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Herpes simplex virus (HSV) infection relies on immediate early pro-
teins that initiate viral replication. Among them, ICP0 is known, for
many years, to facilitate the onset of viral gene expression and
reactivation from latency. However, how ICPO itself is regulated
remains elusive. Through genetic analyses, we identify that the
viral y134.5 protein, an HSV virulence factor, interacts with and
prevents ICPO from proteasomal degradation. Furthermore, we
show that the host E3 ligase TRIM23, recently shown to restrict
the replication of HSV-1 (and certain other viruses) by inducing
autophagy, triggers the proteasomal degradation of ICPO via K11-
and K48-linked ubiquitination. Functional analyses reveal that the
v134.5 protein binds to and inactivates TRIM23 through blockade
of K27-linked TRIM23 autoubiquitination. Deletion of y,34.5 or
ICPO in a recombinant HSV-1 impairs viral replication, whereas
ablation of TRIM23 markedly rescues viral growth. Herein, we
show that TRIM23, apart from its role in autophagy-mediated
HSV-1 restriction, down-regulates ICPO, whereas viral y434.5 func-
tions to disable TRIM23. Together, these results demonstrate that
posttranslational regulation of ICPO by virus and host factors
determines the outcome of HSV-1 infection.
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H erpes simplex viruses (HSV) are human pathogens that
switch between lytic and latent infections intermittently (1,
2). This is a lifelong source of infectious viruses (1, 2), in which
immediate early proteins drive the onset of HSV replication.
Among them, ICP0O enables viral gene expression or reactiva-
tion from latency (2-4), which involves chromatin remodeling
of the HSV genome, resulting in de novo virus production. In
this process, the accessory factor y;34.5 of HSV is thought to
govern viral protein synthesis (5, 6). It has long been known
that y,34.5 precludes translation arrest mediated by double-
stranded RNA—dependent protein kinase PKR (7-9). The y,34.5
protein has also been shown to dampen intracellular nucleic acid
sensing, inhibit autophagy, and facilitate virus nuclear egress
(10-17). In experimental animal models, wild-type HSV, but not
HSV that lacks the y;34.5 gene, replicates competently, pene-
trates from the peripheral tissues to the nervous system and reac-
tivates from latency (18-23). Despite these observations, active
HSV replication or reactivation from latency is not readily recon-
ciled by the currently known functions of the y;34.5 protein
(8-13, 16, 17).

Several lines of work demonstrate that tripartite motif
(TRIM) proteins regulate innate immune signaling and cell
intrinsic resistance to virus infections (24, 25). These host fac-
tors typically work as E3 ubiquitin ligases that can synthesize
degradative or nondegradative ubiquitination on viral or host
proteins. A number of TRIM proteins, for example TRIMSa,
TRIM19, TRIM21, TRIM22, and TRIM43, act at different steps
of virus replication and subsequently inhibit viral production
(26-32). Recent evidence indicates that TRIM23 limits the repli-
cation of certain RNA viruses and DNA viruses, including HSV-1
(33). In doing so, TRIM23 recruits TANK-binding kinase 1
(TBK1) to autophagosomes, thus promoting TBKI1-mediated
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phosphorylation and activation of the autophagy receptor p62
and ultimately leading to autophagy. It is unknown whether
TRIM23 plays an additional role(s) in HSV infection.

Here, we report that ICP0O expression is regulated by the
v134.5 protein and TRIM23 during HSV-1 infection. We show
that TRIM23 facilitates the proteasomal degradation of ICPO,
whereas viral y,34.5 maintains steady-state ICP0O expression
by preventing K27-linked TRIM23 autoubiquitination that is
required for TRIM23 activation. The y,34.5 protein also inter-
acts with and stabilizes ICP0O, enabling productive infection.
Furthermore, we provide evidence that TRIM23 binds to ICP0
and induces its K11-linked polyubiquitination, which triggers
K48-linked polyubiquitin-dependent proteasomal degradation
of ICPO. These insights establish a model of posttranslational
networks in which virus- and host-mediated mechanisms regu-
late immediate early protein ICPO stability and thereby lytic
HSV replication.

Results

HSV y,34.5 Stabilizes Inmediate Early Protein ICPO Expression. To
identify the characteristics of HSV replication, we compared
the replication kinetics of wild-type HSV-1 and recombinant
R3616 that lacks the y;34.5 gene. In mouse embryonic fibro-
blasts (MEFs) (Fig. 14), wild-type HSV-1, with a transient
pause, grew steadily over the course of infection, reaching
4 x 10° pfu/mL at 72 h post infection. In contrast, the mutant
R3616 virus replicated poorly. As virus infection progressed,
this mutant virus grew only to 8 x 10" pfu/mL. Notably, viral
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Fig. 1. HSV-1y,34.5 is necessary for the expression of immediate early protein ICPO. (A) Kinetics of viral growth in MEFs. Cells were infected with wild-
type HSV-1 or the y,34.5 null virus (R3616) at an MOI of 0.01, and the total virus yields were determined by plaque assay on Vero cells. (B) Expression of
ICP4, ICPO, and ICP27. MEFs were mock infected or infected with HSV-1 or R3616 (MOI = 5). At the indicated time points, cells were harvested for Western
blot analysis using antibodies against ICP4, ICPO, ICP27, y434.5, and f-actin. (C) Quantification of ICP4, ICPO, and ICP27 in virus infection. ICP4, ICPO, and
ICP27, as represented in B, were quantified using NIH ImageJ software and normalized to -actin. Relative protein levels from R3616 and HSV-1 were com-
pared. (D) IF analysis of ICPO. MEFs were mock infected or infected with HSV-1 or R3616 (MOI = 5) for 8 h and then stained with the ICP0O antibody (green)
and DAPI (blue). Images are representative of at least 10 different areas. (E) Quantification of ICPO median fluorescence intensity per cell between HSV-1
and R3616 groups. IF images in D were quantified using NIH ImageJ software (with the HSV-1 group as 1.0). Unpaired Student’s t test was used for A,
**P < 0.01, and one-way ANOVA was used for C and E, “"P < 0.01. Data are expressed as means + SD (n = 3) in A and C. Data are from quantification of
at least an average 10 images per group in E. The data are representative of results from three independent experiments for A and B. The images are rep-

resentative of results from at least 10 images for D.

production in cells infected with R3616 declined steeply to a
barely detectable level by 12 h post infection. Furthermore, in
human lung fibroblasts, wild-type virus and R3616 displayed
similar phenotypes (SI Appendix, Fig. S24). The distinct kinet-
ics of viral growth suggests a requirement of the y;34.5 gene,
possibly in the early stage of HSV replication.

