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1. ABSTRACT

ISG15 is a 17 kDa protein encoded by an
interferon stimulated gene. Described in 1979, it was the
first ubiquitin-like modifier to be identified, and its
discovery followed the first reports of ubiquitin by only
four years. While many important functions for ubiquitin
have been reported, the functions for ISG15 and its
conjugation are still largely unknown. Evidence suggests
that ISG15 and its modification system play important roles
in the innate immune response, regulation of interferon
signaling, pregnancy, and several cancers. Modification of
proteins by ISG15 occurs in a manner similar to that of
ubiquitin and other ubiquitin-like modifiers. The enzymes
which help perform the activation and conjugation of
ISG15 have recently been identified. The conjugation
enzyme identified for ISG15 was revealed to be an enzyme
that was also involved in ubiquitin conjugation.

. ISG15 conjugation, deconjugation, and modification enzymes

Possible role in regulation of interferon signaling
Possible role in innate immunity and viral infections
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Identification of an ISG1S5 specific protease has also been
reported. Knockout of this protease in mice decreases the
lifespan of these mice and makes them hypersensitive to
treatment with interferon or lipopolysaccharide. The study
of ISG15 and its modification system may yield a set of
potentially useful therapeutic targets and thus, there is an
increasing awareness and interest in this protein modifier.
This review will highlight the history of its discovery,
describe more recent observations about the enzymes
involved in ISG15 modification, and summarize new
findings which have important implications for the ISG15
system in signal transduction and immunology. This
review will also point out important questions that remain
to be answered and identify the major roadblocks which
currently obstruct the understanding of ISG15 biologic
functions.
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2. INTRODUCTION

2.1. IFNs

Interferons (IFNs) are a group of related
cytokines that were originally discovered to have a role in
the defense against viral infections (1-3). IFNs have been
classified into two major groups based on their cellular
origins and based on the types of receptors they bind. Type
I IFNs include -a, -B, -¢, -k, -0, -©, and -1, whereas IFNy is
the only occupant of the type II family (4). IFN -a, -B, -¢, -
K, -0, and -y are all expressed in humans, while IFN-8, and
-1, are not. IFNy is mainly produced by activated T cells
and NK cells while virtually all nucleated cells are capable
of producing type 1 IFNs (2). The two classes of IFNs
share some functional similarities but they lack any obvious
structural homology. The two IFN families bind differing
receptors, there is a partial overlap in their signal
transduction pathways (5). In humans, IFN-f is the
predominant subtype, being produced by a variety of non-
hematopoietic cells in response to viral infections (6). IFN-
a and IFN-o are more readily produced by hematopoietic
cells, but these cells will also secrete variable levels of
IFN-B (7). Interestingly, while the IFN-o subfamily in
most species is quite large, the IFN-B subfamily in most
species consists of a single gene. IFN-f is the most
divergent subtype of the type I family and it shares only
approximately 25% to 30% protein homology with the
members of the IFN-a subfamily. At the DNA level, IFN-$
shows approximately 45% homology with the coding
sequences of [FN-a genes (8). Structurally, IFN-a appears
more similar to IFN-t and IFN-t seems most similar to
IFN-o (9). IFN-t appears to play a role in some animal
species to promote implantation of the embryo. IFN-k is
expressed in human keratinocytes and it exhibits low
specific anti-viral activity (10). Human IFN-¢ is not well-
characterized. The promoter regions of human and murine
IFN-¢ possess reproductive endocrine regulatory elements,
and appears perhaps to play a role in reproductive function
in placental mammals (4).

Double-stranded RNA (dsRNA) complexes that
are formed during the life cycle of many viruses can
activate IFN expression (11;12). Experimentally, injection
of dsRNA or polyinosinic acid-polycytodylic acid (polylC),
a synthetic form of dsRNA, can induce IFN production by
binding to cellular Toll-like receptor 3 (13;14).
Lipopolysaccharide, a cell wall component of Gram-
negative bacteria, can also stimulate IFN secretion, via
binding of Toll-like receptor 4 and the other components of
the LPS receptor complex (15).

IFNs are used to treat a variety of human
ailments including some viral infections, autoimmune
diseases, and many cancers (16-18). IFN-a2b has proven
to be an effective agent in treating symptomatic acute
hepatitis C (19) and is also used to treat chronic hepatitis B
virus infection (20). IFN-B is used to treat the autoimmune
disorder multiple sclerosis (MS) (21). IFN treatment is
thought to modify the focal disruption of the blood-brain
barrier which is characteristic of MS, preventing the
transmigration of T cells into the brain parenchyma (22).
IFN-o has proven to be useful in the treatment of
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hematological =~ malignancies  including  leukemias,
lymphomas, and myelomas (23). IFN-o has also been
utilized as a therapeutic agent in the treatment of solid
tumors such as melanoma, Kaposi’s sarcoma, renal cancer,
and breast cancer (24). The anti-cancer effects of IFN are
thought to stem from its ability to curtail cellular
proliferation, induce cellular differentiation, alter oncogene
expression, and augment immune responses.

2.2. Ubiquitin-like modifiers

IFN treatment induces a variety of cellular
changes and alters the expression of over 1000 genes
(3;25;26). As its name suggests, ISG15 is a protein whose
expression is regulated by IFN; and in fact, it is one of the
most abundant gene products expressed following IFN
stimulation (27;28). ISG15 also belongs to the family of
ubiquitin-like modifiers whose growing list includes
neuronal  precursor  cell-expressed  developmentally
downregulated protein 8 (NEDD8)/related to ubiquitin 1
(RUBI1), small ubiquitin-related modifier (SUMO),
Homologous to ubiquitin 1 (HUB1), Autophagy (APG) 12,
and APGS8 (29). Modification by ubiquitin-like modifiers
plays important roles in many processes including cell
cycle progression, nuclear transport, and autophagy (30).
The role in which ISG1S5, itself, plays in the myriad of IFN
effects is not yet clear.

3. DISCOVERY AND HISTORY OF ISG15

ISG15 has been reported in the literature for over
two decades. In the first experiments describing ISG15, a
~15 kDa protein with an isoelectric point of 7.1 was found
in the in vitro translation products generated from IFN-
stimulated murine tumor cell RNA (27). This protein was
not noted again until 1984 when it was reported that both
human and bovine cell lines produced this protein in
response to IFN treatment (31). This response was
dependent on RNA synthesis, and it was observed that IFN-
o and IFN-B were more efficient than IFN-y at inducing
ISG15 expression.

In 1986 the cDNA for human ISG15 was first
cloned from Daudi cells (32). The original sequence
included an extra nucleotide which would have resulted in
a premature stop codon. The first reported sequence would
have generated a translation product with molecular weight
~15 kDa, and ironically, this estimate was in agreement
with the observed experimental molecular weight (27). In
1987, when ISG15 was re-cloned it was discovered that the
full length sequence actually contained 165 amino acids
giving it a calculated molecular weight of 17,890 daltons
(33). In 1988, it was discovered that the full length 165
amino acid human ISG15 protein was a precursor to a
shorter, more mature form (34). Eight C-terminal amino
acids are removed from human ISGI5 giving it a C-
terminus ending with the amino acid sequence‘...Leu Arg
Leu Arg Gly Gly’ (LRLRGG) (34). The mature form of
ISG15 also lacks an N-terminal methionine and has a
calculated molecular weight of 17,145 Daltons. Ubiquitin-
like modifiers are often translated as longer precursors with
C-terminal extensions which prevent their direct
conjugation (30).
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N-Terminus:
Ubicquitin:

MEWDLTYEMLAGNEFOQVIL3SCMEVEELEAQITQRIGVHAF OORLAVHPSGVALQDRVP LASQGLGPGETVLLYVDKCDER
—-MOIFVETLTGKTITLEVEPSDTIENVEAKIQDEEGIPPDOORLIF --ACKQLEDGRT LEDYNICKE ST LHLY LRLRGGHM

C-Terminus: LETLVRNNEGRESTYEVRLTQTVAHLKQOVSGLECVODDLEFWLTFEGKPLEDQLPLGEYGLEPLSTVEMNLELEGGGTEPGGRS

Ubicuitin:

MOIFVKTLTGETITLEVEPEDT IENVEARTIQDEE I PPDQORLIFAGKQLEDGRT LSDYNIQKE ST LHLY LELRGEMOTIEVETL

Figure 1. Comparison of human ISG15 (accession number P05161) and ubiquitin (accession number AAH14880) sequences.
ISG15 is comprised of two ubiquitin-like domains. N-terminal and C-terminal sequence was aligned with the ubiquitin protein
sequence via the ClustalW method (185). The N-terminal and C-terminal ubiquitin like domains share approximately ~30%
homology with ubiquitin. Residues highlighted in red represent identical amino acids shared by ubiquitin and ISG15. Residues

highlighted in blue show amino acids which are conserved.

