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Herpes Simplex Virus 1 Inhibits TANK-Binding Kinase 1
through Formation of the Us11-Hsp90 Complex

Xing Liu,2 David Main,? Yijie Ma,? Bin He?
2Department of Microbiology and Immunology, University of lllinois College of Medicine, Chicago, lllinois, USA

ABSTRACT The Us11 protein of herpes simplex virus 1 (HSV-1) is an accessory fac-
tor with multiple functions. In virus-infected cells, it inhibits double-stranded RNA-
dependent protein kinase (PKR), 2',5'-oligoadenylate synthetase, RIG-l, and MDA-5.
However, its precise role is incompletely defined. By screening a human cDNA li-
brary, we showed that the Us11 protein targets heat shock protein 90 (Hsp90),
which inactivates TANK binding kinase 1 (TBK1) and antiviral immunity. When ectop-
ically expressed, HSV-1 Us11 precludes TBK1 from access to Hsp90 and interferon
(IFN) promoter activation. Consistently, the Us11 protein, upon HSV infection, sup-
presses the expression of beta interferon (IFN-B), RANTES, and interferon-stimulated
genes. This is mirrored by a blockade in the phosphorylation of interferon regulatory
factor 3. Mechanistically, the Us11 protein associates with endogenous Hsp90 to dis-
rupt the Hsp90-TBK1 complex. Furthermore, Us11 induces destabilization of TBK1
through a proteasome-dependent pathway. Accordingly, Us11 expression facilitates
HSV growth. In contrast, TBK1 expression restricts viral replication. These results sug-
gest that control of TBK1 by Us11 promotes HSV-1 infection.

IMPORTANCE TANK binding kinase 1 plays a key role in antiviral immunity. Al-
though multiple factors are thought to participate in this process, the picture is ob-
scure in herpes simplex virus infection. We demonstrated that the Us11 protein of
HSV-1 forms a complex with heat shock protein 90, which inactivates TANK binding
kinase 1 and IFN induction. As a result, expression of the Us11 protein promotes
HSV replication. These experimental data provide a new insight into the molecular
network of virus-host interactions.

KEYWORDS TANK binding kinase 1, herpes simplex virus, interferons, viral
replication, virus-host interactions

erpes simplex virus 1 (HSV-1) infection proceeds in a temporal manner in which
the virus undergoes gene expression, DNA replication, assembly, and egress (1). In
this process, HSV-1 instigates a number of antiviral programs that operate coordinately
(2). For example, Toll-like receptor 3 (TLR3) senses double-stranded RNA (dsRNA) from Received 7 March 2018 Accepted 2 May
HSV-1 and subsequently stimulates interferon (IFN) induction (3). In the cytoplasm, RNA 2018
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helicases, retinoid acid-inducible gene | (RIG-I), or melanoma differentiation-associated 2018
gene 5 (MDAS5) recognizes host RNA induced by HSV-1 replication (4). In addition, DNA Citation Liu X, Main D, Ma Y, He B. 2018,
sensors, including cyclic GMP-AMP (GAMP) synthase, interferon-inducible protein 16 Herpes simplex virus 1 inhibits TANK-binding
(IF116), and DEAD box helicase 41 (DDX41), detect HSV-1 (5-8). Although they recognize kinase 1 through formation of the UsT1:Hsp90
L R X T complex. J Virol 92:¢00402-18. https://doi.org/
distinct molecular patterns, these receptors transmit danger signals to TANK binding 10.1128/JV1.00402-18.
kinase 1 (TBK1), which phosphorylates interferon regulatory factor 3 (IRF3), leading to Editor Richard M. Longnecker, Northwestern
the induction of IFN-a/B, chemokines, and interferon-stimulated genes (ISG), such as University
dsRNA-dependent protein kinase (PKR) (2, 9). Copyright © 2018 American Society for
. . . . . . . Microbiology. All Rights Reserved.
Several lines of evidence suggest that HSV-1 perturbs innate immunity, which relies _
K . K Address correspondence to Bin He,
on an array of viral proteins (9). It has been demonstrated that an early («) protein, ICPO, iue@uiteaell
negatively regulates the expression of IFN-B and ISGs in human fibroblasts (10-12). This
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is ascribed to its capacity to mediate IFI16 degradation (13). In macrophages, another
early protein, ICP27, dampens STING pathway activation and reduces cytokine expres-
sion (14). On the other hand, HSV-1 Us3 compromises TLR3 pathway signaling in
monocytes (15). Mechanistically, Us3 is reported to phosphorylate and inactivate IRF3
(16). While the aforementioned HSV-1 proteins modulate the induction of cytokines,
the y,34.5 protein is able to neutralize PKR as well (17). It is well established that onset
of viral DNA replication activates PKR, which arrests protein synthesis by phosphory-
lation of the « subunit of eukaryotic translation initiation factor elF-2 (elF-2«) (17, 18).
As a countermeasure, HSV-1 +y,34.5 recruits protein phosphatase 1 (PP1) to dephos-
phorylate elF-2« (19, 20). Therefore, a deletion or a site-specific mutation in the PP1 site
of v,34.5 abrogates viral replication (19, 20). Intriguingly, a secondary mutation with
early expression in the Us11 gene compensates for such a defect in HSV-infected cells
(21, 22).