HSV replication proceeds in a temporal manner in which
immediate early proteins coordinately control subsequent viral
gene expression (1, 2). Among them, ICP0, ICP4, and ICP27
drive transactivation of HSV genes for lytic infection. Further-
more, ICP0 regulates reactivation from latency. To test whether
v134.5 impacts immediate early gene expression, we analyzed
ICPO, ICP4, and ICP27 protein abundances in virus-infected
cells. As shown in Fig. 1B, ICP4 and ICP27 were expressed to
similar levels in MEF cells infected with wild-type HSV-1 or
R3616. Remarkably, ICPO expression exhibited a different pat-
tern. While at 4 h postinfection, similar levels of ICP0 expres-
sion were detected for wild-type HSV-1 and R3616, the levels
of ICPO increased steadily in cells infected with wild-type
HSV-1. In contrast, ICPO expression was diminished in cells
infected with R3616 at 8 h and 12 h postinfection. Indeed, dele-
tion of y,34.5 led to a >80% reduction in ICP0 expression but
had a marginal effect on ICP4 and ICP27 abundances (Fig.1C).
Consistently, immunofluorescence (IF) microscopy revealed
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notable ICP0O expression with wild-type virus but less so with
R3616 (Fig. 1 D and E). As expected, similar levels of ICP4
and ICP27 were detected for wild-type HSV-1 and R3616 by IF
analysis (ST Appendix, Fig. S1 A-D). To further confirm these
results, we analyzed the replication of wild-type HSV-1 and
R3616 in human lung fibroblasts. As seen in MEFs, the levels
of ICPO expression coincided with the presence of y,34.5,
although with different kinetics (SI Appendix, Fig. S2 B and C).
Together, these results show that y,34.5 stabilizes or enhances
the expression of the immediate early protein ICPO and pro-
motes HSV replication.

The y,34.5 Protein Prevents Proteasomal Degradation of ICP0. We
asked whether HSV y,34.5 regulates ICPO expression at the tran-
scription level. For this, we analyzed the abundance of RNA tran-
scripts of ICP0, ICP4, and ICP27 in virus-infected cells. We noted
that the mRNA levels of ICP0, ICP4, and ICP27 were similar in
cells infected with wild-type HSV-1 or R3616 as determined by
gPCR analysis (Fig. 24). Under these conditions, reduced pro-
tein expression was detectable for ICPO in cells only infected with
R3616 (Fig. 2B). This, however, was not a general defect in viral
protein expression as the levels of ICP4 and ICP27 remained
unaffected. These data support that HSV v;34.5 regulates the
steady-state level of ICPO protein but not its RNA transcript.
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Fig. 2. The y,34.5 protein blocks proteasomal degradation of ICPO. (A) Expression of ICP4, ICPO, and ICP27 transcripts. MEFs were infected with wild-type
HSV-1 or R3616 at an MOI of 5 for 8 h and then harvested for RNA extraction and gRT-PCR analysis. (B) Protein expression of ICP4, ICPO, and ICP27. MEFs
infected as in A were harvested for Western blot determination with antibodies against ICP4, ICPO, ICP27, y434.5, and B-actin antibodies. (C) Effect of
lactacystin on ICPO expression. MEFs were mock infected or infected with HSV-1 or R3616 (MOI = 5) for 2 h and then treated with DMSO or lactacystin
(20 pM). At 8 h post infection, expression of ICP4, ICPO, ICP27, y434.5, and B-actin were examined by Western blot analysis. (D) Quantification of ICPO in
control and lactacystin groups. Levels of ICPO, as illustrated in C, were quantified and normalized to f-actin. Relative protein levels from R3616 and HSV-1
were compared. (E) Effect of MG132 on ICPO expression. Virus infection and Western blot analysis of indicated proteins were done as in C but with treat-
ment of MG132 (20 pM). (F) Quantification of ICPO in control and MG132 groups. (G) IF analysis of ICPO. MEFs were mock infected or infected with HSV-1
or R3616 (MOI = 5) for 2 h and then treated with DMSO or MG132 (20 pM). At 8 h post infection, cells were stained with the ICPO antibody (green)
and DAPI (blue). (H) Quantification of ICPO median fluorescence intensity treated with DMSO or MG312. IF images in G were quantified using NIH Image)
software (with the HSV-1 group as 1.0). One-way ANOVA was used for A, D, F, and H, **P < 0.01 (one-way ANOVA). Data are expressed as means + SD
(n = 3) in A, D, F, and quantified from at least an average 10 images per group in H. The data are representative of results from three independent
experiments for A, B, C, and E. The images are representative of results from at least 10 images for G.

