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Introduction

To acknowledge the 50t anniversary of the (IFN) discovery of interferon, anumber of excellent
reviews have been written on various aspects of the IFN system. However only a few of us
remember, that at the beginning, IFN and its multiple mechanisms of action were regarded
with suspicion. Here was a protein that could not be purified and could be detected only by its
function and these were many. It is not surprising that in the years that preceded the cloning
and isolation of this biological modifier, the general opinion was that most IFN-induced effects
were artifacts. It was only with the development of recombinant technologies and availability
of genetically modified mouse models that the IFN genes could be characterized and the
molecular basis of interferon induction and action began to be established.

We know now that type | interferons (IFNo and IFNP) are group of related proteins with
antiviral, antiproliferative, and immunomodulating activities that are essential components of
the innate antiviral response (1). These proteins are induced by viral infection or by activation
of Toll like receptors (TLR) 3, 4, 7 and 9 upon binding of their respective ligands (2). The
biological response to IFN requires binding of IFN to cell type specific receptors, which results
in their dimerization and activation of downstream signaling by non-receptor tyrosine kinases
Janus (JAK) and phosphorylation of signal transducers and activators of transcription (STAT1
and STAT2 proteins). The phosphorylation of STAT proteins results in their homo and
heterodimerization, nuclear translocation, and binding to the interferon response elements in
the promoters of interferon stimulated genes (ISG) (3). The IFN induced JAK-STAT pathway
activates transcription of hundreds of 1SGs (4) and while some of the proteins encoded by these
genes have a direct antiviral activity (1), (5), (6), the functions of most of the ISGs have not
yet been characterized. However it is anticipated that many of them participate in the innate
antiviral response either directly or indirectly.

One of the first recognized ISGs was 1ISG15 (7), (8). This gene is induced not only by Type |
IFN and viral infection (9), (10), but also by IRF-3, treatment with LPS, retinoic acid,
campothecin and following radiation (11), (10). Expression of ISG15 has been detected in
many inducible transcriptional profiles as well, indicating that this gene is induced in response
to diverse stress stimuli. ISG15 was the first identified member of the family of ubiquitin-like
proteins, which has grown to include additional protein modifiers with appreciable sequence
homology to ubiquitin, such as SUMO, Nedd8, and Fat 10, among others (12). Despite the
relatively early discovery of ISG15 as a protein modifier, 30 years elapsed before the
identification of first targets of ISG15 conjugation. Presently about 200 ISGylated proteins of
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ISG15

different functions have been identified. However how 1SGylation affects their cellular
distribution and function is yet not clear (13), (14), (15)

Our interest in ISG15 was initiated by observations that implicated a role for ISG15 in the
retinoic acid (RA) therapeutic response in acute myeleocytic leukemia (AML) (16).
Subsequently learning that ISG15 is a ubiquitin like protein, we hypothesized that ISG15 might
interfere with the ubiquitination of cellular and viral proteins. In this review we will focus on
the possible role of ISG15 in the general antiviral response and in the regulation of cell growth
and carcinogenesis.

ISG15 is expressed as an inactive, precursor protein that is cleaved by specific proteases to
expose the carboxyl-terminal diglycine motif that is central to protein conjugation (17).
Recently a crystal structure of ISG15 was determined (18). Covalent attachment of Ub to
proteins employs a cascade of reactions that requires multiple enzymes (19), (20). ISG15
conjugation is accomplished through a similar set of reactions that utilize enzymes unique to
ISG15 conjugation as well as enzymes involved in Ub conjugation. The activating enzyme of
the ISG15 conjugating pathway is the Ub-activating E1-like protein (UBE1L). Expression of
UBELL can be stimulated by IFN (21) and by certain/specific retinoids in acute promyelocytic
leukemia cells (22). Two E2 enzymes implicated in the Ub conjugation cascade, UbcH8 and
UbcHS6, are also E2 enzyme for ISG15 conjugation. Intersection of the ubiquitin and 1SG15
conjugation pathways appears to occur with 1ISG15 E3 enzymes as well. The ISG15 E3
enzymes Epf and Herc5 have each been also implicated in ubiquitin conjugation (23), (24).
Epf was shown to target 14-3-3a for ISG15 conjugation as well as Ub conjugation. HerC5 was
shown to regulate global ISG15 conjugation and exhibited in vitro Ub ligase activity. However
conjugation of ISG15 to intracellular target proteins was shown to be distinct from that targeted
by Ub (25,26).

