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ABSTRACT The Us11 protein encoded by herpes simplex virus 1 (HSV-1) functions
to impair autophagy; however, the molecular mechanisms of this inhibition remain
to be fully established. Here, we report that the Us11 protein targets tripartite motif
protein 23 (TRIM23), which is a key regulator of autophagy-mediated antiviral de-
fense mediated by TANK-binding kinase 1 (TBK1). In virus-infected cells, the Us11
protein drastically reduces the formation of autophagosomes mediated by TRIM23
or TBK1. This autophagy-inhibitory effect is attributable to the binding of the Us11
protein to the ARF domain in TRIM23. Furthermore, such interaction spatially ex-
cludes TBK1 from the TRIM23 complex that also contains heat shock protein 90
(Hsp90). When stably expressed alone in host cells, the Us11 protein recapitulates
the observed phenotypes seen in cells infected with the US11-expressing or wild-
type virus. Consistent with this, expression of the Us11 protein promotes HSV-1
growth, while expression of TRIM23 restricts HSV-1 replication in the absence of
US11. Together, these results suggest that disruption of the TRIM23-TBK1 complex
by the Us11 protein inhibits autophagy-mediated restriction of HSV-1 infection.

IMPORTANCE Autophagy is an evolutionarily conserved process that restricts certain
intracellular pathogens, including HSV-1. Although HSV-1 is well known to inhibit au-
tophagy, little is known about the precise molecular mechanisms of autophagy inhibi-
tion. We demonstrate that the Us11 protein of HSV-1 spatially disrupts the TRIM23-TBK1
complex, which subsequently suppresses autophagy and autophagy-mediated virus
restriction. Thus, expression of the Us11 protein facilitates HSV-1 replication. These
data unveil new insight into viral escape from autophagy-mediated host restriction
mechanisms.
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Autophagy is a conserved process that eliminates misfolded proteins, damaged
organelles, or intracellular pathogens, including certain viruses (1, 2). Once initi-

ated, the host cell engulfs cytosolic contents in double-membrane vesicles destined for
clearance. This process depends on the interaction of Beclin1 with the class III phos-
phatidylinositol 3-kinase VPS34, which, along with autophagy-related protein 14
(ATG14) and vacuolar protein sorting 15 (VPS15), drives autophagosome formation.
Consequently, autophagosomes undergo fusion for lysosomal degradation (2).

Available evidence suggests that a complex program is in operation where a
network of proteins mediates autophagy (1–3). For example, double-stranded RNA-
dependent protein kinase R (PKR) is activated in response to herpes simplex virus 1
(HSV-1) (4, 5). As a result, phosphorylation of the � subunit of translation initiation 2
(eIF2�) by PKR arrests protein synthesis and induces autophagy (4, 6). Accordingly,
genetic deletion or inactivation of PKR abrogates autophagy (6, 7). In addition, TANK-
binding kinase 1 (TBK1), which is essential for type I interferon (IFN) induction (8, 9), is
important for autophagy. Notably, TBK1 facilitates the recruitment of a selected cargo
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to autophagy receptors, such as p62, nuclear dot protein 52 kDa (NDP52), or optineurin
via direct interaction and phosphorylation of these receptor proteins (10–12). Recent
work revealed that TBK1 is subjected to activation by cellular TRIM23 that regulates
autophagy induction in response to multiple RNA viruses and DNA viruses, including
HSV-1 (10).

HSV-1 is a large DNA virus that usually replicates in the epithelium of mucosal
tissues and establishes latency in neurons of the peripheral nervous system (11).
Primary infection or reactivation initiates a productive cycle, with sequential expression
of HSV-1 genes that work cooperatively (12). Among them is the �134.5 gene product
that precludes translation arrest mediated by PKR (4, 5). In doing so, HSV-1 �134.5
redirects protein phosphatase 1 (PP1) to dephosphorylate eIF2� (13, 14), which has
been linked to the inhibition of autophagy (6). Moreover, the �134.5 protein binds to
Beclin1 to block autophagy, which mediates HSV-1 virulence in vivo (15). This is
reported to dampen antigen presentation or CD4� T cell activation (16, 17). Of note, it
has been reported that the Us11 protein of HSV-1 also perturbs autophagy by inhibition
of PKR (18).

