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Murine Herc6 Plays a Critical Role in Protein ISGylation
In Vivo and Has an ISGylation-Independent

Function in Seminal Vesicles
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Hideyuki Suzuki,8 Dong-Er Zhang,1,9 and Kunitada Shimotohno10

ISG15 conjugation (ISGylation) to proteins is a multistep process involving interferon (IFN)-inducible UBE1L
(E1), UbcH8 (E2), and ISG15 E3 ligases (E3s). Studies performed over the past several years have shown that
ISGylation plays a pivotal role in the host antiviral response against certain viruses. Recent in vitro studies
revealed that human Herc5 and mouse Herc6 are major ISG15 E3 ligases, respectively. However, the global
function of Herc5/6 proteins in vivo still remains unclear. Here, we report generation and initial characterization
of Herc6 knockout mice. Substantial reductions of ISGylation were observed in Herc6-deficient cells after
polyinosinic-polycytidylic acid double-stranded RNA injection of mice or IFN treatment of cells. On the other
hand, Herc6-deficient cells and wild-type (WT) cells had similar responses to IFN stimulation, Sendai virus (Z
strain) infection, and vesicular stomatitis virus infection. These results indicate that Herc6 does not play a
critical role in antiviral defense of these viral infections in mice. Interestingly, male Herc6-deficient mice
showed seminal vesicle hypertrophy. No such problem was detected in WT and ISG15 activating enzyme
Ube1L-deficient mice. These results suggest that in addition to promoting protein ISGylation, Herc6 has a novel
and protein ISGylation-independent function in the male reproductive system.

Introduction

ISG15 is a 17 kDa ubiquitin-like modifier. Its expression is
rapidly induced by type I interferon (IFN) (Bedford and

others 2011). Similar to ubiquitin, ISG15 is conjugated to
lysines on broad target proteins through the reaction of
specific E1-activating (UBE1L), E2-conjugating (UbcH8),
and E3-ligase enzymes (Yuan and Krug 2001; Kim and
others 2004; Dastur and others 2006; Wong and others
2006). The deconjugation of ISG15 from cellular proteins is
carried out by USP18 (Burkart and others 2013). Previous
in vitro knockdown studies suggested that human Herc5 and
mouse Herc6 are the main ISG15 E3 ligases to mediate
global conjugation in human cells and mouse cells, re-

spectively (Wong and others 2006; Oudshoorn and others
2012). Mice do not possess the Herc5 gene among the Herc
family genes. Human Herc6, which is the closest relative to
human Herc5, was devoid of any ISG15 E3 ligase activity
(Hochrainer and others 2005; Dastur and others 2006;
Oudshoorn and others 2012).

ISG15-mediated antiviral activity against influenza, herpes,
and Sindbis virus has been shown in vivo by means of infec-
tions in ISG15- / - and UBE1L- / - mice (Lenschow and others
2005, 2007; Lai and others 2009; Lenschow 2010). In addition,
in vitro studies for either the overexpression of ISG15 or
knockdown of ISG15 using siRNA have implicated ISGylation
in the regulation of influenza B virus, vaccinia virus, Sindbis
virus, herpes simplex-1 virus, Sendai virus, and Japanese
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encephalitis virus, as well as in the release of virus-like par-
ticles derived from HIV-1 and avian sarcoma leukosis virus
(Okumura and others 2006, 2008; Guerra and others 2008;
Malakhova and Zhang 2008; Hsiang and others 2009; Hsiao
and others 2010; Lenschow 2010; Pincetic and others 2010).
Although the mechanism by which ISG15 is regulating viral
growth is still unknown for the majority of these viruses, it has
been reported that ISG15 achieves its antiviral role by conju-
gating to target proteins, including both host proteins and viral
proteins, and altering their functions. For example, ISG15 can
be conjugated to host antiviral protein interferon regula-
tory factor 3 (IRF3) and, thus, stabilize IRF3 by inhibiting its
interaction with peptidyl-prolyl cis-trans isomerase NIMA-
interacting 1 (PIN1), a protein that promotes IRF3 ubiqui-
tination and degradation (Shi and others 2010). In most
overexpression studies, ISG15 and its conjugation-related
enzymes have been coexpressed, suggesting that ISG15
conjugation to target proteins is required for these antiviral
effects. Despite these observations with either in vivo or
in vitro studies, there are some controversial phenotypes:
No differences in viral growth of influenza A, herpes sim-
plex virus-1, Sindbis, and wild-type (WT) vaccinia virus in
ISG15 - / - mouse embryonic fibroblast cells (MEFs) and
vesicular stomatitis virus (VSV) in UBE1L - / - MEFs have
also been reported (Osiak and others 2005; Kim and others
2006; Lenschow and others 2007; Guerra and others 2008).