HSV-1 Us11 is a late (y,) protein that regulates the accumulation of RNA species (23,
24). In HSV-infected cells, it cooperates with the v,34.5 protein to confer HSV-1
resistance to IFN-a (25). When expressed as an early («) protein, Us11 expression
precludes the shutoff viral protein synthesis mediated by PKR in the absence of y,34.5
(21, 26, 27). This requires its RNA binding domain to interact with PKR, leading to the
prevention of elF2a phosphorylation (28). Indeed, HSV-1 Us11 associates with and
prevents PKR activation by a cellular protein, PACT (29). Moreover, Us11 negatively
modulates 2’,5'-oligoadenylate synthetase (30). Recent work showed that HSV-1 Us11
binds to RIG-I or MDA5 when ectopically expressed. In correlation, HSV-1 Us11 down-
regulates the expression of IFN-a«/3 (31). In particular, the Us11 protein suppresses RIG-|
activation by PACT, which coincides with a reduction in IFN-«/p expression in virus-
infected cells (32). HSV-1 Us11 has also been suggested to modulate apoptosis and
autophagy (33, 34). However, its role in HSV infection remains incompletely deciphered.

This study was designed to identify a novel cellular target(s) of Us11. We report that
the Us11 protein facilitates HSV-1 replication by binding to heat shock protein 90
(Hsp90), which disrupts the Hsp90 machinery. We provide evidence that HSV-1 Us11
associates with Hsp90. Upon displacement of TBK1 from Hsp90, Us11 induces desta-
bilization of TBK1 via a proteasome-dependent pathway. We also demonstrate that
HSV-1 Us11 suppresses IRF3 phosphorylation and IFN responses. Consequently, inhibi-
tion of TBK1 by Us11 promotes HSV growth. These results reveal a previously undoc-
umented HSV mechanism in infected cells.

RESULTS

Heat shock protein 90 is a cellular target of the Us11 protein encoded by
HSV-1. To better understand the function of HSV-1 Us11, we sought to screen human

cDNA library by the use of the yeast two-hybrid system. This approach identified heat
shock protein 90 (Hsp90) as an interacting factor for HSV-1 Us11 (not shown). To test
whether HSV Us11 binds to Hsp90 in mammalian cells, 293T cells were transfected with
Flag-Us11 along with Myc-Hsp90, Myc-EGFP (Myc-enhanced green fluorescent pro-
tein), or a vector plasmid. Lysates of cells were then subjected to immunoprecipitation
with antibody against Flag-Us11. Figure 1A shows that Hsp90 was coimmunoprecipi-
tated with HSV Us11 but not with the vector or EGFP. To further verify the interaction
between HSV-1 Us11 and Hsp90, we carried out a reverse experiment. As shown in Fig.
1B, HSV-1 Us11 was pulled down by Hsp90. However, no such interaction was detect-
able with a vector or EGFP. These experimental data suggest that Hsp90 is a host-
interacting factor of the Us11 protein.

HSV-1 Us11 disrupts the Hsp90-TBK1 complex in the absence of other viral
proteins. As a chaperone in host cells, Hsp90 has been reported to interact with TBK1,
which potentiates the induction of type I IFN (35). As such, we first evaluated the
interaction of Hsp90 and TBK1 by immunoprecipitation. As expected, Hsp90, when
ectopically expressed, precipitated TBK1 but not EGFP or the vector control (Fig. 2A). In
contrast, TBK1 specifically pulled down Hsp90 (Fig. 2B). To assess whether HSV-1 Us11
has any impact on the Hsp90-TBK1 complex, 293T cells were transiently transfected
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FIG 1 HSV Us11 interacts with Hsp90 in mammalian cells. (A) Monolayers of 293T cells were transfected
with Flag-Us11 along with Myc-Hsp90, Myc-EGFP, or vector plasmid. At 36 h after transfection, cells were
processed for immunoprecipitation (IP) with anti-Flag antibody. Precipitated proteins and whole-cell
lysates were probed with antibodies against Flag, Myc, and B-actin as described in Materials and
Methods. (B) 293T cells were transfected with Myc-Hsp90 along with Flag-Us11, Flag-EGFP, or vector
plasmid as described for panel A. Cell lysates were subjected to immunoprecipitation and Western blot
(WB) analysis with antibodies against Myc, Flag, and B-actin. The data are representative of results from
three independent experiments.

