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KEYWORDS Abstract Ubiquitin-specific protease (USP7), also known as Herpesvirus-associated ubiquitin-
Cancer; specific protease (HAUSP), is a deubiquitinase. There has been significant recent attention on
Deubiquitinase; USP7 following the discovery that USP7 is a key regulator of the p53-MDM2 pathway. The USP7
Protein network; protein is 130 kDa in size and has multiple domains which bind to a diverse set of proteins.
Protein—protein These interactions mediate key developmental and homeostatic processes including the cell
interaction; cycle, immune response, and modulation of transcription factor and epigenetic regulator ac-
Proteomics; tivity and localization. USP7 also promotes carcinogenesis through aberrant activation of the
USP7 Wnt signalling pathway and stabilization of HIF-1a. These findings have shown that USP7

may induce tumour progression and be a therapeutic target. Together with interest in devel-
oping USP7 as a target, several studies have defined new protein interactions and the regula-
tory networks within which USP7 functions. In this review, we focus on the protein interactions
of USP7 that are most important for its cancer-associated roles.
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The ubiquitin proteasome system (UPS) levels starting with the control of gene transcription and
translation and finishing with the degradation of damaged,

unnecessary or short-term proteins.” The ubiquitin-
proteasome system (UPS) has been identified as a key
regulator for the targeting of proteins especially those

Ubiquitination is a key post-translational modification gov-
erning protein turnover.” This process is essential for the
cellular viability and homeostasis which exist at multiple

* Corresponding author.
E-mail addresses: A.A.A.Aleidan@soton.ac.uk (A. Al-Eidan), yihua.wang@soton.ac.uk (Y. Wang), pjss@soton.ac.uk (P. Skipp), rob.
ewing@soton.ac.uk (R.M. Ewing).
Peer review under responsibility of Chongging Medical University.

https://doi.org/10.1016/j.gendis.2020.10.004
2352-3042/Copyright © 2020, Chongging Medical University. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:A.A.A.Aleidan@soton.ac.uk
mailto:yihua.wang@soton.ac.uk
mailto:pjss@soton.ac.uk
mailto:rob.ewing@soton.ac.uk
mailto:rob.ewing@soton.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2020.10.004&domain=pdf
https://doi.org/10.1016/j.gendis.2020.10.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/23523042
http://ees.elsevier.com/gendis/default.asp
https://doi.org/10.1016/j.gendis.2020.10.004
https://doi.org/10.1016/j.gendis.2020.10.004

42

A. Al-Eidan et al.

involved in processes such as the cell cycle, gene tran-
scription, apoptosis and DNA repair. Through these pro-
cesses, the UPS plays a role in diverse diseases such as
cancer, cardiovascular diseases and Alzheimer’s disease.
Colorectal adenocarcinoma is a well-studied example of
how important protein turnover and the UPS is in tumori-
genesis.”2 As an example, the UPS regulates Wnt/B-cat-
enin/APC/TCF4 signalling which is implicated in the
proliferation of epithelial cells in the base of colonic crypts.
The frequent mutations that alter Wnt signalling in colo-
rectal and other solid tumours do so via stabilization of B-
catenin leading to cell proliferation.?

The UPS tags proteins for destruction by the covalent
attachment of small protein ubiquitin (Ub) molecules and
proteasomal degradation of the tagged protein (Fig. 1).
The ubiquitination process requires three consecutive
steps including the ATP-dependent activation performed
by ubiquitin-activating (E1), ubiquitin conjugation (E2)
and ubiquitin ligase (E3) enzymes of which the E3 is
essentially in charge of substrate choice® (Fig. 1). E3
stimulates the formation of an isopeptide bond between
the lysine of the target protein and the carboxyl-terminus
of ubiquitin. Polyubiquitination results from multiple
ubiquitin links to a protein substrate and mono-Ub results
from a single ubiquitin molecule linked to a protein sub-
strate.” In humans, there are around 600 such ubiquitin E3
ligases which are assembled into three noteworthy classes
characterised by the sequence homology known as the
HECT, RING or RING-between-RING."? Notably, aberrant
E3 ligases expression can function as tumour suppressors
or oncogenes based on ubiquitin target substrates in
colorectal cancer.”