A recent report indicated that human Herc5 globally
targets de novo synthesized proteins for ISG15 conjugation,
thereby making viral proteins major targets for ISGylation
(Durfee and others 2010). However, the question remains
whether Herc5 and global ISGylation are important for an-
tiviral activity in vivo, as ISGylation-mediated antiviral ef-
fects might be due to other minor ISG15 E3 ligases with
more narrow specificity, such as estrogen-responsive finger
protein (EFP, also called TRIM25) (Park and others 2014).
Since there is no mouse ortholog of human HERC5, the
other members of HERC family proteins have been exam-
ined for ISG15 E3 activity. A recent report shows that Herc6
knockdown in mouse L929 cells abolished global ISGyla-
tion, whereas its overexpression enhanced ISGylation as
well as IFN-b production, and conferred antiviral activity
against vesicular stomatitis virus and Newcastle disease
virus, which indicated that Herc6 is likely the functional
antiviral factor in mouse cells (Oudshoorn and others 2012).

Here, we established the Herc6 null mice to study their
role in protein ISGylation in vivo. Herc6 knockout mice
lacked protein ISGylation. Herc6-deficient primary MEFs
and bone marrow-derived macrophages (BMDM) lost the
capacity to conjugate ISG15 to a broad group of proteins.
These analyses with our newly generated Herc6 knockout
mice confirmed the previous finding in the in vitro system
that Herc6 is the major ISG15 E3 ligase in mice. Further-
more, we examined STAT1 phospharylation on IFN-b
treatment, production of IFN-b and IL-6 after SV infection,
or double-stranded RNA poly I:C treatment of WT and
Herc6 - / - BMDM. No significant difference was detected.
In addition, the virus titers of VSV in WT and Herc6 - / -

MEFs were similar. These results indicate that Herc6-
mediated protein ISGylation has no obvious effect on IFN
signaling and antiviral activity against SV and VSV under
current experimental conditions. As a critical different
phenotype from ISG15 E1 Ube1L knockout mice that also
lack protein ISGylation, male Herc6-deficient mice showed

severe seminal vesicle hypertrophy. This finding suggests
that Herc6 has a role in regulating sperm sac morphology,
which is independent of protein ISGylation.

Materials and Methods

Generation of Herc6 knockout mice

The Herc6 mutant mice (accession No. CDB0585K; www
.cdb.riken.jp/arg/mutant%20mice%20list.html) were generated
by gene targeting in TT2 embryonic stem (ES) cells (Yagi and
others 1993), as previously described (www.cdb.riken.jp/arg/
Methods.html). Two Herc6 mutant mouse strains (line 1, #29
and line 2, #51) were established from independent homolo-
gous recombinant ES cells, and no difference in phenotype
was apparent between them. In this study, all of the experi-
ments were carried out with line 1 (#29) mice.

Animal studies

CBA/C57BL6 Mix background Herc6 KO (4 times back-
crossed) mice and C57BL6 pure background WT and Herc6
KO mice were maintained at Kobe BM laboratory (Oriental
Bio Service, Inc.). C57BL6 pure background WT and UBE1L
KO mice were maintained at UCSD Moores cancer center.
Animal studies in Kobe BM laboratory were properly con-
ducted in accordance with regulations regarding animal ex-
periments in Japan. Animal experiments in UCSD Moores
cancer center were performed in accordance with NIH policies
on the use of laboratory animals and approved by the Animal
Research Committee of the Office for the Protection of Re-
search Subjects at the University of California, San Diego.