Both protein ubiquitination and ISGylation are reversible by deconjugating enzymes. While
multiple proteins were shown to have Ub deconjugating activity, as reviewed (27), only one
protein, UBP43, has exhibited ISG15 deconjugation activity in vitro (26). UBP43 knockout
mice have elevated levels of conjugated ISG15 (28), and siRNA-mediated knockdown of
UBP43 mRNA led to increased 1SG15 conjugation following IFN treatment. Interestingly,
type | IFN treatment was shown to induce also expression of enzymes that lead to ISG15
conjugation (UBELL, Ubch8, HerC5, Efp) with concurrent induction of UBP43 (29), (21). Co-
ordinate induction of ISG15 conjugating and de-conjugation enzymes by IFN indicates that
the levels of conjugated ISG15 during the innate antiviral response are regulated by 1SG15
conjugation and deconjugation (28).

Ub-mediated proteolysis plays an important role in cell cycle regulation, modulation of the
transcription factors activities, antigen presentation and in the regulation of the immune and
inflammatory responses (30). The large versatility and specificity of this system is given by a
large number of the Ub specific ligases-E3. In general, poly-ubiquitination of lysine 43 targets
proteins towards proteasome-dependent degradation, mono-ubiquitination is a signal for
internalization and vesicles sorting, and poly-ubiquitinaiton through lysine 63 is a signal for
kinases activation (31). Many viruses harness the Ub—proteasome pathway to alter cellular
signaling and antiviral response. For example, HSV-1 encoded ICPO is an E3 like Ub ligase
(32), (33), and KSHV immediate-early transcription factor RTA encodes Ub E3 ligase activity
that targets IRF-7 degradation (34). HPV and adenovirus exploit the cellular ubiquitinating
system to stimulate Ub-mediated degradation of growth regulatory genes p53 and Rb (35),
(36), (37).
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While the degradation by proteosome generally depends on prior Ub conjugation, protein
modification by 1ISG15 does not typically cause substrate degradation (38), instead it may alter
the subcellular localization, structure, stability, or activity of targeted proteins (39 ). Large
number of cellular proteins that are associated with cellular skeleton, stress response and
chromatin remodeling were identified as ISG15 targets. ISG15 also targets proteins that play
arole in the innate antiviral response, including: PKR, MxA, Statl, Jakl and Rig I (13), (40).
How the ISGylation affects function of these proteins is largely unknown.

The role of ISGylation pathway in the antiviral response

ISG15 is one of the earliest ISG induced by type | IFN and ISG15 conjugation was shown to
target many components of the antiviral innate signalling pathway (40) (21). These results
suggested that ISG15 may play a role in the antiviral innate immune response. However the
functional consequences of ISG15 conjugation in modulating this response are largely
unknown.

Two observations have indicated that ISG15 may play a role in the innate immune response.
The first was in influenza infection. The NS1 protein of influenza B virus inhibited 1SGylation,
indicating a possible antiviral role for ISG15 in influenza B virus infection (21). The second
was the finding that infection with the parasite Theileria annulata down-regulated expression
of ISG15 and Ubp43 and that elevated levels of ISG15 were observed upon the parasite death.
The mechanism by which Theileia infection down regulates ISGylation is not yet known.
However these results indicate that this parasite down regulates 1SGylation pathway to
circumvent the innate host response that would limit is replication (41).