To determine whether HSV y,34.5 stabilizes ICPO protein, the 26S complex of the proteasome. Immunoblot analysis

we evaluated the impact of pharmacological inhibitors on ICPO
protein abundance in infected cells. We first examined lactacys-
tin, which binds to and inhibits the proteasome subunit X/MB1
(34). In MEF cells treated with vehicle (dimethyl sulfoxide
[DMSO]), expression of the ICP0 protein was reduced by 70%
upon infection with R3616 (Fig. 2 C and D). Treatment of cells
with lactacystin restored ICPO expression to a significant level
(>70%). Although no effects were seen on ICP4 and ICP27,
lactacystin apparently prevented the degradation of ICP0. To
confirm this result, we assessed MG132, which potently inhibits
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showed that MG132 recovered ~80% of ICPO in cells infected
with R3616 for 8 h as compared to infected cells treated with
the vehicle control (Fig. 2 E and F). IF analysis indicated that
unlike the control, MG132 increased the expression of ICP0 by
>70% upon infection with R3616 (Fig. 2 G and H). These phe-
notypes were also seen at late time points of infection (S7
Appendix, Fig. S3 A-D). To determine whether additional path-
ways control ICPO expression, we measured the impact of chlo-
roquine (lysosomal inhibitor), 3-Methyladenine (autophagy
inhibitor), bafilomycin Al (autophagy inhibitor), and Z-VAD
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(pan-caspase inhibitor) but found little or a marginal effect (S/
Appendix, Fig. S4 A-D). In addition, knockout of cellular TBK1
or deletion of the Usll gene in HSV-1 did not affect ICPO
expression (SI Appendix, Fig. S5 A and B). These results sug-
gest that y,34.5 functions to inhibit the proteasomal degrada-
tion of ICPO.

The y434.5 Protein Interacts with ICP0 and Blocks Its Ubiquitination.
We hypothesized that HSV y,34.5 may interact with ICPO to
prevent its degradation. To investigate this, we carried out
immunoprecipitation analysis. When ectopically expressed in
293T cells, full-length y,34.5 coprecipitated with ICPO (SI
Appendix, Fig. S64). The mutant N159, which has deletion of
the carboxyl-terminal domain of y;34.5, also coprecipitated
with ICPO. However, the mutant AN146, which has a deletion
of the amino-terminal domain of y,34.5, failed to precipitate
with ICPO. These results were recapitulated in reciprocal
immunoprecipitation (SI Appendix, Fig. S6B), indicating that
v134.5 interacts with ICPO via its amino-terminal domain. We
next verified the y;34.5-ICPO interaction in virus-infected cells
(Fig. 3B). In cells infected with wild-type HSV-1, ICP0 copreci-
pitated with y,34.5. ICPO binding was not detectable in cells
infected with R3616 or with recombinant H1001 that lacks the
N-terminal domain of y,34.5. However, the y,34.5-ICP0 inter-
action was restored in cells infected with H1002, which bears
the repaired N-terminal domain of y,34.5.

To further investigate the impact of the y;34.5-ICPO0 interac-
tion, we measured ICPO expression in virus-infected cells. The
steady-state levels of ICPO were sharply reduced in R3616-
infected cells relative to cells infected with wild-type HSV-1
(Fig. 3C). Similarly, a reduction in ICPO protein levels was seen
with recombinant H1001 but not with H1002. This was not due
to the differences in viral infectivity as the expression of ICP4
and ICP27 were comparable. Moreover, treatment of cells with
MG132 restored ICPO expression to an appreciable level (Fig.
3C). We further recapitulated these phenotypes in human lung
fibroblasts (SI Appendix, Fig. S6C), suggesting that the
N-terminal domain of y;34.5 interacts with ICP0, leading to
ICPO stabilization.

As proteasomal degradation typically involves substrate poly-
ubiquitination, we inquired whether the y;34.5 protein affects
ICPO ubiquitination. We examined total ubiquitination of ICP0
in virus-infected cells, which were treated with MG312 (Fig.
3D). We observed that ICPO ubiquitination was barely visible
for wild-type HSV-1. However, ICPO became heavily ubiquiti-
nated in cells infected with R3616. This also occurred in cells
infected with H1001 but not with H1002, suggesting a negative
regulation of ICPO ubiquitination by y,34.5 via its N-terminal
domain. Consistently, unlike wild-type virus, R3616 or H1001
replicated less efficiently in MEF cells (Fig. 3E), which was also
seen in infected human lung fibroblasts (SI Appendix, Fig.
S6D). Thus, HSV-1 y,34.5 interacts with ICPO through its
N-terminal domain, which precludes ICPO ubiquitination and
subsequent degradation.

TRIM23 Facilitates Ubiquitination and Proteasomal Degradation of
ICPO. Recent work established that TRIM23 inhibits the replica-
tion of several RNA as well as DNA viruses, including HSV-1,
which relies on the activation of autophagy (33). Because
TRIM?23 is an E3 ubiquitin ligase that can mediate the polyubi-
quitination of distinct target proteins (33, 35-38), we asked
whether TRIM23 contributes to the degradation of ICP0. In
TRIM23** MEF cells infected with wild-type HSV-1, R3616,
H1001, or H1002, the expression of ICP4 and ICP27 was simi-
lar (Fig. 44). However, ICPO expression was drastically
decreased in MEFs infected with R3616 and H1001, as com-
pared to cells infected with wild-type HSV-1 and H1002, which
was attributable to the lack of functional y,34.5. Strikingly, in
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TRIM23~/~ MEF cells infected with all viruses, there was no
reduction in ICPO expression. We verified these results by IF
analysis of ICPO and ICP27 in TRIM23** and TRIM23~/~
cells (Fig. 4B and SI Appendix, Fig. ST A-D). Furthermore, we
assessed the relevance of TRIM23 in regulating ICPO expres-
sion in human lung fibroblasts by short hairpin RNA (shRNA)
knockdown analysis (SI Appendix, Fig. S8 A and B). Upon
infection with R3616 or H1001, ICPO expression was pro-
foundly reduced in control cells. Depletion of TRIM23, on the
other hand, robustly rescued ICPO production. Therefore, we
conclude that cellular TRIM23 triggers directly or indirectly
the degradation of ICP0O during HSV infection.

