1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Res. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Cancer Res. 2018 February 01; 78(3): 587-592. d0i:10.1158/0008-5472.CAN-17-1752.

Evidence for the ISG15-Specific Deubiquitinase USP18 as an
Antineoplastic Target

Lisa Maria Mustachiol, Yun Lu®, Masanori Kawakamil, Jason Roszik?:3, Sarah J.
Freemantle®, Xi Liul, and Ethan Dmitrovskyl4

1Department of Thoracic/Head and Neck Medical Oncology, The University of Texas MD
Anderson Cancer Center, Houston, TX 77030

2Department of Melanoma Medical Oncology, The University of Texas MD Anderson Cancer
Center, Houston, TX 77030

3Department of Genomic Medicine, The University of Texas MD Anderson Cancer Center,
Houston, TX 77030

4Department of Cancer Biology, The University of Texas MD Anderson Cancer Center, Houston,
TX 77030

SDepartment of Pharmacology and Toxicology, Geisel School of Medicine at Dartmouth, Hanover,
NH 03755

5Department of Comparative Biosciences, College of Veterinary Medicine, University of Illinois, IL,
61802

Abstract

Ubiquitination and ubiquitin-like post-translational modifications (PTMs) regulate activity and
stability of oncoproteins and tumor suppressors. This implicates PTMs as antineoplastic targets.
One way to alter PTMs is to inhibit activity of deubiquitinases (DUBS) that remove ubiquitin or
ubiquitin-like proteins from substrate proteins. Roles of DUBSs in carcinogenesis are intensively
studied yet, few inhibitors exist. Prior work provides a basis for the ubiquitin-specific protease 18
(USP18) as an antineoplastic target. USP18 is the major DUB that removes interferon stimulated
gene 15 (1SG15) from conjugated proteins. Prior work discovered that engineered loss of USP18
increases ISGylation and in contrast to its gain decreases cancer growth by destabilizing growth-
regulatory proteins. Loss of USP18 reduced cancer cell growth by triggering apoptosis. Genetic
loss of USP18 repressed cancer formation in engineered murine lung cancer models. The
translational relevance of USP18 was confirmed by finding its expression was deregulated in
malignant versus normal tissues. Notably, the recent elucidation of the USP18 crystal structure
offers a framework for developing an inhibitor to this DUB. This review summarizes strong
evidence for USP18 as a previously unrecognized pharmacologic target in oncology.
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Background

Growth regulatory proteins that drive carcinogenesis are altered by post-translational
modifications (PTMs) (1). An improved understanding of how PTMs affect oncogenic,
tumor suppressive and other critical tumorigenic pathways will uncover ways to counteract
the consequences of those same pathways (2). PTMs that affect ubiquitination and related
processes are under active study because they are deregulated in diverse cancers. One
important outcome of regulated expression of ubiquitin-specific protease 18 (USP18) is to
change the stability of key proteins that maintain or mediate the carcinogenesis process
(3,4).

Ubiquitination is a tightly controlled process. It is regulated by the ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3) that collectively
allow ubiquitin to conjugate to target proteins (5). Similarly, interferon-stimulated gene 15
(ISG15), the first ubiquitin-like protein discovered is activated by a three step enzymatic
cascade that engages a specific E1-activating enzyme (UBELL), E2 conjugating enzyme
(typically UBCHS8) and E3 ligase (commonly HERC5A) to complex ISG15 to protein
substrates, as shown in Figure 1A (6). While it is known that poly-ubiquitination triggers
protein degradation through the proteasome, mono-ubiquitination alters other cellular
functions (7). In contrast, the functional consequences of ISGylation are less well
understood. Mono-1SGylation elicits specialized functions including regulating activity of
growth-regulatory proteins (6,8,9).

