on examples for analyzing the ubiquitin system in cancer. Uncovering the intricate signaling dynamics
governed by and regulating ubiquitin modifications should clearly evolve into a new paradigm in understanding the molecular basis
of malignant transformation and the development of novel therapeutic modalities.
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comprehensive understanding of the ubiquitin regulatory
code and its dynamic changes in the rapidly changing cel-
lular environment. Importantly, fundamental questions
related to the biology of the ubiquitin system and its
involvement in cancer pathology remain unanswered:
What are the regulatory principles governing substrate spe-
cificity and recognition? Can a ubiquitin profile of protein
substrates be indicative of a pathological state? Can such a
profile teach us about the molecular pathways that are dys-

Introduction

Ubiquitin and ubiquitin-like post-translational
modifications (PTMs)

Among more than 200 types of PTMs in humans, the ubi-
quitin and ubiquitin-like (Ubl) protein families comprise a
class of evolutionarily conserved proteins that are reversibly
covalently conjugated to other proteins to regulate a variety
of fundamental cellular processes, such as maintenance of

the human genome and proteome, cell division and differ-
entiation, signal transduction, and targeting of proteins
to their proper subcellular destinations.'™ Aberrations in
ubiquitin and Ubl pathways have been implicated in the
pathogenesis of numerous human diseases such as cancer
and immune system pathologies.”® While vast amount of
information describing various ubiquitination events has
accumulated over the years, we are still in search of a
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regulated in disease? Most importantly, perhaps, will be the
ability to engage these problems to identify novel means for
reshaping the cellular environment by controlling the
enzymatic machinery of the ubiquitin system. To address
these questions, significant achievements have been made
in the past decade in the ability of mass spectrometry (MS)
to analyze whole proteomes and map modification sites
under various conditions. Yet, challenges and difficulties
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are warranting additional solutions, independent from
MS analysis.

Of particular difficulty is the ability to identify the ubi-
quitin and Ubl regulatory network. While the Ubls share
only modest primary sequence identity with ubiquitin, they
are closely related to it in structure and similar to ubiquitin,
their conjugation to the target substrate requires a multistep
enzymatic cascade. The biochemical reaction of ubiquitin
conjugation has been reviewed extensively. In brief, one of
a few ubiquitin-activating enzymes, Els, forms a high-
energy thiol ester intermediate with the C-terminal Gly resi-
due of ubiquitin that is then transferred to one of several
ubiquitin conjugating E2 enzymes. In the final step of the
cascade, one of several hundreds ubiquitin E3 ligases, that
are the specific recognition elements of the system, forms an
isopeptide bond between the C-terminal Gly of ubiquitin
and - in most cases - an e&-NH2 group of an internal Lys of
the substrate.” This cascade may then be repeated, allowing
additional ubiquitin molecules to attach sequentially to one
another via an isopeptide bond involving one of the seven
internal Lys residues in the ubiquitin moiety, thus generat-
ing a polyubiquitin chain. Polyubiquitinated substrates
with specific internally bound ubiquitin moieties (via
Lys48) are targeted for proteasomal degradation, while
mono-ubiquitination, and conjugation via other Lys resi-
dues as well as by Ubls, have different cellular functions.
For some Ubls, however, the enzymatic machinery that is
involved in their conjugation is vaguely known. Hundreds
of E3 ligases in the proteome confer substrate specificity.
Hence, careful depiction of this highly complex regulatory
system, while being of great significance, is still impeded by
analytical challenges.

In this mini-review, we discuss the current available
methodologies used in ubiquitination research. Specifically,
we focus on a novel approach, designated PTM profiling,
and discuss the advantages it presents in addressing the ubi-
quitin network landscape in health and disease.

Methodologies and approaches used in studying
the ubiquitin network

Common approaches for studying ubiquitination include
biochemical methods as well as advanced MS technologies.
Yet, global analysis of alterations in ubiquitin substrates is
still difficult. What are then the hurdles in systematically
following such changes in ubiquitination? One difficulty is
due to the traditional practice of biochemical assays, which
primarily focus on analyzing single proteins and are not
geared toward revealing global patterns of regulation. For
example, screening ubiquitination or degradation activities
using SDS-PAGE or Western blotting analyses is cumber-
some and cannot be done on large scales. Furthermore,
most cell-based assays, which provided informative
molecular and mechanistic insights and revealed numerous
functions of ubiquitin, are primarily focused on identifying
degradation of targets rather than changes in ubiquitin sig-
naling.®? Another obstacle is the highly reversible nature of
these modifications, which can be easily lost during sample
preparation. Yet, state-of-the-art MS analyses have greatly
advanced the ubiquitin research field. What still holds MS

