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Ubiquitin-specific protease 9X in host cells interacts with herpes simplex virus 1 ICP0
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ABSTRACT. Herpes simplex virus 1 (HSV-1) expresses infected cell protein 0 (ICP0), a multi-functional protein with E3 ubiquitin ligase 
activity and a critical regulator of the viral life cycle. To obtain novel insights into the molecular mechanism by which ICP0 regulates 
HSV-1 replication, we analyzed HEp-2 cells infected with HSV-1 by tandem affinity purification and mass spectrometry-based proteomics. 
This screen identified 50 host-cell proteins that potentially interact with ICP0, including ubiquitin-specific protease 9X (USP9X). The 
interaction between ICP0 and USP9X was confirmed by co-immunoprecipitation. Notably, USP9X depletion increased the ICP0 abundance 
and promoted viral replication. These results suggest that USP9X-dependent regulation of ICP0 expression is part of a complex feedback 
mechanism that facilitates optimal HSV-1 replication.
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Herpesviruses are widely distributed in nature, and most 
animal species are susceptible to at least one herpesvirus. 
The most important veterinary herpesviruses belong to the 
Alphaherpesvirinae subfamily. The pseudorabies virus, 
the causative agent of Aujeszky’s disease in pigs, is in this 
subfamily, as is the bovine herpesvirus 1, which causes in-
fectious rhinotrachetis and pustular vulvovaginitis in cattle. 
Chickens infected with gallid herpesvirus 2 or Marek’s dis-
ease virus develop Marek’s disease, while horses infected 
with equine herpes virus type 1 and 4 miscarry and suffer 
from rhinopneumonitis, respectively [19]. On the other 
hand, herpes simplex virus 1 (HSV-1) is an important human 
pathogen that causes a variety of diseases, such as muco-
cutaneous diseases, keratitis, skin diseases and encephalitis 
[19]. HSV-1 is also one of the best-studied members of the 
Alphaherpesvirinae, and results from HSV-1 studies typi-
cally provide a springboard for parallel studies on veterinary 
alphaherpesviruses.

HSV-1 virions consist of a linear double-stranded DNA 
packed into an icosahedral capsid, which is encased in a teg-
ument layer and an envelope on which surface glycoproteins 
are displayed [19]. The HSV-1 genome encodes at least 84 
proteins that are tightly regulated and coordinated in a cas-

cade to ensure efficient viral replication [19]. One of these 
proteins, infected cell protein 0 (ICP0), is a multifunctional 
protein with a zinc-stabilized RING finger domain. This 
domain is a functional E3 ubiquitin ligase [3, 10, 16]. ICP0 
regulates various cellular pathways by targeting a number of 
host proteins for degradation, some of which are involved in 
cellular defenses that restrict viral infection [3]. While ICP0 
targets in the host cell have become increasingly clear, the 
functional significance of ICP0 complexes remains to be 
fully characterized. To investigate novel role (s) of ICP0 in 
cells infected with HSV-1, we sought to identify new ICP0 
binding partners by tandem affinity purification coupled to 
mass spectrometry. Of the putative ICP0-interacting proteins 
we identified, we focused on ubiquitin-specific protease 9X 
(USP9X), since ICP0 has been reported to interact with 
another ubiquitin-specific proteinase USP7 [5, 8]. In this 
study, we characterized the biological relevance of the ICP0-
USP9X complex in HSV-1 infection.

MATERIALS AND METHODS

Cells and viruses: Vero, rabbit skin, Plat-GP, HEp-2 
and HeLa cells were cultured as described previously 
[12, 20, 21]. U-2 OS cells (ATCC HTB-96) (ATCC, Manas-
sas, VA, U.S.A.) were maintained in Dulbecco’s modified 
Eagle’s medium containing 10% fetal calf serum. The wild-
type strain HSV-1 (F) and the recombinant strain R7910 
(ΔICP0) lacking both copies of the α0 gene (Fig. 1) have 
been described [14, 21]. All viruses were grown in Vero 
cells, except in cases where R7910 (ΔICP0) was used. This 
recombinant virus as well as the control viruses wild-type 
HSV-1 (F) was propagated and titrated in U-2 OS cells [24].