H. sapiens: MGWDLTVKMLAGNEFQVSLSSSMSVSELKAQITQKIGVHAFQQRLAVHPSG-VALQDR-VPLASQGLGPGSTVLLVVDKCDE---
M. musculus: MAWDLKVKMLGGNDFLVSVTNSMTVSELKKQIAQKIGVEAFQQRLAHQT---AVLQDG-LTLSSLGLGPSSTVMLVVONCSE---
B. taurus: MGGDLTVKMLGGQEILVPLRDSMTVSELKQF IAQKINVEAFQQRLAHLDSR-EVLQEG-VPLVLQGLRAGSTVLLVVQNC-----
€. auratus: MELKTKLINGDVRSLEVRDNATVGELKQLT SHHFNVPPNKQKLSGENGHRT SLEDDSRSLSSYGLHSDSVVMLLT TNPGPSNP
Majority: MEWOET VR ECBNEFL v SVRD o1 B BERGOEE ok 1 Gl par ofrEalx « B x Vllor 8 VElS s OBHCEEE 1 HiBv vENC xBx xx
H. sapiens: -PLSILVRNNKGRSSTYEVRLTQTVAHLKQQVSGLEGYQDDLEWLTFEGKPLEDDLPLGE YGLKP LSTVEMN LR LRGGGTEPGGRS
M. musculus: -PLSILVRNERGHSNLYEVELTQTVDTLKKKVSS-GTSHEDOFWLSFEGR PMEDKEL LGE YG LKPOCTVIKH LR LRGGGGDOCA
B. taurus:  --1SILVRNDKGRSSPYEVQLKQTVAELKQQVCQKERVQADQFWLSFEGREMDDEHP LEE YG LMKGCTVEMN LR LRGG

€. auratus: GPFQUFVKNEKGQVKTYDVDVNETVDQLOTKIFQKERVENDQQRLIYSCKQLEAGKKLQDYNITSGSIIYMALRLRGG
Majority: xPhsT LEREEKERS STRE L FollE  Bx 00 vagkr RvE  Bor villSr B PEE DY PRGERG L KPES T vEMNIRIRGEE - oo

Figure 2. Comparison of human (accession number P05161), murine (accession number NP _056598.1), bovine (accession

number NP_776791.1), and goldfish (accession number AAP68826.1) ISG15 protein sequences.

Majority sequence derived

from these four sequences is also listed. Sequences were aligned via the ClustalW method (185). Amino acids identical in all
four sequences appear within the majority sequence in red. Residues shared by three of the four species are highlighted in

yellow, and residues shared by two are printed in blue letters.

In 1987, a study was done to compare the cellular
ubiquitin (Ub) levels in A549 cells, a human carcinoma cell
line, and in L929 cells, a murine fibroblast cell line,
following infection of these cells with
encephalomyocarditis virus (35). No changes in ubiquitin
pools were found, but upregulated levels of a ubiquitin
cross-reactive protein (UCRP) were observed. It was
discovered that this protein was identical to the protein
originally identified in the first reports of ISG15 and, it was
in this report that the protein was originally dubbed UCRP
due to its cross-reactivity with anti-ubiquitin antibodies. It
was also in 1987 that the name ISG15 was coined (33).

4. ISG15 SEQUENCE HOMOLOGY

ISG15 contains two ubiquitin-like domains
connected in tandem. Sequence analysis has revealed the
N-terminal domain shares approximately 33% and the C-
terminal domain possesses approximately 32% homology
with ubiquitin (figure 1). A three-dimensional structure for
ISG15 has not yet been reported. An NMR structure for
SUMO-1 is available (36) and an X-ray crystal structure for
NEDDS has been solved (37). NEDDS has approximately
57% identity (38) and SUMO proteins share only about
18% sequence identity with ubiquitin (30). The three-
dimensional structures of these two ubiquitin-like modifiers
are very similar to ubiquitin. Based on the sequence
similarities between ISG15 and ubiquitin, the two domains
of ISG15 are predicted to have similar 3-D structures.
Moreover, it is unclear how the two ubiquitin-like domains
of ISG15 pack together to form a singular structure. High
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quality crystals of ISG15 that can be used to solve its
structure have not been reported. It is possible that the
intervening sequence linking the two ubiquitin-like
domains confers ISG15 with a greater ‘flexibility’ that may
inhibit its crystallization.

ISG15 has only been found in vertebrates. It was
originally discovered in humans, but its expression has also
been reported for mouse, rat, cow, and sheep. ISG15 has only
a 47% conservation among the five mammalian sequences
reported. Comparatively, its cross-species conservation is low
(figure 2) when one considers that ubiquitin has a virtual 100%
conservation cross-species and other ubiquitin-like molecules
are more conserved. ISG15 has also been cloned from fish
(39), including goldfish, zebrafish, catfish, and pufferfish. It is
interesting to note that the ISG15 protein sequences reported
for fish, cow, and sheep lack amino acids following the highly
conserved C-terminal ‘LRLRGG’ sequence (40).

5. EXTRACELLULAR ISG15

Like ubiquitin, ISG15 modifies proteins post-
translationally, forming covalent conjugates with its targets.
ISG15 can also be found extracellularly in an unconjugated
form. The first reports of extracellular ISG15 were made in
1991. Human lymphocytes and monocytes were reported
to release free ISG15 following treatment with IFN-f (41).
More than 50% of the total ISG15 could be detected in the
culture medium twenty-four hours following IFN
stimulation. The human monocytic cell line THP-1 was
also found to release ISG15 following induction by IFN.
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ISG15 has also been reported to be released by
several other cell lines. Raji cells (a human Burkitt’s
lymphoma B cell line) and Jurkat cells (a human acute T
cell leukemia line) both release extracellular ISG15 (42).
Human cornea fibroblastic keratocytes, A549 (a human
lung epithelial carcinoma cell line), and OVCAR-3 (a
human ovary epithelial adenocarcinoma cell line) also
release ISG15 (42). Our lab has detected free ISG15
released by the murine macrophage cell line RAW264.7
following treatment with LPS (unpublished results).

ISG15 can also be detected in human serum. IFN
treatment induces a dose-dependent increase in the levels of
ISG15 in human serum. A 7.3-fold increase in serum
ISG15 concentration (up to 3,000 pg/ml) was observed in
healthy volunteers receiving an IFN regimen consisting of
four injections of 8.0 x 10° international units (IU) over the
course of nine days (43).

ISGI5 has been reported to be released by
cultured endometrium on days 15 through 26 of pregnancy
(44). By western blot, marginal levels of extracellular
bovine ISG15 were detected at day 15. Maximal
extracellular ISG15 was detected at day 18 and ISG15 was
present until day 26 of pregnancy.

ISG15 lacks a signal peptide sequence which is
common to other secreted proteins (45). Furthermore,
ISG15 shows no homology to other cytokines. It is not
clear if ISG15 is secreted from cells or if it is released by
some other mechanism. It is possible that ISG15 may be
released from dead or apoptotic cells. It is also possible
that there is a novel mechanism for its extracellular release.
Fibroblast growth factor (FGF)1, FGF2, interleukin (IL)-
lo, and IL-1P are only a few examples of proteins that are
released via a non-classical pathway (46;47). The export of
FGF1 and IL-1a relies on the Cu'>-dependent formation of
protein complexes containing the SI00A13 protein (48;49).
Under normal circumstances, cells that produce FGF1 and
IL-1o do not release these pro-angiogenic polypeptides.
However, following cellular stresses such as heat shock
(50), hypoxia (51), cultivation of cells under low serum
(52), or treatment with low-density lipoproteins (53), FGF1
release from NIH3T3 cells can be induced. Release of IL-
lo. from human promonocytic leukemia cells and from
activated peripheral mononuclear cells can be induced by
heat shock (49;54). It is thought that both FGF1 and IL-1a
translocate across cellular membranes as ‘molten globules’
(46). The depletion of intracellular Cu'? with the specific
chelator tetrathiomolybdate (TTM) can attenuate the stress-
induced release (48;49). It is possible that ISG15 could
utilize a similar mechanism for its extracellular release.
Unlike FGF1 and IL-1a, release of IL-1f is sensitive to the
inhibitor of exocytosis, methylamine (55). It would be
interesting to determine if this set of chemical inhibitors
has any effect on the extracellular presence of ISG15.

6. REGULATION OF ISG15 EXPRESSION
ISG15 has been detected as early as two hours

post-IFN stimulation and reaches maximal expression near
18 hours post-stimulation (56). IFN signaling begins at the
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cell surface with the binding of IFN to its receptor. The
receptor for type I IFN is a heterodimer of IFNAR1 and
IFNAR?2 subunits, which assemble upon binding of IFN
(4). Janus kinase 1 (Jakl) and protein-tyrosine kinase 2
(TYK2) become activated by transphosphorylating
themselves and the tyrosine residues of the IFN receptor.
The phosphorylated receptor binds signal transducers and
activators of transcription (STAT) 1 and 2 via their Src
homology domains. Statl and Stat2, in turn, are
phosphorylated by Jakl causing the STAT molecules to
heterodimerize. Phosphorylated Statl and Stat2 form a
complex with IFN regulated factor (IRF) 9. This complex
(ISGF3) translocates to the nucleus and binds to the IFN
stimulated response element (ISRE)/IFN response factor
binding site (IRFE) in the regulatory regions of IFN-
stimulated genes, activating their expression (57;58). The
promoter of ISG15 contains two ISRE/IRFE binding sites.

The expression of ISG15 also can be regulated by
IRFs. ISG15 was one of the first reported targets of IRF3
(59). 1IRF3 is a 55 kDa protein that is expressed
constitutively in all tissues. Viral infection and IFN
treatment appear not to stimulate IRF3 expression;
however, viral infection seemingly plays a role in
phosphorylation and activation of IRF3. Phosphorylated
IRF3 translocates into the nucleus and activates the
expression of IFN-stimulated genes also by binding to the
ISRE/IRFE elements (60).