Deubiquitinating enzymes (DUBS)

Deubiquitinating enzymes (DUBs) oppose the E3 function-
ality by cleaving ubiquitin from from 1) ubiquitin precursor;
2) protein substrate; 3) another ubiquitin within a poly-
ubiquitin chain.® There are approximately 80 DUBs which
are classified according to the sequence homology of the
catalytic domain into six groups: ubiquitin-specific pro-
teases (USP), ubiquitin carboxy-terminal hydrolases (UCH),
ovarian-tumour proteases (OUT), Machado-Joseph disease
protein domain proteases (MJD), JAMM/MPN domain-
associated metallopeptidases (JAMM) and monocyte
chemotactic protein-induced protein (MCPIP).® Addition-
ally, two groups of DUBs have been recently detected; the
Monocyte Chemotactic Protein-Induced Proteins (MCPIPs)
and the MINDY family (MIU-containing novel DUB family).®

Many DUBs can modify protein localization, trafficking
and promote stability by deubiquitination of mono-Ub or
poly-Ub chains.® DUBs inhibitors represent a new strategy
of anti-cancer therapeutic and several are now in preclin-
ical stages of development’; in particular the USPs which
are implicated in diverse human diseases and are the
largest group of DUBS, comprising more than 60 human
members.®

Ubiquitin-specific-peptidase 7 (USP7)

The focus of this review is USP7, also known as Herpes-
virus-Associated Ubiquitin-Specific Protease (HAUSP). We
focus here on the protein—protein interactions and
functions of USP7. Significant progress is being made on
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Key elements of the ubiquitin-proteasome system (UPS). Ubiquitin conjugation itself is mediated by the E1-E2-E3

enzymes respectively with the ubiquitin ligases (E3) targeting the ubiquitin to specific substrates. Deubiquitinase proteins (DUBs),
(indicated by *) are proteases that act to cleave ubiquitin from substrate proteins and one of the most important effects of this is to

antagonize the targeting of proteins for proteasomal degradation.



USP7 protein interaction network and its functions

43

the development of therapeutics targeting USP7 and we
direct the reader to recent studies and reviews of this
area which we will not cover here.®°®? An early study of
USP7 showed that it interacts with infected cell poly-
peptide 0 (ICP0O) to activate Herpes simplex virus type 1
(HSV-1),'° hence the name HAUSP (in this review we refer
to the protein as USP7). USP7 regulates many target
proteins and interactors through its deubiquitinating ac-
tivity'" and has been shown to have an essential role in
the regulation of stability for proteins that are implicated
in crucial cellular procedures such as mitosis, apoptosis,
cell cycle, DNA replication, neuronal development, and
epigenetic modulators.” Aberrant USP7 expression was
observed in several non-solid and solid tumours.” The
knockout strategy for the USP7 was lethal in mice due to
the p53 activation which leads to a dramatic reduction in
proliferation and termination during development.'? USP7
destabilizes the tumour-suppressor p53 creating interest
in it as a target in oncology’ and recent work suggests
that USP7 may also be a tumour-specific drug target for
colorectal tumours with APC mutations. '

USP7 structure

The multi-domain architecture of USP7 consists of 1102
amino acids, and facilitates its diverse roles (Fig. 2).""*
USP7 contains a catalytic domain (208—560), N-terminal
contains 50 amino acids followed by a TNF receptor-
associated factor (TRAF) domain which is linked to a
substrate peptide binding and five C-terminal ubiquitin-
like (UBL) domains."""'* The UBL domains 1, 2 and 3
are implicated in binding interactions with ICPO, DNA
methyltransferase-1(DNMT1), MDM2, and Ubiquitin-like
with PHD and Ring Finger Domains 1 (UHRF1) and UBL
domains 4 and 5 are fundamental for the full deubiqui-
tinated activity.' The C-terminal residues are essential
to activate the catalytic activity of USP7, while the N
terminus of USP7 plays a role in nuclear localization. Of
particular note, the TRAF domain is necessary for iden-
tification of target proteins but is not implicated in the
deubiquitinating activity on Ub substrate.’® USP7 requires
an accurate regulation of activity to function and in order
to maintain full activity, its Ub-like domain is folded back
onto the catalytic domain."

