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The importance of regulatory ubiquitination in cancer and metastasis
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ABSTRACT

Ubiquitination serves as a degradation mechanism of proteins, but is involved in additional cellular
processes such as activation of NF«B inflammatory response and DNA damage repair. We highlight the E2
ubiquitin conjugating enzymes, E3 ubiquitin ligases and Deubiquitinases that support the metastasis of a
plethora of cancers. E3 ubiquitin ligases also modulate pluripotent cancer stem cells attributed to
chemotherapy resistance. We further describe mutations in E3 ubiquitin ligases that support tumor
proliferation and adaptation to hypoxia. Thus, this review describes how tumors exploit members of the
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vast ubiquitin signaling pathways to support aberrant oncogenic signaling for survival and metastasis.

Ubiquitination signaling overview

Ubiquitin (Ub), a highly conserved 76-amino acid protein
expressed in all cell types, has 7 lysine residues (K6, K11,
K27, K29, K33, K48, K63) that can be polymerized into var-
ious linkages. The resulting linkage of Ub chains creates a
certain topology that can be sampled by interacting proteins
and dictates the fate of the substrate. For instance, K48-
and Kll-linked Ub chains adopt a “closed” or compact
conformation and lead to 26S-mediated proteasomal degra-
dation of substrates. In contrast, unanchored K63- or a mix
of K63/M1-linked ubiquitination chains adopt an “open”
conformation, and are involved in non-proteasomal func-
tions such as TAK1 and IKK complex activation culminat-
ing in NF«B inflammatory signaling,"” activation of DNA
damage repair signaling® and B cell activation via MAPK by
TAB2/TAB3.*

Ubiquitination is a conserved multistep process that
begins with the activation of ubiquitin with ATP by the El
ubiquitin activating enzyme, followed by the formation of a
thioester linkage between the ubiquitin transferred from the
El to the cysteine in the active site of an E2 ubiquitin con-
jugating enzyme. The E3 ubiquitin ligase participates in the
ubiquitination of a target substrate through the formation
of an isopeptide bond between the carboxyl group of Gly76
of ubiquitin and the e-amine of Lys in the substrate. Deubi-
quitinating enzymes (DUBs) remove the ubiquitin from the
target substrates and recycle ubiquitin into the cytosolic
pool.

Ubiquitination regulates the function and signaling of a pro-
fusion of proteins in various cellular pathways. This review
describes how various cancers take advantage of the misregu-
lated expression of the members of the ubiquitination cascade
for proliferation, survival and metastasis (Fig. 1).

The challenging route to metastasis

Cancer progression eventually may lead to metastasis, which is
the final stage responsible for more than 90% of all terminal
cancer deaths. Various genomic abnormalities must be present
to allow cells of a primary tumor to ignore apoptotic signals,
proliferate and survive. Before metastasis occurs, tumor cells
undergo phenotypic changes through epithelial-mesenchymal
transition (EMT) similar to signaling events during embryonic
development. EMT is marked by a loss of cell-cell adhesion
through decreased expression of E-cadherin, increased motility
by actin reorganization and upregulated expression of N-cad-
herin, Vimentin, Snail and Twist.” Cells are then able to move
through the stroma, resist the episode of immune cells, survive
and travel through the bloodstream. Finally, metastasized cells
arrive at the secondary site, resisting rejection and apoptosis to
form malignant microtumors. Eventually, these progress to
clinically observable macro metastasized tumors. Only a small
percentage of metastasized cells survive this migratory journey
and successfully colonize the secondary tissue, classifying
metastasis as a rare event.

Since most proteins undergo ubiquitination as a post-trans-
lational modification in most cell types, it is not surprising that
cancer cells exploit the members of the ubiquitination pathway
to stabilize aberrant oncogenic signaling. This review describes
that the misregulated expression of E2s, E3 ligases and DUBs
contributes to the signaling of various oncogenes, leading to
cancer progression and metastasis.

The overexpression of E2s supports aberrant
oncogenic signaling in tumor metastasis

E2s play an active role in the regulation of cell cycle progres-
sion, inflammation and the mechanisms by which they
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Figure 1. The misregulated expression of E2 ubiquitin conjugating enzymes and E3 ubiquitin ligases in various human cancers. The ubiquitination reaction ini-
tiates with the activation of ubiquitin by ATP, in which ubiquitin is then transferred to the active site of E1 ubiquitin conjugating enzyme. The E1 transfers the
ubiquitin to a Cys in the catalytic active site of the E2 ubiquitin conjugating enzyme. The HECT domain E3 ligases ubiquitinate the target substrates by 2 mecha-
nisms: first, the ubiquitin is transferred from the active site of the E2 to the Cys in the active site of the E3, which then ubiquitinates the Lys residue in the tar-
get substrate. RING- and RING-related domain E3 ligases, in contrast, serve as scaffolds to ubiquitinate target substrates in one step: the E2 transfers the
ubiquitin directly to the Lys residue in the target substrate. Various tumors take advantage of the misregulated expression of E2s and E3s for the aberrant activa-
tion of oncogenic pathways. E2s and E3s colored in green indicate the importance of their expression or overexpression in cancer, while those in red indicate
their downregulated expression in cancer. These genomic events result in cancer cell proliferation, migration, invasion, angiogenesis, hypoxia, EMT and

metastasis.

modulate cancer metastasis. There are approximately 40 E2
family members encoded by the human genome.® E2s share a
highly conserved 150-amino acid catalytic core, the ubiquitin
conjugating (UBC) domain, responsible for ubiquitination.

UBE2N/UBE2V1 modulates breast cancer metastasis

Ubiquitin-Conjugating Enzyme E2N (UBE2N, also known as
UBC13), together with its co-factor UBE2V1 (also known as
UEV1A), specifically builds Lys63-linked ubiquitin chains that
are indispensable for NF«B inflammatory activation.” UBE2N
is overexpressed in myriad tumors such as breast, pancreas,
colon, prostate, lymphoma and ovarian carcinomas. UBE2N is
required for breast cancer metastasis to the lung in vivo
through TGFB-mediated activation of TAK1 and p38, culmi-
nating in the expression of metastasis-associated genes CNN2,
PLTP, IGFBP3, ILI3RA2, CD44, VCAM-1 and ICAM-1 (Fig. 2).
This requirement for UBE2N for metastatic spread is notable,
given that UBE2N is not required for primary tumor forma-
tion.” ShRNA-mediated inhibition of UBE2N or treatment of
breast cancer cells with SB203580, small molecule inhibitor of
p38 MAPK, interestingly result in the suppression of breast
cancer metastasis to the lung.”

In addition, the cofactor for UBE2N, Ubiquitin-Conju-
gating Enzyme E2 Variant 1 (UBE2V1) is upregulated in

breast cancer and increases the invasiveness and migration
of breast cancer cells, including tumor growth and upregu-
lated metastasis to lymph nodes and lung, an effect that is
dependent upon functional UBE2N. These tumors exhibit
increased expression of Matrix Metalloproteinase-1 (MMP1)
through activation of NF«B signaling® (Fig. 2), in which
MMPs are involved in extracellular matrix degradation for
tumor cell migration and invasion.” ShRNA-mediated inhi-
bition of UBE2V1 ablates breast tumor growth and metasta-
sis in vivo. UBE2V1, in marked contrast to UBE2N, lacks
the catalytic Cys and therefore catalytically inactive to per-
form the polyubiquitination of substrates.