Southern blotting and PCR genotyping

Southern blots were performed using a radioactive label or
DIG label (Roche) methods according to the manufacturer’s
protocols. The probe for Southern blotting was amplified
using primers as follows: Fw (5¢-TGA AGACAG ACA AGG
TGG AAT AAC TTG ATA-3¢), Rev (5¢-CAG CTG CAG
TAC CAC AGG TGA TGT GGT ACT-3¢). The genotyping
of mice was routinely performed with tail by PCR using a
mixture of 3 primers after overnight treatment with proteinase
K in PCR buffer. The sizes of the PCR products are WT allele
(258 bp) and mutant allele (787 bp). The PCR primers were as
follows: P1 (5¢-ACA GGA TGT GAT AGG CTG CAT GTG
AAA G-3¢) and P3 (5¢-AAA CAC CTA GTT CCC GAG
GCT GTG AAC T-3¢) for the Herc6 WT allele; P2 (5¢-ATC
AGG ATG ATC TGG ACG AAG AGC ATC A-3¢) and P3
for the Neo gene. The PCR conditions were 95�C for 2 min,
40 cycles of 95�C for 30 s, 55�C for 30 s, and 72�C for 1 min,
followed by 72�C for 10 min.

Cell culture and transfection

MEFs were prepared from E12.5 embryos and grown in
Dulbecco’s modified Eagle medium supplemented with glu-
tamine, penicillin/streptomycin, and 10% fetal bovine serum
(FBS). BMDM were cultured in RPMI1640 medium supple-
mented with glutamine, penicillin/streptomycin, 10% FBS,
and macrophage colony-stimulating factor. For the knock-
down analysis, siRNA was transfected using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instruction.
At 72 h after the siRNA transfection, cell lysates were pre-
pared for examination.
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Antibodies and reagents

Anti-mouse Herc6 polyclonal antibodies were generated in
rabbits by using the mouse Herc6 recombinant protein that
was bacterially produced using GST (6P-1) mHerc6 652-
1003aa. Antibodies against STAT1, p-STAT1 (Y701), and
ISG15 (#2743) were purchased from Cell Signaling. For the
detection of protein ISGylation in liver and spleen tissue
samples of WT and Herc6 knockout mice with or without poly
I:C injection, and BMDM samples of WT and Herc6 knockout
mice with or without IFN-b treatment, we used Dong-Er
Zhang Lab’s anti-mouse ISG15 antibody. Anti-a-tubulin
(Sigma) and actin were acquired from Oncogene Research
Products. Poly I:C was purchased from Amersham. Mouse
IFN-b was purchased from PBL. Sendai virus (Z strain) and
VSV were kindly provided by Dr. Masato Nakanishi (Re-
search center for stem cell engineering, AIST, Japan).

Knockdown

For knockdown of Herc6, the following siRNAs were used:
si-Herc6-1: 5¢-gaaauaagcuuuaugccuauu-3¢ (B-Bridge In-

ternational, Inc.)
si-Herc6-2: 5¢-ggaacaaaguuaaagaacauu-3¢ (B-Bridge In-

ternational, Inc.)
si-Herc6-3: 5¢-ccuacagaaugaaggaauauu-3¢ (B-Bridge In-

ternational, Inc.)
Control siRNA (si-GFP); 5¢-acuuguacagcucguccauuu-3¢

(B-Bridge International, Inc.)

Western blotting

Western blotting was conducted as previously described
(Arimoto and others 2010). All samples were denatured in
1· sample buffer [50 mM Tris-HCl (pH 6.8), 2% sodium
dodecyl sulfate (SDS), 2-mercaptethanol, 10% glycerol, and
1% bromophenol blue] for 5 min at 100�C. Cells were lysed
in RIPA buffer composed of 25 mM Tris-HCl (pH 8.0),
150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.1%
SDS, 1% Nonidet P-40, and 0.5% sodium deoxycholate. The
cell lysates were centrifuged (10,000 g) at 4�C for 5 min. All
lysis buffer in this study contains proteinase and phospha-
tase inhibitors (Roche). For the quantification, the Fujifilm
Multi-gauge V3.0 was used.

Enzyme-linked immunosorbent assay

Culture media were collected and analyzed for IFN-b and
IL-6 production by using enzyme-linked immunosorbent
assays (ELISAs). ELISA kits for mouse IFN-b and IL-6
were purchased from PBL Biomedical Laboratories.