Previous work demonstrated that HSV-1 US11 is a late (�2) protein whose expression
depends on viral DNA replication (19). One of the many functions of US11 (20–24) is to
prevent the cessation of protein synthesis. This requires its interaction with PKR or
cellular protein activator of protein kinase R (PACT), which results in the inhibition of
eIF2� phosphorylation (25, 26). When expressed as an early (�) protein, the Us11
protein rescues viral growth in the absence of �134.5 (27–29). In a screen for novel US11
functions, we recently identified that the Us11 protein negatively modulates TBK1
activity, which reduces IFN-�/� expression in virus-infected cells (30). TBK1 pathway
inhibition by US11 contributes to viral replication (30). However, the underlying events
of TBK1 inhibition by US11 remain incompletely understood. In this study, we report
that US11 inhibits autophagy-mediated antiviral restriction by functional interruption
of the TBK1 axis. In particular, US11 interacts with TRIM23 and blocks TBK1 assembly
into a functional TRIM23 complex required for autophagy induction. These results
reveal a new mechanism through which HSV-1 neutralizes host restriction in infected
cells.

RESULTS
HSV-1 US11 interferes with TBK1-mediated autophagy induction in virus-

infected cells. While it has been well established that TBK1 is essential for the type I
IFN response (8, 9), it also has been recently implicated in autophagy (10–12). To better
understand the US11-TBK1 connection, we examined autophagy in TBK1�/� and
TBK1�/� mouse embryonic fibroblast (MEF) cells in response to HSV-1 infection. As
US11 functions coordinately with �134.5 (31, 32), we sought to define its role in the
absence of �134.5. Specifically, we analyzed wild-type (WT) HSV-1, the �134.5 null
mutant (Δ�134.5), and the �134.5 null mutant in which US11 is driven by the �47
promoter (EUs11). First, we evaluated autophagosome formation in cells transiently
transfected with green fluorescent protein–microtubule-associated protein 1 light
chain 3B (GFP-LC3B), which is processed and recruited to the autophagosome mem-
brane during autophagy. As shown in Fig. 1A and B, rapamycin stimulation strongly
increased the number of GFP-LC3B puncta in TBK1�/� cells but not in TBK1�/� cells,
indicative of autophagy induction by TBK1. This pattern was mirrored by infection with
Δ�134.5 but not wild-type HSV-1 or EUs11. We next measured conversion of endoge-
nous LC3B-I to LC3B-II, the latter being the active, membrane-bound form required for
autophagosome formation. Similar to rapamycin treatment, infection with Δ�134.5
increased the level of LC3B-II in TBK1�/� cells compared to that in mock-treated cells.
Conversely, the LC3B-II levels in TBK1�/� cells infected with wild-type HSV-1, or EUs11,
were similar to those in mock-infected cells (Fig. 1C and D). These changes were
minimally detectable in TBK1�/� cells. Collectively, these results indicate that au-
tophagy induction by HSV-1 is dependent on TBK1. Furthermore, these data suggest
that US11 suppresses TBK1-dependent autophagy in HSV-1-infected cells.

Liu et al. Journal of Virology

September 2019 Volume 93 Issue 17 e00497-19 jvi.asm.org 2

https://jvi.asm.org


HSV-1 US11 prevents autophagy mediated by TRIM23 in virus-infected cells.
TRIM23 was recently shown to activate autophagy by interacting with TBK1 (10). To
determine whether US11 affects autophagy elicited by TRIM23, we measured GFP-LC3B
puncta formation in HSV-1-infected cells. For this purpose, we utilized TRIM23�/� and
TRIM23�/� MEF cells ectopically expressing GFP-LC3B. Figure 2A and B show that
rapamycin effectively triggered formation of GFP-LC3B puncta in TRIM23�/� MEF cells,
unlike mock treatment. Infection with Δ�134.5 also substantially induced GFP-LC3B
puncta, which were detectable throughout the cytoplasm. In contrast, wild-type HSV-1,
or EUs11, minimally enhanced GFP-LC3B puncta formation in TRIM23�/� cells com-
pared to that of mock treatment of these cells. These activities were not evident in
TRIM23�/� MEF cells, which are consistent with a pivotal role of TRIM23 in autophagy
induction (10).