USP7 regulation of Wnt signalling

CID-deleted APC mutants lead to accumulation of B-cat-
enin, activating Wnt signalling,’®"” and a role for USP7 in
this has been discovered. Specifically, USP7 binds the N-
terminus of B-catenin when the APC losses CID confirming
the essential role of USP7 in the activation of Wnt signalling
and cell survival in colorectal cancers.’® Ma et al showed
that the USP7/RNF220 complex activates the Wnt pathway
while knockdown of USP7 using a small interfering RNA
(siRNA) strategy, reduces the expression of Wnt."®
Conversely, a recent study proposed that USP7 deubiquiti-
nates B-catenin and RNF220 independently and works as a
tumour-specific condition when APC is mutated. Addition-
ally, USP7 inhibition does not affect the Wnt activation
physiologically. "

Adenomatous Polyposis Coli (APC) is one of the compo-
nents of the destruction complex that regulates B-catenin
through phosphorylation and ubiquitination leading to its
degradation in the cytoplasm.' B-catenin is the key
modulator of the Wnt signalling pathway with a mutation in
APC causing an aberrant Wnt activation which is observed
in most colorectal cancers.'® Previous studies revealed that
the CID domain in the APC, which is located between the
second and third twenty amino acid repeats, is responsible
for inhibiting B-catenin.’® The CID is located in the right of
the mutation cluster region (MCR) which is mutated in most
colorectal cancer patients. Despite the significance of the
CID role, the DUBs role in regulating B-catenin is not fully
understood in colorectal cancer.'®> The data of Novel-
lasdemunt et al highlighted the relationship between USP7
and APC in Wnt signalling, particularly in colorectal cancer.
The CID domain in the APC protects B-catenin from USP7-
mediated deubiquitination and promotes E3 ligase b-TrCP
ubiquitination. '

The study of Ma et al suggested that the USP7 binds the
B-catenin in conjunction with the E3 ligase RNF220 whereas
the Novellasdemunt et al data showed that the interaction
between them is RNF220 and p53 independent.’® RNF220 is
a RING-type E3 ubiquitin ligase and has been identified as a
regulator of B-catenin.'®'®2° RNF220 stabilizes B-catenin
instead of promoting its ubiquitination and proteasomal
degradation and therefore promotes canonical Wnt signal-
ling in colon cancer cells. USP7 interacts with RNF220
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Figure 2  Overview of motif structure of the USP7 protein showing the TNF-receptor associated factor (TRAF) domain, papain-like
catalytic domain (Catalytic), and multiple Ubiquitin-like (Ubl) domains. The TRAF and Ubl domains of USP7 mediate distinct

protein—protein interactions.
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forming a complex that plays a role in deubiquitinating the
B-catenin. The ring domain which is located in the C-ter-
minus of RNF220 is responsible for interacting with B-cat-
enin'® while RNF220 interacts with the MATH domain of
USP7, which is the same domain shown to interact with
MDM2 and p53.%"

Interestingly, recent work has also showed that USP7 can
negatively regulate canonical Wnt signalling.?” Ji et al
showed that Axin, a key scaffolding protein and component
of the B-catenin destruction complex, is stabilized by USP7-
mediated deubiquitination through an interaction with the
Axin TRAF domain. Knocking down USP7 promoted Axin
degradation and Wnt/B-catenin activity. In addition, this
function of USP7 was showed to be important in diverse
cellular systems including adipocyte and osteoblast
differentiation.??

USP7 and epigenetic regulators

DNA methyltransferase 1 (DNMT1) is an enzyme with a key
role in DNA methylation through methylation of CpG islands
located close to the regulatory regions of the genes
throughout replication. These regions have an important
role in the cellular process and develop cancer. DNA
methylation is a key controller of many epigenetic pro-
cesses; for instance, it regulates differentiation, tran-
scription and repairs the DNA. During replication, DNMT1
plays a role in maintaining the methylation on the newly
synthesised daughter strand.?*> DNMT1 is responsible also
for various epigenetic pathways and the E3 ubiquitin ligase
UHRF1 ubiquitinates DNMT1 and USP7 deubiquitinates
it.2*?5 Notably, DNMT1 stability is linked to the expression
levels of these proteins and inactivation of DNMT1 activity
results in several diseases, including cancer. The over
expression of DNMT1 has been found in different tumour
types including bladder renal and prostate cancers.?
Ubiquitin-like, containing PHD and RING finger domains, 1
(UHRF1) is E3 ubiquitin ligase and plays an essential role in
regulating the cellular process such as DNMT1 ubiquitina-
tion.?* UHRF1 is a multi-domain protein with an N-terminus
composed of a ubiquitin-like (UBL) domain, tandem Tudor
domain (TTD), a plant homeodomain (PHD), a SET-and-
RING-associated (SRA) domain and a RING domain. The
first two UBL domains of USP7 and polybasic region (PBR) of
UHRF1 mediate the interaction between the USP7 and
UHRF1.%* In vivo, USP7 regulates UHRF1 stability by tar-
geting it for deubiquitination, whereas, the enzymatic ac-
tivity of DNMT1 was catalysed by USP7 in vivo and
in vitro.?” Autoubiquitylation activity has been shown to
decrease due to the interaction between USP7, C223S and
UHRF1, while autoubiquitylation was eliminated by an
active USP7.%” Functionally, USP7, in addition to its role in
deubiquitination, is also required for deactivating the
intra-molecular TTD-PBR interaction during the S phase,**
whereas, USP7 dissociates from the UHRF1 resulting in its
ubiquitination during cell mitosis.?® Cellular growth in
colon cancer cell lines HCT116 and SW620 was suppressed
by knockdown of UHRF1 expression. UHRF1 expression was
increased in about two-thirds of samples in a colorectal
cancer study, suggesting that UHRF1 may play a role in the
cellular proliferation of colorectal cancer.?’