analysis short of providing complete solutions for delineat-
ing the ubiquitome network? In brief, the identification of
ubiquitinations by MS, in most cases, relies on tryptic digest
of proteins prior to analysis.'® In ubiquitinated proteins,
trypsin cleaves the attached ubiquitin after residue R74,
resulting in peptides with an attached Gly-Gly (GG)
remnant fragment of 140 Da. Thus, analysis for peptides
containing such fragments can identify ubiquitinated
proteins as well as their specific site of modification."
Indeed, extensive descriptions of ubiquitination events
have been acquired over the years using this approach.'*®
Nevertheless, a crucial disadvantage of this system is its
ineffectiveness in detecting changes in polyubiquitination
and specific linkage topologies of polyubiquitinated spe-
cies, as these are also cleaved by trypsin prior to the MS
analysis. In addition, rapidly degraded substrates, low
abundant proteins, and highly reversible modifications
are often undetectable using MS analysis. Recently, enrich-
ment protocols using anti-GG antibodies have been devel-
oped;" however, substrates subject to this analysis are still
cleaved in vitro to peptides prior to analysis, restricting the
ability to analyze them in the relevant cellular context, and
limiting the detection of multiple modifications on a single
protein.®® With the goal of achieving broad depiction of
protein modifications, initially focused on phosphorylation,
researchers have employed high-throughput platforms.
Many such systems utilized different forms of protein
microarrays, which allow studying thousands of proteins
in parallel.*!

Protein arrays rely on immobilizing or capturing mol-
ecules (antibodies/antigens), or samples (in the case of
reverse-phase protein arrays [RPPA]),”>* on solid surfaces,
exposing them to the studied reaction mixture, followed by
probing with specific antibodies of interest (Figure 1).
Designed to afford detection of dynamic changes across
many samples, RPPA is a powerful tool in proteomic ana-
lysis and is used commonly in MS-independent assays for
molecular profiling of specific proteins and biomarkers in
clinical samples.** However, utilizing RPPA for detecting
ubiquitination of proteins in biological samples is still
highly limited by the relatively small set of antibodies avail-
able for ubiquitinated substrates. Furthermore, protein
modifications and functionality may be affected during
sample preparation and immobilization, potentially limit-
ing the interpretation of attained data. Efforts to develop
activity-based assays, to test for the activity of enzymes
rather than abundance, resulted in the production of func-
tional protein arrays. In these platforms, native proteins are
arrayed and incubated with cellular extracts/purified
enzymes and probes or antibodies to identify binding prop-
erties as well as PTMs in various systems. In two pioneering
studies, MacBeath and Schreiber”® and Zhu et al.®
demonstrated the use of attaching substrates to microarray
surfaces to study kinase specificities. Their results show
that a single substrate could be detected specifically
among thousands of other proteins spotted on the array.
The latter study further revealed novel protein-protein
interactions presenting the great potential functional pro-
tein arrays have for large-scale studies of biochemical path-
ways. Another approach that has been developed is that of
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expression levels. Functional protein arrays are based on the immobilization of proteins on the array and probing them with specific antibodies (b). The PTM profiling
microarray incorporates incubation of the spotted proteins with functional cell extracts before probing with specific antibodies of interest (c). Different signal intensities

reflect the reactivity of modified proteins.

activity-based protein profiling (ABPP) utilizing chemical
probes directed against the active site of specific enzymes
which can indicate their functional state.”” ABPP systems
have been designed to target multiple enzyme classes,
including, among many, kinases and phosphatases, prote-
ases and hydrolases, and histone deacetylases.”” This makes
ABPP a useful applicable tool that can be used with numer-
ous biological systems. It should be noted, however, that the
specificity of such probes is often not high, and the meth-
odology may disrupt other pathways or even be toxic to the
cell. Interestingly, some studies have already used of in vitro
ubiquitination assays on protein microarrays to identify
substrates of a specific E3 ligase.”®*’ Major drawbacks still
exist, however, in the proficiency of protein arrays to ana-
lyze PTMs. First, common approaches rely on strictly bio-
chemical in vitro assays which may be prone to artifacts due
to the artificial environment of mixing purified components
or cell extracts in a test tube. Second, commercial arrays rely
on proteins that were expressed and purified by the
manufacturer, rendering the analysis biased toward these
proteins, which may not be expressed in every cell type or
conditions, or inversely, are expressed in cells but are lack-
ing in the array.

In the next sections, we shall discuss in detail the recently
developed PTM profiling approach® " in the context of
specific biological questions related to analysis of the
enzymatic machinery and substrates of the ubiquitin
system. We shall further illustrate its potential for analyzing
the ubiquitin system in the context of cancer research.

