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The expression of ubiquitin-like modifier ISG15 and its conjugation to target proteins are highly induced by
interferon (IFN) stimulation and during viral and bacterial infections. However, the biological significance of
this modification has not been clearly understood. To investigate the function of protein modification by ISG15,
we generated a mouse model deficient in UBE1L, an ISG15-activating enzyme. UbelL ™'~ mice did not produce
ISG15 conjugates but expressed free ISG15 normally. ISGylation has been implicated in the reproduction and
innate immunity. However, UbelL ™'~ mice were fertile and exhibited normal antiviral responses against
vesicular stomatitis virus and lymphocytic choriomeningitis virus infection. Our results indicate that UBE1L
and protein ISGylation are not critical for IFN-a/f signaling via JAK/STAT activation. Moreover, using
UbelL/Ubp43 double-deficient mice, we showed that lack of UBP43, but not the increase of protein ISGylation,
is related to the increased IFN signaling in Ubp43-deficient mice.

Interferon (IFN)-stimulated gene 15 (ISG15) encodes a 17-
kDa protein whose expression is highly induced upon IFN
stimulation (1, 5, 15, 17, 34). ISG15 is composed of two domains,
each of which bears high sequence and structural similarity to
ubiquitin (30). As such, ISG15 was originally found to react
with certain ubiquitin antibodies and has thus also been named
ubiquitin cross-reactive protein (7). Like ubiquitin and other
members of the ubiquitin-like modifiers, ISG15 can exist as a
free protein or as a covalent conjugate to target proteins (25).
Paralleling the protein ubiquitination system, ISG15 conjuga-
tion and deconjugation processes are controlled by a canonical
set of enzymes, including the ISG15-activating enzyme UBE1L
(41), ISG15-conjugating enzyme Ubc8 (13, 43), the E3 ligases,
and ISG15-deconjugating enzyme UBP43 (27). Unlike compo-
nents of the ubiquitination system, though, the expression of
ISG15 and most of the known ISG15 modification enzymes is
IFN inducible (1). Therefore, protein ISG15 modification (IS-
Gylation) is strongly induced upon IFN treatment or viral and
bacterial infections. Whether protein ISGylation is involved in
the diverse downstream responses of IFN signaling triggered
by microbes or other stress remains to be determined.

We have documented that UBP43 (USP18) is a 43-kDa
member of the ubiquitin-specific protease family (10, 23, 37,
39). Several other groups also cloned this gene independently
during the analysis of cellular responses to IFN treatment or
viral infections (12, 22, 42). Studies about the substrate spec-
ificity of UBP43 indicated that this enzyme preferentially re-
moves ISG15 from its conjugates, compared to ubiquitin,
Sumo, and Nedd8 conjugates (27). Compared to the wild-type
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control, higher levels of ISGylated proteins, but not ubiquiti-
nated proteins, are detected in Ubp43-deficient cells (36).
Ubp43~/~ cells are hypersensitive to IFN-a/B treatment, have
enhanced and prolonged STAT1 phosphorylation, and show
increased expression of IFN-stimulated genes, including ISG15
(28). Furthermore, Ubp43 knockout mice exhibited enhanced
resistance to certain viral and bacterial infections (14, 35).
These findings suggested a link between protein ISGylation
and IFN-a/B responses. However, we could not rule out the
possibility that these results were unrelated to protein
ISGylation but, rather, were related to the lack of UBP43
expression. To further investigate the functional roles of pro-
tein ISGylation, we generated mice deficient in ISG15 conju-
gation. Free ISG15 has been reported to be a cytokine that
enhances IFN-y production and nature killer cell proliferation
(2). Therefore, we generated UbelL knockout mice lacking
ISG15 conjugation but not free ISG15. Homozygous UbelL
knockout mice were healthy and fertile. Furthermore, UbelL-
deficient cells did not show any abnormal responses to IFN
treatment, and UbelL*" and UbelL /" cells exhibited sim-
ilar susceptibility to vesicular stomatitis virus (VSV) and lym-
phocytic choriomeningitis virus (LCMYV) infection, indicating
that UbelL and protein ISGylation are not essential for IFN
signaling. Using Ube1L/Ubp43 double-deficient mice, we dem-
onstrated that lack of UBP43, not the increase of protein
ISGylation, is related to the increased IFN-o/p signaling of
Ubp43-deficient mice.