Plasmids: A vector encoding short hairpin RNA 
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(shRNA) against the 3′ untranslated region of USP9X 
was constructed. Briefly, oligonucleotides with sequence 
5′- TTTGAGAGTTTATTCACTGTCTTAGCTTCCT-
GTCACTAAGACAGTGAATAAACTCTCTTTTTTG-3′ 
and 5′- AATTCAAAAAAGAGAGTTTATTCACTGTCT-
TAGTGACAGGAAGCTAAGACAGTGAATAAACTCT-3′ 
were annealed and cloned into the BbsI and EcoRI sites 
in pmU6 [1]. To generate pSSCN, Hygromycin resistant 
gene of pSSCH [11] was substituted with Neomycin resis-
tant gene of pMXs-IN [15]. The BamHI-EcoRI fragment 
of the resulting plasmid, which contains the U6 promoter 
and the shRNA against USP9X, was cloned into the cor-
responding restriction sites in pSSCN. A vector encoding 
an shRNA against β-galactosidase (LacZ), was constructed 
in a similar manner, using oligonucleotides with sequence 
5′- TTTGTCGAAAACCCGAAACTGTGGGCTTCCTGT-
CACCCACAGTTTCGGGTTTTCGACTTTTTTG-3′ and 5′- 
AATTCAAAAAAGTCGAAAACCCGAAACTGTGGGT-
GACAGGAAGCCCACAGTTTCGGGTTTTCGA-3′.

Generation of recombinant, mutated HSV-1: The re-
combinant strain YK322 was engineered to fuse both 
copies of ICP0 to a fragment consisting of a Myc epitope, 
a tobacco etch virus (TEV) protease cleavage site and 
a Flag epitope (Fig. 1). This virus was generated by two-
step Red-mediated mutagenesis in E. coli GS1783 carry-
ing pYEbac102 [21], a full-length infectious HSV-1 (F) 
clone as described previously [21], except using primers 
5′-CGACCCCCAGGGACCCTCCGTCCGCGACCCTC-
CAACCGCATACGACCCCCATGGAGCAAAAGCT-
CATTTC-3′ and 5′-TGGGGGCGGCCCTCAGGCCGGC-
GGGTACTCGCTCCGGGGCGGGGCTCCATATCTTT-
GTCATCGTCGTCCT-3′ (Fig. 1). Progeny viruses from 
the transfection were plaque-isolated and analyzed by PCR 
using primers 5′-TCTCCGCATCACCACAGAAG-3′ and 
5′-GACCACCATGACGACGACTC-3′ to verify insertion 
of tags to both copies of α0. These isolates were plaque-
purified on Vero cells an additional two times.

Identification of proteins that interact with ICP0: HEp-2 

cells were infected with YK322 at multiplicity of infection 
(MOI) 5, harvested 8 hr postinfection and lysed in 0.1% NP-
40 buffer (50 mM Tris-HCl pH 8.0, 120 mM NaCl, 50 mM 
NaF and 0.1% NP-40) containing protease and phosphatase 
inhibitor cocktails (Nacalai Tesque, Kyoto, Japan). After 
clearing by centrifugation, lysates were immunoprecipitated 
with a monoclonal antibody against Myc, and immunopre-
cipitates were digested with AcTEV protease (Invitrogen, 
Whaltham, MA, U.S.A.) for 1 hr at room temperature. 
Digests were then centrifuged, and supernatants were im-
munoprecipitated a second time with anti-Flag M2 Affinity 
Gel. The final immunoprecipitates were washed three times 
with 0.1% NP-40 buffer and twice with 50 mM Tris-HCl pH 
8.0, 120 mM NaCl and 50 mM NaF. Bound proteins were 
eluted for 2 hr at 4°C with rotary shaking in 50 mM Tris-HCl 
pH 7.5, 150 mM NaCl and 0.5 mg/ml Flag peptide. A tenth 
of the eluate was analyzed by denaturing electrophoresis 
and silver staining (Fig. 2), while the remaining 90% was 
digested with trypsin and analyzed by nano-liquid chroma-
tography tandem mass spectrometry (nanoLC-MS/MS) as 
described previously [17].