To assess the importance of TRIM23 in ICPO degradation, we
examined ubiquitination of ICPO in virus-infected cells (Fig. 4C).
In TRIM23** cells, infection with R3616 or H1001 sharply
induced the ubiquitination of ICP0, whereas infection with wild-
type virus did not. H1002 behaved like wild-type HSV-1. In
TRIM23 '~ cells, HSV-1 infection failed to cause polyubiquitina-
tion of ICPO irrespective of the status of y;34.5. Further analysis
showed that endogenous TRIM23 coprecipitated with ICPO in
TRIM23*"* cells infected with R3616 or H1001 (Fig. 4D). More-
over, wild-type v,34.5 coprecipitated with ICPO and TRIM23
upon virus infection (Fig. 4D). This also occurred in 293T cells
ectopically expressing y;34.5, ICP0, and TRIM23 (SI Appendix,
Fig. S94). Notably, recombinant human TRIM23 bound to puri-
fied y,34.5 and ICPO (SI Appendix, Fig. S9 B and C), demonstrat-
ing direct protein—protein interactions. These results suggest
that v,34.5, ICP0, and TRIM23 can directly form a complex in
HSV-1-infected cells. In the absence of functional y,34.5, HSV-1
infection triggers TRIM23 activation and subsequent ICPO
ubiquitination.

We next examined the role of TRIM23 in the restriction of
wild-type HSV-1 and v;34.5 mutant viruses. Congruently, in
TRIM23™* cells, wild-type HSV-1 as well as H1002 grew
robustly, whereas R3616 and H1001 replicated poorly, with a
>100-fold decrease in viral production (Fig. 4E). In TRIM23 ™/~
cells, the viral replication defect associated with R3616 or H1001
was rescued significantly (>100-fold increase of replication).
We also found similar phenotypes in human lung fibroblasts (SI
Appendix, Fig. S8C). Together, these data show that the interac-
tion of TRIM23 and y,34.5 regulates ICPO expression and subse-
quent viral replication.

The v,34.5 Protein Inhibits K11/K48-Linked Ubiquitination of ICPO.
To delineate the mechanism of ICPO degradation, we assessed the
relation of TRIM23, ICPO, and y,34.5. As TRIM23 bound to
ICPO (Fig. 54), we asked whether TRIM23 is able to directly
mediate ubiquitination of ICP0. After cotransfection of wild-type
ubiquitin and ICPO into 293T cells, TRIM23 expression readily
induced ICP0 ubiquitination (Fig. 5B), which was undetectable in
the absence of TRIM23 (SI Appendix, Fig. S104). Biochemical
analysis of cells expressing TRIM23 together with different ubig-
uitin mutants in which specific lysines were substituted (Fig. 5B)
showed only K11 but not K6, K27, K29, K33, K48, or K63 linked
ubiquitination for ICP0. Moreover, K11R substitution in ubiquitin
abolished ICPO ubiquitination (Fig. 5C), indicative of K11-linked
ubiquitination of ICP0O induced by TRIM23. This paralleled with
K27/29-linked autoubiquitination of TRIM23 (SI Appendix, Fig.
S10B), suggesting an involvement of active TRIM23 to mediate
ICPO ubiquitination (33). Deletion of N-terminal RING,
C-terminal ARF or both domains in TRIM23 abolished its capac-
ity to ubiquitinate ICPO (SI Appendix, Fig. S10 C and D). Further-
more, C34A substitution in the RING domain or K458l substitu-
tion in the ARF domain abolished K11-linked ubiquitination of
ICPO as these mutations inhibit TRIM23’s enzymatic activities
(33). These results suggest that TRIM23 interacts with viral ICPO
and mediates Kll-linked ubiquitination through its E3
ligase activity.
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Fig. 3. The amino-terminal domain of y,34.5 interacts with and stabilizes ICPO. (A) Schematic representation of the genome structure of wild-type HSV-1
and related mutants. Two copies of y4134.5 loci were in repeated regions. HSV-1 is wild-type virus, whereas R3616 lacks the entire y,34.5 coding region.
H1001 has deletion of amino acids 1 through 146 of y434.5, and H1002 is a repair virus of H1001 that harbors wild-type y434.5. (B) The amino-terminal
domain of y434.5 interacts with ICPO in virus infection. MEFs were infected with the indicated viruses (MOl = 5) for 2 h and then treated with DMSO or
MG132 (20 pM) for additional 6 h. Cells were processed for immunoprecipitation (IP) with anti-y;34.5 antibody. Whole-cell lysates (WCL) and precipitated
proteins were probed with antibodies against ICPO, y434.5, ICP4, ICP27, and -actin. (C) Effect of y4134.5 mutants on the IE proteins ICP4, ICPO, and ICP27.
MEFs were mock infected or infected as in B and harvested for Western blot analysis with antibodies against ICP4, ICPO, ICP27, y434.5, and B-actin.
(D) Effect of y134.5 mutants on ICPO ubiquitination. MEFs were mock infected or infected with the indicated viruses for 2 h (MOI = 5) and then treated
with MG132 (20 pM) for additional 6 h. Cells were processed for IP with anti-ICPO antibody. WCLs and precipitated proteins were probed with antibodies
against Ub, ICPO, y434.5, ICP4, ICP27, and B-actin. (E) Viral replication on MEFs. Cells were infected with the indicated viruses (MOI = 0.01) for 48 h, and
the total virus yields were titrated by plaque assay on Vero cells. Data are expressed as means + SD (n = 3) in E, P < 0.01 (one-way ANOVA). The data
are representative of results from three (C and E) or two (B and D) independent experiments.

Next, we tested the effect of y;34.5 on ICPO ubiquitination
by TRIM23 (Fig. 5D). Unlike the vector control, wild-type
v134.5 prevented K11-linked ICPO ubiquitination by TRIM23
when coexpressed. Coexpression of y;34.5 N159 that lacks
the C-terminal domain also exhibited an inhibitory activity
on ICPO ubiquitination, while expression of AN146 devoid of
the N-terminal domain of y;34.5 had no effect. As TRIM23
activation requires K27-linked autoubiquitination (33), we
further assessed the effect of y,34.5 on this activity in 293T
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cells (Fig. SE). We noted that wild-type y;34.5 inhibited the
autoubiquitination of TRIM23. Moreover, N159 but not
AN146 blocked TRIM23 autoubiquitination. These activities
paralleled with the ability of y,;34.5 variants to interact with
TRIM23 as measured by immunoprecipitation (Fig. 5F).
Mutational analysis showed that y;34.5 bound to the ARF
domain of TRIM23, which contains the sites for autoubiqui-
tination (SI Appendix, Fig. S1I0E). These results suggest that
binding of y;34.5 to the ARF domain via its N terminus
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results from three (A and E) or two (C and D) independent experiments. The images are representative of results from at least 10 images for B.

inactivates TRIM23 and prevents TRIM23-mediated, K11-
linked ubiquitination of ICPO.