TCID50 assay

50% tissue culture infectious dose (TCID50) assay was
conducted as previously described (Arimoto and others
2010). Approximate viral titers were calculated by TCID50
assay. Results of this assay are well in accordance with
those of the general plaque assay. After 12 h VSV infection,

FIG. 1. Generation of
Herc6 knockout mice. (A)
Schematics of Herc6 knock-
out strategy. (B) Schematic
diagram of Herc6 protein and
the target deletion region is
indicated with an arrow. (C)
PCR genotyping of mouse
tail DNA. (D) Southern blot
analysis of mouse tail DNA.
(E) Western blot analysis of
protein ISGylation. Twenty-
four hours after poly I:C
injection, spleens were har-
vested. Herc6 protein was
detected in the spleen ex-
tracts from WT mice, but not
from Herc6 knockout mice
by Western blotting using
anti-mouse Herc6 polyclonal
antibody. WT, wild type; He,
heterozygous; KO, knockout.
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the culture medium was diluted 3 · 104 times and then added
to the first line of a 96-well plate with 50mL medium con-
taining 293T cells, making a serial 3-fold dilution. At 1–2
days after infection, more than 50% cell alterations in each
dilution step was analyzed with the following formula:
TCID50 = (rate of dilution at first line) · (dilution rate)S- 0.5,
where S = the number of wells observed with more than
50% cell alteration in each dilution step/sample sum.

Histology

Whole body was fixed by 10% formaldehyde solution,
and tissues were paraffin embedded into OCT compound
(Tissue-Tek). For histochemical analysis, paraffin sections
were stained with H&E according to standard protocols.

Results

Disruption of the mouse Herc6 gene

In line with the previous report using L929 cells and
siRNA against Herc6 (Oudshoorn and others 2012), we
observed the reduction of ISGylation in Herc6 knockdown
primary MEFs after IFN treatment (Supplementary Fig.

S1; Supplementary Data are available online at www
.liebertpub.com/jir). To investigate the role of protein IS-
Gylation by Herc6 in vivo, we generated Herc6 knockout
mice. For the disruption of the Herc6 gene, we added 2
loxP sites to exon 20 and the intron after exon 22 (Fig. 1A).
This target region is related to C-terminal HECT domain of
Herc6 protein (Fig. 1B). This construct also contains the
bacterial neomycin gene as a selection marker in the Herc6
gene. Chimeric mice were produced by an injection of 2
independent clones of heterozygous ES cells into CBA
blastocyst-stage embryos, and germ line transmission was
determined by breeding with WT C57BL6 mice. We fur-
ther backcrossed Herc6 + / - mice with C57BL6 mice 4
times and 8 times to generate CBA/C57BL6 mix back-
ground and C57BL6 background Herc6 null mice, re-
spectively. Mice were genotyped by PCR (Fig. 1C), and
confirmed by Southern blot analysis (Fig. 1D). To confirm
that Herc6 is no longer expressed in the knockout mice,
spleens of WT and Herc6 - / - mice that were with or
without poly I:C injection were homogenized and sub-
jected to Western blot. Herc6 protein was identified in
poly I:C injected WT, but not in Herc6 knockout mouse
(Fig. 1E).

FIG. 2. Analysis of protein IS-
Gylation in Herc6 knockout mice.
(A, B) Twenty-four hours after
PBS or poly I:C injection, spleens
and livers were harvested, and
ISG15 conjugated protein was de-
tected by Western blotting using
anti-mouse ISG15 antibody (Dong-
Er Zhang Lab). (C) Mouse embry-
onic primary fibroblasts from WT
and Herc6 knockout mice were
treated with mock or 500 U/mL of
mIFN-b. Twenty-four hours after
treatment, cells were harvested and
subjected to Western blotting using
anti-ISG15 antibody (CST#2743),
the information of which should be
in M&M. (D) BMDM from wild-
type and Herc6 knockout mice
were treated with mock or 100 U/mL
of mIFN-b as indicated. Twenty-
four hours after treatment, cells were
harvested and subjected to Western
blotting using anti-mouse ISG15
antibody (Dong-Er Zhang Lab). The
levels of free ISG15 were quantified
as indicated. n.d. means not detect-
able. BMDM, bone marrow-derived
macrophages; IFN, interferon.