Overexpressed SUMO-1 was found in human colon cancer
and caused accumulation of p53 protein, which may be
involved in tumour aggressiveness.® Interestingly, the high
levels of SUMO and low levels of ubiquitin environment is
necessary for the DNA replication to induct a nascent
chromatin. USP7 helps to reach this level of SUMO/Ub by
deubiquitinating SUMO during the firing and replication
forks progression.’ These findings identified SUM02/3 as a
substrate of USP7 and defined the role of USP7 in stabili-
zation of other SUMOylated proteins during DNA replica-
tion.>" SUMO2 is deubiquitinated by USP7 which cleaves
mono and polyubiquitin from the SUMO2 Chains.>?

USP7 is not the only factor that controls the Ub/SUMO
levels at the replication forks; segregase p97 collaborate
with the USP7 in this process.>® Of note, the USP7 inhibitor
P22077 decreases 5-ethynyl-2’'-deoxyuridine (EdU) and rai-
ses the phosphorylated histone H2AX (YH2AX) leading to the
conclusion that USP7 inhibits replication stress.>? Moreover,
the study of Lecona et al using HCT116 cells treated with
USP7 inhibitors P22077, P5091 and HBX19818 showed a
marked reduction fork speed rate and the firing of new
origins.

Histone methyltransferase (SUV39H1) mediates histone
H3 lysine9 trimethylation (H3K9) at pericentric hetero-
chromatin. SUV39H1/2 plays a role in the H3 K9me3 modi-
fication at telomeric heterochromatin and the knockout of
SUV39H1 decreased pericentric H3 K9me3 levels.>
SUV39H1 has a crucial role in heterochromatin mainte-
nance and it regulates the efficacy of double-strand breaks
repair.>* SUV39H1 is ubiquitinated and targeted for degra-
dation by MDM2, specifically lysine 87. In the absence of
p53, USP7 deubiquitinates SUV39H1 providing protection
from MDM2 ubiquitination and USP7, MDM2 and SUV39H1
form a DNA independent trimeric complex.*

Finally, the role of US7 in regulation of epigenetic reg-
ulators is evidenced by the interaction of USP7 with LSD1.
Lysine-specific demethylase 1 (LSD1) was the first charac-
terized histone that demethylases mono-methyl and di-
methyl from histone H3 lysine4 (H3K4) and H3 lysine 9
(H3K9) through a flavin adenine dinucleotide (FAD)-depen-
dent monoamine oxidoreductase.*® LSD1 has been shown to
act in diverse cancer signalling pathways and is considered
a promising new epigenetic target in particular for leu-
kaemias and lung cancers.*” LSD1 and USP7 were shown to
be co-associated in vitro and in vivo and their expression
levels were higher in glioma patients and were correlated
with glioma progression,*® and LSD1 has been proposed as a
target of USP7 in glioma.>®

USP7 roles in the p53 pathway

USP7 plays a fundamental role in stabilizing both p53 and
MDM2 by deubiquitinating p53. Mutations in the p53 gene,
specifically the DNA binding domain, were discovered in
1979 and have been linked to half of the human cancer
cases. p53, as a tumour-suppressor, exerts an essential role
in signalling associated with the control of cell survival and
aberrant p53 signalling results in unchecked cell growth and
the initiation of cancer.