To confirm the results described above, we next examined LC3B-I to LC3B-II con-
version in TRIM23�/� and TRIM23�/� MEF cells (Fig. 2C and D). As expected, rapamycin
stimulation increased the protein abundance of endogenous LC3B-II in TRIM23�/� cells
compared to that after mock treatment. While Δ�134.5 infection led to an increase in
endogenous LC3B-II abundance, wild-type HSV-1 did not. Similarly, EUs11 did not
increase the protein levels of LC3B-II in TRIM23�/� cells. These phenotypes correlated
well with expression of US11, where viral infection was comparable, as measured by
ICP27 expression. In TRIM23�/� MEF cells, the relative protein levels of LC3B-II re-
mained unchanged under these experimental conditions. Consistent with the results
obtained from TRIM23�/� and TRIM23�/� MEF, analysis of endogenous LC3B-
I¡LC3B-II conversion in infected human lung fibroblasts (HEL) in which TRIM23 was
depleted using short hairpin RNA (shTRIM23) yielded similar results (Fig. 3A to C). We
conclude from these experiments that the Us11 protein is crucial to inhibit autophagy
mediated by TRIM23, particularly in the absence of �134.5 in virus-infected cells.

The Us11 protein suppresses autophagy through exclusion of TBK1 from the
TRIM23 complex. As a complex DNA virus, HSV-1 expresses a range of viral proteins in

FIG 1 Us11 protein inhibits autophagy mediated by TBK1. (A) GFP-LC3B puncta formation in TBK1�/� and TBK1�/� MEFs. Cells transiently transfected with
GFP-LC3B were infected with wild-type HSV-1, Δ�134.5, or EUs11 (MOI of 5) for 12 h or incubated with rapamycin (200 nM) for 10 h. Images were then captured.
Nuclei were stained with DAPI (blue). Scale bar, 10 �m. (B) Quantitation of GFP-LC3B puncta formation. Results represent the mean number � standard
deviation (SD) of GFP-LC3B puncta per cell (n � 20). **, P � 0.01 (Student’s t test). (C) Conversion of endogenous LC3B-I to LC3B-II. TBK1�/� or TBK1�/� MEFs
were mock infected, infected with the indicated viruses, or stimulated with rapamycin as described for panel A. Cell lysates were then processed for Western
blot analysis with antibodies against LC3B, US11, ICP27, and �-actin. (D) Densitometric quantification of LC3B-II/LC3B-I. The protein bands shown in panel C
were quantified using NIH ImageJ software. The data are presented as the relative amount of LC3B-II and LC3B-I normalized to the total level of �-actin in each
sample. The data are averages from three independent experiments and were statistically assessed by a two-tailed Student’s t test. **, P � 0.01.
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infected cells (12, 33). To delineate whether US11 works in the absence of any other
viral proteins, we established stable MEF cell lines that express Flag-mCherry or
Flag-US11-mCherry. After transient transfection with GFP-LC3B, we analyzed for au-
tophagy induction triggered by rapamycin. As shown in Fig. 4A and B, cells, when left
untreated, displayed only a few GFP-LC3B puncta. Treatment with rapamycin resulted
in different patterns. In Flag-mCherry-expressing control cells, rapamycin treatment
resulted in a large number of GFP-LC3B puncta; however, this increase was not visible
in rapamycin-treated cells that expressed Flag-US11-mCherry. Consistent with these
data, Flag-US11-mCherry expression reduced the conversion of endogenous LC3B-I to
LC3B-II following rapamycin treatment (Fig. 4C). These activities were in parallel with
the expression pattern of US11, where both full-length Flag-US11-mCherry and pre-
sumably proteolytic fragments were detected by Western blot analysis. Thus, the Us11
protein is able to block the formation of autophagosomes when expressed alone in
host cells.

Previous work suggests that heat shock protein 90 (Hsp90) recruits and stabilizes
TBK1 (34). Since TRIM23 binds to and activates TBK1 (10), we inferred that TRIM23 forms
a functional complex with Hsp90 and TBK1, and that the integrity of this complex is
disrupted by US11 to impair autophagy. As shown in Fig. 4D, anti-Hsp90 immunopre-
cipitation (IP) revealed that both TRIM23 and TBK1 coprecipitated with endogenous
Hsp90 in control cells, suggesting the existence of an Hsp90-TRIM23-TBK1 complex.
However, stable expression of US11 resulted in specific disappearance of TBK1 from the
TRIM23 complex, where Hsp90 still remained bound to TRIM23. Therefore, HSV-1 US11
inhibits autophagy by disrupting the TRIM23-TBK1-Hsp90 complex.