The results of the studies on the molecular mechanism by which ISG15 modulates the antiviral
response have been inconsistent. Although, it was initially suggested that ISGylation plays an
important role in the regulation of JAK-STAT pathway and IFN signaling (42), (26), (28), no
evidence of a defect in IFN signaling was observed in ISG15 null mice (43) or mice defective
in ISG15 activating enzyme UBELL (44). The evidence for the direct antiviral role of ISG15
has not been clearly established and the in vivo analysis gave some contradictory results. While
on one hand the replication of the Sinbis virus-expressing ISG15 was attenuated in IFNRal
deficient mice (45), and the ISG15 null mice have shown an increase susceptibility to Sinbis
virus, influenza virus and HSV-1 infection (46), there was no difference between the replication
of VSV and LCMV in ISG15 null and wt mice (43,47). These studies suggest that the antiviral
effect of ISG15 may be virus specific, however, the mechanism by which ISG15 mediates its
antiviral effect has not been addressed in these studies.

ISG15 targets ubiquitination steps in HIV-1 assembly

We and others have shown some years ago the type | IFN inhibits retroviral and lentiviral
replication in vitro and that IFN-mediated inhibition targets virus assembly (48), (49) (49).
Since the assembly of HIV-1 depends on ubiquination of the Gag polyprotein, we hypothesized
that IFN-mediated inhibition was mediated by ISG15 interference with Gag ubiquitination.
We found that expression of ectopic ISG15 mimicked the antiviral effect of IFN and that the
inhibition of ISG15 expression in interferon treated cells by 1SG15 specific sSiRNA reversed
IFN inhibition and rescued HIV-1 release (50), (51). Further investigation into the molecular
mechanisms of this inhibition revealed that ISG15 inhibits the ubiquitination steps that are
required for virus release. Ectopic ISG15 inhibited ubiquitination of the Gag polypeptide and
consequently interaction of the p6 domain of the Gag polyprotein with Tsg101, a central
component of the endosomal sorting complex (ESCRT-1) (52). The amino-terminal domain
of Tsg101 ( UEV motif), which has homology to E2 enzymes (53) binds to Ub and this
interaction is essential for the targeting of Ub conjugated proteins to multi-vesicular bodies
(MVB) (54) However, Tsg101 UEV matif binds also to the P(T/S)AP motif in the L domain
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of HIV-1 Gag polypeptide and the crystal structure analysis revealed that the UEV domain can
bind both Ub and PTAP peptide simultaneously (55). Interestingly, HIV-1 release is inhibited
also in the presence of proteasome inhibitors indicating that a non-specific down regulation of
proteosome-mediated protein degradation is also inhibitory (56).

The precise mechanism by which ISG15 interferes with the HIV-1 Vps pathway is not yet
clear, since direct ISG15 conjugation to Gag or Tsg101 could not be demonstrated. However,
there are additional mechanisms by which ISG15 conjugation can inhibit ubiquitination. The
ubiquitin E2 enzyme Ubc13 was shown to be a target of ISG15 conjugation and ISGylation of
Ubc13 suppressed its ability to form thioester intermediates with Ub (57), which lead to
inhibition of K-63 linked ubiquitination. Thus the inhibition of Gag or Tsg101 ubiquitination
may be a consequence of ISGylation of Ubc13. The ISG15 mediated inhibition of viral
assembly is not limited to HIV-1 and extends to the assembly of viruses that also use the
ubiquitin dependant endosomal pathway for its assembly (Okumura et al unpublished).
Unfortunately the role of ISG15 on HIV-1 replication could not be tested in ISG15 null mice
and the mechanism by which ISG15 effects replication of Sinbis, influenza and HSV-1 virus
has not been yet addressed. However it should be noted that HSV-1 encoded immediate early
IPCO protein is an E3 ubiquin ligase suggesting the E3 mediated ubiquitination could be
targeted by 1ISG15.