354 ARIMOTO ET AL.



Defective protein ISGylation in Herc6 knockout mice

To determine whether lack of Herc6 correlated with de-
creased ISGylation in vivo, we injected WT and knockout
mice with PBS or poly I:C. Twenty-four hours later, spleens
and livers were harvested, and protein ISGylation was de-
tected by Western blotting. Protein ISGylation was readily
detected in the liver and spleen from WT but was barely
detected from Herc6 knockout mice (Fig. 2A and B, re-
spectively). Similar results were observed in IFN-b-treated
MEFs and BMDM from WT and Herc6 knockout mice (Fig.
2C and D, respectively). Herc6-deficient tissues or cells
showed an increased amount of free ISG15 as a result of the
lack of conjugation (Fig. 2A–D).

These results indicate that Herc6 knockout mice are de-
fective in protein ISGylation but not in free ISG15 expression.

Normal IFN responses of Herc6-deficient
cells and mice

A previous report has shown that human HERC5 posi-
tively regulates the IFN-b promoter via enhancing IRF3
function and so confers antiviral activity (Shi and others
2010). In addition, mouse Herc6 also enhanced IFN-b pro-
moter activity similar to its human Herc5 counterpart
(Oudshoorn and others 2012). To explore whether Herc6
regulates IFN signal transduction, we examined the IFN-
response of Herc6-deficient cells. Macrophages derived
from bone marrow cells of WT and Herc6 knockout mice
were cultured in vitro and treated with 100 U/mL of IFN-b,
and STAT1 phosphorylation was detected as an indication
of the activation of the signaling pathway. Increased phos-
phorylation of STAT1 on IFN treatment was observed.
However, there was no difference of STAT1 phosphoryla-
tion between WT and Herc6-deficient cells (Fig. 3A).

To investigate whether the mouse Herc6 enhances an in-
nate immune signal, we examined the IFN-b and IL-6 pro-
duction in WT and Herc6 - / - MEFs on Sendai virus infection
and poly I:C stimulation. No significant differences in WT
and Herc6 cells were observed (Fig. 3B top and bottom, re-
spectively). Although it was not significant, a modest increase
of IL-6 production in Herc6 - / - MEFs with SV infection or
poly I:C stimulation was observed (Fig. 3B bottom). This
should be investigated with greater detail in the future.

Since lipopolysaccharide (LPS) activates the expression of
these genes via the IFN signaling pathway, we also examined
the peripheral blood cell count and other blood parameters.

FIG. 3. Analysis of IFN and inflammatory response in
Herc6 knockout cells. (A) BMDM from WT and Herc6
knockout mice were cultured in the presence of 100 U/mL of
mIFN-b for the indicated time periods. Cells were harvested
and subjected to Western blotting against pSTAT1, STAT1,
and actin. The ratio of p-STAT1/total-STAT1 was also quan-
tified as indicated. (B) Macrophages from WT and Herc6
knockout mice were treated with mock, SV at m.o.i. 10, or
poly I:C 10mg/mL. Twenty-four hours after treatment, cell
culture media were harvested and subjected to ELISA for
mIFN-b (upper) or mIL-6 (bottom). ELISA, enzyme-linked
immunosorbent assay; m.o.i., multiplicity of infection; SV,
Sendai virus.

Table 1. Blood Analysis With or Without LPS (15 mg/kg Body Weight) Injection

WBC
(103/lL)

RBC
(103/lL) Hb (g/dL) Ht (%) MCV (fl)

MCH
(pg/cell)

MCHC
(g/dL)

PLT
(103/lL)

Mock
WT (n = 3) 7.7 – 1.4 8.0 – 0.2 12.3 – 0.1 38.6 – 1.2 48 – 0.2 15.4 – 0.3 32.0 – 0.8 107.9 – 34.7
KO (n = 2) 6.5 – 0.3 6.8 – 0.2 12 – 0.9 32.9 – 8.2 48.2 – 2.4 18.1 – 4.3 37.3 – 7.2 118.9 – 13.4

LPS
WT (n = 5) 3.0 – 0.5 8.1 – 0.2 12.7 – 0.1 39.9 – 1.3 48.9 – 0.4 15.8 – 0.3 31.9 – 0.7 346.0 – 10.2
KO (n = 5) 3.6 – 0.8 8.1 – 0.4 13.0 – 0.8 40.8 – 2.1 50.1 – 0.3 16.0 – 0.3 31.8 – 0.7 301.0 – 9.51

Blood samples were collected via retro-orbital bleeding from wild-type and Herc6 knockout mice at 1 day after with or without LPS
(15 mg/kg body weight) injections. Values are means – standard deviation.