To validate the impact of y;34.5, we examined ICP0 ubiquiti-
nation in virus-infected cells. For this purpose, we established
TRIM23** and TRIM23~'~ cell lines stably expressing
HA-tagged ubiquitin K11-only. As shown in Fig. 5G, infection
with R3616 or H1001 apparently induced K11-linked ubiquiti-
nation of ICPO in TRIM23** (HA-K11) cells. Interestingly,
this was accompanied by K48-linked ubiquitination of ICPO0.
However, neither wild-type HSV-1 nor H1002 infection evoked
ubiquitination of ICP0. Importantly, in TRIM23~/~ (HA-K11)
cells, viral infections did not cause apparent K11- or K48-
linked ubiquitination in ICP0. These results suggest that in
virus-infected cells, TRIM23 either directly or indirectly con-
trols both K11- and K48-linked ubiquitination of ICP0, whereas
the viral y;34.5 protein blocks this process to promote viral
replication.

TRIM23 Limits Replication of HSV Deleted of the ICP0 Gene. ICP(
is an immediate early protein that activates the expression of
early and late HSV genes, resulting in productive infection (2).
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Since ICPO is targeted by TRIM23, we investigated their func-
tional link in viral replication (Fig. 64). In TRIM23*/* cells,
wild-type HSV-1 expressed appreciable levels of mRNA for
ICP4, ICP27, and gC and gD (late genes). Although R7910, a
mutant virus that lacks the ICP0O gene, efficiently expressed
mRNA for ICP4 and ICP27, it had a drastic reduction in gC
and gD mRNA expression, indicative of defective viral replica-
tion. Recombinant R7911, which has the repaired ICPO gene,
had restored mRNA expression for gC and gD. Notably, in
TRIM23 /“cells, replication defects associated with R7910
were significantly rescued. Similar patterns of protein expres-
sion were noted for ICP4, ICP27, gC, and gD as measured by
immunoblot and IF analyses (Fig. 6 B-D and SI Appendix, Fig.
S11). These results suggest that TRIM23, besides its role in
autophagy (33, 39), restricts HSV-1 via ICP0 degradation.

We next determined viral production by plaque assay (Fig. 6F).
In TRIM23** cells, wild-type HSV-1 as well as R7911 grew effi-
ciently, reaching titers of 4 x 10° and 5 x 10° pfu/mL, respectively.
However, R7910 grew less efficiently, with a titer reaching 2 x 10°
pfu/mL. In TRIM23~/~ cells, HSV-1 and R7911 grew to titers
of 3 x 10° pfu/mL. Remarkably, R7910 grew to a titer of 4 x 10°
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K11-linked ubiquitination of ICPO. Flag-TRIM23 was cotransfected with pcDNA-ICPO along with Vector, HA-Ub (Wt), or the indicated Ub mutants into HEK-293T
cells. Cells were harvested for immunoprecipitation with anti-ICPO antibody at 48 h posttransfection. Whole-cell lysates (WCL) and precipitated proteins were
probed with antibodies against ICPO, HA, Flag, and p-actin. (C) K11R substitution in ubiquitin abolishes ICPO ubiquitination by TRIM23. Ubiquitination assay was
done as in B with pcDNA-ICPO, Flag-TRIM23, Wt, HA-Ub (K11 only), and HA-Ub (K11R). (D) Effects of y434.5 mutants on K11-linked ubiquitination of ICPO by
TRIM23. HEK-293T cells were transiently transfected pcDNA-ICPO, V5-TRIM23, and HA-Ub (K11 only) along with Flag-Vec, Flag-y134.5, Flag-AN146, or Flag-N159.
Cells were then harvested for immunoprecipitation and Western blot analysis with indicated antibodies. (E) Effects of y434.5 variants on K27-linked autoubiquiti-
nation of TRIM23. HEK-293T cells were transfected V5-TRIM23, HA-Ub (K27 only) along with Flag-Vec, Flag-y134.5, Flag-AN146, or Flag-N159. Cells were then
harvested for immunoprecipitation and Western blot analysis with indicated antibodies. (F) The N terminus of y;34.5 interacts with TRIM23. HEK-293T cells were
transfected V5-TRIM23 along with Flag-Vec, Flag-y,34.5, Flag-AN146, or Flag-N159 and assessed by immunoprecipitation and Western blot analysis with indi-
cated antibodies. (G) Effects of TRIM23 and y434.5 on K11- and K48-linked ubiquitination of ICPO in virus-infected cells. TRIM23** and TRIM23~/~ MEFs stably
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were processed for immunoprecipitation with anti-ICPO antibody. WCLs and precipitated proteins were probed with antibodies against HA and Ub (K48), ICPO,
v134.5, ICP4, ICP27, and p-actin. All the data are representative of results from two independent experiments.

pfu/mL. This recovery was attributable to the deficiency of
TRIM23. These growth patterns were also notable in human
lung fibroblasts upon depletion of TRIM23 by shRNA (S/
Appendix, Fig. S124). Moreover, ectopic expression of wild-type
TRIM23 in TRIM23~/~ cells reduced replication of R7910
(Fig. 6F). This inhibitory effect was not seen with ectopic expres-
sion of inactive TRIM23 truncation mutants, indicating that
enzymatically active TRIM23 restricts replication of the ICPO
null mutant (SI Appendix, Fig. S12B).