The Us11 protein blocks recruitment of TBK1 by targeting the ARF domain in
TRIM23. To probe the mechanism of US11 action, we assessed protein-protein inter-
actions in cells transiently transfected with TRIM23, TBK1, Hsp90, US11, and controls.
Figure 5A shows that TRIM23 interacted with Hsp90 when coexpressed in 293T cells.
Similarly, TRIM23 associated with TBK1. These interactions were specific because

FIG 2 Us11 protein inhibits autophagy mediated by TRIM23. (A) GFP-LC3B puncta formation in TRIM23�/� and TRIM23�/� MEFs. Cells transiently transfected
with GFP-LC3B were mock infected, infected with wild-type HSV-1, Δ�134.5, or EUs11 (MOI of 5) for 12 h, or incubated with rapamycin (200 nM) for 10 h. Images
were then captured. Nuclei were stained with DAPI (blue). Scale bar, 10 �m. (B) Quantitation of GFP-LC3B puncta formation. Results represent the mean
number � SD of GFP-LC3B puncta per cell (n � 20). **, P � 0.01 (Student’s t test). (C) Conversion of LC3B-I to LC3B-II. TRIM23�/� and TRIM23�/� MEFs were
mock infected, infected with the indicated viruses, or stimulated with rapamycin as described for panel A. Cell lysates were then processed for Western blot
analysis with antibodies against LC3B, US11, ICP27, and �-actin. (D) Quantification of LC3B-II/LC3B-I. The protein bands shown in panel C were quantified using
NIH ImageJ software. The data are presented as the amount of LC3B-II relative to that of LC3B-I, normalized to the total amount of �-actin in each sample. The
data are averages from three independent experiments and were statistically assessed by a two-tailed Student’s t test. **, P � 0.01.
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TRIM23 bound to neither enhanced GFP (EGFP) nor mCherry. When ectopically ex-
pressed together, TRIM23 interacted with Hsp90 and TBK1. Addition of US11 effectively
displaced TBK1 in the TRIM23 complex with no visible effect on Hsp90 (Fig. 5B), which
mirrored the effect of US11 on endogenous protein interactions (Fig. 4D). These results
suggest that, by targeting TRIM23, HSV-1 US11 precludes incorporation of TBK1 into the
TRIM23 complex.

To further address this question, we focused on characterizing the interaction of
US11 and TRIM23. 293T cells were transfected with Flag-US11-mCherry along with
V5-tagged TRIM23, followed by anti-V5 immunoprecipitation. As shown in Fig. 6A, US11
but not the control protein (Flag-mCherry) coprecipitated with TRIM23. To map the
US11-binding region in TRIM23, we generated the following TRIM23 variants in which
individual domains of the protein were deleted: TRIM23 lacking the N-terminal RING
finger (ΔRING; amino acids [aa] 88 to 574), C-terminal ARF domain (ΔARF; aa 1 to 402),
or both (CENTRAL; aa 88 to 402). Western blot analysis confirmed efficient expression
of these mutant variants (Fig. 6B). When ectopically expressed, US11 precipitated with
wild-type TRIM23 and its ΔRING mutant in immunoprecipitation assays (Fig. 6C).
However, US11 failed to precipitate with the ΔARF or CENTRAL mutant, suggesting that
the Us11 protein interacts with the ARF domain of TRIM23, which is necessary to bind
TBK1 (10). In support of this, US11 efficiently bound to a TRIM23 mutant expressing only
the ARF domain (ARF; aa 403 to 574) (Fig. 6C). Together, these results indicate that the
Us11 protein binds to the C-terminal ARF domain of TRIM23 and thereby prevents TBK1
binding to TRIM23, which inhibits autophagy.