PTM profiling as a tool for mapping the cellular
PTM landscape

PTM profiling makes use of functional cellular extracts
that may be prepared from cells that were “induced” by a
specific signal such as DNA damage, cell cycle arrest, or
specific activation of signaling pathways. In sharp contrast
to most practiced methods, the extract preparation in this
protocol is detergent free, rendering the samples biochem-
ically active, and preserving many aspects of the biological
context.* The extracts are incubated on protein microarrays
containing thousands of recombinant proteins that act as
substrates for modifications executed by active enzymatic

cascades during the incubation. Importantly, unlike con-
ventional in vitro assays, the active extracts comprise a com-
plex environment to facilitate the ubiquitination of target
proteins. It is not necessary to supplement the system
with exogenous enzyme to affect the reaction, and all con-
jugation events may be the consequence of intrinsic activ-
ities of the functional extract. However, in some cases, in
order to promote/inhibit specific enzymatic activities, an
enzyme or a mutant form of an enzyme may be added to
the extract in order to analyze its effect on downstream
signaling and modifications. The modified proteins are
then collectively identified using an antibody against the
specific modification of interest and scanned. Using quan-
tification software, signal intensity values and signal-to-
noise ratios are calculated per all spots in the array, as
well as local background, and the reactivity level of each
protein is then calculated (Figure 2).

What are the advantages and limitations of the PTM
profiling approach in analyzing the ubiquitin system?

In addition to allowing for large-scale studies, this system is
unique in that the biochemically active extracts preserve
many regulatory events under conditions that are relatively
close to those of the complex cellular environment. For
example, certain E3 ligases require specific phosphorylation
and/or dephosphorylation for their activation, which may
be missed in reactions carried out by purified/recombinant
components. Furthermore, the extracts themselves provide
a plethora of potential substrates and competitors to the
substrates immobilized to the surface, enhancing the speci-
ficity and the significant changes of PTMs one detects.
Importantly, as proteins of low cellular abundance are rep-
resented equally to highly abundant substrates on the array,
PTM profiling detects modifications irrespective of the
endogenous cellular expression. We have found that the
PTM profiling system is highly sensitive and that even
low-reactivity spots may represent significant biological
information. Another technical feature that may be advan-
tageous in this system is the ability to detect several modi-
fications simultaneously, for example, by probing the array
with antibodies against more than one Ubl. In such a
manner, the pattern of modifications by different Ubls can
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Figure 2 Schematic representation of the PTM profiling approach. Steps 1-6 represent the sequential process of the PTM profiling protocol.

be systematically compared among different conditions,
and dynamic regulations involving different Ubl modifica-
tions, or different chain linkages in ubiquitin (using specific
antibodies against different linkages), can be identified.
Therefore, PTM profiling may both uncover previously
undetected conjugation events, as well as reveal fine alter-
ations in the status of a given modification, which could
reflect changes in cellular processes. Analyses should still
be complemented however by corresponding MS assays to
identify the specific residues that undergo modifications,*
a feature which PTM profiling is still largely missing. The
main advantages and limitations of the PTM profiling
system are summarized in Box 1.

PTM profiling as a tool for deciphering regulatory
principles of E3 ligases

With several hundreds of E3 ligases and tens of E2 enzymes
in the human genome, the regulatory pathways involving
ubiquitin and Ubl modifications could be of gigantic com-
plexity. Identifying the enzymes and substrates that are
involved in these modifications, including the assignment
of myriad substrates to specific ligases, is an essential first
step for deciphering the molecular pathways in which they
operate. How can such an ambitious goal be approached?
In past years, numerous ubiquitination enzymes were iden-
tified using genetic screens in model organisms such as S.
cerevisiae or D. melanogaster. The introduction of the siRNA
technology and screens substantially strengthened the abil-
ity to identify and characterize ubiquitination enzymes in
human cells. Still, in spite of providing grounds for large-
scale identification of regulators, success of such screens
was often incomplete due to redundancy in the modifica-
tion/regulation of substrates by more than a single enzyme.

Box 1 Advantages and limitations of the PTM profiling system

Advantages of PTM profiling:

v High-throughput technology provides a platform for large-scale
quantitative studies.

v Conservation of biochemical function in the extract preserves a
faithful biological context in the reaction.

v Lack of correlation to protein abundance and rate of turnover
facilitates identification of PTMs for both high- and low-abundance
proteins equally.

v Detection of more than a single Ubl per reaction allows for complex
network assessments.

v High assay sensitivity permits evaluation of small cell number
samples.

v Amenability to extract manipulations presents great potential for
drug design studies targeting PTM alterations in various pathologies.