It is not clear, however, whether these tumors exhibit the
upregulated expression of both UBE2N and UBE2V1, or
whether the upregulated expression of one member only is suf-
ficient to aberrantly induce NF«B and TGFg signaling to drive
metastasis. The UBE2N/UBE2V1 complex, critical for NF«B
signaling, is overexpressed in some breast cancer samples; this
may contribute to the hyperactivation of an inflammatory
response in the tumor microenvironment. Collectively, these
studies suggest that UBE2N/UBE2V1, responsible for the for-
mation of Lys63-linked ubiquitin chains which are important
to activate signaling pathways as opposed to triggering protein
degradation, represent potentially important targets for thera-
peutic intervention.””
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Figure 2. Misregulated expression of members of the ubiquitin cascade contributes to the aberrant signaling of various pathways in cancer. (LEFT) The UBE2N/UBE2V1 E2
ubiquitin conjugating enzyme complex catalyzes the Lys63-linked ubiquitination of NEMO that recruits the TAK1/TAB1/2 complex to activate the IKK complex, which is
composed of IKKB, IKKe: and NEMO. IKKB phosphorylates IkBc, which is Lys48-linked ubiquitinated and subsequently degraded by the 265-proteasome.? This event
releases NF«B to translocate into the nucleus to mediate the transcription of a signature of genes involved in inflammatory response. STUB1 E3 ligase negatively regulates
NF«B signaling by catalyzing the degradation-inducing Lys48-linked ubiquitination of p65 subunit of NFxB.2* (CENTER) In addition, cancer cells take advantage of overex-
pressed TRAF4 to modulate TGFS signaling. TGFB activation culminates in the nuclear translocation of SMAD2/3/4 complex to modulate gene transcription. SMAD7 is a
negative regulator of TGFS signaling by recruiting SMURF2 E3 ubiquitin ligase to ubiquitinate TSR, leading to the proteasomal degradation of the receptor and mitiga-
tion of signaling’® TGF 8 signaling is regulated by TRAF4 E3 ligase mediated Lys48-linked ubiquitination of SMURF2 E3 ligase. The latter E3 ligase catalyzes the degrada-
tion signal of TGFS receptor | (TARI), in which these events mitigate the activation of the signaling pathway. TRAF4, on the other hand, is conjugated to Lys63-linked
ubiquitin polymers to activate TAK1/TAB1/2 complex that induces the signaling of p38 MAPK and NF«B. TRAF4 further interacts with deubiquitinating enzyme USP15
and USP4, which remove the degradation signal from TGFj receptor |. These events contribute to the stabilization of TGF signaling.>* (RIGHT) Tumor adaptation to hyp-
oxia is highly attributed to HIF signaling. Under normal oxygen level condition (normoxia), VHL E3 ligase binds to hydroxylated Proline residue in HIF catalyzed by PHD
proteins. VHL then catalyzes the Lys48-linked ubiquitination of HIF, leading to proteasome degradation. UBE2S enzyme controls VHL protein stability. Under low oxygen
conditions (hypoxia), inactivating of VHL (either by mutations or decreased expression) contributes to HIF isoform stabilization, which mediates the transcription of genes
involved in tumor adaptation to hypoxia, including angiogenesis.'*** These signaling events governed by members of the ubiquitin cascade all contribute to EMT, cellular
proliferation, migration, invasion, chemotherapy resistance and metastasis.

UBE2C regulates chromosomal alignment in mitosis during mitosis of different cancers, representing a target to treat

Overexpression of UBE2C (Ubiquitin-Conjugating Enzyme a broad range of tumors.

E2C, termed UBE2C or UBCHI10) is detected in many cancers,
including breast, colon, prostate, ovary, thymus, uterine and
lung.'*'* UBE2C functions with the Anaphase-promoting

UBE2S regulates E3 ligase VHL in hypoxia
UBE2S, or Ubiquitin-Conjugating Enzyme E2S (also known as

complex/cyclosome (APC/C) to ensure proper chromosome
alignment and segregation in mitosis. UBE2C expression fluc-
tuates during the cell cycle, peaking at prometaphase to regulate
chromosomal segregation and decreasing in anaphase. Overex-
pression of UBE2C causes the missegregation of chromosomes
(aneuploidy), chromosome misalignment and lagging, mitotic
slippage and increased number of centrioles, in addition to a
decrease in cyclin Bl levels. Mice engineered to overexpress
UBE2C exhibit elevated lung tumor burden, including the
emergence of lymphomas, lipomas, liver and skin tumors''
(Fig. 1).

As misregulated expression of UBE2C contributes to the
emergence of tumors in tissues and cells from various lineages,
it is possible that this E2 modulates chromosomal segregation

E2-EPF ubiquitin carrier protein (UCP)), catalyzes the ubiquiti-
nation of von Hippel-Lindau (VHL) protein, targeting it for
proteasomal degradation.'”” VHL mediates the stability of HIF
transcription factors that induce expression of protumorigenic
and mitogenic growth factor genes such as VEGF, MMPs,
SNAIL, TWIST and PDGF involved in hypoxia, EMT, angio-
genesis, migration, proliferation and metastasis (Fig. 2).'°

The overexpression of UBE2S and HIFlw, with low VHL
expression, is detected in various tumors such as primary liver,
mucinous colorectal and breast cancer, and in metastatic chol-
angiocarcinoma in soft tissue and metastatic colorectal cancer
in lymph VHL controls the stability of hypoxia-inducible fac-
tors HIF-1 and HIF-2 that mediate the adaptation of cells to
varying levels of oxygen. Overexpression of UBE2S in CAKI



cells (clear cell carcinoma derived from metastatic skin site)
and C8161 (highly invasive and metastatic human melanoma
cells) contributes to increased degradation of VHL, while it
increases HIFla expression and VEGF transcription, contribut-
ing to the increased proliferation and metastasis to the lung.'”
UBE2S is also amplified in pancreatic and neuroendocrine
prostate cancer.'”'®

In summary, this section illustrates that overexpression of
E2 ubiquitin conjugating enzymes supports aberrant oncogenic
signaling of inflammatory NF«B and TGEFp, receptor tyrosine
kinases, mitogenic growth factors and HIF transcription fac-
tors. These E2s drive aneuploidy, proliferation, migration and
metastasis of a variety of tumors.

The misregulated expression of E3 ubiquitin ligases
in cancer

There are approximately 600 E3 ubiquitin ligases encoded by
the human genome and the mechanism of ubiquitination of
target substrates depends upon the conserved catalytic
domains: RING (Really Interesting New Gene), HECT
(Homology to E6AP C Terminus) and RING-related (PHD,
LIM, F-box, B-box and U-box). RING and RING-related E3
ligases catalyze a one-step reaction of ubiquitin transfer from
the E2 to the lysine residue in the substrate. In contrast, HECT
E3 ligases catalyze a 2-step reaction: first the ubiquitin is trans-
ferred from the E2 to the cysteine in the active site of the E3
ligase, which then ubiquitinates the lysine residue in the target
substrate.'*?° (Fig. 1).

As with the E2 ubiquitin conjugating enzymes, misregulated
expression of E3 ubiquitin ligases contributes to aberrant onco-
genic signaling, metastasis and resistance to chemotherapy,
including the modulation of pluripotency of cancer stem cells
in tumor niches.