HSV-1 US11 downregulates TRIM23 and TBK1 protein abundance in virus-
infected cells. Given the observed impact of US11, we further analyzed the TRIM23-
TBK1-Hsp90 ternary complex in infected cells. Cells were mock infected or infected with

FIG 3 (A) TRIM23 depletion in human lung fibroblasts (HEL). Lysates of cells that were transduced with control
shRNA (shCtrl) or shRNA targeting TRIM23 (shTRIM23) were subjected to Western blot analysis with antibodies
against TRIM23 and �-actin. (B) Conversion of LC3B-I to LC3B-II. HEL cells, expressing shCtrl or shTRIM23, were mock
infected, infected with wild-type HSV-1, Δ�134.5, or EUs11 (MOI of 5) for 12 h, or incubated with rapamycin
(200 nM) for 10 h. Cell lysates were processed for Western blot analysis with antibodies against LC3B, US11, ICP27,
and �-actin. (C) Quantification of LC3B-II/LC3B-I. The protein bands shown in panel B were quantified using NIH
ImageJ software and are presented as the amount of LC3B-II relative to that of LC3B-I, normalized to the total
amount of �-actin in each sample. The data are averages from three independent experiments and were
statistically assessed by a two-tailed Student’s t test. **, P � 0.01.
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wild-type HSV-1, Δ�134.5, or EUs11. At 12 h postinfection, lysates of cells were sub-
jected to immunoprecipitation and Western blot analysis. As illustrated in Fig. 7, Hsp90
associated with TRIM23 and TBK1 in mock-infected cells. Similarly, this interaction was
seen in cells infected with Δ�134.5, where no US11 expression was detectable. How-
ever, in cells infected with wild-type HSV-1 or EUs11, TBK1 was not detectable in the
Hsp90 complex, which coincided with the presence of US11 in the Hsp90 complex.
TRIM23 remained associated with Hsp90 but at a reduced level. These results suggest
that US11 was able to disrupt the assembly of TRIM23-TBK1-Hsp90 complex in virus-
infected cells. Interestingly, the protein abundance of TRIM23 and TBK1 was lower in
cells infected with wild-type HSV-1 or EUs11 than in cells mock infected or infected with
Δ�134.5, suggesting that HSV-1 has evolved an additional mechanism to inhibit TRIM23
and TBK1 functions that is dependent on downregulating their protein abundances.

HSV-1 US11 rescues a viral growth defect imposed by TRIM23. Finally, we
determined whether the US11-TRIM23 interaction affects HSV-1 replication. As illus-
trated in Fig. 8A, wild-type HSV-1 replicated efficiently in both TRIM23�/� and
TRIM23�/� cells, reaching titers of 1 � 105 and 1 � 106 PFU/ml, respectively. However,
Δ�134.5 replicated poorly (5 � 101 PFU/ml) in TRIM23�/� cells, although its growth was
restored to a titer of 5 � 104 PFU/ml in TRIM23�/� cells. Notably, EUs11 displayed a
different growth property. In TRIM23�/� cells, EUs11 reached a titer of 1 � 104

PFU/ml, demonstrating significantly increased growth compared to that of Δ�134.5.
In TRIM23�/� cells, EUs11 replicated similarly to wild-type virus, reaching a titer of
4 � 105 PFU/ml. Consistent with this, these phenotypes were correlated with cytopathic
effects (Fig. 8B). It appears that TRIM23 severely limits HSV-1 replication in the absence
of �134.5. However, US11 expression is able to largely override this blockade by TRIM23.
These experimental results suggest that the Us11 protein functionally antagonizes
cellular TRIM23 in HSV-1 infection.

DISCUSSION

In this work, we show that the US11-TRIM23 interaction is a regulatory step that
controls HSV infection. Remarkably, such engagement with TRIM23 strongly suppresses
autophagy. In support of this argument, we noted that, in contrast to wild-type HSV-1,
the �134.5 null mutant, which is unable to produce the Us11 protein, stimulated