Liu et al.

Discussion

Productive herpesvirus infection relies on immediate early pro-
teins that drive viral replication (1, 2). Prior work showed that
host microRNA-138 represses mRNA expression of ICPO,
which facilitates HSV-1 latency (40). The identification of
v134.5 as a positive regulator of ICPO expression highlights
complex mechanisms in HSV biology. This may seem unex-
pected as y;34.5 is classically categorized as a leaky late (y;)
gene product (41). However, we and others showed that the
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v134.5 protein is expressed in both early and later stages of
HSV infection (10, 42). Numerous studies indicated that the
immediate early protein ICPO critically regulates epigenetic
modification, interferon expression, the DNA damage
response, and autophagy (2, 3, 43). Notably, mutations in ICP0
attenuate HSV-1 and impair viral reactivation (44-48). We infer
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that a wide window of y;34.5 expression may have coopted to
stabilize ICPO in the face of host restriction. In line with this,
wild-type virus but not the y;34.5 null mutant retained steady-
state ICPO expression independently of TBK1 or Usl1. A simi-
lar phenotype for ICPO expression was reported by others, and
PKR pathway activation was hypothesized to play a role (49).
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We recently reported that ICPO accumulation is separable from
elF2a phosphorylation (50), suggesting that a distinct mechanism
exists. Our data establish a functional relationship between y,34.5
and ICPO, which may partly explain why deletion of y;34.5 ren-
ders HSV avirulent and cripples viral reactivation from latency
(20, 21, 23). Perhaps the y;34.5-TRIM23-ICP0 axis acts as a
switch in this context, which may confer an advantage to HSV
persistency.

The y,34.5 protein binds to the TRIM23-ICPO complex,
which prevents the K11- and K48-linked ubiquitination and
degradation of ICPO in virus-infected cells. This is attributable
to functional interference rather than disruption of the
TRIM23-ICPO interaction. We noted that the y,34.5 protein
bound to the ARF domain of TRIM23, which inhibited the
K27-linked autoubiquitination of TRIM23. Moreover, the
v134.5 protein bound to ICP0O and prevented its Kl11-linked
ubiquitination by TRIM23. These activities involved the amino-
terminal domain of y;34.5, which is predicted to form four
a-helices separated by a stretch of turn or coil regions. Given a
direct interaction of y;34.5 and TRIM23, a plausible mecha-
nism would be that one or more of these a-helices may directly
interfere with TRIM23 activity. In addition, these modules may
create physical hindrance to shield ICPO. These models are not
mutually exclusive and should be investigated in future studies.

TRIM family proteins play a diverse role in viral infection
(24, 25). Of note, TRIM23 activates autophagy to inhibit the
replication of certain RNA viruses and DNA viruses, including
HSV-1 (33). In doing so, TRIM23 undergoes K27-linked autou-
biquitination at the ARF domain to activate its ARF GTPase,
which recruits TBK1 to autophagosomes and facilitates phos-
phorylation of the autophagy receptor p62. TRIM23 is also
reported to regulate interferon responses both positively and
negatively during certain RNA virus infections (36, 37). Our
data reveal that TRIM23 directly interacts with and drives
ICPO for proteasomal degradation. Importantly, depletion of
TRIM23 markedly rescues HSV-1 replication. These results
underscore the importance of TRIM23 in HSV-1 restriction,
although the mechanism of TRIM23 activation during HSV-1
infection awaits investigation. In addition, other TRIM family
members also interplay with ICP0O. For example, TRIM22
inhibits ICPO expression by epigenetic repression (32). Con-
versely, ICPO mediates degradation of cellular TRIM27 by
functioning as a viral E3 ligase (51). Given that TRIM23 acti-
vates autophagy and also facilitates proteasomal degradation of
ICPO, we speculate that this dual mechanism may proceed con-
currently or temporally to control HSV infection.

TRIM23 is a unique E3 ubiquitin ligase that harbors in addi-
tion to its RING E3 ligase domain, also a GTPase in the
C-terminal ARF domain (33, 35). We show that proteasomal
degradation of ICPO by TRIM23 is coupled with both K11- and
K48-linked ICPO polyubiquitination in virus-infected cells.
Genetic deletion of TRIM23 abolishes the observed activities.
Intriguingly, TRIM23 selectively catalyzes K11-linked ubiquiti-
nation of ICPO when ectopically expressed. This involves active
TRIM23 that is capable of undergoing K27-linked autoubiquiti-
nation. Although incompletely deciphered, we suspect that upon
virus infection, a distinct E3 ligase may catalyze K48-linked poly-
ubiquitination of ICPO following its K11-linked ubiquitination by
TRIM23. Alternatively, an additional factor that is at a limiting
rate in our experiments may cooperate with TRIM23 to catalyze
K48-linked ubiquitination. As such, by selectively regulating ICP0
ubiquitination in virus infection, TRIM23 may limit HSV gene
expression and subsequent replication.

In summary, this work shows that both HSV vy,34.5 and
TRIM23 control ICPO expression but in opposite ways. TRIM?23
functions to induce proteasomal degradation of ICPO in virus-
infected cells. On the other hand, viral y,34.5 stabilizes ICPO by
engaging with the TRIM23-ICPO complex. These results unveil a
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previously unrecognized posttranslational regulatory circuit in
HSV infection. Our findings suggest that modulation of TRIM?23
and y;34.5 may be a promising approach to block HSV lytic rep-
lication or reactivation.

Methods

Cells and Viruses. MEF, Vero, U20S, human embryonic kidney (HEK)-293T,
and human lung embryonic (HEL) fibroblast cells were obtained from the
American Type Culture Collection. TRIM23*/*, TRIM23~/~, TBK1*/*, and TBK1~/
~ MEFs, HEL stably expressed non-target shRNA, and TRIM23 target shRNA
were previously described (10, 39, 52). TRIM23** or TRIM23~/~ MEFs stably
expressing HA-Ub (K11 only) were selected with puromycin (Santa Cruz Bio-
technology) at the concentration 3 pg/mL. All cells were grown in Dulbecco’s
modified Eagle’s medium (Gibco) containing 10% or 5% fetal bovine serum
(Gibco) in a humidified 5% CO, incubator at 37 °C.