Ubiquitination and 1SGylation modifications are removed by deubiquitinases (DUBS), as
reviewed (10). Ubiquitin-specific proteases (USPs) are a class of DUBs that remove
ubiquitin, 1ISG15 or other ubiquitin-related species from complexed proteins (10,11). About
100 DUBs are now known to exist and their precise biological roles are being elucidated
(12). Individual DUBsS likely confer specific actions (10,11). Likewise, if a particular DUB
is pharmacologically affected, this should lead to desired outcomes on physiology or
pharmacologic responses. Here, we describe the known activities of USP18, emphasizing its
role as a candidate antineoplastic target. Recent work established that antagonism of USP18
expression conferred a prominent antitumorigenic response. Repression of USP18 protein
reduced stability of critical growth-regulatory species and inhibited cancer cell growth and
tumor formation by augmenting apoptotic and chemotherapeutic agent responses (12-15).
Taken together, these and other findings described here implicate USP18 as a previously
unrecognized antineoplastic target.

USP18 Functions

The DUB USP18 (originally known as UBP43), was first cloned from leukemia fusion
protein expressing AML1-ETO mice and then independently identified by different groups
using porcine and human models (16-18). ISG15 expression is markedly enhanced by
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treatment with type | interferon (IFN), all-frans-retinoic acid (RA), lipopolysaccharide or
double-stranded RNA, indicating the diverse pharmacologic pathways that could be affected
by USP18 inhibition (18-20). ISG15 expression is also elevated in tumor cells exposed to
epigenetic agents. This triggers cytosolic sensing of double-stranded RNA, including
endogenous retroviruses, which can alter type | IFN response (21,22). Protein sequence and
biochemical analyses established that USP18 is a USP family member (16-18). USP18, like
other ubiquitin-specific proteases, has DUB activity (16-18). An early role for USP18 in
cancer biology came from evidence for its important role in hematopoiesis by modulating
ubiquitin-dependent pathways and ubiquitination (see Supplemental Figure 1A), which
regulate species that control myeloid cell differentiation (16-18).

Prior work revealed that USP18 predominately acts to remove 1ISG15 from substrate proteins
(18). Initial studies that engineered and characterized USP18-deficient mice found that
knockout of USP18 preferentially increased levels of intracellular 1ISG15-conjugates (18,23).
Subsequent /n vitro studies found that USP18 hydrolyzed 1SG15 carboxyl-terminal
extension proteins as compared to other ubiquitin-like proteins (18). This highlighted USP18
as an 1SG15-specific protease that removes this PTM from exogenous and endogenous
ISG15-complexed proteins (18), as displayed in Supplemental Figure 1B. These studies
indicated that the previously reported /n vitro deconjugase activity of USP18 for ubiquitin
likely arose from the high enzyme to substrate ratios studied; ubiquitin is likely not a
physiological substrate of USP18 (18).

It is important to elucidate the functional relationship between USP18 and ISGylation. This
is because ISGylation can control stability, activity and even subcellular localization of
critical growth-regulators (8,9,14). Recent work is beginning to uncover how I1ISG15 and
USP18 affect the stability of target proteins. There is evidence that 1ISG15-conjugated
proteins exist (such as p53) and are degraded via the 20S proteasome (8). Other work
indicates that repression of USP18 changes the localization of target proteins and this in turn
can lead to protein destabilization (14). Additional studies are needed to illuminate the
functional and mechanistic consequences of ISGylation.

USP18 studies found it was the enzymatic activity of USP18 that conferred its biological
effects (16-18). Not long after USP18 was linked to regulating ISG15-conjugation, its
catalytically inactive form was shown to play a role in regulating IFN signaling (24,25,26).
As an example of this, USP18 was able to regulate JAK-STAT signaling by blocking
interactions between the IFNAR2 receptor and JAK1 (24), as depicted in Supplemental
Figure 1C. It is notable that repressing USP18 activity, enhanced response to IFN treatment
(24). Notably, USP18 modulated dendritic cell development via its inhibitory effect on type |
IFN signaling (27). These cells play a critical role in linking innate and adaptive immune
responses (27).