The ISG15 promoter also contains a PU.1
binding site, which overlaps with the ISRE/IRFE sequence
(61). PU.1 is a member of the Ets family of transcription
factors. PU.1 expression is B cell and myeloid cell-specific
and plays an important role in hematopoiesis and blood cell
functions  (62-64). PU.1 has been reported to
synergistically activate the ISG15 promoter with IRF4 or
IRF8 (61), which supports the significantly higher level of
ISGI15 expression in myeloid cells relative to other cell
types. Interestingly, IRF8 knockout mice show increased
ISG15 expression in their macrophages but not their B cells
(65).

ISG15 expression has been reported to be
upregulated following cellular stress signals. ISGI15
expression is upregulated by bacterial and viral infections.
These infections activate both IRF3 and ISGF3
transcription factors (66;67). Increased ISG15 expression
has been observed in the human colorectal cancer cell line
HCT116 following gamma irradiation (68), in acute
multiple sclerosis lesions (69), in colorectal and breast
cancer cells treated with the anti-cancer drug camptothecin
(CPT, topoisomerase I inhibitor) (70), in human fibroblasts
from patients with ataxia telangiectasia (71), in
constitutively  activated JNKI expressing mouse
fibroblasts (72), and in leukemic T cells overexpressing the
chemokine 1-309 (73). The role of ISG15 in these cellular
stresses is not known. It is likely that these cellular stresses
induce IFN secretion which would result in increased
ISG15 expression. Interestingly, additional work related to
CPT induced ISG15 expression has been reported recently,
indicating an IFN independent induction of ISG15 by CPT
(74).  According to this report, a much lower level of
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ISG15 expression was induced by CPT than by IFN
treatment and a very specific 50 kDa ISG15 conjugate was
formed upon CPT stimulation (74).

7. ISG15 CONJUGATION, DECONJUGATION, AND
MODIFICATION ENZYMES

Protein ubiquitylation involves the coordinated
activities of three modification enzymes. They are the
activating or ‘E1’, the conjugating or ‘E2’, and the ligating
or ‘E3’ enzymes (75). El molecules possess conserved
ATP-binding domains and active-site cysteine residues that
are essential components for the activation of substrates.
The E1 enzyme activates ubiquitin in an ATP-dependent
manner, adenylating the C-terminus of ubiquitin and then
forming a reactive thioester bond between the ubiquitin C-
terminus and the catalytic E1 cysteine residue. The
activated ubiquitin is then transferred to the active-site
cysteine residue of an E2 enzyme. Again, the activated
ubiquitin forms a thioester bond with the E2 molecule.
With the aid of an E3 ligase, the activated ubiquitin is
transferred to a lysine residue of a substrate. In most cases,
the modification by the E2 enzyme is mediated via an E3
molecule which acts as a sort of adaptor protein, interacting
with the E2 enzyme and the substrate. The roles of E3
molecules can vary, but they all serve to promote the
transfer of ubiquitin. The end result is an isopeptide bond
formed between the C-terminal carboxylate of ubiquitin
and the g-amino group of a substrate lysine.

Only a single E1 enzyme has been identified for
mammalian protein ubiquitylation. Similarly, each of the
ubiquitin-like modifiers is activated by a single and a
separate E1 molecule. In contrast, there is a multitude of
ubiquitin E3 molecules. Database searches indicate that
there are on the order of hundreds of E3 molecules (76).
E3 molecules recognize and bind specific amino acid
sequences or degrons (75;77-79). The large numbers of
ligating enzymes imbue the conjugation system with the
capacity for fine substrate specificity. Ubiquitin E2
molecules are intermediate in number and more than
twenty E2 enzymes have been reported. Using a
conjugation system controlled by enzymes at three
successive levels allows for careful regulation of
ubiquitylation. Additionally, ubiquitin modification can be
regulated by a set of deconjugating enzymes.

Ubiquitin deconjugating enzymes (Dubs) play
critical roles in the recycling of ubiquitin. These enzymes
help ensure that a pool of ubiquitin is made again available
for conjugation. Dubs can also play important roles in the
processing of newly synthesized ubiquitin, making these
molecules available for conjugation as well. Deconjugating
enzymes fall into four classes: the carboxyl-terminal
hydrolases (UCHs), the ubiquitin-processing proteases
(UBPs/USPs), ubiquitin-specific JAMM motif containing
metalloproteases, and proteases containing an OTU domain
(80-84).

Much of the recent progress in the study of
ISG15 has been in the identification of enzymes involved
in ISG15 conjugation and deconjugation. The modification
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of protein substrates with ISG15 utilizes a set of enzymes
analogous to the ubiquitin modification system (figure 3).
Ubiquitin activating enzyme El-like (UBE1L) is a 112 kDa
protein that has E1 activity specific for ISGI5 (85).
Human UBCHS8 and the murine homologue UBCMS8 have
been identified as E2 molecules for ISG15 (86;87). UBP43
is an ISG15 specific protease (88). Cellular ISG15 E3
ligases and a putative ISG15 processing enzyme have not
been reported.

7.1. ISG1S5 activating enzyme UBE1L

UBEIL was originally cloned from a human pre-
B cell library in 1993 (89). UBEIL is located 140 kb from
the D3F15S2 locus in chromosomal region 3p21. Deletion
of this 3p21 region was found to be associated with small
cell lung carcinoma (SCLCs), non-SCLCs, and other solid
tumors (90). A gene within this chromosomal region was
thought to be a putative tumor suppressor gene (90-92).
Further analysis showed that expression of UBEIL itself
was present in normal lung, but interestingly, largely absent
from SCLC and non-SCLC (93). By quantitative PCR, it
was observed that UBEIL expression in lung cancer cell
lines was consistently below 3% of normal lung levels. It
is interesting to note that an IFN insensitive leukemia cell
line K562 also lacks functional UBE1L (94).

UBEIL possesses a striking homology with the
ubiquitin El, sharing 45% amino acid sequence identity
and possessing a conserved active site cysteine (figure 4)
(89). In 2001, UBEIL was demonstrated to be an El
enzyme for ISG15 (85). Using the yeast two-hybrid assay,
the influenza B virus protein NS1B was found to interact
with ISG15 (85). NS1B was shown to bind to ISG15 and
block ISG15 conjugation. A GST-ISG15 fusion protein
was then made and used to identify UBEIL as an ISG15
interacting protein. UBEI1L was also shown to be capable
of forming an adduct with radiolabeled ISG15, to catalyze
the activation of ISG15, and to function as an El enzyme
for ISG15 (85). Ubiquitin E1 cannot replace UBEIL in
protein ISGylation (86;87).

Immunostaining of MG37, an EBV-transformed
B-cell line, and immunostaining of transfected COS-7 cells
revealed that UBEIL was a cytosolic protein (95).
However, staining for UBEIL in transfected GLC-45 cells,
a SCLC cell line, revealed both a nuclear and cytoplasmic
localization. In these experiments, it was noted that not all
MG37 cells were positive for endogenous UBEIL
expression. Moreover, the staining of transfected GLC-45
yielded a pattern that was described as diffuse. It was
hypothesized that the localization and distribution of
UBEIL may be cell cycle dependent, as has been reported
for the ubiquitin activating enzyme E1 (96).

The expression of UBEIL is upregulated by IFN
treatment (97). The upstream regulatory sequence of the
UBEIL gene has a conserved ISRE/IRFE binding site
which may be responsible for its upregulation following
IFN treatment (40). Knowing now that UBEIL is an IFN
regulated gene and that it functions as an E1 for ISG15
conjugation, it will be interesting and informative to re-
examine UBEIL cellular localization following IFN
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3. An E1 thiol group attacks
the carboxyl-AMP to form a 4.15G15 is linked onto the
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by trans-esterification.
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Figure 3. Schematic of the ISG15 conjugation system. ISGylation is proposed to occur in a manner analogous to the ubiquitin
modification system. 1. Prior to conjugation, ISG15 is processed, possibly by the protease UBP43 or by a yet to be identified
processing enzyme. 2. The El or activating enzyme for ISG15 is UBE1L. UBEIL catalyzes the adenylation of ISG15. 3.
UBEIL also forms a thioester bond with ISG15. 4. Activated ISG15 is passed onto the E2 enzyme, UBCS, by a trans-
esterification reaction. UBCS8 can serve as an E2 enzyme for ISG15 and ubiquitin. 5, 6. ISGylation is proposed to occur in a
similar manner with the aid of an E3 molecule. RING E3 molecules act as adaptor proteins, bringing substrate into close
proximity with E2 enzymes. HECT E3 molecules have the capacity to directly transfer ubiquitin onto substrates. Our lab has
identified an E3 enzyme for ISG15 and a substrate which is modified by this E3.

SH

6. 1ISG15 is conjugated Substrate

onto target protein.