HSV-1(F) is a prototype HSV-1 strain used in this study (53). In recombinant
virus R3616, a 1-kb fragment from the coding region of the y,34.5 gene was
deleted (18). In recombinant virus H1001, the region encoding amino acids 1
through 146 of y,34.5 was deleted (54), and in H1002, the deleted region was
repaired with wild-type y134.5 (54). Recombinant virus R7910, lacking both
copies of the ICPO, was described elsewhere (55). In recombinant virus R7911,
the deleted ICPO gene was restored (56). R3631 is deleted from the Us11 gene
(57). Preparation of viral stock and titration of infectivity were carried out in
Vero and U20S cells.

Plasmids and Transfection. pPCMV6-TRIM23-MYC-DDK (Flag-TRIM23), purchased
from OriGene (NM_033227), was used as a PCR template to generate the trun-
cation mutants, which were inserted into the Sgfl and Mlul sites the pCMV6-
MYC-DDK vector. Specifically, ARING expresses amino acids 88 through 574,
AARF contains amino acids 1 through 402, CENTRAL encodes amino acids 88
through 402, RING carries amino acids 1 through 88, and ARF expresses amino
acids 403 through 574. Point mutants C34A and K458l in pCMV6-TRIM23-MYC-
DDK were previously described (33). Plasmid complementary DNA (pcDNA)-
ICPO were obtained by inserting ICPO complementary DNA (cDNA) into the
Hindlll and BamHI sites of pcDNA 3.1. V5-TRIM23, HA-y434.5, Flag-y,345, Flag-
AN146 (deleted 1 through 146 aa of y434.5), and Flag-N159 (contained 1
through 159 aa of y,34.5) were previously described (10, 54, 58). HA-Ub (wild
type [WT]) (#17608) and the mutants HA-Ub (K6 only) (#22900), HA-Ub (K11
only) (#22901), HA-Ub (K27 only) (#22902), HA-Ub (K29 only) (#22903), HA-Ub
(K33 only) (#17607), HA-Ub (K48 only) (#17605), and HA-Ub (K63 only)
(#17606) were from Addgene. HA-Ub (K11R) was generated by site-directed
mutagenesis with QuikChange Il Site-Directed Mutagenesis Kit (Agilent Tech-
nologies) using the HA-Ub (WT) as the template. pCDH-HA-Ub (K11 only) was
obtained by inserting HA-Ub (K11 only) into the BamH! and Notl sites of
PCDH-EF1-MCS-T2A-Puro (#CD527A-1, SBI System Biosciences). Lentivirus pack-
age plasmids (pCMV-VSV-G, pMDLg/pRRE, and pRSV-REV) were previously
described (59). All plasmids or constructs were produced from Escherichia coli
strain Top10 (Thermo Fisher Scientific). New constructs were sequenced by
Research Resources Center in University of Illinois Chicago. The primers used
for plasmids construction were listed in S/ Appendix, Table S1. Plasmid transfec-
tion was done with Lipofectamine LTX or PLUS (Thermo Fisher Scientific)
according to the manufacturer’s instruction.

Antibodies. For immunoblot analysis, the following antibodies were used:
a-ICP4 (1:1,000, H943, Santa Cruz Biotechnology), a-ICPO (1:1,000, 11060, Santa
Cruz Biotechnology), a-ICP27 (1:4,000, H1113, Virusys), a-y;34.5 (1:4,000 (60),
a-gC (1:4,000, 3G9, Abcam), a-gD (1:1,000, DL6, Santa Cruz Biotechnology),
a-p-actin (1:2,000, AC-15, Sigma), a-ubiquitin (horseradish peroxidase [HRP]
Conjugate) (1:1,000, P4D1, Cell signaling technology), «-K48-ubiquitin
(1:1,000, D9D5, Cell Signaling technology), «-TRIM23 (1:3,000, EPR7787,
Abcam), a-FLAG (HRP Conjugate) (1:2,000, M2, Sigma-Aldrich), a-HA (HRP
Conjugate) (1:1,000, 6E2, Cell Signaling technology), o-V5 (1:1,000, H-9, Santa
Cruz Biotechnology), «-TRIM23 (1:1,000, C-1, Santa Cruz Biotechnology),
a-rabbit IgG-HRP (1:10,000, Santa Cruz Biotechnology), and a-mouse IgG-HRP
(1:10,000, Santa Cruz Biotechnology). For IF staining, the following antibodies
were used: a-ICPO (1:100, 11060, Santa Cruz Biotechnology), a-ICP27 (1:100,
H1113, Santa Cruz Biotechnology), a-ICP4 (1:100, DL6, Santa Cruz Biotechnol-
ogy), a-gC (1:500, 3G9, Abcam), DAPI (1:1,000, Sigma-Aldrich), and a-Mouse
19G (H+L)-Alexa Fluor 488 (1: 1000, Thermo Fisher Scientific).

Viral Infections. Cells were infected with viruses at appropriate multiplicities
of infection (MOI). Viral titers were determined by plaque assay on Vero or
U20S cells (10). To assay for protein degradation, cells were infected with
viruses at an MOI of 5. At 2 h postinfection, cells were untreated or treated
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with lactacystin (20 uM, Santa Cruz Biotechnology), MG132 (20 uM, Sigma-
Aldrich), z-VAD-FMK (50 pM, Santa Cruz Biotechnology), 3-methyladenine
(5 mM, Sigma-Aldrich), chloroquine (10 pM, Sigma-Aldrich), and bafilomycin
A1 (20 nM, Santa Cruz Biotechnology) for 6 h, respectively. Cells were har-
vested for Western blot, immunoprecipitation, or ubiquitination analysis.