MATERIALS AND METHODS

Generation and genotyping of UbelL knockout mice. To generate the target-
ing construct, the 5" arm, 3’ arm, and target regions as indicated in Fig. 1A were
amplified by PCR using mouse genomic DNA prepared from 129Sv embryonic
stem (ES) cells as a template. PCR products were sequenced to check for errors
and subsequently cloned into pBluescript (pBS; Stratagene). The target region
was first subcloned into pBS with EcoR I/Spel digestion. The LoxP site between
exons 13 and 14 was generated by adding the LoxP sequence to the PCR primer
for the target region, and the PCR product was ligated to pBS to create
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FIG. 1. Generation of UbelL knockout mice. (A) Schematics of
UbelL knockout strategy. C on exon 14 indicates active site cysteine of
UBEIL. (B) PCR genotyping of mouse tail DNA. (C) Northern blot
analysis of UbelL mRNA. A mixture of cells from spleen and thymus
from mice of each genotype was cultured in vitro in the absence or
presence of 100 U/ml of IFN-B for 12 h. The mRNA for the UbelL
gene was detected by Northern blotting. (D) Western blot analysis of
protein ISGylation upon LPS challenge in mice. Eighteen hours after
LPS injection, livers, lungs, and spleens were harvested, and protein
ISGylation was detected by Western blotting using anti-mouse ISG15
polyclonal antibody. WT, wild type; HZ, heterozygous; KO, knockout.

pBS_Target-LoxP. A 4.2-kb fragment from the 3’-arm region digested with
Hind III/Sall was ligated to pBS_Target-LoxP digested with the same enzymes,
resulting in pBS_Target-LoxP_3'-arm. To add Frt-PGKneo-Frt-LoxP to the con-
struct, a fragment containing the Frt-PGKneo-Frt-LoxP sequence was cleaved
from pK11 FRT-PGKneo-FRT-loxP pBSSK (kindly provided by Gail Martin,
University of California, San Francisco [29])with Sacl/Kpnl digestion and
blunted. pBS_Target-LoxP_3'-arm was digested with SacI/Kpnl, blunted, and
ligated with the Frt-PGKneo-Frt-LoxP fragment (pBS_Target-LoxP_3'-arm_Frt-
PGKneo-Frt-LoxP). Finally, a NotI fragment of 3.8 kb from the 5’-arm region
was ligated to pBS_Target-LoxP_3'-arm_Frt-PGKneo-Frt-LoxP digested with
the same enzyme, resulting in the final construct (pBS_Target-LoxP_3'-arm_Frt-
PGKneo-Frt-LoxP_5"-arm). The final plasmid was linearized using Pvul and
used for electroporation. The electroporation, expansion of ES (from 129 mice)
cell clones, and blastocyte injection were performed by inGenious Targeting
Laboratory, Inc. (New York, NY).
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Gene targeting in ES clones was determined by Southern blot analysis (Fig.
1A, probes A and B, with Sacl [wild type, 16 kb; knockout, 8.4 kb] and EcoRV
[wild type, 7.9 kb; knockout, 6.0 kb] digestion, respectively [data not shown]).
Germ line-transmitted chimeric mice were produced using standard techniques.
Mice homozygous for disruption of the UbelL allele were then obtained by
intercrossing F; heterozygotes (129 X C57BL/6 mixed). Genotyping of resultant
and successive progeny was performed by PCR using one forward primer on
exon 18 (UbelLGT-FW, ACCTCTTCTCTGCTGAGCATGG) and two reverse
primers, one on the intron between exon 18 and exon 19 (UbelLGT-RV, CTA
CTGAGGGACTAGAGGATGG) and the other on the neo gene (NEO-RV,
CTTCCTCGTGCTTACGGTATCG). The PCR generates two bands; one is ~400
bp, indicating the wild-type allele from the UbelLGT-FW and UbelLGT-RV
primer pair; the other is ~700 bp, showing the targeted allele from the
UbelLGT-FW and NEO-RYV pair. All animals used in the studies were handled
in accordance with guidelines of The Scripps Research Institute, and procedures
were approved by the Institutional Animal Care and Use Committee of the institute.
All mice used for this work were in a mixed background of C57BL/6 and 129Sv.