FIG 4 US11 inhibits autophagy in the absence of other HSV-1 proteins. (A) MEF cells stably expressing Flag-mCherry or Flag-US11-mCherry were transfected
with GFP-LC3B. Cells were then incubated with rapamycin (200 nM) for 10 h and subjected to analysis by confocal microscopy (scale bar, 10 �m). Nuclei were
stained with DAPI (blue). (B) Quantitation of GFP-LC3B puncta formation. Results represent the mean number � SD of GFP-LC3B puncta per cell (n � 20). **,
P � 0.01 (Student’s t test). (C) Effects of US11 on endogenous LC3B-I to LC3B-II conversion induced by rapamycin. MEFs stably expressing Flag-mCherry or
Flag-US11-mCherry were treated with DMSO or rapamycin for 10 h. Cell lysates were prepared and processed for Western blot analysis with antibodies against
LC3B, Flag, and �-actin. (D) Effects of US11 on the TRIM23-TBK1-Hsp90 complex. MEFs stably expressing Flag-mCherry or Flag-US11-mCherry were processed
for immunoprecipitation with Hsp90 antibody. Coprecipitated proteins and whole-cell lysates (WCL) were probed with antibodies against Hsp90, TRIM23, TBK1,
Flag, and �-actin.
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autophagosome formation in TRIM23�/� but not TRIM23�/� cells. Ectopic expression
of US11 drastically reduced autophagosome formation. These phenotypes were also
recapitulated in TBK1�/� and TBK1�/� cells. Furthermore, when expressed in host cells,
US11 associated with TRIM23 in the absence of other viral proteins. Importantly, US11
rescued the viral growth defect imposed by TRIM23. As US11 functionally substituted
for �134.5, these results suggest that at least two separate HSV-1 proteins are required
to cope with autophagy-mediated virus restriction. Interpreted within this context, it is
noteworthy that in cells infected with wild-type virus �134.5, expression precedes that
of US11. We are inclined to the model that the two proteins act successively as viral
infection progresses, which may provide a growth advantage in virus infection.

TRIM23 is a unique E3 ubiquitin ligase that harbors GTPase activity encoded by the
C-terminal ARF domain (35, 36). Upon activation, TRIM23 undergoes K27-linked auto-
ubiquitination at the ARF domain, which activates the GTPase and subsequently TBK1
enzymatic activity to phosphorylate p62, ultimately promoting autophagy (10). We
observed that US11 sharply reduced the number of autophagosomes induced by viral
infection or rapamycin stimulation. We further found that US11 was able bind to the

FIG 5 (A) TRIM23 associates with TBK1 and Hsp90. 293T cells were transfected with V5-TRIM23 along with Myc-Hsp90, Myc-EGFP,
Flag-TBK1, and Flag-mCherry. At 36 h after transfection, cells were processed for immunoprecipitation with anti-V5 antibody.
Precipitated proteins and whole-cell lysates were probed with antibodies against V5, Myc, Flag, and �-actin. (B) US11 prevents the
assembly of TBK1 into the TRIM23-Hsp90 complex. 293T cells were transfected with constructs described above together with or
without Flag-US11-mCherry. At 36 h after transfection, cells were processed for immunoprecipitation with anti-V5 antibody.
Immunoprecipitates and whole-cell lysates were probed with antibodies against V5, Myc, Flag, and �-actin.
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ARF domain of TRIM23 when expressed in host cells. Although the precise mechanism
remains to be fully established, US11 may compete with TBK1 for TRIM23 binding
because TRIM23 recruits TBK1 through its ARF domain (10). In line with this model,
expression of US11 led to displacement of TBK1 from the TRIM23 complex with little
effect on Hsp90. It is further possible that US11 binding to TRIM23 blocks one or
multiple ubiquitination sites in the ARF domain, which prevents efficient GTP/GDP
cycling of TRIM23 and thereby TBK1 activation. Nevertheless, these working models are
not mutually exclusive, and future studies will be needed to define the precise
molecular mechanism(s) of US11-mediated inhibition of TRIM23 in the autophagy
pathway. Moreover, while our data clearly showed that TBK1 is required for HSV-1-
induced autophagy, it is notable that TBK1-independent autophagy exists (37). While
intriguing, its relation to TRIM23 is currently unknown and requires further study.

Our work suggests that US11, in addition to disrupting TRIM23-TBK1 complex
formation, modulates TRIM23 through an additional mechanism. During virus infection
Us11 expression downregulated the steady-state levels of TRIM23. This was evident for
both wild-type virus and the US11-expressing virus. Intriguingly, when expressed alone,
US11 barely had an effect on TRIM23 protein abundance. US11 similarly modulated
TBK1 protein levels but not those of Hsp90. A plausible explanation is that US11
cooperates with another HSV-1 protein(s) to fulfill this task. Alternatively, a separate
HSV protein(s) may work independently. The molecular mechanism of how HSV-1 infection
leads to reduced TRIM23 protein abundance remains to be determined. Similar to the
proteasome-dependent degradation of TBK1 (30), TRIM23 has been suggested to be
degraded by the proteasome (38); however, this requires further investigation. On
the other hand, many proteins involved in autophagy, such as p62, are degraded by the
autophagosome-lysosome degradation pathway. Thus, additional work is necessary to
define the degradative pathway(s) utilized by HSV-1 to induce TRIM23 degradation and
also to identify the HSV-1 protein responsible for TRIM23 destabilization.