ISG15 subverts the Ub mediated degradation of IRF-3 in infected cells

The effect of ISG15 inviral replication can be also indirect. Virally induced ISG15 conjugation
promotes the antiviral state by subverting proteasome-mediated degradation of IRF-3 in
infected cells. We have shown that IRF-3 is ubiquitinated in infected cells and 1SG15 inhibits
ubiquitination and ubiquitin-mediated degradation of IRF-3. Thus the expression of ISG15 in
infected cells slows IRF-3 degradation, facilitates nuclear translocation of IRF-3, and
stimulates IRF-3 mediated induction of IFN promoter (58). It was shown recently that
ubiquitin-mediated degradation of IRF-3 is regulated by Pin1, which binds IRF-3, however,
Pinl itself does not catalyze IRF-3 ubiquitination or proteasome degradation (59).
Phosphorylated IRF-3 is also recognized by E3 ubiquitin ligase — cullinl resulting in
degradation of IRF-3 in the nucleus (60). Whether Pinl1, IRF-3 and cullinl are components of
the ubiquitin protein ligase complex (SCF), formation of which is inhibited by ISG15 is yet to
be determined. The observation that ISG15 counteracts the down regulation of IRF-3
transcriptional activity through proteasome degradation points to the existence of an antiviral
loop in which ISG15 induction in virus infected cells by activated IRF-3 and IFN, stabilizes
IRF-3 and protect its degradation by Ub pathway.

The role of Ubp43

It should be noted that the ISG15 isopeptidase Ubp43 was shown to regulate negatively the
interferon response. Induction of ISGs and ISGylation was strongly enhanced in macrophages
deficient in Ubp43 and UBP43 null mice were more resistant to viral and microbial infections
than the wt mice. This effect was originally attributed to the observation that ISGylation of
STAT1 prolonged STAT1 phosphorylation and it was suggested that ISG15 conjugation was
an important mediator of IFN signalling (61). However it was shown later, that Ubp43 down
modulation of type I IFN signalling pathway was independent of the ISG15 isopeptidase
activity of UBP43, but was rather due to the binding of Ubp43 to the subunit of Type I IFN
receptor (R2) and consequent interference with binding of JAK1 to IFNR2. Thus Ubp43 can
regulate the antiviral response both by down regulation the ISG15 conjugation and as a part of
the negative feedback loop of IFN signalling pathway (62)
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The role of ISG15 in carcinogenesis and cancer therapy

ISG15

UBEIL

The IFNs have shown clinical efficacy, as single agent therapy and in combination therapy,
for the treatment of multiple hematologic and solid malignancies, as reviewed (63,64). Use of
IFN in cancer therapy, however, has been limited by significant toxicity with dose escalation
and by resistance to therapy. Opportunities for continued progress exist within these
limitations. IFNs exert anticancer effects through regulation of 100s of genes and diverse
cellular pathways that control cell-cycle progression, apoptosis, and immune surveillance,
among other functions. An in-depth understanding of these pathways and the roles played by
IFN-regulated proteins holds the potential to (1) increase the efficacy of IFN therapy, (2) lead
to the development of more targeted cancer therapies, (3) lead to the use of novel drug
combinations, (4) or develop strategies for reducing drug toxicity. Here, we examine the role
of IFN-induced 1SG15 and the proteins involved in the ISG15 conjugation pathway in
carcinogenesis and cancer therapy.

In addition to being a post-translational protein modifier ISG15 is also a secreted cytokine.
Each of these roles has been implicated in carcinogenesis. As a secreted protein, ISG15 was
shown to modulate immune cell activation. Secreted 1ISG15 isolated from the media of
melanoma cell lines activated monocyte-derived dendritic cells (DC) in vitro (65).
Neutralization of ISG15 in the media from these cell lines with 1SG15-specific antibodies
inhibited induction of e-cadherin, a marker of DC activation. These results suggest that
melanoma cells might secrete 1SG15 to influence surrounding immune cells and perhaps to
evade immune surveillance by altering DC migration. Other studies have examined expression
of intracellular ISG15 in tumor samples. Intracellular ISG15 expression was increased in
bladder cancers when compared to normal bladder tissue (66). Increased ISG15 expression in
bladder cancers positively correlated with the degree of tumor invasion and was independent
of bladder inflammation as determined by pathologic examination as well as urine nitrate and
leukocyte esterase measurement. Interestingly, on western analysis, only the unconjugated
form of ISG15 was detected and immunohistochemistry revealed that ISG15 is located in the
nuclei of cancer cells. Heterogeneous levels of ISG15 conjugation were observed among
numerous breast cancer cell lines and tumor samples from diverse tissues when compared to
adjacent normal tissue (67). In breast cancer cell lines tested, ISG15 expression was inversely
proportional to polyubiquitination. Forced expression of ISG15 was shown to decrease
ubiquitination and knockdown of 1ISG15 with siRNA led to increased ubiquitination. Taken
together these data demonstrated an inverse correlation between 1SG15 conjugation and
ubiquitination in certain cancers.