Generation of UbelL/Ubp43 double-knockout mice. Ubp43 and UbelL dou-
ble-heterozygous mice (Ubp43™/~/UbelL*/") were generated from crossing
UbelL ™/~ and Ubp43*/~ mice (36). Ubp43*/~/UbelL"™~ mice were inter-
crossed to generate double-knockout mice and their littermates.

LPS and poly(I - C) injection and blood cell counting. Lipopolysaccharide
(LPS) (Escherichia coli serotype O127:B8; Sigma, St. Louis, MO) was dissolved
in phosphate-buffered saline (PBS) and intraperitoneally injected to mice at 15
mg/kg of body weight. Poly(I - C) (Sigma) was dissolved in PBS and injected
intraperitoneally into mice at 10 mg/kg of body weight. The total white blood cell
count and blood parameters were measured by using the HEMAVET multispe-
cies hematology analyzer (Drew Scientific, Oxford, CT) following the manufac-
turer’s instructions. Peripheral blood smear was stained with ACCUSTAIN
Wright stain and ACCUSTAIN Giemsa stain solutions (Sigma) following the
two-step staining instruction from the manufacturer. Differential counts of blood
cells were obtained by counting 200 nucleated cells for each sample.

Antibodies and Western blot analyses. Rabbit anti-mouse ISG15 polyclonal
antibody has been described previously (26). Phosphospecific antibody for
STAT1 (Tyr701) was purchased from Cell Signaling (Beverly, MA). Antibodies
for ubiquitin and tubulin-a were from Sigma. Antibodies for STAT1 and induc-
ible nitric oxide synthase (iNOS) were from Santa Cruz Biotechnology (Santa
Cruz, CA) and from Cayman Chemicals (Ann Arbor, MI), respectively. Western
blotting was performed as described previously (27).

Northern blotting. Total RNA from bone marrow-derived macrophages was
isolated using RNA Bee reagent according to the manufacturer’s instructions
(Tel-Test Inc., Friendswood, TX). Ten micrograms of total RNA from each time
point was separated on an agarose-formaldehyde gel (0.22 M), blotted on Hy-
bond N membrane (GE Healthcare, Piscataway, NJ), and probed with 32P-
labeled ¢cDNAs. UV detection of 28S rRNA was used as an equal loading
control.

In vitro bone marrow cell culture and apoptosis assay. Liquid culture of bone
marrow cells was performed in RPMI 1640 medium with 10% fetal bovine
serum, 10 ng/ml interleukin-3 (PeproTech, Rocky Hill, NJ), 10 ng/ml interleu-
kin-6 (PeproTech), and 100 ng/ml stem cell factor (PeproTech) in the absence or
presence of the indicated amount of IFN-B (Calbiochem, San Diego, CA). An
annexin V-PE/7-AAD (7-amino-actinomycin D) apoptosis assay was performed
using an apoptosis detection kit according to the manufacturer’s instructions
(BD PharMingen, San Diego, CA).

Viral infection. A VSV antiviral assay was performed as reported previously
(40). UbelL*/* and UbelL™/~ mice were inoculated intracerebrally with 30 pl
of serum-free Dulbecco’s modified Eagle’s medium containing 1,000 PFU of
Armstrong strain of LCMV.