Free ISG15

@@oo

stimulation. Possibly the staining pattern observed in candidate and went on to further demonstrate that UBCHS
GLC-45 cells would appear less diffuse and more definitive could function as an ISG15 E2 enzyme (86). In addition,
following IFN treatment. they showed in vitro that UBCHS could promote both the
ubiquitylation and ISGylation of human WBP2 in the
7.2. ISG15 conjugating enzyme UBC8 presence of the yeast ubiquitin E3 enzyme Rsp5p.
Two groups have recently and independently
reported the identification of UBC8 as an E2 conjugating Kim et al. began with the hypothesis that an E2
enzyme for ISG15 using differing approaches (86;87). enzyme for ISG15 was potentially an E2 molecule already
identified for the ubiquitin system and that the expression
In the presence of the activation enzyme and in of an ISGIS5 enzyme would be IFN inducible. This
the presence of ATP, ubiquitin can form a thioester bond hypothesis was based on the high degree of homology
with an E2 conjugation enzyme. With the hypothesis that shared between the ubiquitin activating enzyme UBE1 and
ISG15 would behave in the same manner and form a the ISGI15 activating enzyme UBEIL and between the
thioester bond with an E2, Zhao et al. performed GST- ubiquitin  deconjugating enzymes and the ISGIS5
ISG15 pull down experiments to identify proteins that deconjugating enzyme UBP43, especially within the
would covalently link to ISG15 which could be found in critical domains of these proteins. Moreover, both UBEIL
protein extracts from IFN treated cells. Through this and UBP43 were known to be IFN-inducible genes
approach, they identified human UBC8 (UBCHS) as a (119,172). Therefore, it would be natural to hypothesize
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UBE1L ————m— e DALDASKLL

UBE1l  MSSSPLSKKRRVSGPDPKPESNCSPAQSVLSEVPSVPTNGMAKNGSEADT

UBE1L e GSL PHPTCHS

UBE1 TSS OGTAQ SS 120
UBE1L LERS EL Q DIT 1D 140
UBE1 SY P TAYEGPLV F s TP D EF 180
UBE1L DF TVQDPTEAEPETARIQOHISOGES IL 200
UBE1 IKLVV EMILTDSNGEQRLSAMY SMVTED CLDE 239
UBE1L RDBDLUTESGIE DCD REDGSLE ITE 260
UBE1 ESGDFWSESEVQ GNQ LEGPYTES 299
UBELL TV DTAMNL 0S5 SOEVHHAHCEBHOAEC DEV 320
UBE1l  KISF ASLAEPDEVVTDFAKFSRPAQLHIGED RNEE EL 359
UBE1L RDLEPLEKRTEEEPLEEP v 3580
UBE1 QRVNARALPAVQ--0 DLI GL 417
UBE1L LD PSPED S 440
UBE1 T E T-ED SDL G F 476
UBE1L v SEGLT S SODVGRPRAE 500
UBE1 TGLECEECEE I IMTDMDT PWDVTKLESDT 536
UBE1L BeLEPDLOWIPLTYPLD SRV SF THYL 560
UBE1 o) TRV T SHONRY ONL D ¥ 595
UBE1L SA SEDAPY RYEPSTAE 620
UBE1 ———S SQDPPEKSI L ATE D 653
UBE1L EBERLS QQAHTSLADMD———EP TLEEPYLG-VLRV 0 L 686
UBE1 KQP YLTDPKFVERTLRLAGTQPLEVLEAVORS LVLORPOT TAlC 713
UBE1L LCFHY VLEDET Q LFVL YE 746
UBE1 TOYS DOLTES D FB 773
UBE1L LRELEXLLPOBDPOOMA——PIF SEEFGPEQQ 504
UBE1 ATFLOSVOVEEF TPKSGVKIHV Q 0 SVDDSRLE 833
UBE1L EVWSVGE--PL co 562
UBE1l  PSPDKLEBGFKMY ID L 893
UBELL PRSAFRHSY NYLIRYMPFAPAIQTFHHL 922
UBE1 QLDSYKNGF LPFFGFSEBLAAPRHOYYNQE 953
UBE1L ESLEAHLOEQHGLRVRI GWSP QAQ 979
UBE1 FE KQFLDYFKTEHKLEIT SQ SEFMP 1013
UBE1L OOLTGOAPAPGY SCEGDD- 1022
UBE1 P I SRVSKRELGRHV CCNDES E YV TI 1057

Figure 4. Sequence homologies of the human ISG15 E1 molecule UBEIL (accession number NP_003326.2) and the human
ubiquitin E1 molecule UBE1 (accession number AAH13041.1). Sequences were aligned based on the ClustalW method (185).
Identical amino acids are highlighted in blue. The conserved active residues are underlined and in bold.

that an E2 enzyme would share the same property. UBC8
and the E2-like molecules 1-8U, 9-27 (also known as
Leul3), fit these criteria. 1-8U and 9-27 are among two of
the seven earliest IFN inducible genes (98;99).
Interestingly, 1-8U and 9-27 have been linked to the
antiproliferative effects of IFN (100;101). Protein
sequence analysis identified conserved ubiquitin E2 motifs
in these proteins and it was proposed that they might
function as ISG15 E2s (98;99). Fractionation and
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microscopy studies indicated that 1-8U is a membrane
associated protein and that it is also possibly located in the
exosome membrane (100). 9-27 has been reported as a cell
surface protein that forms a complex with CD19, CD21,
and CD81 in B lymphocytes (102;103).

Using a proteomic approach, UBCHS8 and ISG15
were identified as primary proteins induced following
stimulation of T cells with IFN-a (104). Enhanced UBCHS8
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mRNA expression was observed in purified T cells and in
macrophages following treatment with IFN-o or IFN-y and
by infection with Sendai virus. UBCH8 mRNA expression
was also upregulated in A549 (lung carcinoma), HepG2
(hepatoma), and NK-92 (natural killer) cells. Experiments
using the protein synthesis inhibitor cyclohexamide
suggested that UBCHS8 was among the primary genes
upregulated following IFN-o stimulation (104). UBCHS,
along with UBCH7, was originally described as a protein
that interacted with Papilloma virus E6 associated protein
(E6-AP) in a yeast two-hybrid screen (105). UBCHS
possesses 45.7% homology to UBCH7. UBCH7 functions
with viral E6 protein and E6-AP in the ubiquitylation of
p53 (106-108). The murine homolog, UBCMS, interacts
with both the N-terminal and the C-terminal halves of
ISG15 (87).

To test whether 1-8U, 9-27, and UBCS are ISG15
E2 conjugating enzymes, Kim er al. developed a
transfection based system to assay for ISG15 E2 activity.
Expression vectors for ISG15, UBEIL, and a potential E2
were transiently transfected into 293T cells and cell lysates
from these transfectants were used in western blot analysis
to determine the relative levels of protein ISGylation (87).
Only transfection with UBC8 (both human UBCHS8 and
murine UbcM8), but not 1-8U or 9-27, enhanced ISG15
conjugation in this assay. Furthermore, an active site
cysteine mutant of UBCS lost the ability to increase protein
ISGylation. Substitution of UBC8 with the ubiquitin E2
UBCM4 (murine homolog of UBCH7) or the SUMO E2
UBC9 did not result in enhanced ISG15 conjugation.
Utilizing RNA interference and both 1D- and 2D-
electrophoresis, Kim er al. further demonstrated that
decreasing UBCS expression leads to a general reduction of
all ISGylated protein detectable in HeLa cells (87). These
experiments demonstrated that UBC8 is an ISG15 E2
conjugating enzyme and that it is the major ISG15 E2 in
HeLa cells. More importantly, the transfection based assay
also provides a system to easily identify and to verify
potential ISG15 target proteins. Three known ISG15 target
proteins, but not the protein AMLI1, were shown to be
ISGylated using this assay (87).

While several E2 molecules for ubiquitin have
been identified, no more than one E2 molecule has been
reported for any of the other ubiquitin-like modifiers.
Despite this observation, it is still possible that ISG15
conjugation may be served by additional E2 molecules
which have yet be identified. Other E2s which have been
identified as serving the ubiquitin system may also possess
dual activity as ISG15 conjugation enzymes. E2 molecules
which may be capable of regulating ISG15 conjugation
would be expected to be IFN induced genes. In addition to
UBCHS, the mRNA expression of UBCH5 and UBCH6 in
both human T cells and macrophages has been shown to
increase dramatically several hours post-IFN stimulation
(104). While UBCH5 was shown not to form an adduct
with ISG15 (86), the observation that its expression is
enhanced by IFN-a still makes it an attractive candidate for
further examination. Likewise, it would be interesting to
determine if UBCH6 can serve as an E2 for ISG15
conjugation. Having now a transfection system used to
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identify ISG15 conjugating enzymes, it would be
interesting to determine if other ubiquitin E2 molecules
possess ISG15 conjugating activity.

UBCHS is able to associate with both ubiquitin
E1 and UBEIL perhaps because these activating enzymes
share much homology. Of all the E1 enzymes reported for
the ubiquitin-like modifiers, UBEIL most closely
resembles ubiquitin E1 in sequence. The crystal structure
for ubiquitin E1 has not been solved. The sequences for
APPBP2-UBA3, the E1 molecule for Nedd8, has been
solved, and mutational analysis has been done to map its
functions in adenylation, thioester bond formation, and E2
binding (109). The structures of the ubiquitin E1 and the
E1 enzymes for other ubiquitin-like modifiers are thought
to resemble APPBP2-UBA3, and by analogy the molecular
features and critical residues important to their E1 functions
are also thought to be very similar. The hypothesis is that
the interaction is similar to that of the NEDDS8 E1 and E2.
Given this hypothesis, the structural basis of the interaction
between UBEIL and UBCHS8 has not yet been fully
demonstrated. Targeted structure-function studies designed
to map this interaction could be used to address this
hypothesis. UBCH7 is most similar in primary sequence to
UBCHS8. UBCH?7 does not form a thioester with ISG15 in
an in vitro analysis (86), nor does UBCH7 enhance
ISGylation in 293T cells (87). Careful comparison of
UBCH8 and UBCH7 sequences may reveal possible
insights into the structural basis for ISG15 and E2
association.