The gene for UBELL is located on the short arm of chromosome 3 (3p21), which consistently
shows loss of heterozygosity (LOH) in numerous human cancers including small cell lung
carcinoma (SCLC) (68) and renal cell carcinoma, among others. The frequent deletion of this
chromosomal region in cancers led to the tempting hypothesis that genes in 3p21, and more
specifically UBELL, are potential tumor suppressors. Prior to identification of UBELL as the
activating enzyme for ISG15, it was shown that while UBE1L expression was present in normal
lung tissue and lung cell lines it was not detectable in 14 lung cancer cell lines tested (69).
More recent testing demonstrated reduced levels of UBELL protein in lung cancer tissue when
compared to adjacent normal tissue (22). Interestingly, loss of UBE1L expression in SCLC
cell lines was not due to loss of the second UBELL allele because small amounts of UBE1L
MRNA were detected in these cell lines (70).

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pitha-Rowe and Pitha Page 6

The effect of altered UBE1L expression on 1SG15 conjugation has been demonstrated in
several settings. Knock down of UBE1L mRNA with specific small-inhibitory RNAs
decreased retinoid as well as interferon induced ISG15 conjugation (16). In addition,
introduction of UBE1L to K562 cells, a hematopoietic cancer cell line lacking UBE1L
expression, restored interferon-induced ISG15 conjugation and activation of reporters
containing IREs (61). These results suggest that reduced or absent UBE1L expression in cancer
may dramatically inhibit ISG15 conjugation in these cancers and, in turn, significantly
modulate IFN signaling within these cancers. Further investigations into the role of ISG15
conjugation in IFN signaling and the effects of reduced UBELL expression on ISG15
conjugation in tumor samples are required. To date, investigations have shown increased ISG15
expression and conjugation in tumor samples. Given the frequent loss of 3p21 in some tumors
and the effects of reduced UBE1L expression on 1ISG15 conjugation, one would anticipate
reduced ISG15 conjugation in these tumors. Whether this hypothesis proves accurate in actual
tumor biopsies, remains to be determined.

Our interest in the ISG15ylation pathway was initiated by observations that UBE1L expression
and ISG15 conjugation were induced during all-trans-retinoic acid (ATRA)-mediated
differentiation of NB4 acute promyelocytic leukemia (APL) cells (11,16). Adenoviral
mediated introduction of UBELL into this cell line caused apoptosis and cotransfection of
UBELL with the oncoprotein PML/RAR decreased levels of PML/RARw - a marker of
therapeutic response to retinoids in APL (11). Regulation of this pathway following ATRA
treatment was encountered again in a cancer chemoprevention model in which chronic ATRA
treatment prevented bronchial epithelial cell transformation by the NNK —a known carcinogen
found in tobacco smoke (71). ISG15 and UBELL expression was elevated in an in vitro model
of retinoid-mediated lung cancer chemoprevention (22). Cyclin D1 levels were implicated
previously as a marker of retinoid response and as a retinoid target (72,73). An inverse
relationship between cyclin D1 levels and UBELL expression was observed in human lung
tumor biopsies and adjacent normal tissue. Co-transfection of UBE1L with cyclin D1 in
vitro resulted in decreased levels of cyclin D1. These results implicated the importance of the
ISG15 conjugation pathway in retinoid-based chemotherapy and cancer chemoprevention. At
least two mechanisms may contribute to this effect: (1) introduction of UBELL in the NB4
acute promyelocytic leukemia line induces cellular death via apoptosis suggesting that
enhancement of 1ISG15 conjugation could play a role in cancer therapy, and (2) UBEL1L may
influence the stability of the PML/RARoo oncoprotein and the cell cycle regulator cyclin D1.
It has been demonstrated previously that ATRA treatment of NB4 APL cells induces IFN
secretion; therefore the finding that ATRA induced type | IFN secretion may contribute to
ATRA-induced ISG15 conjugation is not altogether surprising (74). Retinoids employ diverse
signaling pathways in exerting effects on cellular systems and organisms. These observations
implicate the recruitment of ISG15 conjugation in retinoid-induced differentiation therapy and
cancer chemoprevention (11,16).