with Us11, along with Hsp90, TBK1, EGFP, or a vector plasmid. Lysates of cells were
subjected to immunoprecipitation. As illustrated in Fig. 2C, HSV-1 Us11 formed a
complex with Hsp90. Under this experimental condition, it failed to associate with TBK1
or EGFP, suggesting that Hsp90 but not TBK1 is a direct target. Intriguingly, while Hsp90
associated with TBK1 in 293T cells, such interactions were abrogated in the presence of
HSV-1 Us11 (Fig. 2D). Thus, HSV-1 Us11, when expressed in mammalian cells, precludes
formation of the Hsp90-TBK1 complex.

The Us11 protein suppresses IFN promoter activation potentiated by Hsp90. To
investigate whether the Us11 protein functionally modulates Hsp90, we performed
luciferase reporter assays. Figure 3A shows that Hsp90 itself, when ectopically ex-
pressed, failed to activate the IFN promoter. TBK1 modestly stimulated IFN-B promoter
activation in 293T cells (Fig. 3B). Addition of Hsp90 enhanced TBK1-mediated gene
expression in a dose-dependent manner. However, coexpression of HSV-1 Us11 re-
duced the stimulatory effect exerted by Hsp90, which paralleled the amount of Us11
transfected into 293T cells (Fig. 3C). Notably, the Us11 protein reduced the IFN
promoter activation only in the presence of Hsp90 (Fig. 3D). These results suggest
that the Us11 protein negatively modulates IFN promoter activation by TBK1
through Hsp90.

HSV-1 Us11 suppresses IRF3 phosphorylation and IFN induction in virus-
infected cells. On the basis of the results described above, we reasoned that expres-
sion of Us11 might suppress the induction of type | IFN responses upon HSV infection.
To test this, we analyzed the expression of antiviral genes by quantitative real-time PCR.
Previous work suggested that wild-type virus inhibits the induction of IFN whereas the
7v,34.5 deletion mutant stimulates it (36). As Us11 works cooperatively with y,34.5 (25),
we chose to assess its activity in the absence of y,34.5. For this purpose, we compared
wild-type HSV-1, the vy,34.5 null mutant (Avy,34.5), and the y,34.5 null mutant in which
Us11 is driven by the a47 promoter (EUs11). As indicated in Fig. 4A, wild-type HSV-1
triggered a low level of IFN-B, I1SG54, ISG56, and RANTES expression whereas the
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FIG 2 (A) Hsp90 associates with TBK1. Monolayers of 293T cells were transfected with Myc-Hsp90 along with Flag-TBK1, Flag-EGFP, or vector plasmid. At 36
h after transfection, cells were processed for immunoprecipitation with anti-Flag antibody. Precipitated proteins and whole-cell lysates were probed with
antibodies against Myc, Flag, and B-actin. (B) TBK1 binds to Hsp90. 293T cells were transfected with Flag-TBK1 along with Myc-Hsp90, Myc-EGFP, or vector
plasmid as described for panel A. Cell lysates were processed for immunoprecipitation and Western blot analysis with antibodies against Flag, Myc, and B-actin.
(C) HSV Us11 interacts with Hsp90. Monolayers of 293T cells were transfected with Myc-Hsp90, Myc-TBK1, Myc-EGFP, or vector plasmid along with Flag-Us11.
At 36 h after transfection, lysates of cells were processed for immunoprecipitation with anti-Flag antibody. Precipitated proteins and whole-cell lysates were
probed with antibodies against Flag, Myc, and B-actin. (D) HSV Us11 disrupts the interaction of Hsp90 and TBK1. 293T cells were transfected with Myc-Hsp90
along with Flag-Us11, Flag-TBK1, or vector plasmid. At 36 h after transfection, cells were processed for immunoprecipitation and Western blot analysis with

antibodies against Flag, Myc, and B-actin. The data are representative of results from three independent experiments.

Avy,34.5 mutant stimulated robust responses, with a sharp increase in the expression of
IFN-B 1SG54, 1SG56, and RANTES at 6 h postinfection. However, EUs11 reduced such
responses to modest levels, indicative of a negative regulation of type | IFN responses
by Us11 in HSV-infected cells.