The conjugation systems of other ubiquitin-like
modifiers generally utilize separate and distinct sets of
enzymes. It has been shown that recombinant human
NEDDS can be activated by the ubiquitin E1 in vitro (37).
It was noted that the activation in this artificial system is
very inefficient. The observation that UBC8 is an E2
molecule for ubiquitin and ISG15 is the major exception to
this paradigm. The ability of UBC8 to serve as E2
molecules for both ubiquitin and ISG15 underscores the
overlap of these two systems. The affinities of UBCS for
ubiquitin and for ISG15 are not known, nor is the efficiency
of ubiquitin conjugation relative to ISG15 conjugation known.
Certainly the answers to these two questions are of much
interest. Since UBC8 and ISG15 expression are activated by
IFN, it is reasonable to hypothesize that ISG15 is probably the
major substrate of UBCS.

UBCHS is located on human chromosome 11q12.
Deletion of the chromosomal region on which UBEIL is
located is associated with human cancer. If the lack of
UBEIL ISG15 conjugation activity is somehow related to
tumorigenic potential and if UBCHS is the only E2 which
serves ISGylation, the expectation might be that deletion or
mutation of UBCHS8 might also be associated with cancer
development. It is not known if this gene is associated with
cancer as a careful analysis of a possible relationship has
not been reported.

7.3. Putative ISG1S5 E3 ligases
E3 enzymes play primary roles in dictating

substrate specificity. Mechanistically, ubiquitin E3
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enzymes have been divided into two major groups,
molecules containing homologous to E6AP carboxy
terminus (HECT) domains (110), and non-HECT E3
ligases, all of which contain a really interesting new gene
(RING) finger domain or structurally-related domains such
as the U-box domain (38;111;112). HECT E3 molecules
accept ubiquitin from an E2 molecule forming a thioester
adduct between the HECT E3 and ubiquitin. Ubiquitin is
transferred from the active-site cysteine of the HECT E3
ligase to a substrate via a covalent attachment to an e-
amino group of a lysine side chain (113). RING E3
molecules serve as docking proteins, bringing together E2
molecules and substrate (114). RING domains contain two
zinc ions coordinated by cysteines and histidines in a cross-
brace structure (115). Unlike HECT E3s, RING E3
molecules are non-catalytic.

The similarities between the ubiquitin and ISG15
conjugation systems are uncanny, and the observation that
UBCS8 is an E2 enzyme for ubiquitin and ISG15 highlights
the similarities. The observation that UBC8 can serve as an
E2 molecule for ISG15 may suggest that E3 molecules
which associate with UBC8 may also be E3s for ISG15.
Several HECT and RING E3 molecules have been reported
to associate with UBCS8 (105;116-119). Double ring finger
protein (Dorfin), EGAP, human homologue of Drosophila
ariadne (HHARI), UBCH7-associated protein 1 (H7-AP1),
and Parkin are E3 molecules which have been reported to
bind to UBCS.

UBCH7 and its mouse ortholog UbcM4 are
highly homologous (55%) to UBCS8. It is possible that the
reported E3 enzymes which act in conjunction with
UBCH7/M4 to ubiquitylate proteins could also function as
ISG15 E3 enzymes. As E3 enzymes are finely tuned to
recognize specific substrates, the possibility that known
protein targets of UBC8 and UBCH7/M4 ubiquitylation
may also be targets of ISG15 modification, is an intriguing
one. Our lab has identified both an ISG15 E3 and an
associated ISG15 substrate based on this hypothesis (Zou et
al. paper in preparation). ISG15 modification of this
substrate can clearly be seen following type I IFN
stimulation. The identification of additional ISG15 ligases
and substrates modified by these enzymes is eagerly
anticipated.

7.4. ISG1S deconjugating enzyme UBP43

UBP43, also known as USPI8, possesses
cysteine and histidine boxes that are highly conserved and
characteristic of enzymes of the UBP family (120;121).
Members of the UBP family of proteases are involved in
the removal of ubiquitin from conjugated proteins (84;122).
Analysis using '*I-labelled ubiquitin-like modifer fusion
peptides, including ubiquitin-gsPESTc, SUMO-gsPESTec,
Nedd8-gsPESTc, and ISG15-gsPESTc, demonstrated that
UBP43 preferentially removes ISG15 from its conjugates
(88). Additional studies using UBP43 expressed cells
confirmed that UBP43 is an ISG15 specific protease (88).
UBP43 was first reported by our laboratory during the
analysis of abnormally expressed genes in AMLI1-ETO
knock-in mice (120;121). AMLI1-ETO is a fusion protein
generated from the 8;21 chromosomal translocation and is
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associated with abnormal blood cell differentiation and
proliferation. Heterozygous AMLI1-ETO knock-in mice
die around the E12.5 stage of embryo development (123).
UBP43 is highly expressed in hematopoietic related organs,
including both the yolk sac and fetal liver, in AML1-ETO
knock-in embryos relative to the wild type controls. The
cloning of UBP43 was also independently reported by three
other groups. Zhang ef al. discovered the cDNA encoding
a 43 kDa protein in pig alveolar macrophages infected with
porcine reproductive and respiratory syndrome virus. The
expression of this gene was also found to be highly
upregulated in vivo by infection of pigs with the same virus
(124). Li et al. cloned UBP43 as a potential RNase-L
substrate in a differential display of N1E-115 cell RNA
(125). They determined that UBP43 was an IFN stimulated
gene. UBP43 was also identified by Kang et al. as an IFN-
induced gene in an analysis of differentially expressed
genes of type I IFN treated human melanoma cells. They
demonstrated that UBP43 was induced by IFN treatment in
over 20 human cell lines and that its induction occurred via
the JAK-STAT signaling pathway (126). UBP43 promoter
possesses highly conserved ISRE/IRFE sequences (127).

Although UBP43 is the only currently known
ISG15 deconjugating enzyme, it is possible that additional
ISG15 proteases exist. Recombinant ISG15 modified with
a C-terminal vinyl sulfone moiety was generated and used
to trap and identify associating enzymes (128). Using this
approach, three ISG15 adducts of varying molecular
weights were identified. These adducts had estimated
molecular weights of ~70, ~110, and ~210 kDa. The 210
kDa adduct was identified by tandem mass spectrometry
analysis as isopeptidase T (IsoT)/USP5. IsoT/USPS5 is a 93
kDa ubiquitin-specific cysteine protease from the UBP
family involved in the disassembly of polyubiquitin chains
(129). It has been proposed that IsoT has two (possibly
four) binding sites for ubiquitin (130;131). It was
speculated that the multiple binding sites may allow IsoT to
accommodate ISG15 which resembles two ubiquitin
molecules connected in tandem and that IsoT may have
dual specificity for ubiquitin and ISG15 (128). However,
no activity toward ISG15 conjugates was reported.

A UBP43 knockout mouse was generated and,
UBP43 deficient cells from these mice showed higher basal
levels and higher IFN inducible levels of ISGI1S
conjugation. Furthermore, no obvious change in protein
ubiquitin conjugation was detected (132). These data
further confirmed that UBP43 is a bona fide ISG15
protease. Homozygous UBP43 knockout mice having a
C57B and 129 mixed strain background are born alive but
suffer from a decreased lifespan and from neurological
abnormalities, including convulsions, tremor, loss of
balance, rolling, and repeated tight circling. More detailed
histological analyses reveal that the UBP43 deficient mice
have ependymal cell death in their brains and that this cell
death disrupts the normal boundary between neuronal
tissue and the brain cavity, leading to aqueduct stenosis and
subsequent hydrocephalus due to blockage of normal
cerebral spinal fluid flow (132). Hydrocephalus could also
be observed in the brains of some 14.5 day post coitum
UBP43 deficient embryos (our unpublished data). UBP43
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null mice with increased C57 strain background showed
less neurological related problems, however, UBP43 null
mice backcrossed more than 10 generations into the C57
background showed abnormal embryonic development and
were embryonic lethal (our unpublished data).

Recently, UBP43 was reported to associate with
the Skp2 oncoprotein and UBP43 was also found to be a
novel substrate for Skp2-mediated ubiquitylation (133).
The association between the two proteins was discovered
via a yeast two-hybrid screen. Skp2 belongs to the family
of F-box proteins which comprise the Skpl, cullin, F box
proteins (SCF) E3 ubiquitin ligase complexes. Binding of
UBP43 to SCFS*"* resulted in its multi-ubiquitylation and
proteasomal degradation. Furthermore, in Skp2 deficient
MEF cells, levels of UBP43 are upregulated and levels of
ISG15 conjugates are reduced. These findings
demonstrated the control of UBP43 protein levels by
SCF™?,

7.5. ISG1S processing enzymes

The candidate processing enzyme which
generates the mature form of ISG15 ending in a di-glycine
motif has not been cloned but has been described (134).
The processing enzyme was purified to homogeneity from
cell extracts of AS549 cells using a combination of ion
exchange and hydrophobic chromatography. This enzyme,
whose activity is unaffected by IFN treatment, but
interestingly is stimulated 12-fold by micromolar
concentrations of ubiquitin, was determined to be
approximately 100 kDa in size. Moreover, its processing
activity is irreversibly inhibited by thiol-specific alkylating
agents and exhibits pH dependence, suggesting that the
enzyme may be a thiol protease. Partial sequencing
indicated that the enzyme could be the human ortholog to
yeast Ubp1 (134).