A Q-STAR Elite system (AB SCIEX, Tokyo, Japan) 
coupled to a Dina system (KYA Technologies, Tokyo, Japan) 
was used for nanoLC-MS/MS. MS/MS signals were then 
matched against the 32,968 protein sequences in the RefSeq 
human protein database (as of 12 Sep 2011; National Center 
for Biotechnology Information [NCBI]) and the 996,046 

Fig. 1. The genomic structure of wild-type HSV-1 (F) and recom-
binant strains. Line 1, wild-type HSV-1 (F) genome; line 2, the 
recombinant strain YK322, in which both copies of ICP0 are 
fused to a fragment consisting of a Myc epitope, a tobacco etch 
virus protease cleavage site and a Flag epitope (MEF); line 3, the 
recombinant strain R7910, from which both copies of ICP0 gene 
have been deleted.

Fig. 2. Identification of proteins that interact with ICP0. 
HEp-2 cells were infected with the recombinant HSV-1 
strain YK322 at MOI 5, harvested 8 hr postinfection 
and immunoprecipitated with antibodies against Myc 
and with anti-Flag M2 Affinity Gel. Immunopre-
cipitates were separated on a denaturing gel and silver 
stained. The arrow marks Myc- and Flag-tagged ICP0, 
and molecular mass markers are indicated.



INTERACTION BETWEEN HSV-1 ICP0 AND USP9X 407

protein sequences in the non-redundant viral protein database 
(as of 23 Dec 2012; NCBI) using Mascot algorithm version 
2.4.1 (Matrix Science, London, UK). Protein identification 
was based on at least one MS/MS signal with a Mascot score 
that exceeded the threshold (P<0.05).

Antibodies: Mouse monoclonal antibodies against Flag 
(M2), USP9X (1C4) and β-actin (AC15) were obtained from 
Sigma (St. Louis, MO, U.S.A.). Mouse monoclonal antibod-
ies against Myc (PL14), ICP0 (1112) and ICP4 (58S) were 
procured from MBL (Nagoya, Japan), Goodwin Institute 
(Plantation, FL, U.S.A.) and ATCC, respectively. Rabbit 
polyclonal antibodies against UL12 were described previ-
ously [9].

Immunoprecipitation: Infected cells were lysed in 0.1% 
NP-40 buffer supplemented with protease and phosphatase 
inhibitor cocktails (Nacalai Tesque). Cell debris was sepa-
rated by centrifugation, and lysates were precleared by in-
cubation with protein A-Sepharose beads at 4°C for 30 min. 
Subsequently, lysates were reacted at 4°C for 2 hr with 
indicated antibodies and immunoprecipitated with Protein 
A-Sepharose beads for another 1 hr. Immunoprecipitates 
were collected by brief centrifugation, washed extensively 
with 0.1% NP-40 buffer and analyzed by immunoblotting as 
described previously [13].

Cell lines stably expressing shRNA against USP9X and 
LacZ: Recombinant retroviruses were generated as described 
previously [1]. Briefly, vectors encoding silencing shRNA 
against USP9X or Lac-Z were transfected into Plat-GP cells. 
Retroviruses released into the culture supernatant were then 
used to infect HeLa cells that express the corresponding 
silencing shRNA, and selected with 1,000 µg/ml G418 (Na-
calai Tesque).