Generation of MEFs. Embryos (day 12.5) were aseptically taken out from the
mother and washed once with PBS. The head and liver were removed from the
body, and the rest was soaked in 2 ml of trypsin, crushed by passing through a
needle, and then incubated at 37°C for 30 min. Cells were harvested, resus-
pended in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) with
10% fetal bovine serum (HyClone, Logan, UT) and 2 mM L-glutamine (Invitro-
gen, Carlsbad, CA), and then plated in one 10-cm dish per embryo. All mouse
embryonic fibroblast (MEF) cells used in this report are from breeding of Ubp43
and UbelL double-heterozygous mice (Ubp43™/~ UbelL*/7).

RESULTS

Generation of UbelL-deficient mice. To investigate the role
of protein ISGylation without compromising any possible func-
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tions of free ISG1S5 itself, we generated the UbelL knockout
mice that lack the only known E1 enzyme for the ISGylation
system. For the conditional disruption of the UbelL gene (Fig.
1A) we added two loxP sites to the introns encompassing exons
14 to 18, where the active-site cysteine on exon 14 is located
(13). This construct also contains the bacterial neomycin gene
as a selection marker in an opposite direction to the UbelL
gene. Chimeric mice were produced by injection of two inde-
pendent clones of heterozygous ES cells into C57BL/6 blasto-
cyst stage embryos, and germ line transmission was determined
by breeding with wild-type C57BL/6 mice.

Defective protein ISGylation but normal ubiquitination in
UbelL knockout mice. Mice were genotyped by PCR (Fig. 1B),
and expression levels of UbelL mRNA were compared among
wild-type, heterozygous, and UbelL knockout mice. A mixture
of cells from the spleen and thymus of each genotype was
cultured in vitro in the absence or presence of 100 U/ml of
IFN-B for 12 h. The mRNA for the UbelL gene was detected
by Northern blotting (Fig. 1C). Wild-type cells showed a single
band of mRNA; heterozygous cells contained two bands of
UbelL mRNA, one the same size as that of the wild type and
another slower-migrating band, indicating a larger mRNA re-
sulting from the insertion of the Neo gene. UbelL knockout
cells showed a single band of mRNA, which matched the larger
band of heterozygous cells. To determine whether lack of
UbelL mRNA correlated with decreased ISGylation in vivo,
we injected wild-type, heterozygous, and knockout mice with
LPS, which should result in IFN-a/B production and subse-
quent increased ISGylation (14). Approximately 18 h later,
livers, lungs, and spleens were harvested, and protein ISGyla-
tion was detected by Western blotting (Fig. 1D). Protein IS-
Gylation was readily detected in tissues from wild-type but not
from UbelL knockout mice. Tissues from heterozygote mice
showed a decreased amount of ISG15 conjugates, indicating
that the lack of expression of UbelL from one allele caused
reduced conjugation of ISG15 to target proteins. UbelL-defi-
cient cells showed an increased amount of free ISG15 as a
result of the lack of conjugation. We obtained similar results
with mice derived from two independent ES clones. These
results indicate that UbelL knockout mice are defective in
protein ISGylation but not in free ISG15 expression.

UbelL was identified as a gene encoding a protein homol-
ogous to the ubiquitin-activating enzyme (UBEL) (16). UBE1L
shares significant homology with UBEL1 including similar do-
main structure and high conservation in their amino acid se-
quences (46% identical between human UBE1 and UBEIL)
(Fig. 2A). Furthermore, ISG15 E2 Ubc8 is a known ubiquitin
E2 (18). These findings led us to consider whether UBE1L
contributes to protein ubiquitination. For this we compared
protein ISGylation and ubiquitination in UBEI1L-deficient
macrophages treated with LPS (Fig. 2B) and MEFs treated
with IFN (see Fig. 6). ISGylated proteins were not detected in
macrophages or MEFs derived from UbelL ™'~ mice. Protein
ubiquitination was normal. Taken together, these results
strongly support the view that UBEIL is the only strictly re-
quired E1 for the ISGylation pathway, but UBEIL is not in-
volved in the cellular ubiquitination process.