UBP43 may also be capable of processing the
immature form of ISG15. Since UBP43 knockout cells still
process ISG15, it is at least not the major processing
enzyme for ISG15.

8. TARGETS OF ISG15 MODIFICATION

Evidence for ISG15 protein conjugates was first
reported in 1992. Multiple heterogeneous high molecular
weight conjugates of ISG15 were detected. Of the seven
cell lines tested, all experienced an increase in free ISG15
following IFN stimulation. Enhanced protein ISGylation
was only detected in four of the seven tested cell lines,
including A549, MG-63, U937, and Molt-4 (56). ISGI15
conjugates were not detected in three other cell lines,
including the BCR/ABL+ leukemic cell line K562 and two
Burkitt’s lymphoma cell lines, Daudi and Namalwa cells.
Interestingly, transfection of functional UBEIL into K562
cells restores ISGylation within these cells (94).

Upon type I IFN stimulation, protein ISGylation
can be induced in HeLa, COS-7, RAW264.7, NIH3T3,
2fTGH, L929, A431 and KT-1 cells, but not in Vero and
293T cells (127;135) (our unpublished data). The reason
these cells express free ISG15 but lack conjugates is not
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known. Potentially these cells may lack functional ISG15
El or E2 enzymes. It is also possible that these cells
express factors that may inhibit ISG15 processing, or El
and E2 activities. Statl-deficient U3A cells lack ISG15
conjugation following IFN treatment, but the Statl-positive
human cell line 2fTGH (136), which is the parental cell line
of U3A, shows the formation of ISG15 conjugates
following IFN treatment (our unpublished data),
emphasizing the importance of IFN signaling cascade in
this process. [SGylation is detected in many primary
tissues of mice including liver, lung, heart, kidney, thymus,
spleen, bone marrow, and brain following injection with
LPS or polyl-C. ISGylation can also be induced in murine
embryonic fibroblast (MEF) cells by IFN treatment
(94;132;137;138).

The functions for ISG15 modification are
currently not clear.  Possibly, one of the keys to
understanding ISGylation is the identification of substrates
and specific ISG15 modification sites within these proteins.
To date, only five ISG15-conjugated proteins have been
reported in the literature. Serpin 2a was the first ISG15
target to be identified. In 2002, it was demonstrated by
mass spectrometric analysis that serine protease inhibitor
2a (Serpin 2a) was ISG15 modified (139). The sequence of
murine serpin 2a most closely resembles human anti-
chymotrypsin, sharing ~60% identity (140). Serpin 2a is
highly activated in macrophages upon bacterial infection
(139). In FDCP-Mix cells, Serpin 2a becomes dramatically
down-regulated following differentiation (141). Serpin 2a
is an intracellular protein which localizes to both the
cytoplasm and nucleus and has a prominent nuclear
localization in FDCP-Mix cells and in COS-7 cells
transfected with Serpin 2a (140). Interestingly, ISG15-
modification of Serpin 2a did not appear to alter its
localization (139).

Jakl, Statl, phospholipase C (PLC)-yl,
extracellular regulated kinase (ERK) 1/2 were also
identified as ISG15 targets (138). Jakl, PLC 1, and
ERK1/2 were identified by a combination of
immunoprecipitation and high throughput western blotting.
ISG15 modification of Statl was tested following the
identification of the other three signaling molecules. Upon
IFN stimulation, the endogenous ISG15 modified forms of
these proteins were identified (138).

Jak1 and Statl are important molecules involved
in the transduction of signals following type I IFN
stimulation (3). They also play important roles in signal
transduction cascades of other cytokines (142). Statl and
Jak1 deficient mice have been generated (143-145). Statl
and Jak1 deficient cells lack IFN related functions and are
sensitive to viral infections.

PLCyl1 is an important enzyme in many cellular
processes, including  proliferation,  differentiation,
embryonic development, oxidative stress responses, many
hormone dependent responses, and activation of specific
immune responses (146). At least 11 phospholipase C
isozymes have been identified in mammalian cells.
Members of the PLC family hydrolyze phosphatidylinositol
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(4, 5) biphosphate into inositol (1, 4, 5) triphosphate (IP3)
and diacylglycerol (DAG) (147-149). IP3 and DAG serve
as important second messengers by mobilizing calcium flux
and activating protein kinase C, respectively (149).

ERK1 and ERK2 are protein kinases that are
involved in the regulation of signal transduction following
stimulation by growth factors and by other environmental
signals. ERK1 and ERK2 pathways can be activated by
several different stimuli, including growth factors, viral
infection, cytokines, ligands for G-protein coupled
receptors, transforming agents, and some carcinogens.
Both ERK molecules are components of a signal
transduction cascade which can be activated by ras (150).

It is possible that ISG15 modification may play
an important role in modulating cellular signals because
these four targets identified play important roles in signal
transduction cascades; however, because the high
throughput approach used to identify ISG15 targets was
specialized to analyze signal transduction molecules, there
is much hesitation about reaching this conclusion.
Identification of additional targets may give a clearer idea
about possible functions for ISGylation.

With the development of an in vitro conjugation
system (86) and a transfection-based conjugation system
(87), it is likely that more ISG15 modified proteins will be
reported. However, it is important to emphasize that those
proteins identified using these systems should be verified in
vivo to ensure that ISG15 modification of these proteins is
biologically relevant.

The molecular sites of ISG15 modification are
not known. Identification of the sites of modification is an
important step in elucidating the function of protein
ISGylation. Comparison of protein sequences between the
limited number of ISG15 modification targets have failed
to reveal a consensus motif. Possibly the identification of
more targets will help to reveal a common site. One of the
roadblocks in determining additional targets of
modification and in deducing the sites of ISG15
modification is the relative amount of ISG15-modified
target protein versus total target protein. It is estimated that
only one to five percent of the currently known target
proteins  become ISGI15-modified following IFN
stimulation. It is possible that analysis of ISG15 targets
will show proteins that are more abundantly modified by
ISG15. SUMO-modified targets range in the extent to
which their proteins are modified. Modification of some
SUMO targets is barely detectable while modification of
RanGAP1 under some circumstances can approach ~90%
of total protein (151). Further work in developing the in
vitro conjugation system with inclusion of ISG15 E3
ligases may be an invaluable set of tools in the generation
of large quantities of ISG15-modified protein.

9. POSSIBLE ROLES OF ISG15 AND PROTEIN
MODIFICATION BY ISG15

A definitive role for ISG15 conjugates has not yet
been demonstrated. ISG15 conjugation almost certainly
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has significant roles in vertebrate biology. The evolution
and preservation of ISG15 itself along with its conjugation
and deconjugation enzymes strongly suggest the
importance of this modification system. Several possible
roles for protein ISGylation have been reported in recent
literature.

9.1. Possible role as a cytokine

Extracellular ISG15 has been reported to have
cytokine-like activity. Recombinant ISG15 produced in E.
coli stimulated IFNy production by CD3" cells but not by
CD14" or CD56" cells harvested from human peripheral
blood (42;152). Recombinant ISG15 stimulates the
proliferation of natural killer (NK) cells and enhances NK
cell cytotoxicity. CD3" T cells, but not B cells, were
required for the ISGl5-induced proliferation and
cytotoxicity of NK cells. Exogenous ISG15 did not
activate the production of IL-2 or IL-12 by T cells or NK
cells. IL-2 and IL-12 are known to induce NK cell
proliferation (45).  Interestingly, ISG15 cytokine-like
activity was observed with only the smaller processed form
and not with the unprocessed pro-ISG15 molecule (43).
The cytokine activity of extracellular ISG15 also shows
species specificity, as human ISG15 is unable to stimulate
murine cells (43).

ISG1S5 can also be released by human peripheral
blood mononuclear cells (PBMCs) (152). ISG15 released
by PBMCs had no effect on growth or 2°5’-A synthetase
activity in Daudi, U937, or HL60 cells. However, when
incubated with fresh PBMCs, free ISG15 augmented LPS-
induced monocyte cytotoxicity against WEHI-164 targets.
This enhanced cytotoxicity could be inhibited with a rabbit
anti-ISG15 polyclonal. Cytotoxicity induced by ISG15
could be virtually eliminated using neutralizing anti-TNF-a
antibody. This implied that ISG15-mediated enhancement
of cytotoxicity acted via secretion of TNF-a.

More recently, extracellular ISG15 was identified
to be a novel chemotactic factor for neutrophils (153).
Neutrophils are the most abundant circulating leukocytes in
humans and are often the first effectors to the site of
infection. A novel neutrophil chemotactic factor was
isolated from Plasmodium yoelii-infected red blood cells,
and this factor turned out to be ISG15 (153).