Since IRF3 phosphorylation by TBK1 drives the expression of antiviral genes (2), we
asked whether HSV-1 Us11 perturbs IRF3 activation. Cells were subjected to mock
infection or were infected with viruses. At 6 h postinfection, samples were processed for
immunoblot analysis. As illustrated in Fig. 4B, viral infection had little effect on the
expression of IRF3 or Hsp90 but reduced the level of TBK1, particularly in cells infected
with EUs11, suggesting that Us11 downregulated TBK1. Like wild-type virus, EUs11
blocked phosphorylation of IRF3 whereas the Avy,34.5 mutant failed to do so. This was
not due to the lack of virus infection, as the expression levels of ICP27 were comparable
in virus-infected cells.

HSV-1 Us11 primes degradation of TBK1 via the proteasome-mediated path-
way. To further test the impact of Us11 on TBK1 expression, we performed time course
analysis. Cells were subjected to mock infection or were infected with viruses. At 0, 3,
and 6 h postinfection, lysates of cells were processed for Western blot analysis with
anti-TBK1 antibody. As illustrated in Fig. 5A, expression of TBK1 remained virtually
unchanged in the mock-infected cells. A marginal reduction in TBK1 expression was
detected upon infection with wild-type HSV-1 or the Avy,34.5 mutant over the course
of infection. While a similar phenotype was seen with EUs11, a pronounced reduction
in TBK1 expression was detectable at 6 h postinfection, which paralleled the expression
of Us11.

To assess the nature of TBK1 reduction, we measured the level of TBK1 in the
presence or absence of MG132, which is an inhibitor of the proteasome degradation
pathway. As shown in Fig. 5B, unlike the mock control, wild-type HSV-1, or Avy,34.5
mutant results, EUs11 induced a remarkable reduction in TBK1 expression in infected
cells. However, treatment with MG312 restored TBK1 to levels comparable to those
seen in the cells subjected to mock infection or infected with wild-type virus or the
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FIG 3 (A) Hsp90 by itself does not activate the IFN-f3 promoter. 293T cells were transfected with an empty vector or different amounts
of Myc-Hsp90 along with an IFN- reporter. At 36 h after transfection, cells were harvested for luciferase assays. (B) Hsp90 enhances IFN-3
promoter activation by TBK1. 293T cells were transfected with an empty vector, Flag-TBK1, or Myc-Hsp90 along with an IFN-3 reporter
for 36 h. Cells were harvested for luciferase assays. (C) Us11 inhibits IFN-B promoter activation in a dose-dependent manner. 293T cells
were transfected with increasing doses of Flag-Us11 along with Flag-TBK1, Myc-Hsp90, and an IFN-f3 reporter. Cells were harvested for
luciferase assays at 36 h after transfection. (D) Us11 inhibits IFN-B promoter activation potentiated by Hsp90. 293T cells were transfected
with an empty vector, Flag-Us11, Flag-TBK1, or Myc-Hsp90 along with an IFN- reporter. Cells were harvested for luciferase assays at 36
h after transfection. Results are representative of three experiments among triplicate samples and assessed by a two-tailed Student’s t test
(**, P < 0.01).

Avy,34.5 mutant (Fig. 5C). Here, the Us11 protein, upon infection, primed the degrada-
tion of TBK1 via a proteasome degradation pathway.

HSV-1 Us11 displaces TBK1 by formation of a complex with Hsp90 upon virus
infection. TBK1 activation is suggested to rely on the formation of a complex with
Hsp90 (35). As such, we assessed the integrity of the Hsp90-TBK1 complex in virus-
infected cells by immunoprecipitation. Cells were subjected to mock infection or were
infected with viruses. At 6 h postinfection, samples were collected for analysis. As
illustrated in Fig. 6A, Hsp90 formed a complex with TBK1 and IRF3 in the cells that had
been subjected to mock infection. Similar results were seen in the cells infected with
wild-type virus or the Avy,34.5 mutant, suggesting retention of the Hsp90 complex.
However, in cells infected with EUs11, TBK1 was not detectable in the Hsp90 complex
whereas the presence of Us11 was apparent in the Hsp90 complex. Interestingly, IRF3
remained associated with Hsp90. Western blot analysis confirmed protein expression in
mock-infected or virus-infected cells.