USP7 interacts with a range of protein targets in the p53
pathway (p53, MDMX, MDM2)>° and MDM2 plays a key role
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in p53 stabilization by increasing the ubiquitination pro-
cess.®” USP7 deubiquitinates MDM2 and its functional
regulator MdmX and stabilizes p53.3° USP7 apparently has
2 independent p53 regulatory functions, stabilizing p53
through deubiquitylation and regulating the sequence-
specific DNA binding of p53.“C Within the USP7, MDM2
and p53 complex, p53 and the MDM2 have been shown to
bind USP7 through the TRAF domain.?’ Under normal
conditions, USP7 prefers MDM2 as a substrate rather than
p53 and MDM2 has a higher binding affinity for USP7
compared to p53.%" Reduction of USP7 expression levels
leads to p53 stabilisation, and destabilization of MDM2.
In vivo, USP7 ablation in mouse embryos showed p53
activation, without an increase in apoptosis.'” Previous
studies have shown that MDM2 represents the second
direct target of USP7 and MDMX as a third target link to the
p53 pathway.*’ In addition, MDM2 promotes the ubiquiti-
nation of MDMX and its proteasomal degradation.*? It has
also been shown that both up or down-regulation of USP7
protein expression reduces cell proliferation in colon
cancer and tumour development in vivo, as a consequence
of increasing p53 levels.*

Interleukin-6 (IL-6) stimulates STAT3 activation in
normal physiological conditions and is controlled via nega-
tive feedback mechanisms. In pathological conditions,
aberrant IL-6 affects STAT3 signalling in cancer cells which
play a crucial role in cancer initiation and development and
thus tumour progression. USP7 mRNA and protein levels are
decreased in colon cancer cells and IL-6 stimulates STAT3
activation suppressing USP7 expression, resulting in the
degradation of p53.%4%

Recent studies have shown new interacting proteins for
USP7. FAM188B is a novel gene and its mRNA is found
overexpressed in many solid tumours including colorectal
tumours. Knockdown of FAM188B stimulated cell growth
inhibition, through an increase of apoptosis in colon cancer
cell lines.”® Proteomic analysis of FAM188B immunocom-
plexes identified p53 and USP7 as interaction partners of
FAM188B. Knockdown of FAM188B led to an overall decrease
in ubiquitination of p53 immunocomplexes and p53, further
implicating USP7 in p53 deubiquitination.*

USP7 and the cell cycle

E3 ubiquitin-protein ligase CHFR is a checkpoint protein
with FHA and RING domains and a member of the RING
family and it is known as a mitotic checkpoint. The
phospho—protein interaction occurs in the N-terminal FHA
domain in Chfr whereas the RING finger domain is
responsible for protein ubiquitination.*’ For the ligase
activity and for autoubiquitination, the Chfr requires the
RING finger domain. Chfr has a key role in tumour sup-
pression, cell cycle progression and in controlling the key
mitotic proteins expression levels to ensure chromosomal
stability.*” Chfr is a tumour suppressor gene which pro-
moter CpG island methylation silence it in many human
cancers and the CHFR promoter hypermethylation was
detected in 40% in colorectal cancer. Chfr hyper-
methylation is a valuable prognostic marker for colorectal
cancer.”® USP7 interacts with Chfr, avoiding degradation

through deubiquitination and so increasing the stability of
Chfr, both, in vivo and vitro.*’

Proliferating Cell Nuclear Antigen (PCNA) was found as
an independent prognostic factor for colorectal cancer®
PCNA post-translational mono-ubiquitination is a signifi-
cant phenomenon in regulating pathways of the translesion
DNA synthesis (TLS) pathway. In order to stalled replication
forks, the recruitment of human DNA polymerase h, which
is held responsible for the Xeroderma pigmentosum variant
(cancer-prone syndrome), as well as other DNA polymerases
(Y-family) —i (Poli), REV1 and polymerase k (Polk) have
PCNA and ubiquitin-interacting domains.*® The error-prone
DNA polymerases are activated by the Mono-ubiquitinated
PCNA; thus, the regulation of PCNA is fundamental to
avoiding mutagenesis. USP7 can deubiquitinate PCNA
alongside a related DUB, USP1.%° As a response to the DNA
damage, the E3 ubiquitin ligase RAD18 ubiquitinates PCNA
stimulated by UV irradiation or interactive oxygen spe-
cies.’® USP7 engages in DNA damage responses, for
instance, it interacts with UV-stimulated scaffold protein A
(UVSSA) to repair transcription-coupled nucleotide exci-
sions.> USP7 also regulates the chromatin structure to
repair oxidative DNA lesions. Moreover, the USP7 enhances
UV and H,0, stimulates the PCNA mono-ubiquitination by
regulating the stability of Poln; therefore, the USP7 inhibits
the H,0, stimulated mutagenesis including DNA repair by
the down-regulation of RAD18.°° RAD18 promotes trans-
lesion synthesis (TLS) to simplify the replication of
damaged genomes, thus a loss of Rad18 causes an increase
in stalled forks resulting in a deficient genome replication.
USP7 deubiquitinates RAD18 which leads to stabilisation
and up-regulation of PCNA ubiquitination. USP7 can re-
leases Rad18-dependent poly-ubiquitin chains both in vivo
and vitro.”?