The downregulated expression of E3s in cancer

STUBT - more than just an E3 ligase
Cancer cells take advantage of downregulated expression of
STIP1 Homology And U-Box Containing Protein 1 (STUBI),
also known as CHIP, a U-box ligase that functions as a chaper-
one for protein quality control and promotes the ubiquitination
of various cell cycle regulators, such as c-Myc and SRC-3.
STUBI transcription is lower in malignant stage II and node-
positive breast cancer than in stage I and node-negative
patients. The downregulated expression of STUB1 upregulates
NF«B signaling and anti-apoptotic proteins Bcl™2 and AKT,
supporting inflammation, survival, invasiveness and metastatic
potential of breast cancer cells*"** In colorectal cancer, STUBI
is the E3 ubiquitin ligase that regulates the stability of p65 sub-
unit of NF«B (Fig. 2). Downregulated STUBI in colorectal can-
cer decreases the degradation of p65 subunit and increases the
expression of NF«B-controlled VEGF, Cyclin D1, c-Myc, IL-8
and MMP-2 genes involved in angiogenesis and metastasis.*”
In pancreatic cancer, STUBI is a tumor suppressor and it
modulates the stability of EGFR via proteasomal-mediated deg-
radation of this receptor tyrosine kinase (RTK). STUBI regu-
lates the phosphorylation of Tyr845 and Tyrl068 of EGEFR,
activating downstream PI3K/AKT and Src/FAK/paxillin
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signaling pathways. Downregulated STUB1 expression
increases oncogenic EGFR signaling and sensitizes pancreatic
cancer cells to RTK inhibitor, erlotinib, which leads to apopto-
sis and decreased tumor volume in vivo.**

STUBI modulates the proteasomal-mediated degradation of
NF«B and EGFR oncogenes in various tumors (Fig. 1). Tumors
harboring downregulated STUBI1 expression exhibit aberrant
NF«B signaling and some tumors may rely on RTK’s for prolif-
erative advantages. The role of STUBI may extend beyond
these pathways to include additional oncogenes in other
tumors.

Despite its tumor suppressor function, enhanced STUBI
expression is observed in pancreatic, prostate breast and other
cancers.'”'®*> This suggests that further research will be
required to unravel the tumor and context specific functions of
this E3 ubiquitin-protein ligase.

FBXW?7 - a key component of the SCF complex

F-Box And WD Repeat Domain Containing 7 (FBXW?7) E3
ligase is a component of the SCF (SKP1, CUL-1, F-box protein)
E3 ubiquitin ligase complex that regulates the stability of cell-
cycle regulators such as c-Myec, cyclin E and Notch.*

FBXW?7 is downregulated in breast, colorectal, gastric and
cholangiocarcinoma (CCA) tumors correlated with poor prog-
nosis and survival, elevated tumor invasion and occurrence of
metastasis®” > (Fig. 1). FBXW?7 regulates the stability and turn-
over of mTOR. Downregulated FBXW?7 expression increases
mTOR levels that support the metastastic potential of CCA
tumors to the liver and lung. These tumors are sensitive to
mTOR inhibitor rapamycin, which impairs tumor growth.*

In summary, this section illustrates that the downregulated
expression of the E3 ubiquitin ligases stabilizes aberrant onco-
genic signaling. Some of these reports, additionally, show that a
rescue in the expression of these E3 ligases leads to increased
degradation of key oncogenic signaling proteins, potentially
resulting in the inhibition of tumor proliferation and
metastasis.

The importance of the expression, or overexpression,
of E3s in tumors

The contribution of Cbl-b to melanoma and breast cancer
metastasis

The recruitment of immune system cells to the tumor microen-
vironment has been suggested to play an important role in
tumor metastasis.”® The E3 ligase activity of Casitas B-lineage
lymphoma-b, Cbl-b or RNF56, is a negative regulator of anti-
tumor function of natural killer (NK) cells. Genetic deletion of
Cbl-b, or targeted inhibition of its E3 ubiquitin ligase activity,
awakens the antitumor response of NK cells and educates these
lymphoid cells to recognize and kill melanoma tumors, inhibit-
ing lung metastasis. The TAM family of receptor tyrosine kin-
ases, Tyro3, Axl and Mer, has been identified as substrates of
Cbl-b for ubiquitination. Treatment of NK cells with selective
TAM inhibitor, LDC1267, ablates melanoma and breast cancer
metastasis.”’ This indicates that some E3 ligases, exemplified by
Cbl-b, can modulate the immune system’s ability to recognize
and kill tumor cells.
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HUWET controls cell-to-cell adhesion

In order for cancer cells to leave the primary tissue and metas-
tasize to secondary sites, cell-to-cell adhesion must be disrupted
for their movement through the stroma. The HECT, UBA, and
WWE domain-containing protein 1 (HUWE1) E3 ubiquitin
ligase has been implicated in the modulation of cell-to-cell
adhesion. The expression of TIAMI, a guanine nucleotide
exchange factor, at cell-to-cell junctions is critical to maintain
cells in contact with one another. HUWE1-mediated degrada-
tion of TTAM1 leads to scattering, dissemination and invasion
of epithelial cells, including the dissemination and local inva-
sion of metastatic lung cells. Knockdown of HUWEL1 decreases
the dissemination of cells, leading to the stabilization of TTAM1
at cell-to-cell junctions. Stage I and stage II squamous cell lung
carcinoma tissue samples show an inverse correlation between
HUWEI and TIAMI expression® (Fig. 1), suggesting that
metastasis of lung cells may be modulated by the misregulated
expression of HUWEL.

GP78 in sarcoma metastasis

The metastasis of sarcoma tumors is dependent upon the E3
ligase activity of GP78, also known as autocrine motility factor
receptor (AMFR). GP78 is a RING-finger E3 ubiquitin ligase
that localizes to the endoplasmic reticulum (ER) and it partici-
pates in ER-associated degradation (ERAD), a pathway that
leads to the degradation of misfolded or denatured proteins.
Inhibition of GP78 expression in highly metastatic human sar-
coma cells inhibits lung metastasis, but it does not affect pri-
mary tumor growth. Stable gp78 knockdown decreases the
survival of metastasized HT1080 sarcoma, RH30 rhabdomyo-
sarcoma, HOS-MNNG osteosarcoma, including 786-O renal
carcinoma (Fig. 1). The metastasis-suppressor KAI1 has been
identified as a substrate of gp78-mediated degradation, in
which an inverse correlation of KAIl and GP78 expression is
found in sarcoma samples. Downregulated gp78 leads to the
accumulation of KAI1 that results in apoptosis and reduces
the metastatic potential of sarcoma cells.”” This event illustrates
the importance of gp78 expression in sarcomas.

TRAF4 modulates inflammatory signaling of multiple tumors
Tumor necrosis factor receptor-associated factor 4 is a RING
domain E3 ligase with well-documented signaling functions
associated with the activation of TNFRs and IL-1R/TLRs, play-
ing critical roles in immune system responses.”*

TRAF4 has been implicated in the regulation of both
SMAD-dependent and SMAD-independent TGFgS receptor
(TBRI)-induced signaling. TRAF4 ubiquitinates SMURF?2 lead-
ing to the degradation of the latter E3 ligase and enhancement
of TGE signaling. On the other hand, SMURF2 can ubiquiti-
nate both TARI and TRAF4 to terminate TGFB signaling.
TRAF4 also interacts with deubiquitinating enzyme USP15,
which deubiquitinates TSRI upon SMURF2-mediated ubiquiti-
nation of TARI, stabilizing this signaling pathway. In addition,
TGFp induces the Lys63-linked ubiquitination of TRAF4 to
promote TAK1 activation, leading to p38 and NF«B signaling™*
(Fig. 2).