E2 and E3 enzymes

While the role of ISG15’s E2 and E3 enzymes in cancer has yet to be explored fully, a
compelling role for the ISG15 E3 ligase enzyme Efp in cancer has developed. Efp is a target
gene of the ERa receptor that has been implicated as a mediator of estrogen-dependent growth
regulation. Efp disrupted mice have underdeveloped uteri and reduced estrogen responsiveness
(75). Antisense mediated knockdown of Efp expression in MCF7 cells reduced estrogen-
dependent tumor growth in athymic mice and Efp over expression increased tumor size in this
same model (76). Efp is also an ISG (23,77). Interestingly, Efp can act as an E3 enzyme for
both ubiquitin and 1ISG15. As an ubiquitin ligase, Efp targets 14-3-3a. - a negative regulator of
cell cycle progression - for proteolysis (76). As an ISG15 ligase, Efp targets 14-3-3a and itself
for ISG15 conjugation. SIRNA mediated knockdown of Efp inhibited type I IFN-induced
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UBP43

conjugation of ISG15 to 14-3-3a (78). Efp also mediates self-ISG15 conjugation (77,79).
Expression of an Efp mutant that is resistant to self-ISG15 conjugation enhanced ISG15
conjugation to 14-3-3a suggesting that self-ISG15 conjugation acts as a negative regulator of
Efp activity (79).

Analysis of tumor samples largely supported the hypothesized role of Efp as an estrogen target
gene involved in down regulation of 14-3-3a. Immunohistochemical analysis of endometrial
adenocarcinomas and normal endometrial tissue demonstrated increased Efp and estrogen
receptor (ER) expression in endometrial adenocarcinomas (80). Increased Efp in cancer cells
was inversely proportional with 14-3-3a levels in these samples. In ovarian carcinomas there
was significant correlation between Efp and ER expression and Efp expression was
significantly increased in patients with advanced disease (81). However, expression of Efp in
breast carcinomas has yielded conflicting results. One recent study demonstrated that Efp levels
correlated positively with ER status and lymph node status but correlated negatively with
14-3-3a. levels (82). In contrast, previous studies noted no correlation between Efp and ER
status in breast tumor biopsies (83) and show no significant change in Efp levels in early stages
of breast carcinogenesis, despite demonstrated decrease in 14-3-3a levels (84).

The E2 and E3 enzymes appear to be sites of interactions between the ubiquitin conjugation
system and 1SG15 conjugation. Ubch8, Efp, and HerC5 were implicated as having roles in
both 1SG15 and ubiquitin conjugation. In addition, E2 and E3 enzymes of the ubiquitin and
ISG15 conjugation pathways are targets of modification with Ub and ISG15 — another potential
site of crosstalk between these pathways. For example, ISG15ylation of Ubch13, an E2 enzyme
in the ubiquitin conjugation system, inhibits its ability to form a thioester linkage with ubiquitin
(85,86), suggesting that ISG15ylation of this enzyme might negatively inhibit its role in
ubiquitin conjugation.

The role of the interaction between these two pathways in carcinogenesis and cancer therapy
is intriguing for several reasons. The ubiquitin conjugation pathway has been implicated in
diverse cellular processes and alterations in this pathway are present in multiple human cancers.
Inhibition of ubiquitin-dependent degradation has proven an effective chemotherapeutic
approach for multiple cancers. The proteasome inhibitor bortezomib is clinically effective in
treating multiple myeloma and shows promise in the treatment of additional malignancies, as
reviewed (87,88). Understanding more fully the mechanisms of communication between these
two pathways and the role that this communication plays in carcinogenesis could provide
valuable insight into carcinogenesis and lead to novel therapeutic advances.