Regulation of transcription factors

Fork head box O (FOXO) are transcription factors which
regulate various biological processes such as cellular meta-
bolism, apoptosis and cell-cycle regulation. Multiple post-
translational modifications such as phosphorylation, acety-
lation and polyubiquitination regulate the FOXO activity.
Increases in cellular oxidative stress results in the mono-
ubiquitination of FOX0.>* Monoubiquitination of FOX04
stimulates nuclear localization and raises transcriptional
activity. USP7 links to FOX04 to deubiquitinate it in response
to oxidative stress, and USP7 do not affect the half-life of
FOXO protein. The results of the interaction between the
USP7 and FOX04 in H1299 human lung carcinoma cells that
lack p53 suggested that the interaction is p53 indepen-
dent.*>>3 However, p53 and FOXOs have noticeable simi-
larities such as the ability to stimulate cell-cycle arrest and
cell death and they are both regulated by USP7.%3

N-Myc protein expression and hence its function is
destabilized in a knockdown of USP7 resulting in decreased
tumorigenesis both in vivo and vitro. Interestingly, USP7
inhibitors can regulate N-Myc protein levels to prevent
tumorigenesis in a p53-independent manner.>* c-MYC is one
of the oncogenic transcription factors which has recently
been found to be a USP7 substrate. USP7 regulates c-MYC



46

A. Al-Eidan et al.

expression and USP7 over-expression leads to up-regulation
of c-MYC at both the protein and mRNA level, implicating
USP7 in cancer cell signalling.”®

USP7 affects the immune response

Foxp3+T-regulatory (Treg) cells play a role in suppressing
the immune responses to diverse solid tumours and the
maintenance of self-tolerance. The histone/protein ace-
tyltransferase KAT5 which is commonly known as Tip60
promotes acetylation and functioning in Treg cells.’® The
development of the regulatory T (Treg) cells function re-
quires the stability of the Foxp3 expression.*

Indeed, USP7 controls over the Treg function primarily
by ensuring the stability of Tip60 and Foxp3 expression and
stimulating their multimerization. This leads to target USP7
genetically or pharmacologically to reduce the suppressive
functions of Foxp3+ Treg whereas the normal T cell re-
sponses remain intact.>® In other words, USP7 deubiquiti-
nates Foxp3, increasing Foxp3 protein levels and
subsequently up-regulating Treg cells.

A knockdown of USP7 expression in the Treg cells leads
to a decrease in the Foxp3 protein levels reducing the
suppression of the Treg-cell in vitro and vivo.*® USP7 in-
hibitors can affect the tumour growth limitation in immu-
nocompetent mice and may have a key role in future cancer
immunotherapies.>®

USP7 has also been implicated in regulation of the
inflammasome. The inflammasome is a major immune sig-
nalling pathway that is regulated by post-translational
modifications, including ubiquitination and counteracting
deubiquitination. When macrophages recognize danger
signals, they assemble a molecular complex called the
NLRP3 inflammasome. Inflammasome activation is regu-
lated by USP7 and USP47 in macrophages, and the inhibition
of USP7 and USP47 leads to alterations in the ubiquitination
status of NLRP3. In response to inflammasome activators,
the activity of USP7 and USP47 is increased in macrophages;
vice versa, knocking down both USP7 and USP47 decreases
inflammasome activation. These results suggest that tar-
geting USP7 and USP47 using inhibitors could be a potential
therapeutic approach for inflammatory disease.>’

USP7 regulates viral proteins

USP7 has been shown to interact with proteins from several
different viruses,”® and one of the best understood in-
teractions is with EBNA1, the Epstein—Barr virus nuclear
antigen 1. EBNA1 is one of the USP7 interacting partners
which can affect cellular processes such as p53 function.
EBNA1 is also known as a DNA-binding protein that is
necessary for the replication, segregation and maintenance
of the EBV genome.* EBV infection caused considerable
differences in the expression of EBNA-1 associated with
colorectal carcinoma in both high and low grade.®® EBNA1
interacts with USP7 via the same N-terminal domain (TRAF)
which also binds p53 and many other USP7 interaction
partners. Interestingly, EBNA1 may have higher affinity for
USP7 than other host cellular proteins thus preventing the
deubiquitination of other substrates such as p53, which may
enhance the survival of EBV-infected cells.®' USP7 binds