TRAF4 is amplified in invasive breast carcinoma, pancreatic
adenocarcinoma, prostate cancer and bladder carcinoma.'®*>*
(Fig. 1). TRAF4 overexpression contributes to poor overall

survival in ovarian cancer and, in breast cancer, it is correlated
with ERBB2 amplification and bone metastasis. TRAF4 further
supports the expression of EMT makers such as N-cadherin,
Vimentin, Fibronectin and TGFg-associated expression of IL-
11, PTHrP, CXCR4 and SNAIL. Knockdown of TRAF4 results
in ablation of TGFpB-induced phosphorylation of SMAD2 and
p38 MAPK, showing the importance of TRAF4 in the regula-
tion of SMAD-dependent and -independent signaling™*

WWP1 - a phosphotyrosine binding E3

WW Domain Containing E3 Ubiquitin Protein Ligase 1
(WWP1) is a HECT domain E3 ubiquitin ligase that binds to
phosphotyrosine (PPXY) domains in substrates.

WWPI overexpression supports the proliferation and sur-
vival of oral, and hepatocellular carcinoma (HCC).>%¥ (Fig. 1).
Additionally, WWP1 positively regulates PTEN/AKT signaling
to support the proliferation and cell cycle progression of gastric
tumors, contributing to poor survival and lymph node metasta-
sis® In breast cancer, WWP1 is overexpressed in 51% of trans-
formed cell lines and supports the expression of estrogen
receptor and Insulin-like growth factor receptor-1, resulting in
aberrant proliferation. Inhibition of WWPI expression sensi-
tizes TRAIL-resistant breast cancer cells to TRAIL-induced
activation of the extrinsic apoptotic pathway. In addition, effi-
cient inhibition of breast cancer proliferation has been achieved
by combining knockdown of WWPI with anti-estrogen tamox-
ifen drug therapy.””*' Lastly, WWP1 is frequently amplified
and overexpressed in human prostate cancer, and is suggested
to play a role in the inactivation of the TGFS tumor suppressor
pathway by inactivation of Smad2, Smad4 and TAR1 in human
cancer.”?

Overall, this section illustrates that the overexpression of E3
ubiquitin ligases supports aberrant oncogenic signaling in vari-
ous types of cancers. These reports show that inhibition of
expression of each of these E3 ubiquitin ligase is sufficient to
ablate tumor progression and metastasis.

Mutated E3 ligases proliferate different tumors

A list of mutations in E3 ubiquitin ligases, and their potential
biologic effects in various tumors, is described in Table 1. We
herein bring attention to the fact that mutated E3 ligases con-
tribute to tumor hypoxia and vascularization, and upregulated
inflammatory NF«B and growth factor mitogenic signaling
pathways.

VHL adapts renal cell carcinoma to hypoxia

VHL is part of the VCB E3 ubiquitin ligase complex further
composed of elongin B, elongin C and cullin-2. Under nor-
moxia, VHL induces the ubiquitination of HIFl« for degrada-
tion. On the other hand, inactivation of VHL results in the
stabilization of HIF isoforms that support vascularization and
adaptation of tumors to hypoxia'® (Fig. 2).

Germ line mutations in tumor suppressor VHL cause von
Hippel-Lindau syndrome characterized by the emergence of
highly vascularized tumors, such as clear cell renal cell carci-
noma (ccRCC), central nervous system hemagioblastoma,
pheochromocytoma and pancreatic cysts.'®*’ Inactivated VHL



Table 1. Mutations in E3 ligases identified in cancers (partial list).
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E3 Ligase Mutation Tumor Biological Effect Therapy Reference
c-Cbl Y371C/D/H aCML, JMML 4749
S376F aCML transformation of 32D cells; decreased 48
FLT3 ubiquitination
L380P aCML, MF, JMML 4849
C381R/Y CMML, JMML 48,49
C384R/Y CMML, JMML, MDS-MPDu 4849
C396G/R CMML, JMML 4849
H398Y CMML transformation of 32D cells; decreased 8
FLT3 ubiquitination
C401S JMML v
C404R JMML 9
W408C/R aCML, JMML 4849
G415V JMML 0
P417A aCML transformation of 32D cells; decreased d
FLT3 ubiquitination
P417L CMML 8
F418L aCML 8
R420Q AML, aCML, MF, SAML 32D transformation; reduced FLT3 464850
(proliferation ubiquitination; inhibition of PDGFR
of 32Dcells) and EGFR internalization
R420L aCML 8
N454D CMML 8
R462X aCML 8
1106 del (66 bp) JMML &
1228-2 A>G JMML ¥
splice site
€1227-1227 + 4 CMML A
del ggtac
1190 del 99bp  JMML 4
1227 +4C>T  JMML 9
splice site
1228 - 2A>G JMML 0
splice site
int +5G>A aCML 8
int+4C>T CMML 8
int-1G>C CMML 8
Fbxw7 E113D Colorectal, pancreatic 6292
E192A Breast, liver Sirolimus, Vorinostat: stable disease 62
R222* colorectal Temsirolimus, Bevacizumab, Cetuximab: stable 62
disease
W244* bladder, cervix Sirolimus, Hydroxichloroquine: stable disease 62
(bladder)
R278* Colorectal, stomach 6293
5282* head and neck Temsirolimus, Bevacizumab, Valproic acid: stable 62
disease
K299fs melanoma 58
W406* melanoma 8
G423R/V Melanoma, uterine lower tumor volume in vivo compared 58,94
with FBXW7 WT
G437* T-ALL >3
R441G/L/Q/W  Breast, NSCLC, T-ALL, uterine 33569596
R465C/H T-ALL, colorectal, endometrial, R465H: metastatic lung Temsirolimus: stable disease (R465H in metastatic 536263
ovarian, extrahepatic, adenocarcinoma lung adenocarcinoma); Everolimus, Anastrozole:
metastatic lung progressive disease (R465H in ovarian cancer)
adenocarcinoma
R479G/P/Q colorectal, head and neck, T-ALL 53,62
W486™ melanoma increased melanoma tumor volume in 58
vivo compared with FBXW7 WT
G499Vfs*25 colorectal Sirolimus, Hydroxichloroquine: stable disease 62
R505C/G colorectal, melanoma, R505C: increased melanoma tumor  Everolimus, Pazopanib: stable disease (R505C in 53,5862
intrahepatic, T-ALL volume in vivo compared with colorectal cancer); Everolimus, Anakinra:
FBXW7 WT progressive disease (R505C in colorectal cancer)
S562L melanoma similar tumor volume in vivo 58
compared with FBXW7 WT
R658" melanoma, pleura Sirolimus, Lapatinib: progressive disease (pleura) 58,62
R689W T-ALL 53
726+1G>A teratoma Temsirolimus, Bevacizumab, Carboplatin: stable 62
splice disease
RNF31  Q584H ABC DLBCL upregulation of LUBAC linear 52

polyubiquitination of NEMO;
increased NF«B signaling

(Continued on next page)
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Table 1. (Continued )