Ubiquitin, which is also found in human serum,
has been reported to have cytokine-like activity. Released
ubiquitin has been reported to have anti-inflammatory
properties, inhibiting TNFa production by LPS-activated
peripheral blood mononuclear cells (154). Released
ubiquitin is reported to be involved in regulating immune
responses to sepsis and trauma. Like extracellular
ubiquitin, released ISG15 lacks a reported receptor.
Description of a cellular receptor and an associated signal
transduction cascade would go great lengths towards
making ISG15 a bona fide cytokine. It is, however,
tempting to speculate on the nature of a putative ISG15
receptor. Having been reported as a chemotactic factor of
neutrophils and as being able to activate NK cells, these
cells may be good candidates for the identification of an
ISG1S5 receptor. Extracellular ISG15 and its receptor may
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be used to signal states of cellular stress. While IFNs are
generally thought to act in a paracrine or autocrine fashion,
extracellular ISG15, which can be found at high levels in
serum, may serve as a mechanism whereby a danger signal
can be transmitted longer distances.

9.2. Possible role in regulation of IFN signaling

Binding of type I IFN to its receptor initiates the
JAK-STAT signaling pathway. In mice lacking the ISG15
specific protease UBP43, several events associated with
IFN signaling appear dysregulated (94). Cells from ubp43”
" mice are hypersensitive to type I IFN stimulation. Bone
marrow cells from ubp43” mice undergo apoptosis
following IFN treatment. ISG15 conjugates can be
detected in UBP43 deficient cells even in the absence of
exogenous IFN stimulation and following IFN treatment,
the levels of ISG15 conjugation are dramatically increased
in comparison to wild-type cells. In cells lacking UBP43,
there is an increased and prolonged phosphorylation of
Statl. There are also increases in DNA binding of ISGF3
and expression of IFN-stimulated genes (94). The
enhanced and prolonged signaling events observed in
knockout cells result from the lack of UBP43. Possibly,
these events are related to the increased presence of ISG15
conjugates, but this remains to be demonstrated. Since the
two key players in type I IFN signaling, Jak1 and Statl, can
be modified upon IFN stimulation, it is natural to link their
ISGylation with the IFN hypersensitivity observed in
UBP43 deficient cells. However, there is no current direct
experimental data support this notion. Furthermore, the
increased phosphorylated Statl observed in UBP43
deficient cells following IFN treatment was not observed to
be ISG15 modified. It is possible that ISGylation of Jakl
and Statl are not related to the increased IFN signaling in
UBPA43 deficient cells.

Analyses of the UBP43 knockout mice and of
UBP43 deficient cells have produced information about the
possible roles for protein ISG15 conjugation. However, it
should be noted that UBP43 may have functions
independent of protein ISGylation. ISG15 and UBEIL
knockout mice would be very useful in elucidating the
functions for ISG15 and of ISG15 modification. Since free
ISG15 has been reported to have cytokine function in
stimulating IFN-y production, UBEIL knockout mice
would more clearly demonstrate the role of protein
ISGylation.

9.3. Possible role in innate immunity and anti-viral and
-bacterial infections

IFNs possess important immunologic roles.
Treatment of type I IFN increases the expression of major
histocompatibility complex (MHC) molecules, activates the
cytotoxicity of lymphocytes, and enhances the phagocytic
activity of macrophages (11). Type I IFNs strongly
activate the production of ISG15 and the formation of
ISG15 conjugates. Konzi and Pitha reported that IFN-® is
a stronger inducer of ISG15 expression in PHA-stimulated
human PBMC than IFN-a2 and IFN-® is more efficient in
blocking human immunodeficiency virus (HIV) replication
than IFN-02 (155). Therefore, they analyzed whether
ISG15 has any effect on HIV replication. NL4-3 HIV-1
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provirus DNA was transfected into the CEM X 174 human
lymphoblastic cell line either in the presence or absence of
a plasmid expressing human ISG15. Nuclear and
cytoplasmic  RNAs  were harvested 48  hours
posttransfection. Northern blot analysis revealed that a
noticeable increase of nuclear 9.2 k HIV-1 RNA signal and
a dramatic decrease of cytoplasmic HIV-1 RNA, including
9.2 k unspliced form and 4.2 k and 2.0 k mature forms, in
cells transfected with the ISG15 expressing plasmid (155).
This is the first report that linked ISG15 directly to cellular
anti-viral responses. It will be interesting to see how
significant the increased level of ISG15 protein and
whether there is also an increase of protein ISGylation in
these cells transfected with the ISG15 expression plasmid.

Several interesting observations, of particular
immunologic interest, have been made with the UBP43
deficient mice. Mice lacking expression of UBP43 are
resistant to intracerebral (i.c.) injection of lymphocytic
choriomeningitis virus (LCMV) (156). In contrast, wild-
type mice die between six to eight days post-injection with
LCMV. UBP43 knockout mice have high levels of basal
ISGylation within their meningeal cells, ependymal cells,
and the cells of the choroid plexus, which have been
demonstrated to express UBP43 and are targeted by LCMV
infection (132;156). UBP43 knockout mice have much
lower viral loads than wild type mice after i.c. LCMV
injection.

MEFs from the knockout mice also show
enhanced resistance to infection by Sindbis virus (156). No
differences in viral titers were observed between wild-type
and UBP43 knockout MEF cells 30 hours following
Sindbis virus infection. However, titers taken 4 days after
infection showed that ubp43”" mice had significantly lower
viral titers. Moreover, less IFN was required to inhibit viral
replication in UBP43 knockout mice. Resistance to
vesicular stomatitis virus infection is also observed in both
UBP43 deficient mice and MEFs (156).

Based on a set of observation of ISGIS
localization, a mechanism for a putative anti-viral activity
of ISGylation was proposed in 1994. Loab and Haas report
examined the localization of ISG15 and its conjugates in
A549 lung epithelial carcinoma cells (157). The
immunostaining using an ISG15-specific antibody yielded
a pattern that was cytosolic and which appeared primarily
perinuclear. Moreover, the immunostaining patterns also
suggested that these proteins associated with the cellular
cytoskeleton. In a set of cellular extractions, actin, tubulin,
and soluble cellular proteins were removed, leaving an
intermediate filament network of vimentin and cytokeratin.
ISGI15 signals were observed to remain associated with this
network, and it was concluded that ISGIS5 proteins
associate with the intermediate filaments of cells but also
that these cytoskeletal proteins were not direct targets of
ISGylation.  The cytoskeletal network provides viral
proteins with sites for virus particle assembly (158). Many
viruses also induce morphological changes in cytoskeletal
architecture (159). It was hypothesized that the adsorption
of ISGI15 proteins to the intermediate filament network
inhibits the binding of viral proteins to these sites (157).
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The observations that influenza viruses can
modulate the regulation of the ISG15 system also points to
a potential anti-viral role for ISG15 conjugation (85).
Influenza A virus does not activate ISG15 synthesis in
A549 cells due to a block in the IFN response (85). This is
in contrast to the influenza B virus which does show ISG15
upregulation following infection.  However, although
ISG15 is expressed, its conjugation is blocked by the
influenza B viral protein NS1B, which directly interacts
with the ISG15 protein. It is hypothesized that the direct
interaction between these two proteins prevents the binding
of ISG15 to its El activating enzyme UBEI1L and results in
the lack of protein ISGylation upon influenza B infection
(85).

Most recently, we analyzed the effect of lacking
UBP43 expression on LPS signaling and cellular immune
responses against Gram negative bacteria infection (Kim et
al. manuscript submitted). UBP43 deficient mice are
hypersensitive to LPS treatment and more efficient in
restricting the growth of Salmonella typhimurium than
wild-type mice.

9.4. Possible role in pregnancy

The role of ISG15 in pregnancy has been best
described in ruminant species. In ruminants, expression of
IFN-t is activated and responsible for the establishment of
early pregnancy (160-162). In primates, it is chorionic
gonadotropin which is responsible for establishment of
pregnancy (163). IFN-t has a 45-70% homology to
mammalian type [ IFNs. ISG15 expression is upregulated
in the endometrium of humans (164;165), baboons (165),
cows (44;166-169), sheep (170-173), swine, and mice (174)
in response to IFNs produced by embryos. Moreover, the
placenta is enriched with macrophages which produce IFN
when activated. The expression of bovine ISGIS5 is
increased in the endometrium during early pregnancy (44).
Invasion of receptive uterine epithelium by the conceptus
during the initiation of pregnancy induces the decidual
response, and this event is characterized by the activation
of angiogenesis and inflammation. ISGI15 is present in
decidual cells of pregnant tissue during the first and second
trimesters. ~ The observation that ISG15 expression
increases during pregnancy is interesting, but its
involvement in the process is not yet clear.