EBNA1 at amino acids 395—450 and a mutation in EBNA1
which disrupts USP7 binding causes a 4-fold increase in
EBNA1 replication activity. However, no impact was shown
on either cell-surface presentation or EBNA1 turnover. Ac-
cording to the findings, USP7 is capable of regulating of
EBNA1, whereas EBNA1 might have an impact on the
cellular process through the sequestering of important
regulatory proteins.>®?

USP7 and hypoxia

Hypoxia Inducible Factor 1 (HIF-1a) is a master regulator of
the cellular response to hypoxia and is implicated in diverse
tissues and diseases where hypoxic conditions are found. In
colorectal cancer, for example, HIF-1o was overexpressed
in 142 tumours across 731 colorectal cancers and was
associated with higher mortality. HIF-1a plays an oncogenic
role in colorectal cancer by up-regulating numerous
proangiogenic factors.®>** One important role in many solid
tumours is in regulation of Epithelial-mesenchymal transi-
tion (EMT). This process is promoted by the Hypoxia/HIF-1a
and regulated by transcriptional regulators such as the
ZEB1, Snail, and Twist1.%° HIF-1a is stabilized at the post-
translational modification during ubiquitination by onco-
genic MDM2 and p53 interacts with HIF-1a but indirectly via
MDM2.%° USP7 deubiquitinates and stabilizes HIF-1o which
can promote EMT and metastasis.®®

Sirtuin 7 (SIRT7), one of the NAD-+-dependent class of
histone 3 deacetylases (HDACs)has regulatory roles in
diverse cellular processes such as ageing, cellular ho-
meostasis, DNA repair and cancer.®’ SIRT7 is a marker of
colorectal cancer prognosis due to its essential role in the
development and progression of colorectal cancer.®® It
also plays a role in resisting several stresses such as low
glucose levels, DNA damage and hypoxia.®® The control of
glycolysis is linked to SIRT7, attributed to its role in
glucose metabolism. A number of transcriptional and post-
transcriptional mechanisms underpin the regulation of
SIRT7 activity. USP7 has been shown to interact with
SIRT7, both, in vivo and in vitro.”® SIRT polyubiquitinates
at Lys 63 which is deubiquitinated by the USP7.”° Inter-
estingly, USP7 was not shown to have an effect on SIRT7
stability although it does repress its enzyme activity. An
important function of this interaction seems to be the
regulation of gluconeogenesis as USP7 and SIRT7 were
shown to regulate glucose-6-phosphatase catalytic sub-
unit (G6PC) expression.”°

Proteomics analyses of the USP7 interaction
network

The majority of proteins rarely perform only a single
function, but function in a variety of cellular processes
interacting with a range of different molecules. The
complexity of these interactions is further increased by the
temporal and spatial variation of proteins, and temporally
or spatially-dependent interactions may be regulated by
post-translational modifications. Defining protein—protein
interactions through proteomics can lead to dramatic leaps
in our understanding of protein function. Proteomic
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techniques are providing detailed maps of protein—protein
interaction networks using techniques such as two-hybrid,
mass-spectrometry, protein fragment complementation
assays (PCAs) and protein microarrays and mass
spectrometry.”""”?

USP7 has been the subject of several proteomic studies,
and here we highlight selected studies to illustrate the
different approaches. A landmark study of DUB protein in-
teractions aimed to identify the Human Deubiquitinating
Enzyme Interaction Landscape by a global proteomic anal-
ysis of Dubs and their associated protein complexes.”® One
of the significant challenges in the protein interactome
studies is to distinguish the interactions from those that are
specifically associated with the isolated protein of interest.
Sowa and his lab group developed the Comparative Prote-
omic Analysis Software Suite (CompPASS), which utilizes an
unbiased method for the identification of High Confidence
Candidate Interacting Proteins (HCIPs). Out of the 2458
identified proteins in their Dub data set, 774 HCIPs are
associated with 75 Dubs.”® In addition, interactome topol-
ogy classification, Gene Ontology, sub-cellular localization
and functional studies were used to link the Dubs to various
processes such as DNA damage, protein turn-over, RNA
processing, transcription and endoplasmic reticulum-
associated degradation.”?