E3 Ligase Mutation Tumor Biological Effect Therapy Reference
Q622L ABC DLBCL upregulation of LUBAC linear 52
polyubiquitination of NEMO;
increased NF«B signaling
VHL S72P ccRCC stabilization of HIF1 4
N78K/S/Y ccRCC stabilization of HIF1 +
V84E ccRCC stabilization of HIF1 4
P86H ccRCC stabilization of HIF1 4
Ww8sC ccRCC stabilization of HIF1 +
G93E ccRCC stabilization of HIF1 4
Y98H/N ccRCC stabilization of HIF1 45
L101P ccRCC stabilization of HIF1 +
Y112D/H/N ccRCC stabilization of HIF1 4
G114R ccRCC stabilization of HIF1 45
W117L/R ccRCC stabilization of HIF1 +
P119L ccRCC stabilization of HIF1 4
D121G/Y ccRCC stabilization of HIF1 +
V130D/P ccRCC stabilization of HIF1 “5
L153P ccRCC stabilization of HIF1 4
K159N ccRCC stabilization of HIF1 +
R161P/Q ccRCC stabilization of HIF1 45
L169P ccRCC stabilization of HIF1 4
V170E ccRCC stabilization of HIF1 +
1180V ccRCC stabilization of HIF1 4
L63fsX67 ccRCC stabilization of HIF1 45
H1155fsX17 ccRCC stabilization of HIF1 +
L153TfsX21 ccRCC stabilization of HIF1 4
R117fsX25 ccRCC stabilization of HIF1 4

is observed in approximately 80-90% of ccRCC, which includes
>90% of allelic deletion or loss of heterozygosity, >50% muta-
tions and approximately 10% of promoter hypermethylation.**
Over 800 distinct mutations in VHL have been detected in spo-
radic and hereditary ccRCC, of which the majority results in
loss of VHL function.*

Mutated VHL causes tumors to become sensitive to PI3K
p1108 inhibitor, TGX221, which decreases the proliferation,
migration and invasion of cells.** In silico analysis revealed that
the majority of missense mutations affecting the surface of
VHL impact the interaction of VHL with HIF isoforms, elongin
B, elongin C and other binding partners such as p53 and PKC.
For instance, the L101P mutation, and other VHL disease-caus-
ing mutations such as N78S, S80N and Y98H/N cause a dra-
matic loss-of-function in VHL and stabilize HIF1 isoforms. In
addition, frameshift mutations in exons 1, 2 and 3, with the
exception of Glu204fsX44 at the very end of exon 3, inactivate
VHL and lead to increased stability of HIF isoforms (Table 1).
Such alterations in VHL possibly affect the hydroxylation of
HIF isoforms by prolyl 4-hydroxylases (Fig. 2).* Hence, the
stabilization of HIF isoforms by inactivation of the E3 ligase
activity of VHL possibly contributes to hypoxia and the highly
vascularized characteristics observed in these cancers.

c-Cbl drives myeloproliferative neoplasms

Casitas B-Lineage Lymphoma, c-Cbl or RNF55, is member of the
Cbl family of E3 ubiquitin ligases previously mentioned. Muta-
tions in ¢-Cbl in myeloproliferative neoplasms usually occur due
to acquired 11q uniparental disomy, an event similar to loss of
heterozygosity in which a part of the DNA is lost from one chro-
mosome but the remaining homolog is duplicated resulting in 2
copies at the locus per cell. Myeloproliferative neoplasms include
chronic myelomonocytic leukemia (CMML), atypical chronic

myeloid leukemia (aCML; BCR-ABL negative), myelofribrosis
(MF), secondary acute myelogenous leukemia (sAML), acute
myeloid leukemia and juvenile myelomonocytic leukemia
(JMML).*** Homozygous mutations in ¢-Cbl in myeloprolifera-
tive neoplasms contribute to poor survival rates of patients.
Mutations in c-Cbl contribute to earlier presentation of JMML
disease (age of 12 months at diagnosis) compared with patients
without these alterations (29 months).*”*’

¢-Cbl mutations themselves are able to lead to neoplasms, as
they have been identified in JMML tumors that do not harbor
any other mutated RAS, PTN1I or NFI genes known to be
involved in JMML."” The mutations S376F (aCML), H398Y
(CMML), P417A (aCML) and R420Q (AML, aCML, MF, sAML)
in ¢-Cbl when co-transfected with FLT3 confer IL3-independence
in 32D cells reflecting their oncogenic transforming activities
(Table 1). These mutations also impair c-Cbl-mediated ubiquiti-
nation of FLT3 and internalization of EGFR and PDGFR,*6:48-50
while they induce activated phospho-STATS5 signaling.® Muta-
tion at the “hot spot” Y371 site of c-Cbl is rarely found in other
myeloid neoplasms. The Y371C/D/H mutations located in the
linker domain adjacent to the RING domain have been identified
in JMML patients (Table 1). A similar phosphomimic mutation
to Asp, Y371E, constitutively activates the autoubiquitination E3
ligase activity of c-Cbl and it interacts with EGFR,”" showing that
¢-Cbl modulates RTK signaling.

Activating mutations in c-Cbl lead to constitutive RTK sig-
naling by impairing receptor internalization and degradation,
driving myeloproliferative disorders.

Mutations in RNF31 in ABC DLBCL

The Linear Polyubiquitin Chain Assembly Complex (LUBAC)
is composed of RNF31 (or HOIP), RBCK1 (or HOIL-1) and
SHARPIN. LUBAC catalyzes the linear ubiquitination of



NEMO, a scaffold member of the IKK complex that activates
the canonical NF«B signaling pathway (Fig. 2).

Activated B cell-like (ABC) subtype of diffuse large B-cell
lymphoma (DLBCL) malignant progression is dependent upon
constitutive B-cell receptor (BCR) activation that upregulates
NF«B signaling. Inhibition of RNF31 or SHARPIN decreases
LUBAC-mediated linear polyubiquitination of NEMO and
impaires IKK and NF«B activation, leading to a decrease in via-
bility of ABC DLBCL.”* In addition, inhibition of RNF31 sensi-
tizes ABC DLBCL tumors to Bruton agammaglobulinemia
tyrosine kinase (BTK) inhibitor, Ibrutinib, and IRF4 transcrip-
tion factor inhibitor, Lenalidomine, leading to decreased viabil-
ity of this subclass of B-cell lymphoma.

Two rare germline SNP polymorphisms in RNF3!1 are
enriched 8-fold in ABC DLBCL biopsies (Table 1). These muta-
tions, Q584H and Q622L, are found in the ubiquitin-associated
domain of RNF31 known to interact with the ubiquitin-like
domain of RBCKI, leading to upregulation of LUBAC-
mediated linear polyubiquitination of NEMO, increased IKK
and NF«B activation in ABC DLBCL tumors.>

Inactivating driver mutations in FBXW7

Mutations in FBXW?7 have been identified in various tumors
(Table 1). The F-box domain of FBXW7 is important for the
interaction with the SCF complex, while the WD40 domain
recognizes phosphorylation sites in a conserved Cdc4 phospho-
degron motif in the target substrate.”® Inactivating mutations
in the WD40 domain of FBXW?7 often impair substrate binding
and subsequently diminish protein turnover, contributing to
aberrant oncogenic signaling of targets mentioned below.

T cell acute lymphoblastic leukemia (T-ALL) is a malignant
neoplasm characterized by mutations mostly in NOTCHI and
FBXW?7.>* Mutations in FBXW?7, studied in a population of pedi-
atric Chinese T-ALL patients, contribute to poor overall survival
and higher incidence of tumor relapse. These FBXW7 mutations
affect codons R465, R479, R505 and R689 in the WD40 domain,
critical for the interaction with the PEST domain of NOTCHI.
These mutations may further impact signaling pathways beyond
NOTCH], since FBXW7 mediates the stability of oncogenic pro-
teins such as mTOR, Cyclin E and MYC.