HSV-1 US11 is best characterized for its capacity to inhibit the double-stranded

FIG 6 Binding of US11 to TRIM23 requires the ARF domain. (A) The interaction of TRIM23 and US11. 293T cells were transfected with V5-TRIM23 along with
Flag-US11-mCherry, Flag-mCherry, or vector plasmid. Cell lysates were processed for immunoprecipitation with anti-V5 and Western blot analysis with
antibodies against V5 and Flag. (B) TRIM23 domain structure and mutant constructs. Numbers denote amino acid positions in TRIM23. To verify the expression
of TRIM23 variants, 293T cells were transiently transfected with V5-tagged WT TRIM23, ΔRING, ΔARF, CENTRAL, and ARF for 36 h and analyzed by
immunoblotting with anti-V5. (C) Binding of US11 to TRIM23 variants. 293T cells were transfected with Flag-US11-mCherry along with V5-TRIM23 WT or its
mutants or vector plasmid. At 36 h after transfection, cells were processed for immunoprecipitation with anti-V5 and Western blot analysis with antibodies
against V5, Flag, and �-actin.
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RNA-dependent protein kinase PKR (25–29, 31, 39). The observation that US11 over-
comes growth restriction by TRIM23 suggests a previously unrecognized function for
this viral protein. Because TRIM23 limits replication of several viruses, including HSV-1
(10), it is not surprising that US11 has evolved to antagonize TRIM23. Exactly how US11
regulates HSV-1 replication remains to be determined. Recent work demonstrates that
TRIM23 activates TBK1 (10), an immune kinase that controls autophagy and the type I
IFN response (3, 10). We postulate that viral growth rescued by US11 reflects its
negative impact on both pathways. Consistent with this idea, we recently noted that
US11 inhibits IFN induction mediated by TBK1, which is coupled to viral replication (30).
Published work suggests that TRIM23 also regulates other host factors, including I-�B
kinase and the adipogenic activator PPAR� (40–42). At this stage, our data do not
exclude the possibility that US11 works via an additional pathway(s). Future work will
focus on the precise mechanism(s) by which Us11 facilitates viral replication.

MATERIALS AND METHODS
Cells and viruses. Vero, human lung fibroblasts (HEL), and 293T cells were obtained from the

American Type Culture Collection. TBK1�/� and TBK1�/� mouse embryonic fibroblasts (MEFs) have been
described previously (43). TRIM23�/� and TRIM23�/� MEFs were generous gifts from Martha Vaughn (38).
HEL cells stably expressing control short hairpin RNA (shCtrl) or TRIM23-specific short hairpin RNA
(shTRIM23) were produced through lentiviral transduction and selection with puromycin (Santa Cruz).
MEF cells stably expressing Flag-mCherry and Flag-US11-mCherry were established by lentiviral trans-
duction and selection with puromycin (Santa Cruz). All cells were propagated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum. HSV-1(F) is a prototype HSV-1 strain
used in this study (44). Δ�134.5 has deletion of the coding region for the �134.5 gene (45). EUs11 retains
the Us11 gene driven by the �-47 promoter but with the �134.5 gene removed (30). Preparation of viral
stock and titration of infectivity were carried out in Vero cells (43).

Plasmids and reagents. Construction of plasmids Flag-TBK1, Myc-Hsp90, and Myc-EGFP has been
described elsewhere (30). Plasmid TRIM23-V5 contains full-length TRIM23 cloned into the XhoI and XbaI
sites of pEF-IRES-puro vector (10). The mutants of TRIM23 were generated by PCR and cloned into the
XhoI and XbaI sites in pEF-IRES-puro vector (38). Specifically, ΔRING expresses amino acids 88 to 574 of
TRIM23, ΔARF expresses amino acids 1 to 402, CENTRAL encodes amino acids 88 to 402, and ARF
expresses amino acids 403 to 574. Plasmid GFP-LC3B was obtained from Yoshinori Ohsumi. Plasmid
Flag-mCherry was constructed by inserting a PCR-amplified fragment into the EcoRV and XhoI sites of
pCDH-Flag. For Flag-US11-mCherry, a PCR fragment of the Us11 gene was cloned into the BamHI and