WBC, white blood corpuscles; RBC, red blood corpuscles; Hb, hemoglobin; Ht, hematocrit; MCV, mean corpuscular volume; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; PLT, platelet; LPS, lipopolysaccharide; WT, wild type.
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However, no significant differences were observed between
WT and Herc6 knockout mice with or without LPS stimu-
lation (Table 1).

In summary, Herc6-deficient cells do not show any de-
tectable differences from WT cells in their responses to IFN-
related treatments.

Deletion of Herc6 did not affect the antiviral
response against VSV infection

Besides the IFN response (Shi and others 2010), a recent
report indicated that Herc5 mainly conjugates ISG15 to
newly synthesized proteins in tissue culture and may by this
mechanism largely target de novo synthesized viral proteins
during infection (Durfee and others 2010).

To investigate whether Herc6 affects the proliferation of vi-
rus, we examined the consequences of reduction of protein
ISGylation on the antiviral effects of IFN in MEFs. Treatment

with increasing concentrations of IFN-b correlated positively
with the antiviral stage of both WT and Herc6 knockout MEFs
on infection with VSV, with no detectable differences in the
response between the 2 genotypes (Fig. 4A). In addition, there
was no significant difference of viral titer between WT and
Herc6 knockout MEFs after infection with VSV (Fig. 4B). These
experiments demonstrate that protein ISGylation via Herc6 in
mice is not involved in the antiviral response against VSV.

Male Herc6 null mice showed hypertrophy
of seminal vesicle

During the experiments, we noticed that mix-background
Herc6 knockout male mice began showing abdominal disten-
sion at 28 weeks. Severe enlargement seminal vesicles were
observed in Herc6 knockout mice (Fig. 5A). However, only
slight epithelial hyperplasia with cystic dilatation of seminal
vesicles was observed in Herc6 knockout mice (Fig. 5B),
suggesting that the enlargement of seminal vesicles was from
increased seminal fluid. Glandular hypoplasia and benign hy-
pertrophy of the prostate, which are commonly found in el-
derly men, were not observed in Herc6 knockout mice (data
not shown). Further examination using C57BL6 background
mice showed a higher frequency of enlargement of seminal
vesicles in Herc6 knockout mice compared with WT or
UBE1L knockout mice (Table 2 and Supplementary Fig. S2).
These results demonstrate that mouse Herc6 has an ISG15-
independent function in regulating the seminal component.

Discussion

In this article, we described the generation and analysis of
the first Herc6 knockout mouse model. The results of our

FIG. 4. VSV protection assay. (A) WT and Herc6
knockout MEFs were left untreated or treated with 100 or
1,000 U/mL of IFN-b for 24 h, followed by VSV infection at
m.o.i. 0–104 per well for an additional 24 h. Cell viability
was assessed by crystal violet staining. (B) The VSV (m.o.i.
0.1) was infected with WT and Herc6 knockout MEFs. At
12 h after infection, virus titer was measured according to
TCID50 protocol. Data are mean – SD (n = 3). MEFs, mouse
embryonic fibroblast cells; TCID50, 50% tissue culture in-
fectious dose; VSV, vesicular stomatitis virus.

FIG. 5. The phenotype of Herc6 knockout mice. (A) The
representative enlarged seminal vesicle in Herc6 knockout
mouse (30 weeks, mix background). Right panel shows in-
cision of the peritoneum of the left mouse. (B) H&E staining
for the seminal vesicle of Herc6 knockout mouse. Arrow
shows epithelial hyperplasia of seminal vesicle.
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studies demonstrate that (1) Mouse Herc6 is the major E3
ligase for ISG15 conjugation in vivo. (2) ISG15 conjugation
via mouse Herc6 does not affect type I IFN response and
antiviral response against SV and VSV infection. (3) Mouse
Herc6 possesses an ISG15 conjugation-independent role in
regulating sperm sac morphology.