Limitations of PTM profiling:

x  Sometimes difficulties to distinguish between substrate conjugation
and conjugation to an interacting partner may arise.

x As the substrates are represented randomly on the microarray,
validation of substrate expression in the extract of study is required. This
can be easily achieved via RNA-seq. Alternatively, custom arrays rep-
resenting known substrates can be prepared.

x  Availability of only two-color labeling in the microarray scanning
technologies (available nowadays) limits the analysis to two PTMs at a
time and reduces the multiplexing potential of the system. However,
advanced scanning technologies will most likely be developed in the
near future which may be implemented to this protein microarray
system.

A different approach, widely used to delineate enzymatic
Ubl cascades, relied on their recapitulation in vitro, using
purified enzymatic components. While such reactions may
provide mechanistic clues, they are often incomplete as they
may lack components present in the cellular context.
Scaffolds, adaptors, inhibitors, and de-conjugating enzymes



are all crucial for regulating the specificity of conjugation
events. With hundreds of modifying enzymes in the
genome, we have limited ability to predict the constituents
of each reaction.

How can PTM profiling be utilized to reveal the ubiquitin
regulatory network?

An imperative feature of the PTM profiling platform is its
amenability to biochemical manipulations. The functional
extract may be supplemented with substances such as
chemicals, antibodies, mutant proteins/enzymes and sub-
strates, inhibitors, and more, and the impartial effect of the
perturbation on downstream modifications can be mea-
sured. For example, introduction of a purified dominant-
negative ubiquitin ligase (e.g. catalytically dead HECT E3
mutant that can still bind the substrate) into extracts during
incubation allows to systematically map its targets by ana-
lyzing the change in the ubiquitination signal compared to
its wild-type counterpart. This competitive inhibition assay
allows for the identification of substrates that are specific to
that ligase, whereas promiscuous or non-specific substrates
will presumably remain unaltered (Figure 3). In the same
fashion, PTM profiling can be a useful tool for studying
other ubiquitination regulators such as deubiquitinating
enzymes (DUbs) by either comparing wild-type and
mutant forms of such enzymes, or by probing the array
first with ubiquitin and measuring the reactivity of the tar-
gets, and then looking at the disappearance of a signal by
introducing the specific DUb. The effect of small molecule
inhibitors can be evaluated in the same manner (Figure 3).
Combining the information on ubiquitin cascades should
yield a comprehensive view of the dynamic regulation of
the immense ligase-substrate network operating in various
physiological conditions.
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PTM profiling as a tool for identifying E3 ligases as
targets for anticancer treatment

In the past two decades, tremendous achievements have
been made in the ability to decode the genome and identify
genes that are associated with disease. Yet, both DNA and
RNA analyses data are often indirect and do not correlate
with the actual activity of proteins in cells and tissues that is
largely dependent on PTMs. Seminal studies published
recently have addressed the problem of inference from gen-
omic abnormalities to cancer phenotypes,® showing that
proteomic classification of tumor subtypes generated signa-
tures that were clinically more relevant than those inferred
from transcriptomic analyses. Since the control of signaling
cascades is fundamentally dependent on PTMs, it is plaus-
ible that mapping the ubiquitin and Ubl landscape in cancer
would yield significant insight(s) on the underlying mech-
anisms of cellular transformation.

Ubiquitin E3 ligases can be generally classified into two
subfamilies: RING and HECT-domains, based on their
mechanism of action and sequence homology of their E2-
binding domains.”” There are ~600 RING finger and ~30
HECT E3 ligases in humans, and we are far from knowing
the complete range of their biological functions and the
principles of their recognition due to the limited knowledge
of their targets. E3 ligases play key roles in regulating the
cellular environment and aberrations in their expression or
function are associated with various pathologies, including
cancer. Indeed, several E3 ligases were demonstrated to be
involved in cancer.’” Prominent examples are those of
double minute 2 (MDM2) and S-phase kinase-associated
protein 2 (SKP2), two E3 proto-oncogenes which promote
the degradation of the p53 and p27 tumor suppressors,
respectively, and are often overexpressed in malignan-
cies.”*2 Moreover, certain oncogenic human papilloma-
virus E6 proteins bind to the HECT E3 ligase E6-AP and

Figure 3 Possible manipulations of the PTM profiling platform. Cell extracts supplemented with exogenous wild-type (WT) or dominant-negative (DN) forms of E3
ligase (left), or with different small molecules (smX/Y) (right), will reveal specific protein substrates of different E3s. Represented is labeling with an antipolyubiquitin
antibody and a fluorescently labeled secondary antibody for detection. Different signal intensities reflect the reactivity of modified proteins.