USP18 Antineoplastic Activity

USP18 regulates 1ISGylation and IFN signaling (18,24). Beyond their roles in immunity,
these species are also linked to control of tumorigenesis (4,28). Consistent with this view,
USP18 mRNA and protein (Figure 1B) are highly expressed in most cancer types examined
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as compared to corresponding normal tissues (13). At the same time, a decline in USP18
expression is associated with a favorable cancer-specific survival in some contexts (29).
Together, these findings indicate that USP18 inhibition can exert beneficial antineoplastic
effects.

Ubiquitin is a PTM that covalently binds to specific proteins. This in turn alters the function
and stability of complexed proteins. Given this, it is not surprising that ubiquitination is
involved in controlling carcinogenesis (3). Several USPs are known to promote
tumorigenesis by affecting stabilities of key oncoproteins and tumor suppressors (30,31). As
examples, USP5 negatively regulates the tumor suppressor p53, USP28 stabilizes Myc and
USP9X promotes p-catenin oncogenic signaling (31). Enhanced USP18 expression occurs in
diverse cancers (13), as displayed in Figure 1C. Augmented USP18 expression promotes
tumorigenesis by increasing stability of critical ISG15-conjugated proteins that promote
carcinogenesis. Examples of this include PML-RARa, cyclin D1 and KRAS proteins
(12-14).

The dominant-negative translocation product PML/RARa was identified as a target of
ISGylation in acute promyelocytic leukemia (APL) (32). Subsequently, engineered
repression of USP18 was shown to destabilize this oncoprotein as well as to reduce
proliferation and increase apoptosis in APL and lung cancer cell lines (12,13). In marked
contrast, introduction into cancer cells of an enzymatically-inactive USP18 species did not
confer the same effects as wild-type USP18 (13). This implied that enzymatically active
USP18 conferred antineoplastic effects (13). An inverse relationship was found to exist
between the E1 protein UBE1L and expression of the cell cycle regulator cyclin D1 (33).
Subsequent investigations determined that engineered loss of USP18 expression in lung
cancer cells conferred cyclin D1 protein destabilization (13). As a result, this augmented
apoptosis and reduced lung cancer cell line growth /n vitro while inhibiting lung cancer
formation in syngeneic mice (13). Intriguingly, engineered loss of USP18 expression also
enhanced response of lung cancer cells to chemotherapeutic agents (13). This finding has
implications for combination cancer therapy with an agent that can antagonize USP18
activity. Of note, engineered loss of USP18 expression reduced growth of lung cancer cell
lines that were driven by activated KRAS expression (14).

Prior work found that KRAS and ISGylation share a regulatory feedback loop (34). Other
studies established that loss of USP18 expression mislocalized KRAS from the plasma
membrane and reduced stability of this oncoprotein due to the consequences of ISGylation
(14). It is notable that when mice engineered with loss of USP18 were crossed with
engineered mice with lung cancers arising from activated KRAS expression, this caused a
statistically significant decline in lung cancer formation in the compound mice having germ
line loss of USP18 (14). Together, these observations underscore a critical role for USP18 in
controlling carcinogenesis.

USP18 exerts functions that are independent of its ISG15 deconjugase activity. For example,
USP18 is a positive regulator of the epidermal growth factor receptor (EGFR) by negatively
regulating transcription of microRNA-7 levels that in turn reduces expression of EGFR

mRNA in several cancer cell lines (15). Also, in the kidney USP18 is a transcriptional target
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of WT1 that plays a critical role in Wilms’ tumor biology (35). Lack of USP18 expression
promotes a tumor-suppressive microenvironment by upregulating IFN-A. (36). This leads to
recruitment of Th1 subtype CD4* T cells in mammary epithelial cells (36). USP18
deficiency causes resistance to oncogenic transformation by BCR-ABL via type 1 IFN-
signaling (37). These observations are consistent with the hypothesis that targeting USP18
for repression elicits substantial antitumor actions. It is known that USP18 is a major
regulator of the interferon signaling network that affects inflammatory and apoptotic
responses (38,39). USP18 positively regulates the oncogenic NF-kB signaling pathway by
disrupting 1SGylation of key NF-kB proteins (40). Some of the major USP18 targets are
summarized in Supplemental Table 1.