In gastric carcinoma cells, affinity purification, in
conjunction with mass spectrometry, was performed for
pinpointing USP7 binding targets.”*”> The findings of this
study are in concordance with those of previous reports as
per which TRIP12 E3 ubiquitin ligase, PPM1G phosphatase,

and USP11 were associated with USP7. Furthermore, in
addition to demonstrating these bindings’ specificity, new
interactions have been identified for USP7, DDX24 and
DHX40. DHX40 uses the Ubl2 domain to engage with USP7. On
the other hand, USP7 is bound by DDX24, USP11, PPM1G, and
TRIP12 via its TRAF domain.”* Another study used affinity
purification in conjunction with mass spectrometry for
profiling USP7 interaction on FLAG-tagged USP7 expressed in
AGS gastric carcinoma cells. According to the data, USP7
rescues FBXO38 from proteasomal degradation and plays a
role in FBXO38 stability. Subsequently, a BiolD approach was
used for profiling the protein interactions and FBX038’s pu-
tative functions. Notably, the BiolD approach is a viable
beneficial method of checking both neighbouring and inter-
acting proteins in their natural cellular environment.”*7¢
Other key protein—protein interactions discussed in this
review were initially identified through mass-spectrometry.
The interaction between USP7, DNMT1 and UHRF1 has been
characterized using mass-spectrometry.?>?”>’7 It was shown
that UHRF1 plays role in ubiquitination and subsequent
proteasomal degradation of DNMT1 and UHRF1 ubiqg-
uitinates DNMT1 tightly and temporally during the cell
cycle. USP7 helps ubiquitin ligase activity of UHRF1 to be
under control by first counteracting UHRF1 enzymatic ac-
tivity via direct deubiquitylation of DNMT1. Next, the E3
ubiquitin ligase activity of UHRF1 is hypothesized to be
directly decreased by USP7. In agreement with the hy-
pothesis with the hypothesis, UHRF1 overexpression has
been shown higher ubiquitination of a DNMT1 lacking the
USP7 interaction domain in comparison with full-length
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DNMT1. For this reason, USP7 must be cleaved from DNMT1
complexes before DNMT1 degradation.?’

A related approach using global quantitative proteomics
rather than affinity-purification mass-spectrometry used
knockdown of USP7 to determine USP7 interactions and
identify its biological functions.”® Stably transfected cells
were generated that carried inducible shRNA expression
plasmids, the USP7 and USP7 mRNA levels’ protein expres-
sion was strongly down-regulated 48—72 h after shRNA in-
duction. The proteomics experiment entailed the
comparison of a selected clone to whole cell proteomes
before and after the knockdown of USP7. It was found that
36 proteins were altered after knockdown of USP7 and were
analysed using mass spectrometry. Among these 36 proteins
is Alix/HP95, a protein involved in endosomal organization
that also plays a key role in virus budding, was reduced
after downregulating USP7 levels.”®

Finally, in myeloma cells, mass spectrometry was used
for identifying proteins associated with MafB ubiquitina-
tion. According to the findings, the presence of USP7 was
observed in the MafB interactome. Also, USP7 interacts
with MafA, as well as c-Maf, preventing their degradation
and polyubiquitination. Consistently, USP7 knockdown led
to the degradation of Maf in addition to increased levels of
polyubiquitination. At the same time, USP7 was observed
to be upregulated in myeloma cells besides having a
negative association with the survival of myeloma pa-
tients. USP7 stimulates myeloma cell survival, and inhi-
bition of USP7 levels using P5091 Inhibitor caused
apoptosis in myeloma cell lines.”®

Summary

In summary, multiple proteins are known to interact with
USP7 and it is possible that these proteins are also USP7
targets (Fig. 3). They may also comprise entirely novel
complexes, and E3 ubiquitin ligases account for a large
number of these, for example, the RNF220 complex with
USP7 TRAF domain, stimulating deubiquitination of B-cat-
enin in the canonical Wnt pathway.'" Fig. 3 summarizes the
known USP7 protein network with respect to cancer and
tumorigenesis. Although perhaps it best studied role is as a
regulator of the p53—MDM2 pathway, emerging studies are
defining the interactions and roles of USP7 in the Wnt
pathway, cell cycle and hypoxia. In addition, more evi-
dence has shown that USP7 is a protein stabiliser that sta-
bilises tumor suppressors, transcription factors and proteins
responsible for immune responses. Targeting USP7 may
open up new horizons as a novel molecular target for the
treatment of cancers including colorectal cancer.
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