Normal responses of UbelL-deficient cells and mice to IFN-
«/B. Offspring of heterozygous mice (UbelL™") breeding
were born at the expected Mendelian ratio of 1:2:1 of
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FIG. 2. Analysis of protein ISGylation and ubiquitination in UbelL
knockout cells. (A) Schematics of human ubiquitin-activating enzyme
(UBEL1) and ISG15-activating enzyme (UBE1L) indicating similar do-
main structures. ThiF, a repeated domain in ubiquitin-activating en-
zyme E1 and members of the bacterial ThiF/MoeB/HesA family;
UBACT, a repeat in ubiquitin-activating enzyme E1. The numbers on
the right side indicate the number of amino acids in each protein.
(B) Bone marrow-derived macrophages from wild-type and UbelL
knockout mice were treated with 100 ng/ml of LPS for the time periods
indicated in the figure. Cells were harvested and subjected to immu-
noblotting against ISG15 and ubiquitin.

UbelL**, UbelL*", and UbelL™/~ (UbelL*'*, 19;
UbelL*'~, 42; and UbelL ", 18). This indicates that UbelL
and protein ISGylation are not essential for embryonic devel-
opment and agrees with previous observations on the ISG15
knockout mice (31). UbelL knockout mice appeared normal,
healthy, and fertile. Since the ISGylation system is induced
upon IFN challenge and UBP43-deficient cells showed hyper-
sensitivity to IFN-o/B (28), we examined the IFN-response of
UbelL-deficient cells. Macrophages derived from bone mar-
row cells of wild-type or UbelL knockout mice were cultured
in vitro and treated with 100 U/ml of IFN-B or IFN-y, and
STAT1 phosphorylation was detected as an indication of the
activation of the signaling pathway. Increased phosphorylation
of STAT1 upon IFN treatment was observed. However, there
was no difference in STAT1 phosphorylation between wild-
type and UbelL-deficient cells (Fig. 3A, w/o pretreat). We
then analyzed the effect of IFN-pretreatment, which induces
protein ISGylation in wild-type cells but not in knockout cells.
IFN-B or IFN-y (100 U/ml) was added to the cells for 24 h, and
then the same amounts of IFNs were added again. Pretreat-
ment desensitizes cells to additional stimulation by IFN, and as
shown in Fig. 3A (w/ pretreatment), we found significantly less
phospho-STAT1 but no difference between wild-type and
knockout cells. We also compared the expression of ISGs
(ISG15 and IRF-7) in macrophages from wild-type and UbelL
knockout mice upon LPS treatment. LPS activates the expres-
sion of these genes via the IFN signaling pathway (14). Wild-
type and UbelL-deficient cells showed quite similar expression
patterns for both genes upon LPS treatment (Fig. 3B).

We have previously reported that bone marrow cells from
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FIG. 3. Analysis of IFN-response in UbelL knockout cells.
(A) Bone marrow-derived macrophages from wild-type (WT) and
UbelL knockout (KO) mice were cultured in the absence or presence
of 100 U/ml of IFN-B or IFN-vy for 24 h and then treated with the same
amount of IFN-B or IFN-y for the indicated time periods. Cells were
harvested and subjected to immunoblotting against pSTAT1 and
STAT1. (B) Macrophages from wild-type (WT) and UbelL knockout
(KO) mice were treated with 100 ng/ml of LPS and harvested at the
indicated time points, and the induction of genes for ISG15 and IRF-7
was detected by Northern blotting.

Ubp43-deficient cells are hypersensitive to apoptosis caused by
IFN-o/B (28). Therefore, we examined the UbelL knockout
mouse model to see whether a defect in the [SGylation system
plays a role in IFN-induced cell death. A low dose of IFN-3
(100 U/ml) was first added to the bone marrow cells to induce
ISGylation for 24 h; then the cells were treated with a high
IFN-B dose (1,000 U/ml) for 48 h to induce apoptosis. Apo-
ptosis of bone marrow cells was measured by annexin V/7-
AAD staining. As shown in Fig. 4, there was no significant
difference between wild-type and UbelL knockout cells in
their sensitivity to IFN-induced cell death. Furthermore, no
differences in peripheral blood cell count and other blood
parameters were observed between wild-type and UbelL
knockout mice either without any treatment or after poly(I - C)
stimulation (Table 1). In summary, UbelL-deficient cells do
not show any detectable differences from wild-type cells in
their responses to IFN treatment.