RESULTS

Identification of proteins that interact with ICP0: To screen 
ICP0-interacting partners more efficiently, we engineered a 
recombinant HSV-1 virus, YK322, in which both copies of 
ICP0 are fused to a TEV protease cleavage site, Myc and 
Flag epitopes (Fig. 1). We then purified ICP0 complexes 
from YK322-infected cells by tandem affinity purification. 
Finally, proteins co-purified with ICP0 were identified 
by mass spectrometry. This strategy identified 4 viral and 
50 host cell proteins that appeared to form complexes with 
ICP0. These included proteins that were previously reported 
to interact with ICP0, such as UL50, UL39, ICP27, VP22, 
USP7, ribosomal protein S18, hyperpolarization-activated 
cyclic nucleotide-gated potassium channel 3 and acyl-
coenzyme A thioesterase 8 [6]. Of the putative ICP0-binding 
proteins identified, we focused on USP9X.

To confirm the interaction between USP9X and ICP0, we 
performed co-immunoprecipitation in HEp-2 cells infected 
with wild-type HSV-1 (F) at MOI 5. Lysates were obtained 8 
hr postinfection, immunoprecipitated with anti-ICP0 or anti-
Flag antibody, and immunoprecipitates were analyzed by 
immunoblotting with anti-USP9X and anti-ICP0 antibodies. 
As shown in Fig. 3A, antibodies against ICP0 precipitated 
both ICP0 and endogenous USP9X, but antibodies against 

the Flag epitope, which were used as an IgG1 control, did 
not. Conversely, anti-USP9X antibody precipitated both 
USP9X and ICP0 from Hep-2 cells infected with wild-type 
HSV-1 (F) (Fig. 3B). In addition, anti-ICP0 antibody co-
precipitated ICP0 and endogenous USP9X from HeLa cells 
infected with wild-type HSV-1 (F), but not from HeLa cells 
infected with R7910 (ΔICP0) (Fig. 3C). Collectively, these 
results indicated that ICP0 interacted with USP9X in HSV-
1-infected cells.

Fig. 3. Co-immunoprecipitation of USP9X with ICP0 in infected 
cells. (A-B) HEp-2 cells infected for 8 hr with wild-type HSV-1 
(F) at MOI 5 were harvested (WCE, whole-cell extract) and im-
munoprecipitated (IP) with anti-Flag, anti-ICP0 (A) or anti-USP9X 
(B) antibody. Immunoprecipitates were analyzed by immunoblot-
ting (IB) with indicated antibodies. (C) HeLa cells were infected 
for 8 hr with wild-type HSV-1 (F) or R7910 (ΔICP0) at MOI 5, 
harvested and immunoprecipitated with anti-ICP0 antibody. Im-
munoprecipitates were analyzed by immunoblotting with indicated 
antibodies.
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Effect of ICP0 on USP9X expression: ICP0 is a viral E3 
ubiquitin ligase that drives the proteasomal degradation of 
several cellular targets, including USP7, a reported ICP0 
binding partner [5, 8]. To examine the effect of ICP0 on 
USP9X abundance in HSV-1 infection, HeLa cells mock-
infected or infected for 8 hr with wild-type HSV-1 (F) or 
R7910 (ΔICP0) at MOI 5 analyzed by immunoblotting with 
anti-ICP0 and anti-USP9X antibodies. As shown in Fig. 4, 
USP9X accumulated to similar levels in all cells. Consistent 
results were also obtained in Fig. 3C. Thus, the data sug-
gested that USP9X is not a direct substrate of ICP0.

Effect of USP9X on HSV-1 replication: To investigate the 
role (s) of USP9X in HSV-1 replication, we generated HeLa 
cell lines stably expressing silencing shRNA against USP9X, 
as well as a control cell line expressing shRNA against LacZ. 
Expression of USP9X was considerably diminished in cells 
expressing USP9X shRNA than in cells with LacZ shRNA 
(Fig. 5A). These cells were also infected with wild-type 
HSV-1 (F) at MOI 0.01, and viral titers 48 hr postinfection 
were measured. As shown in Fig. 5B, the titer of progeny 
virus in cells expressing USP9X shRNA was significantly 
higher than in cells expressing LacZ shRNA. These results 
indicated that USP9X is required to effectively suppress 
HSV-1 replication.