USP18 has diverse functions. For instance, USP18 is important for antitumor immunity and
for inhibition of tumorigenesis in melanoma (41). USP18 expression in B16 melanoma
tumor cells was shown to reduce tumor cell-mediated inhibition of T cell proliferation and
suppress PD-1 expression (41). In human leiomyosarcoma cases, reduced USP18 expression
is associated with an unfavorable clinical outcome and mice engineered as null for Usp18
develop these sarcomas (42). It was speculated that the IFN-hypersensitive
microenvironment found in USP18 null mice deregulated proliferation of vascular smooth
muscle cells, initiating leiomyosarcoma formation (42). Recent work found that PTEN is an
ISGylation target that is destabilized after engineered loss of USP18 expression (43). These
observations are not unexpected since DUBs exert both oncogenic and tumor suppressor
actions (30,31). Yet, in most studied settings the balance between these functions exerts a net
antitumor effect once USP18 actions are antagonized. Even so, the precise consequence of
USP18 repression must be determined in each cancer context (31).

Different cellular and tumor contexts determine whether a DUB has a net oncogenic or
tumor suppressive effect (30,31). DUBs can exert different functional effects based on
substrate abundance as well as subcellular localization, cell type and physiological states
(30,31). Each cancer type may respond differently to USP18 loss. To elucidate definitively
whether oncogenic or tumor-suppressive functions of USP18 predominate will require the
development and in depth characterization of USP18 inhibitors. An inhibitor against USP18
is hypothesized as clinically useful in cancers where USP18 primarily functions as an
oncoprotein.

Clinical-Translational Advances

Based on recent findings, USP18 is proposed as a previously unrecognized antineoplastic
target regulating key proteins in cancer biology including PML/RARa, cyclin D1, KRAS,
and PTEN (13,14,43). Although USP18 can regulate many different ISGylated substrates
(12-15,41-43) it typically functions as a tumor-promoting enzyme. Antagonizing USP18
activity or reducing its expression inhibits actions of critical oncoproteins by destabilizing
their respective protein expression (12-15). This activity has added benefits for cancer
therapy or prevention since multiple oncoproteins are simultaneously affected. Because
USP18 is the ISG15-specific DUB (18), its inhibition will preferentially enhance
ISGylation. Other DUBs would likely not compensate for this loss. Development of USP18
inhibitors is a worthy objective because of their anticipated activity against diverse cancers.
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At the same time, since USP18 is an IFN and retinoid-regulated species, regulation of
USP18 levels would affect response to these and other antineoplastic agents (13). Prior work
revealed that USP18 knockdown followed by RA, cisplatin or IFN treatments increased
growth-inhibitory and pro-apoptotic effects of each agent, thus providing a rationale for
combination therapy (13,44). Both /n vitro and clinically-predictive genetically-engineered
mouse models exist to interrogate actions of such an optimal USP18 inhibitor.

Relating activity of different DUBs with specific pathways in cancer would identify
biomarkers useful in diagnosis or in assessing clinical prognosis (45). As an example of this,
the oncogenic DUB OTUDL1 serves as a biomarker in thyroid cancer because it is
prominently upregulated in this malignancy (45). Loss of the tumor suppressive DUB
USP44 is a surrogate marker for ovarian cancer given that it is silenced by an oncogenic
transcription factor upregulated in this cancer (45). It needs to be learnt if the DUB USP18
serves as a clinically-relevant biomarker in specific cancer contexts. Unlike some DUBSs that
are deregulated in specific cancers (45), USP18 expression is often augmented in many
cancers (13). This indicates that its inhibition would likely confer a therapeutic effect over a
broad spectrum of cancers.