Similar antiviral responses between wild-type and UbelL
knockout cells against VSV and LCMV. In addition to en-
hanced protein ISGylation and hypersensitivity to IFN stimu-
lation, Ubp43~/~ mice also exhibited increased resistance to
viral infection (35). Therefore, we examined the consequences
of an absence of protein ISGylation on the antiviral effects of
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FIG. 4. UbelL-deficient cells are not hypersensitive to IFN-o/B-
induced cell death. Bone marrow cells isolated from wild-type (WT)
and UbelL knockout (UbelL KO) mice were cultured in vitro and
treated with 100 U/ml IFN- for 24 h and then treated with 1,000 U/ml
IFN-B for an additional 48 h. An apoptosis assay was performed by
staining cells with annexin V/7-AAD, followed by fluorescence-acti-
vated cell sorting analysis.

IFN in MEFs (Fig. 5A). Treatment with increasing concentra-
tions of IFN-B correlated positively with the antiviral stage of
both wild-type and UbelL knockout MEFs upon infection with
VSV, with no detectable differences in the response between
the two genotypes. To further investigate the antiviral potential
of protein ISGylation, we determined mouse survival after
intracranial LCMYV infection. Five wild-type and five knockout
mice were intracranially injected with 1,000 PFU of LCMV
and examined for mouse lethality caused by virus-induced
LCM. All of the mice died between days 6 and 7 (Fig. 5B),
indicating that there is no significant difference between wild-
type and UbelL knockout mice for LCMV-caused death.
These two viral infection experiments suggest that protein
ISGylation is not significantly involved in the antiviral response
against VSV and LCMV.

Hypersensitivity of Ubp43-deficient cells to IFN-a/f3 is not
rescued in a UbelL/Ubp43 double knockout. Ubp43-deficient
cells have enhanced protein ISGylation and are hypersensitive
to IFN-«/B treatment, which led to the originally proposed role
of ISGylation in regulating IFN signaling. However, as the data
indicate, UbelL-deficient cells lack protein ISGylation but are
normal in inducing IFN signaling. To further verify these ob-
servations, we generated Ubp43/UbelL double-deficient mice
by intercrossing Ubp43 and UbelL double-heterozygous mice
(Ubp43*/~/UbelL*'7). We first checked IFN-induced
ISGylation and STAT1 phosphorylation in primary MEFs
derived from wild-type, UbelL /", Ubp43 /", and Ubell/
Ubp43 double-deficient mice. As expected, elevated protein
ISGylation was detected in Ubp43~/~ cells compared to wild-
type cells, and no ISGylation was detected in either UbelL ™/~
or UbelL/Ubp43 double-deficient cells (Fig. 6). However, the
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TABLE 1. Blood analysis”

% in blood WBCs

Mice and treatment WBCs (10%/pl) RBCs (10%/pl) Hb (g/dl) PLT (10%/pl)
Lymphocytes Neutrophils Eosinophils Monocytes
Before poly(I - C)
WT (n = 4) 95+29 9.8 0.3 12.6 =24 995 = 119 81.1 2.6 13525 19*18 35 +0.6
UbelL™" (n = 4) 95+ 13 89+13 132 £23 930 = 102 809 £ 1.9 128 =34 29+ 13 3.6x1.4
After poly (I-C)
WT (n = 4) 73+14 82*15 126 £ 3.4 954 = 224 67.4 29 26.1 =43 29+ 1.7 3.6+1.4
UbelL™" (n = 4) 95+ 13 85+ 1.0 125*+15 928 = 50 67.0 2.4 26.6 £ 3.8 2.6 =13 3.6 0.8