Real-Time qPCR Assay. Total RNA was harvested from cells using an RNeasy
Plus mini kit (Qiagen) according to the manufacturer’s instruction, and the
genomic DNA was eliminated using genomic DNA Eliminator columns. Ali-
quots of RNA (~200 ng) were used for cDNA synthesis with a high-capacity
cDNA reverse transcription kit with RNase inhibitor (Applied Biosystems).
Real-time gPCR was performed on Applied Biosystems ABI Prism 7900HT
instrument with SYBR green master mix (Applied Biosystems). Gene expres-
sion levels were normalized to that of endogenous control 18S ribosomal
RNA. Relative gene expression was determined as described previously (54,
61). The comparative cycle threshold (CT) method (AACT) was used to measure
the induction of each target gene relative to its induction in mock-infected
cells. Primer sequences were listed in S/ Appendix, Table S1.

IF Assay. Cells were cultured on coverslips to 90% confluency and infected
with indicated viruses for 8 h with or without MG132 (20 pM, Sigma-Aldrich).
Cells were then fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 15 min at room temperature. After permeabilization with
0.1% Triton X-100 in PBS for 10 min, cells were blocked with 3% bovine serum
albumin (BSA) in PBS for 1 h and incubated with primary antibodies overnight
at 4°C. This was followed by incubation with a fluorescein-conjugated second-
ary antibody for 1 h. After washing with PBS, cells were mounted, and images
were acquired under a Keyence fluorescence microscope. The median fluores-
cence intensity was quantified as the total fluorescence intensity divided by
the total number of nuclei which was normalized to DAPI staining. All image
quantifications were performed using cell counting software in Keyence fluo-
rescence microscope and ImagelJ, the ImageJ distribution, Fiji (62, 63).

Western Blot. Cells were harvested, washed with PBS, and then lysed on ice for
30 min as described previously (54). Lysates of cells were subjected to electro-
phoresis on 8%, 10%, or 12% Bis-Tris sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) gels (pH 6.4). Proteins were transferred to poly-
vinylidene difluoride membranes, blocked in 3% (wt/vol) BSA in phosphate
buffer saline-tween-20 (PBS-T), and incubated with the indicated primary anti-
bodies at 4°C overnight. After washing with PBS-T, membranes were
incubated with HRP-conjugated secondary antibodies diluted in 3% (wt/vol)
BSA in PBS-T for 1 h at room temperature. Proteins were visualized using
SuperSignal West Pico Plus chemiluminescent reagent (Thermo Fisher Scien-
tific) and detected by a X-ray film system (Thomas Scientific).

Protein-Protein Interaction and Ubiquitination Assays. Immunoprecipitation
was performed as described previously (54). Briefly, cells were lysed in Nonidet
P-40 (Nonidet P-40) buffer (50 mM Tris-HCI (pH 7.4), 1% Nonidet P-40, 150 mM
NaCl, 1 mM EDTA, 1:400 protease inhibitor mixture), and then centrifuged at
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20,000 x g for 10 min at 4°C. An aliquot of whole-cell lysates was saved for
immunoblot analysis. The rest were incubated with the indicated antibodies
overnight followed by agarose conjugated with protein A/G (sc-2003, Santa
Cruz Biotechnology) for 4 h. The beads were washed three times with wash
buffer (50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 5 mm EDTA, 0.1% Triton X-100,
and protease inhibitor mixture). The precipitated proteins were subjected to
Western blot analysis using the indicated antibodies. For detection of ICPO or
TRIM23 ubiquitination, cells were lysed with lysis buffer (1% SDS, 150 mM
Nacl, and 10 mM Tris-HCl, pH 8.0) with 2 mM sodium orthovanadate, 50 mM
sodium fluoride, and protease inhibitors. Samples were processed as for
immunoprecipitation but washed with radio immunoprecipitation assay
buffer containing 2 M urea to remove nonspecific binding of other ubiquiti-
nated proteins.

For in vitro binding assays, FLAG-tagged y,34.5 protein, expressed in HEK-
293T cells, was purified using anti-FLAG-conjugated magnetic beads (M2,
Sigma-Aldrich). FLAG-y434.5 immobilized on beads or control beads were incu-
bated with recombinant human GST-TRIM23 protein (Abnova, H00000373-P01)
in PBS (final concentration of 5 pg/mL) for 8 h at 4°C. After extensive washing
with 1% Nonidet P-40 buffer, bound proteins were eluted from the beads in
Laemmli buffer by heating at 95 °C for 5 min and then subjected to SDS-PAGE
and immunoblot analysis. Similarly, ICPO was purified from transiently trans-
fected HEK-293T cells using magnetic beads (M2, Sigma-Aldrich) and an anti-
ICPO antibody (Santa Cruz, 5H7) and tested for binding to recombinant human
GST-TRIM23 (Abnova, HO0000373-P01).

Lentiviral Transduction and Cell Line Construction. For construction of stably
expressed HA-Ub (K11 only) in TRIM23** and TRIM23~/~ MEFs, lentivirus was
produced after transfection of pCDH-HA-Ub (K11 only) together with package
plasmids (pCMV-VSV-G, pMDLg/pRRE, and pRSV-REV) in HEK-293T cells (59).
TRIM23** and TRIM23~/~ MEFs were then infected with the lentivirus. At 16
h after infection, cells were overlaid with fresh medium. At 3 d after infection,
the cells were selected by 3 pg/mL puromycin (Santa Cruz Biotechnology). All
experiments were performed within 2 wk after lentiviral transduction.

Statistical Analysis. All data were presented as means + SD and analyzed
using GraphPad Prism 7.0 software (GraphPad Software, Inc.). One-way
ANOVA with Dunnett’s multiple comparisons or an unpaired two-tailed Stu-
dent’s t test was used as indicated in the legends. The P values were calculated
from three biological replicates unless otherwise indicated in the legends.
Data were reproduced in independent experiments as indicated in the fig-
ure legends.

Data Availability. All study data are included in the article and/or S/ Appendix.
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