Previous reports indicate that human Herc5 knockdown in
293T cells and mouse Herc6 knockdown in L929 cells
showed reduced ISG15 conjugation to a broad group of pro-
teins after IFN treatment (Dastur and others 2006; Wong and
others 2006; Oudshoorn and others 2012). In line with this
result, the level of ISG15 conjugation in tissues of Herc6-
deficient mice showed substantial reduction compared with
that of WT mice after poly I:C injection. These findings
clearly indicate that Herc6 is the major mouse ISG15 E3 li-
gases in vivo. Furthermore, our report supports that humans
and mice developed different Herc proteins to facilitate global
ISG15 conjugation during evolution.

A recent report indicates that HERC5 is mainly associated
with poly-ribosome, and ISGylation targets newly synthe-
sized proteins in human tissue culture (Durfee and others
2010). Furthermore, in this same report, the authors showed
that HPV16 L1 capsid protein was ISGylated and this mod-
ification inhibited HPV pseudovirus production in transfec-
tion experiments (Durfee and others 2010). In addition,
previous reports showed that antiviral effects exerted by hu-
man HERC5 (Shi and others 2010) are shared by Herc6 in
mouse cells (Oudshoorn and others 2012). ISG15-activating
enzyme Ube1L knockout mice also showed no protein IS-
Gylation and no difference in IFN responses and anti-VSV
and LCMV defense (Osiak and others 2005; Kim and others
2006). However, further studies of Ube1L knockout mice
revealed a critical role of Ube1L in control of influenza B
virus infection (Lai and others 2009). These discrepancies of
revealed functions of protein ISGylation are likely due to the
differences in species (humans and mice), lines, and viruses,
and in vitro versus in vivo experiments. These questions need
to be addressed in the future.

Herc6 null mice showed hypertrophy of seminal vesicles in
both CBA/C56BL6 mixed background and C57BL6 back-
ground. However, Ube1L- / - mice did not show similarly
enlarged sperm sacs although protein ISGylation is lost in both
Herc6 and Ube1L knockout mice (Kim and others 2006).
This difference suggests that mouse Herc6 has an ISG15-
independent function in seminal fluid production during aging.
However, the phenotype of Herc6- / - ISG15- / - also should
be investigated in the future to examine whether this seminal
hypertrophy is truly Herc6 dependent and ISG15 independent.
Since mouse Herc6 belongs to the Herc family of ubiquitin E3
ligases, it is possible that ISG15 conjugation is regulated by the

ISG15 E3 ligase activity of Herc6, and seminal component
secretion is regulated by its ubiquitin E3 ligase activity. Human
Herc5 may have evolved to exclusively function as an ISG15
E3 ligase, while human Herc6 may function as a ubiquitin E3
ligase that is involved in the seminal component secretion.

While we could not see the difference in male fertility of
Herc6 knockout mice (*35 weeks) (data not shown), we
cannot rule out this possibility because it could be affected
by the conditions associated with older age.

The function of seminal fluid is largely unknown except for
the involvement of normal conception. Interestingly, it has
recently been reported that paternal seminal fluid composition
affects the epigenome of male offspring and that its impact on
the periconception environment involves not only sperm
protection but also indirect effects on various female factors
regulating embryo development, which suggests that off-
spring of Herc6 null mice may have interesting epigenomic
changes by the hypertrophied seminal vesicles of Herc6 male
mice (Bromfield and others 2014). Future studies using this
mouse model may facilitate to address this question.

In humans, symptoms of enlarged seminal vesicles are
frequently seen in patients with ejaculatory duct obstructions
(EDO) (Pryor and Hendry 1991). EDO is a congenital or
acquired pathological condition that is characterized by the
obstruction of one or both ejaculatory ducts, and causes 1%–
5% of male infertility (Philip and others 2007). In addition to
the congenital form that is often caused by cysts of the
müllerian duct, the obstruction can be acquired due to an
inflammation caused by chlamydia, prostatitis, tuberculosis of
the prostate, and other pathogens (Philip and others 2007).
However, in many patients, there is no history of inflamma-
tion and the underlying cause simply remains unknown
(Philip and others 2007). The finding that the suppression of
Herc6 caused the hypertrophied seminal vesicles in this re-
port may be involved in the acquired enlarged seminal vesicle
symptoms, and this should be investigated in the future.
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