FIG 7 HSV-1 US11 precludes TRIM23-Hsp90-TBK1 ternary complex from forming in infected cells. MEFs
were subjected to mock infection or were infected with the indicated viruses (5 PFU/cell). At 12 h
postinfection, cells were processed for immunoprecipitation with anti-Hsp90 antibody. Precipitated
proteins and whole-cell lysates were probed with antibodies against TRIM23, TBK1, Hsp90, US11, ICP27,
and �-actin.
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EcoRV sites in Flag-mCherry. pLKO.1-puro vector-based shRNA expression cassettes for TRIM23 (sense
sequence, CCGGGCTTGG AAGAAGGTTG TCAAACTCGA GTTTGACAAC CTTCTTCCAA GCTTTTTG) and the
control (sense sequence, CCTAAGGTTA AGTCGCCCTC GCTCGAGCGA GGGCGACTTA ACCTTAGG) were
purchased from Sigma. Rapamycin was purchased from Santa Cruz (number 53123-88-9) and used as a
positive control to induce the autophagy at a concentration of 200 nM.

Viral infection assay. Cells were mock infected or infected with viruses. At the indicated time point,
cells were harvested and processed for Western blot and immunoprecipitation analyses. For cytoplasmic
GFP-LC3B puncta visualization, GFP-LC3B was transfected into the cells. After 24 h, the cells were mock
infected or infected with viruses. At 12 h postinfection, the cells were fixed for confocal microscopy
analysis. To assay for viral growth, infected cells were harvested and freeze-thawed three times. Viral
yields were determined on Vero cells at 37°C (43).

Immunoprecipitation analysis. 293T cells were transfected with Lipofectamine 3000 (Invitrogen)
according to the manufacturer’s instruction for 36 h. Alternatively, MEF cells were mock infected or
infected with viruses for 12 h. Immunoprecipitation was carried out as described previously (46). Briefly,
cells were harvested and lysed with ice-cold immunoprecipitation buffer. After centrifugation, cell
extracts were incubated with the indicated antibodies and agarose conjugated with protein A/G at 4°C.
The immobilized protein beads were subjected to electrophoresis and immunoblot analysis.

Immunoblot analysis. MEF and HEL cells were mock infected or infected with viruses. At 12 h
postinfection, cells were harvested and lysed with ice-cold 50 mM Tris-Cl buffer (30). Samples were then
separated by electrophoresis, transferred to nitrocellulose membranes, and reacted with antibodies against
TBK1 (number 3504; Cell Signaling Technology), TRIM23 (ab192032; Abcam), TRIM23 (sc-135587; Santa Cruz),
LC3B (number 3868; Cell Signaling Technology), Hsp90 (sc-13119; Santa Cruz), �-actin (Sigma), US11 (47),
ICP27 (Virusys, Inc.), anti-V5 (sc-271944; Santa Cruz), anti-Myc (sc-40; Santa Cruz), anti-Flag-horseradish
peroxidase (anti-Flag-HRP) (Sigma), or anti-Myc-HRP (Cell Signaling Technology). The membranes were rinsed
in phosphate-buffered saline and reacted with either donkey anti-rabbit (Santa Cruz) or donkey anti-mouse
(Santa Cruz) immunoglobulin conjugated to HRP and developed with an enhanced chemiluminescence
Western blot detection system kit (Amersham Pharmacia Biotechnology).

Confocal microscopy. MEF cells were grown on coverslips (Chemglass) and transfected with
plasmid GFP-LC3B using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instruc-
tions. Cells were fixed with 4% (wt/vol) paraformaldehyde (Santa Cruz) for 20 min. Cells were
mounted in 4=,6-diamidino-2-phenylindole (DAPI)-containing Vectashield (Vector Labs) to costain
nuclei. All laser scanning images were acquired on a Zeiss LSM710 confocal microscope and
processed with Zen 2010 software (Zeiss). Cytoplasmic GFP-LC3B puncta in cells were manually
counted for at least 20 randomly selected cells.
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