Effect of USP9X on expression of HSV-1 ICP0: As USP9X 
depletion increased HSV-1 replication, we examined the ef-
fect of USP9X depletion on expression of HSV-1 proteins. 
Cells expressing shRNA against LacZ or USP9X were in-
fected with wild-type HSV-1 (F) at MOI 5 and immunoblot-
ted 8 hr postinfection with antibodies against the viral pro-
teins ICP4, ICP0 and UL12. As shown in Fig. 6, ICP0 was 
more abundant in cells with depleted USP9X than in control 
cells, even though expression of ICP4 and UL12 was not 
affected. These results suggested that USP9X downregulates 
expression of viral ICP0.

DISCUSSION

We demonstrate for the first time that cellular USP9X 
interacts with viral ICP0. USP9X is a substrate-specific 

deubiquitylating enzyme that stabilizes substrates by remov-
ing mono-ubiquitin moieties and a wide array of ubiquitin 
chains, including K48, K63 and K29 linkages [18]. USP9X 
was reported to interact with at least 35 proteins, many of 
which are substrates [2, 7, 22, 23], and also to mediate pro-
tein trafficking and endocytosis [18]. In addition, the enzyme 
regulates polarity, cell death and neural development, and 
is implicated in neurodegenerative disease [18]. Notably, 
ICP0 expression was downregulated by USP9X, in contrast 
to other USP9X-interacting proteins. Accordingly, we found 
that USP9X depletion increased viral replication, in agree-
ment with a previous report [4] demonstrating that ICP0 
enhances HSV-1 replication. These observations suggested 
that USP9X negatively regulates ICP0 expression to inhibit 
viral replication, although we cannot exclude the possibility 
that USP9X may suppress HSV-1 replication through other 
pathways. However, the mechanism by which USP9X down-
regulates ICP0 expression is unknown at present, although 
it is possible that USP9X deubiquitylates and stabilizes an 
unknown ICP0-interacting factor that downregulates ICP0.

Fig. 4. Effect of ICP0 on USP9X expression. 
HeLa cells infected with wild-type HSV-1 (F) 
or R7910 (ΔICP0) at MOI 5 were harvested 
after 8 hr and analyzed by immunoblotting with 
indicated antibodies.

Fig. 5. Effect of USP9X on HSV-1 replication. (A) 
HeLa cells expressing silencing shRNA against 
LacZ and USP9X were analyzed by immunoblot-
ting with antibodies against USP9X and β-actin. (B) 
These cells were infected with wild-type HSV-1 (F) 
at MOI 0.01. Total virus preparations from the me-
dia and infected cells were obtained 48 hr postinfec-
tion and assayed on U-2 OS cells. Data are mean ± 
standard error from three independent experiments. 
*P<0.05 by two-tailed Student’s t-test.
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On the other hand, it is conceivable that HSV-1 replication 
is precisely regulated according to conditions, and the inhibi-
tory effects of USP9X may be essential for optimal HSV-1 
replication. In agreement with this hypothesis, accumulating 
evidence suggests that ICP0 degrades not only inhibitors of 
HSV-1 replication, such as antiviral proteins of the intrinsic 
and innate immunity, but also factors that enhance viral 
replication. For example, ICP0 was reported to interact with 
and degrade USP7, which is a deubiquitylating enzyme like 
USP9X, but one that promotes HSV-1 replication by revers-
ing ICP0 self-ubiquitination [5, 8]. In addition, ICP0 was 
shown to bind and degrade TRIM27, a protein that promotes 
HSV-1 replication as well [6]. Thus, HSV-1 appears to have 
evolved multiple mechanisms to upregulate, downregulate 
and optimize its own replication as needed, and these mecha-
nisms may be critical for viral infection in vivo.
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