“ Samples were collected via retro-orbital bleeding from wild-type (WT) and Ube1L knockout (Ube1L /") mice before and after daily poly(I - C) injections for 2 days.
WBCs, white blood cells; RBCs, red blood cells; Hb, hemoglobin; PLT, platelets. Values are means * standard deviations.

prolonged phosphorylation of STAT1 in Ubp43~/~ cells was
not affected in UbelL/Ubp43 double-deficient cells even
though these cells did not show protein ISGylation, indicating
that the prolonged phosphorylation of STAT1 in Ubp43~/~
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FIG. 5. VSV protection assay. (A) Wild-type and Ube1L knockout
MEFs were left untreated or treated with 100 or 1,000 U/ml of IFN-
for 24 h, followed by VSV infection ranging from a multiplicity of
infection of 0 to 10* per well for an additional 24 h. Cell viability was
assessed by crystal violet staining. (B) UbelL™* (n = 5) and
UbelL ™'~ (n = 5) mice were infected intracerebrally with 1,000 PFU
of LCMV and monitored daily for development of clinical symptoms
and survival.

cells is unaffected by protein ISGylation levels. Next, we ex-
amined IFN-induced apoptosis in bone marrow cells prepared
from wild-type, Ubp43~/~, and UbelL/Ubp43 double-knock-
out mice. As shown in Fig. 7, there is no significant difference
in IFN-induced cell death between Ubp43~/'~ and Ubell/

WT  UbeilL--Ubp43-- DKO

c 4 12 ¢c 412 ¢c 412 c 4 12 (h)
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FIG. 6. Detection of ISGylation, STAT phosphorylation, iNOS ex-
pression and ubiquitination in wild-type (WT), UbelL ™", Ubp43~/",
and UbelL/Ubp43 double-knockout (DKO) cells. MEFs prepared
from littermates of wild-type, UbelL ™", Ubp43~/~, and Ubell/
Ubp43 double-knockout mice were treated with 1,000 U/ml of IFN-3
for the indicated time periods. Protein ISGylation, phosphorylation of
STATI1, STAT1 itself, iNOS expression, and protein ubiquitination
were analyzed by Western blotting.
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FIG. 7. UbelL/Ubp43 double-knockout cells remained hypersensi-
tive to IFN-induced cell death. Bone marrow cells from wild-type
(WT), Ubp43 knockout (Ubp43~/7), and Ubp43/UbelL double-
knockout (DKO) mice were treated with 50 U/ml of IFN-B for 48 h.
The apoptosis analysis was performed as described in the legend of
Fig. 4.

Ubp43 double-knockout cells. These results demonstrate that
the hypersensitivity to IFN-a/f in UBP43-deficient cells is not
related to protein ISGylation.

DISCUSSION

Ubiquitin and the family of ubiquitin-like modifiers are im-
portant players in regulating multiple cellular events ranging
from protein stability to signal transduction (9, 11, 32). In
contrast to ubiquitin and other ubiquitin-like modifiers,
though, much less is known about the function of ISG15 and
protein ISGylation. ISG15 was discovered during the studies of
proteins and genes differentially expressed upon IFN treat-
ment (5). Further studies indicated that LPS, retinoic acid, and
other chemicals and stresses can also induce ISG15 expression
and protein ISGylation (21, 24, 33). However, IFN-«o/B signal-
ing via ISGF3 complex formation and activation of IRF3 via its
phosphorylation remain as major mechanisms for the induc-
tion of ISG15 expression and conjugation. Since IFN and LPS
signaling are closely linked to viral and bacterial infections,
protein ISGylation may play a role in innate immunity to
microbes (1).

Cells derived from ISG15-deconjugating enzyme UBP43

ANALYSIS OF UbelL-DEFICIENT MICE 477

knockout mice (36) showed markedly higher levels of protein
ISGylation and also displayed a hypersensitivity to IFN-a/B
treatment (28), suggesting that increased protein ISGylation
causes enhanced IFN signaling. This, however, does not con-
clusively demonstrate whether increased ISGylation was the
cause or a consequence of the IFN hypersensitivity. To address
this issue we generated knockout mice for UbelL, the E1 for
ISG15 conjugation.