9.5. Possible role in cancer

The possible relationships between ISG15 and
cancer are intriguing. As mentioned in a previous section,
the ISG15 activating enzyme UBEIL is not present in
many lung cancers and other solid tumors and, an IFN
insensitive leukemia cell line lacks functional UBEIL
(89;94). Furthermore, the increased expression of ISG15
protease UBP43 was observed in mice expressing AMLI1-
ETO (120). The AMLI1-ETO fusion protein expression is
specifically related to acute myeloid leukemia characterized
by the 8;21 chromosome translocation (175). These reports
indicate a possible role for protein ISG15 modification
system in cancer development. However, molecular
mechanisms, including particular targets, related to cancer
development are not known.
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A possible link between extracellular ISG15 and
presentation of tumor antigens has been made. The
melanoma cell lines Me76.3 and Me67.9 secrete type I IFN
and extracellular ISG15. More than 60 units/ml of type I
IFN and 200 pg/ml of ISG15 have been detected in the
media of cultured Me76.3 and Me67.9 cells. Extracellular
ISG15 was responsible for the upregulation of E-cadherin
in co-cultured immature dendritic cells (176). E-cadherin
is a catenin-associated cell surface adhesion molecule
whose expression increases cellular adhesion, and E-
cadherin has been associated with decreased metastasis of
tumor cells (177). The increase of E-cadherin expression in
dendritic cell has been proposed to decrease the ability of
these dendritic cells to present tumor-specific antigens by
inhibiting their migration from tumor sites.

ISG15 expression and conjugation has been
shown to be induced in NB4 cells, a human acute
promyelogenous leukemia (APL) cell line, following
treatment with all-trans retinoic acid (ATRA) (178).
ATRA is used to treat APL patients expressing the
promyelocytic leukemia/retinoic acid receptor o (PML-
RARo) fusion protein. ATRA triggers myeloid
differentiation and treatment with ATRA terminally
differentiates APL cells (179-181). ATRA treatment has
been reported to induce IFN secretion in NB4 cells (182).
We also observed IFN release in ATRA-stimulated NB4
cells and observed that this IFN secretion is not solely, but
largely responsible for ATRA-induced ISGylation (Dao &
Zhang, paper in preparation).

Expression of UBEIL is upregulated following
ATRA treatment in NB4 cells (178). Promoter sequences of
UBEIL have been reported to possess retinoic acid receptor
element half-sites. Whether these half-sites are sufficient for
direct activation by retinoic acid is not known. It is interesting
to point out that the UBE1L promoter contains IFN stimulating
response element (ISRE) and it is an IFN inducible gene
(26;40). In co-transfection experiments it was shown that the
co-transfection of UBE1L with PML/RARa could result in the
enhanced degradation of the oncogenic fusion protein (178).
Degradation of the fusion protein could be inhibited with
proteasome inhibitors and degradation of PML/RARo was
directly related to expression of UBE1L. Overexpression of
UBEIL in NB4 cells using a retroviral transduction system
induced apoptosis of these cells (178).

9.6. Possible role in protein turnover

Due to the similarities between ubiquitin and
ISG1S5, a possible role for ISG15 in protein turnover has
been explored by several groups. The involvement of
ubiquitin-like modifiers in protein turnover is not
unprecedented. Proteins modified by NEDDS8 are degraded
by the proteasome facilitated by the adaptor protein Nedd8
ultimate buster 1 (NUB1) (183). The mechanism does not
occur directly through Nedd8 conjugation but rather
indirectly through the recruitment of a ubiquitin
conjugating protein complex.

It was observed that the inhibition of cellular
proteasomes resulted in increased levels of ISGIS5
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conjugates, while addition of lysosomal protease inhibitors
did not appear to significantly increase ISG15 conjugates
(135). In these experiments, cells were first treated with
1000 unit/ml IFN-o for 24 hours then incubated with
proteasome inhibitors, such as 20 pM MGI132 or
lactacystin, for an additional 6 hours. Yet, in the presence
of ATP depleting reagents, treatment with proteasome
inhibitor MG132 did not significantly enhance the levels of
ISG15 conjugation. Levels of ubiquitin conjugates were
enhanced following ATP depletion and inhibition of
proteasomal degradation. These observations suggested
that the effect of MG132 in increasing ISG15 conjugate
levels required de novo ISG15 conjugation. The
expectation was that ATP-depletion would abrogate ATP-
dependent ISG15 and ubiquitin conjugation. In the absence
of de novo formation of these conjugates, the block of
proteasome activity should increase the level of total
conjugates if the conjugates are normally degraded via the
proteasomal pathway. Since no increase of ISGIS5
conjugates was observed upon blocking both de novo
ISG15 conjugation and proteasomal degradation, the
authors conclude that ISG15 conjugates are not degraded
through the proteasome pathway, however, the proteasome
somehow modulates protein ISGylation (135).

Using a set of different ISG15 specific antibodies
and MEF cells from wild-type and UBP43 deficient mice, it
was reported by a second group that a brief treatment (three
hours) with the proteasome inhibitors MG132 (10 uM) and
lactacystin (5 uM) did not affect the levels of protein
ISGylation in the absence or presence of IFN stimulation
(200 unit/ml IFN-B for 18 hours) (138). Using these
conditions, inhibition of proteasomal degradation increased
levels of ubiquitylated proteins but had no significant effect
on the levels of ISGylated proteins. Moreover, when a
specific ISG15 target was examined, there was no
appreciable difference in ISG15-modified PLCyl in the
presence or absence of the proteasome inhibitor (138).

In summary, although two groups showed
opposite effects of proteasome inhibitors on the level of
cellular protein ISGylation, both groups had concluded that
protein ISGylation does not target proteins for degradation
through the proteasomal pathway. However, the possibility
that ISG15 modification affects protein degradation via
other pathways could not be excluded. Furthermore, the
different effects of proteasome inhibitors on the level of
total cellular ISGylated proteins observed by the two
groups may be related to the different concentration of
IFNs and proteasome inhibitors used in the assay and the
different lengths of time in which the cells were treated. It
is well known that IFN responses can be elicited by various
cellular stresses, including the toxicity of various drugs.

10. PERSPECTIVES

There are indications that ISG15 may be an
important component in the innate immune response to
viral and bacterial infections, IFN signaling, protein
turnover, pregnancy, and cancer biology. The role of
protein ISGylation in these very important biologic
processes is not entirely clear and requires further
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investigation. Certainly, generation and characterization of
ISG15 knockout mice and UBEIL knockout mice are a
priority and reports about the phenotypes of these mice are
eagerly awaited. How will these mice respond to viral and
bacterial infections? How will they respond to IFN or LPS
treatments? Will they show neurological abnormalities?
Will they be more or less susceptible to certain types of
cancer? These mice may ultimately reveal the function for
ISG15 and ISG15 conjugation. Also of high priority is the
identification of ISG15 modification site(s) in its target
proteins. Two important questions are: 1) Are ISGIS5
targets modified via a common structural feature or
sequence motif, and 2) What are the consequences of
eliminating the modification site(s)?

There are also a number of other pressing
questions. What other targets are modified by ISG15? Do
ISGIS5 targets fall into discernable families or categories?
Does ISG15 modify a particular set of proteins analogous
to Nedd8 modification of cullin family members? What is
the half-life of a protein which becomes ISG15-modified?
Does ISG15-modification increase or decrease the half-life
of the modified protein?

The observation that ISG15 conjugates may
associate with the cellular cytoskeleton is also an
interesting observation. What are the consequences of this
localization? How do ISG15 conjugates localize to the
cytoskeleton and what structural properties impart ISG15
conjugates with this localization?

The localization of UBCHS8 has not yet been
reported in the literature. Localization of ISG15 El, E2,
and E3 molecules may be important pieces of information
as they may give insight into the potential sites of ISG15
modification. Identification of additional ISG15 targets
may also help to answer questions about sites of ISG15
modification. Knowledge of the target proteins and the
cellular compartments through which they traffic and reside
may identify the cellular sites of modification and
deconjugation. Interestingly, the localization for UBP43
has been reported to be mainly nuclear when a GFP-UBP43
fusion protein is expressed in transiently transfected cells
(121). The consequence of this is not known, but the
observation poses a couple of interesting questions. Do
conjugates traffick into the nucleus where ISGIS5 is
cleaved? Can ISGylation occur within the nucleus? A
recent publication reported ISG15 and/or its conjugates
within multiple cellular compartments, including the
cytosol, nucleus, mitochondria, endoplasmic reticulum,
Golgi, and perinuclear space (184). This report does not
necessarily contradict the original ISG15 localization
studies, as there may be cell type differences and as the
antibodies were generated differently and probably
recognized differing epitopes. It does however suggest that
the localization studies warrant further examination.

The identification of UBCS8 as a major ISG15 E2
poses the question: Is UBC8 more efficient at
ubiquitylation or ISGylation? The identification of an E2
molecule serving both ubiquitin and ISG15 conjugation
raises the possibility that other ubiquitin E2 molecules may
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also be capable of mediating ISGylation. It would also be
interesting to know whether E3 molecules identified for
UBCS also act as E3 molecules for ISG15.

ISG15 and its associated enzymes could prove to be
molecules with high therapeutic potential. ISG15 and UBP43
appear to play important roles in IFN signaling, although the
mechanism of the action is not known. It remains to be seen if
the isopeptidase activity of UBP43 is directly related to the
heightened IFN responses seen in UBP43 knockout mice and
cells or, whether there is another function of UBP43 that is
responsible for the observed phenotypes. If the prolonged
presence of ISGIS5 conjugates results in prolonged and
increased IFN signaling, one can envision the value of UBP43
as a therapeutic target. By targeting the activity of UBP43, it
may be possible to modulate IFN responses.

Although much recent progress has been made to
deduce ISG15 function and the function of its associated
enzymes, a complete cellular role is still lacking. Certainly,
much more work remains to be done.
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