1480 Experimental Biology and Medicine Volume 241 August 2016

induce the degradation of p53.* Increased complexity
arises from the promiscuous nature of this system, where
a single substrate can be targeted by more than one ligase. A
striking example is the targeting of the NF-kB p105 precur-
sor by two different E3 ligases, which result in completely
different fates. While ubiquitination catalyzed by BTrCP
induces complete degradation of p105, the KPC1 E3 ligase
leads to processing of the precursor to the p50 active sub-
unit of the transcription factor.** Therefore, activation of one
E3 cascade over the other may be crucial for cell-fate deci-
sions, promoting or inhibiting the p50 tumor-suppressive
effect. Still, the conditions that affect the induction of
these two cascades are unknown. Further complexity
arises from the fact that E3 ligases can target other E3 lig-
ases, thus affecting several ubiquitination cascades.*” These
examples demonstrate the significance of revealing and
interpreting the ubiquitin regulatory network in the context
of health and disease, to identify potential biomarkers and
specific targets for intervention.

While inhibitors of the proteasome (Bortezomib®/
Velcade®/PS-341 and Carfizomib®) are already in clinical
practice as anticancer drugs for the treatment of multiple
myeloma, they are not specific and may provoke side effects.
In contrast, the substrate specificity of E3 ligases makes them
attractive targets for anticancer treatment, which would pref-
erentially target subsets of proteins. In such a manner, thera-
peutic interventions targeting oncogenic E3 ligases may
restore the normal expression of tumor suppressors. The spe-
cificity of such treatment is expected to boost effectiveness
and diminish side effects. Interestingly, the current treatment
regimen of multiple myeloma also includes the drug thal-
idomide that affects the ubiquitin-proteasome system by
functioning as a “molecular glue” targeting proteins for deg-
radation by the SCF E3 ubiquitin ligase complex cereblon.*
Other E3-targeting anticancer pharmacological agents that
are in preclinical/clinical trials include small molecules tar-
geting the p53-MDM?2 interaction, inhibitors of apoptosis
proteins, SKP2, and the anaphase-promoting complex/
cyclosome.*”~ Thus, E3 ligase-directed therapy is indeed a
promising effective approach. In this respect, the HECT
domain E3 ligases are attractive potential targets for antic-
ancer intervention as they possess a catalytic site and directly
catalyze substrate ubiquitination.”” However, a prerequisite
for the design of anti-E3 therapeutics would be the compre-
hensive mapping of the E3s and their specific targets under
different cellular conditions, and specifically in the context of
different malignancies.

How can PTM profiling aid in identifying potential ther-
apeutic targets?

A first step in classifying E3 ligases as potential targets for
intervention can arise from high-throughput screening of
cancer cells using PTM profiling. Functional extracts
derived from diverse cancer cell lines or patient-derived
cells may be manipulated by introducing mutants or inhibi-
tors, as discussed in the section above, to target ubiquitin
regulators. This approach could potentially reveal funda-
mental data regarding the specific E3 ligases and their sub-
strates, which play a role in specific biological

circumstances such as different cancer types, stage of malig-
nancy, and the response to treatment. Such analysis now
offers novel potential to systematically uncover multiregu-
lated events, such as the one described for p105, and to
assign the different regulations to specific biological condi-
tions. Importantly, PTM profiling can also be used to sys-
tematically screen for small molecules or peptide inhibitors
of E3 ligases, in cancer cell lines or patient-derived clinical
samples. Taken together, PTM profiling can become a
powerful tool used to extend our understanding of the
oncogenic potential of HECT-E3s and other E3 ligases,
potentially leading to the discovery of novel biomarkers
and targets for cancer treatment.

Concluding remarks

Over the four decades since its initial discovery, tremen-
dous knowledge was gained describing the importance of
the ubiquitin system in regulation of diverse cellular pro-
cesses in health and disease. Yet, our ability to analyze the
ubiquitin system and understand the principles of its
dynamic regulation in cells and tissues is still largely lim-
ited. Technological advancements in MS analyses provide
means to examine the intricate changes of the specific ubi-
quitination substrates in various cells and tissues. The PTM
profiling approach provides another dimension of analysis
via probing the enzymatic activity of the ubiquitin system
in cells and tissues, and thereby presents great scientific and
therapeutic potential. Integrating the information gained
from such technologies along with the available proteomic
and genomic capabilities should take us closer to generat-
ing a comprehensive view of the ubiquitin regulatory net-
work in health and disease.
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