In addition, mutations in FBXW?7 are frequently found in var-
ious cancers, but particularly uterine, colorectal, bladder and cer-
vical carcinoma.’*”” In melanoma, some FBXW?7 mutations
have been reported in the absence of the classic BRAF V600E
and NRAS GI2D, G13R and Q61K/L/S mutations. This may
indicate that mutations in FBXW?7 are drivers of cancer progres-
sion.”® As a proof-of-concept for the inactivating mutations in
FBXW?7, knockdown of FBXW?7 in melanoma cell lines leads to
the accumulation of NOTCH1, HEY1 and downstream effectors
Cyclin E, Aurora A and MYC, resulting in increased tumorigene-
sis.””" In addition, this event leads to the upregulation of angio-
genesis-promoting genes such as IL-6, CXCL2, SERPINEI and
PGF1, and increased phosphorylation of STAT3. Mice grafted
with melanoma cells with knockdown FBXW7, treated with
NOTCHI inhibitors dibenzazepine (DBZ) and compound E,
showed substantial melanoma tumor shrinkage.”®

Other inactivating mutations in FBXW?7 were identified in
various advanced cancers such as colorectal, squamous head
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and neck, bladder, cervix, endometrial, liver, ovarian, mesothe-
lioma, pancreatic and teratoma. In these tumors, most of these
mutations concomitantly occur with mutations in TP53, fol-
lowed by KRAS, PI3KCA and APC.°* As mTOR is a down-
stream target of FBXW?7, tumors harboring inactivating
mutations in FBXW?7 are sensitive to mTOR inhibitors. For
instance, treatment of patients, whose tumors exhibit mutated
FBXW?7, with mTOR inhibitors (Sirolimus, Everolimus, and
Temsirolimus) resulted in tumor shrinkage.®” In addition,
Temsirolimus showed promising results in a patient with meta-
static lung adenocarcinoma with mutated FBXW7 R465H,
leading to shrinkage of mediastinal lymphadenopathy
(Table 1).5°

E3 ubiquitin ligases in pluripotent cancer stem cells

Conventional chemotherapies often fail to target metastasized
tumors, which may be due to the emergence of a subpopulation
of cells, the cancer initiating cells or cancer stem cells (CSCs).
CSCs are not only capable of self-renewal and differentiation
like normal stem cells, but they are also capable of tumor initia-
tion, relapse, chemotherapeutic resistance and metastasis.

CSCs are characterized by upregulated expression of embry-
onic stem cells markers, SOX2 (SRY-Box 2), OCT4 (Octamer-
Binding Protein 4) and NANOG (Nanog Homeobox). These
transcription factors are the key regulators of pluripotency,
activating self-renewal-associated genes and inhibiting differen-
tiation by suppressing lineage-specific transcription factors.
Expression of these regulators confers stem cell-like character-
istics, and silencing them results in decreased tumorigenicity.
CSC’s express surface markers CD133 and CD44, including
increased expression of aldehyde dehydrogenase (ALDH) and
increased ATP binding cassette (ABC) transporter drug efflux,
which all contribute to chemotherapy resistance® (Fig. 3A).

E3 ligases are strongly associated with either promoting or
suppressing the CSC population in various cancers (Fig. 3B).
Investigating the mechanisms by which E3 ligases confer stem-
cell like characteristics to a subpopulation of tumorigenic cells
is of great interest to develop novel compounds to selectively
target CSC’s, possibly overcoming metastasis.

SMURFT1 in head and neck cancer stem cells

SMURF1 (SMAD specific E3 ubiquitin protein ligase 1) sup-
presses bone marrow morphogenic (BMP) signaling contribut-
ing to the maintenance of the CSC subpopulation (ALDH"€"/
CD44"") in head and neck squamous cell carcinoma
(HNSCC). BMP proteins are growth factor members of the
TGEFB superfamily that restrict haematopoietic stem cell prolif-
eration and induce cellular differentiation. The overexpression
of SMURFI in CSCs derived from HNSCC leads to decreased
levels of SMADs 1/5/8 and attenuates BMP signaling, keeping
cells in an undifferentiated stem-cell like phenotype.®

Skp2 in nasopharyngeal and prostate cancer stem cells

Skp2 (S-phase kinase-associated protein 2 also known as FBXL1)
is an F-box protein; one of its main targets for degradation is the
G1/S cyclin-dependent kinase inhibitor p27, a tumor suppressor.



642 (&) LH.GALLOETAL

A Radiation therapy

Primary tumor
Apoptosis of tumor cells
®

P U —) : .
eeeV %000 o noo*\p\ooo

Cytotoxic
agents

Cancer stem cell

Drug efflux
®
® o e
o [ ]
ABC transporter

proteins ®

Pluripotent gene

d

Tumor regrowth, relapse

eod @
® o0

oo 00do oo

Circulating tumor cells Metastasized tumor

- .;?g:‘

o2 0 00

CD133

Sox2 expression
Oct4
Nanog CD44
— Differentiation
o 6V2 674 T4 G742 {
VEVIVEVINY
ALDH
B
SMURF1 —_— HNSCC
STUB1 4| NSCLC
—_— NPC,
Skp2 Prostate cancer
CCA,
FBXW7 4| Colon cancer
NSCLC,
B £
ITCH Pancreatic cancer
Leukemia

Figure 3. E3 ubiquitin ligases in pluripotent stem cells. (A) Cancer stem cells are characterized by the upregulation of Sox2, Oct4, and Nanog, which activates self-renewal
associated genes and inhibits cellular differentiation. Cell surface markers, CD133 and CD44 are associated with CSC properties. Conventional chemotherapeutic agents
target differentiated cells, thus quiescent CSCs are innately chemo-resistant. Moreover, CSCs show increased ABC multi-drug transporters, which pump the cytotoxic drugs
out of the cells. CSCs also show high aldehyde dehydrogenase activity (ALDH), which detoxifies the aldehydes generated by the chemotherapeutic agents. As a result, the
surviving CSCs can re-populate or metastasize, and these cancer cells that possess self-renewal advantages are very challenging to eradicate by using conventional che-
motherapeutic agents.** (B) E3 ligases can either promote or suppress CSCs in different cancers.

Overexpression of Skp2 correlates with poor prognosis of
nasopharyngeal carcinoma (NPC), one of the most common
head and neck carcinomas,®® and of prostate cancer®” (Fig. 1).
NPC patients with high expression of Skp2 have a correlation
with tumor recurrence and metastasis. Knockdown of Skp2
decreases sphere colony formation of NPC cell lines, and
impairs the proliferation of the ALDH1" subpopulation of
cells, indicating reduced CSC phenotypes.®® In prostate cancer,

a small molecule inhibitor of Skp2 reduces prostate CSC popu-
lation through p53-independent cellular senescence and inhibi-
tion of aerobic glycolysis. Moreover, the Skp2 inhibitor
sensitizes prostate CSC’s to doxorubicin and cyclophosphamide
drug treatments.®”

Taken together, Skp2 promotes CSC properties and
decreases drug treatment efficacy, showing the importance of
targeting Skp2 to ablate CSC in tumor niches.