The role of this type | IFN-induced, multifunctional protein in cancer has not been yet clearly
established. As described previously, UBP43 acts as an ISG15 isopeptidase, removing
conjugated ISG15 from target proteins. UBP43 also negatively regulated the type I IFN
signaling pathway by a mechanism that is independent of its ISG15 isopeptidase activity
(62). Although cloned originally from AML-ETO knockin mice — a mouse model of CML —
and human melanoma cell lines treated with IFNB, there is no additional evidence of altered
UBP43 expression in human cancer samples. A mechanism for UBP43 down-regulation was
discovered and this mechanism does support the hypothesis that UBP43 protein levels could
be diminished in tumors. UBP43 was shown to be a target of Skp2-dependent proteolysis
(89). Skp2 —/— mice exhibit elevated levels of UBP43 and diminished 1SG15 conjugation.
Cotransfection of Skp2 and UBP43 led to proteasome-dependent UBP43 degradation and
enhanced UBP43 poly-ubiquitination. Skp2 is a member of the F-box family of proteins that
function as substrate recognition factors for SCF E3-ligase complexes. Skp2 was implicated
previously in the ubiquitin-dependent degradation of the regulators of cell proliferation p27,
p57, p130, and cyclin E, as reviewed (90). An inverse correlation between levels of Skp2 and
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p27 protein has been demonstrated in multiple human cancers. In some human tumors this
inverse correlation parallels tumor grade. The relationship between Skp2 levels and UBP43
levels in human tumors and the functional implications of Skp2-dependent UBP43 degradation
on cell cycle and cancer progression remains to be determined.

The role of UBP43 as a negative regulator of ISG15 conjugation and IFN signaling suggests
that UBP43 inhibition could be a valid target for future cancer therapy (16,91). The therapeutic
potential of UBP43 inhibition was highlighted recently by utilizing a mouse model of BRL-
ABL driven chronic myelogenous leukemia (CML) — a leukemia that is responsive to IFN
therapy (91). There was increased latency of BCR-ABL driven leukemogenesis in mice
transplanted with UBP43 —/— bone marrow cells when compared to BCR-ABL-induced
leukemogenesis in normal, wild-type mice. This latency required IFN signaling as double
knockout mice with deletion of both UBP43 and IFNRAL developed leukemia in a similar
manner to control mice.

Reflections and perspectives

Recent studies established that type | IFNs regulate diverse cellular functions in addition to the
critical role they play in the innate, antiviral response. While restriction of pathogen invasion
by controlling viral life cycle and cellular death is an essential part of the innate immune
response, exposure to type | IFN modulates the expression of a surprisingly large number of
genes. A question then arises: does the profound multiplicity of type | IFN-regulated genes
reflect multiple avenues of defense from pathogens, or do IFN-regulated genes play roles
independent of pathogen defense? Findings that have implicated 1SGs not only in the cellular
response to pathogen invasion and pathogen-induced stress, but also in cellular growth and
carcinogenesis suggest that both possibilities are true. Thus, a further understanding of the
cellular functions of ISGs has the potential to reveal basic mechanisms underlying the cellular
response to pathogen infection as well as other non-infectious pathologies such as cancer.

We hoped to demonstrate the diversity of ISG function across infectious and non-infectious
pathologies by examining the role of the IFN-induced, ubiquitin-like protein 1SG15 in viral
defense and cancer. While, for many years, this ISG was used only as a marker of type | IFN
signaling, recent studies have revealed mechanisms of ISG15 conjugation and a signaling role
for secreted 1SG15. One fascinating aspect of ISG15 conjugation is its interactions with the
ubiquitin conjugation pathway. Studies demonstrated a role for ISG15 in cellular defense from
infections as well as a possible role for the ISG15 in carcinogenesis and cancer therapy. Finally
as therapeutic strategies become more targeted, it seems that future clinical therapy might
increase therapeutic effectiveness and decrease toxicity by modulating specific ISGs rather
than relying on use of type | IFNs.
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Similarities between enzymatic pathways leading to the conjugation of ubiquitin and 1ISG15
to cellular proteins.
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