Linking DUBs to specific growth-regulatory pathways in cancer would help highlight those
that are potential antineoplastic targets. There are currently few specific or nonspecific DUB
inhibitors (45,46). Non-specific inhibitors target multiple DUBs simultaneously to elicit
diverse cellular response whereas specific inhibitors selectively target a single or limited
number of DUBs. Specific inhibitors have proven effective in reversing oncogenic functions
of DUBs (46). Several of these are small molecule inhibitors and representative ones are
displayed in Table 1. For instance, the non-specific DUB inhibitors Velcade and Kyprolis are
FDA-approved for the treatment of multiple myeloma (45). Because these inhibitors are
non-specific proteasome inhibitors they do cause clinical toxicities (45). Other inhibitors are
needed to be developed with increased specificity towards specific DUBs in order to
increase selectivity and reduce clinical toxicity (45).

Recently, the crystal structure of murine USP18 alone and in complex with ISG15 was
solved (47). The C-terminal domain of ISG15 was found as essential for USP18 activity
(47). Having the crystal structure in hand will enable development of the next generation of
inhibitors that would block USP18 activities. This insight, when coupled with prior evidence
showing antineoplastic effects of USP18 inhibition (12-14), makes pharmacologic targeting
of USP18 a tractable strategy.

Future studies need to elucidate ways to selectively inhibit DUBs (45). One way to
accomplish this is by targeting regulatory or protein interaction domains to avoid cross-
reactivity with other DUBs (45). Many of the known specific DUB inhibitors are being
validated for specificity and off-target effects before the pursuit of clinical trials (45,46).
Some drugs that antagonize a single DUB, such as USP14 inhibitors, show encouraging
preclinical findings and are being examined in clinical trials to determine whether they exert
beneficial therapeutic effects (48,49). Further understanding of how DUBs like USP18
regulate stability of specific oncoproteins or tumor suppressor proteins will help unravel
antineoplastic opportunities (45,46).
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In summary, the DUB USP18 is an attractive antineoplastic target. The basis for this
includes: (1) it was shown to control the expression of key proteins involved in cancer
formation and progression, (2) it is the only known 1SG15-specific DUB and antagonism of
this species will not be compensated for by other DUBs, and (3) elucidation of the USP18
crystal structure enables development of selective USP18 inhibitors that could be explored
for efficacy within different cancer contexts. Thus, inhibitors against USP18 are needed
because they have promise for cancer treatment and prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
USP18 is an antineoplastic target.

A. USP18 activity once inhibited will increase 1SGylation and decrease stability of critical
growth-regulatory proteins that are destabilized by ISGylation. B. USP18 protein levels are
elevated in most examined cancers (adapted from reference 13) when compared to
histopathologically normal tissues (other than for prostate cancer where variable USP18
expression was detected). Reduced USP18 protein expression profiles were observed in
kidney and stomach cancers as compared to corresponding histopathologically normal
tissues. C. USP18 mRNA levels are significantly elevated in diverse cancers, as indicated by
analysis of The Cancer Genome Atlas (**P < 0.01, ***P < 0.001, two-tailed t tests).
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Table 1.

Representative inhibitors against specific deubiquitinases (DUB).

DUBs that have an inhibitor already available are displayed along with their individual roles in cancer biology.
Known inhibitors against these DUBs and their activities are presented emphasizing how they act in reversing
effects of these respective DUBs. Representative inhibitors are displayed that disrupt functions of specific
DUBSs. Non-selective DUB inhibitors are not displayed. This Table was modified from reference 46.

Deubiquitinase Function Inhibitor Inhibitor Function
UsP7 IncreasesMdm2 levelsand | P022077, P5091 and Induces apoptosis and
decreases p53 stability HBX 19818 inhibitstumor growth
USP14 Inhibits proteasome activity U1 Enhances proteasome
rolein ubiquitin recycling function and increases
proteasomal degradation
UCHL1 Overexpressed in cancer L DN-57444 and Increases
and an early event in LDN91946 polyubiquitination and
transformation induces apoptosis
USP1/UAF1 Rolesin DNA repair and GW7647 and Inhibits proliferation and
DNA damage response Pimozide acts cooper atively with
cisplatin
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