ITCH in lung cancer stem cells

ITCH is a HECT E3 ligase that performs essential regulatory
functions in immune cells such as ubiquitination of Bcl10, PKC
and PLC-y, leading to nuclear translocation of NF«xB and
NFAT (nuclear factor of activated T-cells) during T-cell signal-
ing activation. ITCH further regulates the stability of p63 and
Notch.®®

Desmethylclomipramine (DCMI), identified via high-
throughput screening as a specific inhibitor of E3 ligase activity
of ITCH,* has shown promising chemotherapeutic action
against non-small cell lung CSCs in patient samples whom
acquired resistance to chemotherapeutic drugs Cisplatin, Gem-
citabine and Paclitaxel. DCMI leads to reduced sphere forming
ability and inhibition of proliferation of this subpopulation of
lung cancer stem cells. In addition, shRNA-mediated silencing
of ITCH decreases ALDH-positive lung CSCs and sensitizes
cells to Gemcitabine-induced apoptosis.””

FBXW?7 in colonic and leukemia cancer stem cell
maintenance

FBXW?7 is known to target oncoproteins such as mTOR, cyclin-
E, Jun, Myc and Notchl for degradation, which are usually
involved in the signaling of various cancers. The role of
FBXW?7 in the maintenance of normal stem cells has been pre-
viously shown.”" However, the role of FBXW7 in the mainte-
nance of CSCs can vary, depending on the type of tumor
(Fig. 3.B).

In colon cancer, downregulated FBXW7 expression pro-
motes EMT as shown by the increased epxression of mesenchy-
mal stem cell markers, SOX2, OCT4 and NANOG, leading to
invasive phenotype, greater tumor initiating potential and non-
adherent growth ability. As previously mentioned, mTOR is a
downstream target of FBXW7. Treatment of colon cancer cells
with the mTOR inhibitor rapamycin suppresses their migration
and tumor-sphere formation.”> Loss of FBXW7 is also associ-
ated with stem-like competence in cholangiocarcinoma (CCA),
and rapamycin treatment of CCA cells suppresses invasion,
metastatic potential and tumor sphere formation.*”

In contrast, expression of FBXW?7 is critical in the mainte-
nance of leukemia-initiating cells (LICs) in chronic myeloid
leukemia (CML), a disease associated with the BCR-ABL fusion
protein. FBXW?7 supports stem cell properties in LICs and
maintains these cells in a quiescent state. Inhibition of FBXW7
expression decreases colony formation potential, eliminates
leukemic cell infiltration in peripheral blood, spleen, liver and
lungs, and leads to induction of apoptosis in a p53-dependent
manner. In addition, knockdown of FBXW7 causes LIC’s to dif-
ferentiate and enter the cell cycle becoming sensitized to imati-
nib and cytosine arabinoside drug treatments.”

In summary, the levels in the expression of E3 ubiquitin
ligases maintain a subpopulation of cancer stem cells in an
undifferentiated state (Fig. 3.A and 3.B). Most of these reports
show that inhibition of E3 ligase expression, with the exception
of FBXW7 in LIC’s, sensitizes CSC’s to chemotherapeutic
agents suggesting a clinical approach to eradicate this subpopu-
lation of cells attributed to chemotherapy resistance and
metastasis.
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The misregulated expression of DUBs
in metastatic cancers

Deubiquitinating enzymes (DUBs) play the reverse role of E3
ligases by cleaving the isopeptide bond between the ubiquitin
and the substrate. DUBs have been described to play important
roles in cellular processes, such as gene transcription, DNA
repair and cell cycle progression. There are about 80 functional
DUBs and they can be divided into 6 classes: ubiquitin-specific
proteases (USPs), ubiquitin C-terminal hydrolases (UCHs),
ovarian-tumor proteases (OTUs), Machado-Joseph disease pro-
tein domain proteases (MJD), JAMM/MPN domain-associated
metallopeptidases (JAMMSs) and monocyte chemotactic pro-
tein-induced protein (MCPIP).”*

In cancer, DUBs can stabilize proteins by removing the deg-
radation-inducing ubiquitin signal, contributing to aberrant
signaling (Fig. 4). Many studies have shown that deregulation
of DUBs is involved in cancer progression, recurrence and
metastasis (Table 2).

USP7 promotes APL, aggressive prostate cancer, and
NSCLC metastasis

USP7 (also known as HAUSP, Herpesvirus-associated ubiqui-
tin protease) plays a crucial role in regulating tumor suppres-
sors p53 and PTEN. A small molecule inhibitor of USP7 (HBX
41,108) inhibits USP7-mediated deubiquitination of p53 and
induces apoptosis in colon carcinoma, suggesting the therapeu-
tic potential in targeting USP7.”> USP7 is frequently overex-
pressed in non-small cell lung carcinoma (NSCLC) and also
correlates with lymph node metastasis. Inhibition of USP7
upregulates E-cadherin and downregulates Vimentin and N-
cadherin, indicating USP7 promotes EMT in NSCLC.”®

Moreover, USP7 may contribute to cancer by modulating
the nuclear localization of PTEN. Acute promyelocytic leuke-
mia (APL) harboring the t(15;17) chromosomal translocation,
which encodes the PML-RAR« fusion protein that inhibits dif-
ferentiation, exhibits aberrant nuclear exclusion of PTEN. As
USP7 co-localizes to nuclear bodies, studies using prostate and
colon tumor models have shown USP7 to interact with and
deubiquitinate PTEN, leading to the nuclear exclusion and
impairment of tumor suppressor function of PTEN. In addi-
tion, USP7 is overexpressed in prostate cancer tissue, in which
the USP7/PTEN signaling axis is misregulated.””

Interestingly, murine ES cells expressing mutant p53 can
retain pluripotency and normal karyotype through a mecha-
nism in which USP7, Nedd4, Aurora kinase, Trim24 and the
chaperonin containing TCP1 complex (CCT) participate in
binding mutant p53, thus inducing a conformational shift
toward a WT conformation. Exploiting this gain-of-function
mechanism has been proposed as a possible path toward future
p53-targeted cancer therapy.”®

USP4 and USP9X support oncogenic signaling in various
tumors

Ubiquitin-specific peptidase 4 (USP4) is overexpressed in mul-
tiple cancers, such as breast and lung cancers (Table 2). Some
cancers rely on aberrant TGFp signaling for the purposes of
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Figure 4. Proposed model of the mechanism by which the misregulated expression of E2s, E3s and DUB's may contribute to tumorigenesis and metastasis. The informa-

tion from the reports described in this review reveals that inhibition of E2s, E3s and

DUB’s with either small interfering RNA or small molecule inhibitors is sufficient to

inhibit the progression and metastasis of tumors. However, some of these reports show that the misregulated expression of the members of the ubiquitination pathway
occurs in multiple tumors. It is not clear whether a subpopulation of cells within a tumor, for instance, may rely on the misregulated expression of one member only or
on a combination of the misregulated expression of these proteins to support aberrant oncogenic signaling. In addition, it is not clearly demonstrated whether the misre-
gulated expression of E2s and E3s stabilizes oncogenic signaling via the catalysis of non-proteasomal ubiquitin linkages, while DUB's remove ubiquitin linkages that would
otherwise lead to proteasomal degradation. Nevertheless, we describe a common conclusion from multiple reports that members of the ubiquitination pathway drive

tumor aggressiveness and culminate in metastasis.

EMT, proliferation, invasion and metastasis. As previously
mentioned, TGFp-induced activation of TARI eventually
results in the ubiquitination of TSRI and subsequent mem-
brane internalization and degradation of the receptor, termi-
nating downstream signaling. USP4 overexpression is detected
in invasive breast carcinoma and it enhances aberrant TGFp
signaling. A mechanism by which this oncogenic signaling
occurs has been proposed. AKT-mediated phosphorylation of
USP4 at a consensus motif stabilizes this DUB, which in turn
deubiquitinates the TGFS-induced activated TSRI and leads to
the stabilization of downstream activation of phosphorylated
SMAD2 and SMAD2/SMAD4 complex formation (Fig. 2).
USP4-mediated stabilization of TGFB signaling leads to the
expression of metastasis-inducing genes such as IL-11, CXCR4
and MMPs in breast cancer cells.”