To study protein ISGylation in different cell types and at
different developmental stages, we decided to generate a con-
ditional UbelL knockout model. Interestingly, due to a change
in exon-intron splicing with the insertion of an Frt-flanked
pGK-Neo DNA fragment (Fig. 1C), the homozygous mice
carrying the initial targeting construct via homologous re-
combination had already lost UBEIL activity and protein
ISGylation. No significant change in total protein ubiquitina-
tion was detected in UbelL-deficient cells, indicating that
UBEIL is not involved directly in the ubiquitination process,
despite its high homology to UBEL. The absence of ISGylation
also plays no general role in altering cellular ubiquitination
levels.

UbelL knockout mice were born at the expected Mendelian
ratio, healthy and fertile, suggesting no significant role of
ISGylation system in normal embryonic development, life, and
reproduction. ISGylation is induced by IFN-o/B, which led us
to examine a possible role of ISGylation in IFN-o/f signaling
and in viral infection. Ube1L*"* and UbelL /" mice injected
with poly(I - C) or LPS showed similar responses in terms of
lethality and white blood cell counts. Furthermore, no obvious
difference was detected regarding antiviral responses against
VSV and LCMYV, and the response to IFN in UbelL-deficient
cells was normal. These results clearly demonstrate that
UbelL and protein ISGylation are not essential for IFN sig-
naling via JAK/STAT activation.

Protein ISGylation is a tightly regulated energy-consuming
(ATP-dependent) process. ISG15 and all of the known en-
zymes associated with protein ISGylation are encoded by IFN-
inducible genes. It is therefore reasonable to suspect that
ISGylation plays important roles during innate immune re-
sponses. The lack of any noticeable phenotype associated with
UbelL ™/~ mice may be due to compensatory pathways among
the existing several hundreds of IFN-inducible genes (3, 4, 19).
A detailed characterization of UbelL™’~ mice may uncover
new aspects about the function of the ISGylation system. In
addition, crossing of UbelL-deficient mice with other trans-
genic or knockout mice, especially for genes with demon-
strated functions in innate immune responses could provide
new insights about the role of ISGylation in innate immunity.
Likewise, it would be important to elucidate the biological
consequences of Serpin 2A, Statl, Jakl, PLCyl, and Erk1/2
ISGylation (8, 26). Most recently, ISG15 modification via the
€-amino group of a lysine residue has been confirmed via mass
spectrometry analysis of ISGylated Ubcl3 (45), and a large
number of additional potential ISG15 target proteins have
been identified from immunoaffinity purification and mass
spectrometry analysis (6, 38, 44, 45). The study of these new
target proteins may reveal a role of protein ISGylation in
additional biological pathways. Recent studies with Sindbis
virus have provided further support for a contribution of pro-
tein ISGylation in the host antiviral response (20). Chimeric
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Sindbis virus expressing wild-type ISG15, but not a nonfunc-
tional mutant of ISG15, exhibited attenuation upon infection
of IFN receptor gene ifnarl knockout mice.

As predicted Ubp43 and UbelL double-knockout mice lack
detectable protein ISGylation. However, their hypersensitivity
to IFN—as judged by enhanced Stat1 phosphorylation and the
increased number of apoptotic cells upon IFN treatment (Fig.
6 and 7)—remained unchanged compared to the levels ob-
served in single-knockout mice. These results indicate that lack
of Ubp43, not an increase of protein ISGylation, is responsible
for the IFN-hypersensitive responses in Ubp43-deficient cells.
These new findings disprove our original hypothesis stating
that increased protein ISGylation was directly linked to en-
hanced IFN-o/B signaling (28). Additional studies have dem-
onstrated that UBP43 is a negative regulator of IFN-a/f sig-
naling independent of its ISG15 isopeptidase activity (O.
Malakhova et al., unpublished data). Further investigation is
necessary to elucidate the complete range of UBP43 biological
activities and underlying molecular mechanisms.
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