In addition, the overexpression of another DUB - USP9X -
has been detected in follicular lymphoma, breast and colon
adenocarcinomas, and small cell lung carcinoma® (Table 2).
Various lymphomas, such as B- and mantle-cell lymphomas

Table 2. Aberrant expression of DUBs associated with cancers.

and multiple myeloma usually rely on the overexpressed
MCL1, a member of the pro-survival BCL family of proteins.
In multiple myeloma, overexpression of USP9X is correlated
with poor survival. A mechanism by which MCL1 is stabilized
has been proposed. The overexpression of USP9X results in
the deubiquitination of MCLI by this DUB, stabilizing pro-
survival oncogenic signaling in cancers. Although knocking
down USP9X does not affect cell proliferation in vitro, it does
sensitize tumors to ABT-737 small molecule antagonist of
BCL proteins resulting in apoptosis.** More recently, in non-
small cell lung carcinoma, inhibition of USP9X by either
siRNA knockdown or via a small molecule inhibitor WP1130
decreased MCL1 expression and sensitized cells to radiation
therapy.®'

UCH-L1 plays a contradicting role in different tumors

Overexpression of UCH-L1 (Ubiquitin C-terminal hydrolase
L1) in gastric cancer promotes colony formation, migration

DUB Upregulated in Tumor EMT and/or Metastasis Signaling Effect Reference

USP9X  Follicular lymphoma, Diffuse Large B-cell Lymphoma, breast adenocarcinoma,  Lymph node Mcl™1 (stabilization) 80
colon adenocarcinoma, small cell lung carcinoma

UCHL1  Gastric (in liver metastasis), NSCLC, breast (can also be downregulated), Liver, lung Akt, Erk1/2, p38 MAPK, JNK 828486
prostate (downregulated)

OTUB1  Colorectal, breast, prostate Liver, pelvic, ovary, lymph node  TGF8, MAPK, FOXM1 87-89




and liver metastasis of gastric cancer cells in vitro due to signifi-
cant upregulation of AKT and Erk1/2 signaling.*> Moreover,
UCH-L1 is overexpressed in highly invasive NSCLC and mela-
noma. In lung cells, UCH-L1 supports the EGF-induced activa-
tion of Akt, JNK, and p38 MAPK signaling.*’

In addition, high expression of UCH-L1 positively correlates
with that of HIFla and hence activation of hypoxia conditions
in some breast and lung cancer, and it contributes to poor over-
all survival and distant metastasis-free survival in breast, lung
and melanoma cancer. UCH-LI is shown to deubiquitinate and
stabilize HIF1¢, inducing hypoxia (Fig. 2). UCHLI expression
supports breast and melanoma metastasis to lungs; inhibition
of metastasis is achieved by a UCH-L1 inhibitor, LDN57444.34

However, the role of UCH-LI is not as straightforward as
suggested by these studies. Another study reported that UCHLI
can be downregulated in other breast cancer tissue samples and
cell lines due to frequent gene methylation. Overexpression of
UCHLLI in MB231 breast cells significantly decreases prolifera-
tion due to GO/G1 cell cycle arrest and apoptosis.*> Similarly,
this DUB is downregulated in some prostate cancer samples
and in LNCaP cell line, and overexpression of UCHLI sup-
presses the proliferation and anchorage-independent growth of
LNCaP cells.*® Further research will be required to unravel the
contradicting role of UCH-L1 in different cancers.

OTUB1 contributes to drug resistance and promotes
metastasis

OTU domain-containing ubiquitin aldehyde-binding protein 1
(OTUBL) plays diverse roles such as stabilizing p53, inhibiting
K63-linked polyubiquitination for DNA double strand break
repair by targeting UBE2N for degradation, the E2 enzyme that
catalyzes this ubiquitin linkage in proteins members of the NF«xB
pathway. High expression of OTUBI is detected in approxi-
mately 50% of colorectal cancer and correlates with lymph node
status, liver, pelvic and ovary distant metastasis, in addition to
low overall and progression-free survival rates. OTUBLI is also
found to be important in prostate cancer by regulating androgen
signaling.®”*® In breast cancer, OTUBI1 decreases the Lys48-
linked ubiquitination of FOXM]1 stabilizing the expression of the
protein. FOXM1 is a transcription factor that is important for
DNA damage responses and its overexpression is associated with
genotoxic drug resistance in tumors. Hence, the overexpression
of OTUBI contributes to the aberrant proliferation and epirubi-
cin resistance of MCF7 cells and correlates with poor survival
and chemotherapy resistance of breast cancer cohort.*” In sum-
mary, it is evident that some DUBS are either upregulated or
downregulated in some tumors, promoting oncogenic signaling.

Concluding remarks

The information presented herein reveals a common pattern:
the misregulated expression of various E2 ubiquitin conjugat-
ing enzymes, E3 ubiquitin ligases and DUBs supports aberrant
oncogenic signaling in a plethora of tumors. Since the misregu-
lated expression of these proteins overlaps among many differ-
ent types of cancers, there may exist subpopulations of cells
within tumors exhibiting the misregulated expression of a spe-
cific member of the ubiquitination pathway. Alternatively, cells
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may take advantage of a combinatorial misregulated expression
of these proteins to support oncogenic signaling. Lastly, it is
not clear whether E2s and E3s catalyze non-proteasomal ubig-
uitin linkages that stabilize the function of oncogenes, and/or
DUB’s remove the ubiquitin linkages that would otherwise
result in the degradation of oncogenes. Several models are pre-
sented by which members of the ubiquitination pathway sup-
port oncogenic signaling in cancers (Fig. 4). Nevertheless, it is
clear that the inhibition of a specific E2, E3 or DUB seems to
halt tumor progression and metastasis.

The development of chemotherapeutic agents against E2s,
E3s and DUBs, is an attractive strategy that may lead to the
inhibition of multiple oncogenic pathways in tumors. So far,
the FDA has approved very few drugs targeting members of the
ubiquitination cascade. Proteasome inhibitors, Bortezomib and
Carfilzomib, are limited to multiple myeloma and mantle cell
lymphoma treatments. Various strategies to develop inhibitors
to target Els, E2s, E3s have been recently described.”® For
instance, targeting the MDM2 E3 ligase - a p53 negative regula-
tor - with RG7112 (cis-imidazoline analogs) has been tested in
clinical trials for the treatment of advanced solid and hemato-
logical malignancies, including liposarcoma.”*

An interesting concept to enhance the ubiquitination and
degradation of “undruggable” oncogenic proteins is the devel-
opment of protein-targeting chimeric molecules (PROTACs:).
These molecules are bifunctional in which they include an E3
ligase-recruiting moiety linked by a short linker to a ligand that
targets the substrate of interest, placing them in proximity for
ubiquitination leading to subsequent degradation.” Therefore,
targeting the E3 ligases and their co-expressed substrates with
PROTAC may be a promising therapeutic intervention in vari-
ous tumors herein described.

Major advances have been made to target oncogenic protein
kinases in clinical settings through the development of TKIs. Here,
we present evidence from multiple papers demonstrating that
mechanistic studies of the ubiquitination pathway will open new
therapeutic approaches, potentially allowing the development of
novel inhibitors to suppress cancer progression and metastasis.
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