To further explore the way in which Us11 functions, we analyzed the Cdc37
cochaperone, which participates in the recruitment of client kinases by Hsp90 (37).
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FIG 4 (A) Expression of Us11 inhibits the induction of antiviral genes. Mouse embryonic fibroblasts were either mock infected or infected with HSV-1, the
Avy,34.5 mutant, or EUs11 (5 PFU/cell). At 6 h postinfection, total RNA extracted from cells was subjected to quantitative real-time PCR amplification for IFN-S,
I1SG56, 1SG54, and RANTES. The data were normalized to 18S rRNA data and calculated as described in Materials and Methods. Results are expressed as fold
activation with standard deviations among triplicate samples. The data were statistically analyzed by a two-tailed Student’s t test (**, P < 0.01). (B) Cells were
subjected to mock infection or were infected with the indicated viruses (5 PFU/cell). At 6 h postinfection, cell lysates were prepared and processed for Western
blot analysis with antibodies against Hsp90, TBK1, IRF3, phosphorylated IRF3, Us11, ICP27, or B-actin. The data are representative of results from three

independent experiments.

Figure 6B shows that Hsp90 formed a complex with Cdc37 in mock-infected cells as
measured by coimmunoprecipitation. This interaction was not affected in cells infected
with wild-type HSV-1, the Avy,34.5 mutant, or EUs11. Although present in the Hsp90
machinery, Us11 failed to displace Cdc37. We conclude that Us11 is able to complete
with TBK1 for Hsp90, precluding IRF3 phosphorylation upon HSV infection.

Inhibition of TBK1 by the Us11 protein facilitates viral replication. To evaluate
the significance of Us11-TBK1 interactions, we performed viral growth assays. As shown
in Fig. 7A, wild-type HSV-1 replicated efficiently in both TBK1+/* and TBK1~/~ cells,
reaching titers of 2 X 10° and 2 X 107 PFU/ml, respectively. In contrast, the Ay,34.5
mutant barely grew in TBK1+/* cells but replicated to a titer of 5 X 10* PFU/ml in
TBK1~/~ cells. EUs11 exhibited a different growth pattern. In TBK1*/+ cells, it replicated
to an intermediate level, with a titer of 8 X 104 PFU/ml. In TBK1~/~ cells, EUs11
replicated almost like the wild-type virus, with a titer of 7 X 10° PFU/ml. Hence, the
ability of EUs11 to neutralize TBK1 restriction is attributable to the Us11 protein.

Next, we examined the kinetics of viral growth. As shown Fig. 7B, in TBK1*/* cells,
wild-type HSV-1 grew steadily at 0, 12, 24, 36, and 48 h postinfection, with a titer
increasing to 3 X 10° PFU/ml at 48 h postinfection. Under this experimental condition,
EUs11 replicated with a similar trend but at a lower level, with a titer of 1 X 10> PFU
at 48 h postinfection. The y,34.5 null mutant replicated poorly throughout infection,
with a titer of <1 X 102 PFU/ml. In TBK1~/~ cells (Fig. 7C), viruses replicated more
efficiently at each time point examined, with faster growth kinetics in the absence of
a TBK1 blockade. Taken in combination, these results suggest that the Us11-TBK1
interaction determines the outcome of HSV infection.

DISCUSSION
Previous studies have demonstrated that HSV-1 Us11 facilitates viral replication
through inhibition of dsRNA-dependent protein kinase PKR (21, 25-28). Although not
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FIG 5 (A) Expression of HSV Us11 induces TBK1 degradation. (A) Mouse embryonic fibroblasts (MEFs) were
infected with wild-type HSV-1, the Ay,34.5 mutant, and EUs11 at 5 PFU/cell. At different time points
postinfection, cell lysates were prepared and processed for Western blot analysis with antibodies against
TBK1, Us11, Hsp90, and B-actin. (B and C) Effect of MG132 on TBK1 degradation. MEFs were subjected to
mock infection or were infected with the indicated viruses (5 PFU/cell) without MG132 (B) or with MG132
(25 uM) (C). At 6 h postinfection, cell lysates were prepared and processed for Western blot analysis with
antibodies against TBK1, Us11, ICP27, and B-actin. The data are representative of results from three
independent experiments.

fully deciphered, these results partly explain why HSV downregulates type | IFN
responses. In the present study, we showed that the Us11 protein of HSV-1 targets heat
shock 90 protein. By engagement with Hsp90, HSV-1 Us11 destabilizes TNAK binding
kinase 1, which subsequently suppresses the activation of IRF3 and IFN expression.
These data unveil a regulatory interface where interplay of HSV-1 Us11 and TBK1
influences HSV infection.

HSV-1 Us11 is a true late (y,) gene whose expression depends on viral DNA
replication (38). As vy,34.5 expression precedes Us11 expression, the two proteins are
thought to work sequentially at the discrete phase of HSV replication (25, 39). Accord-
ingly, deletion of y,34.5 results in translation arrest of Us11 mRNA-mediated dsRNA-
dependent protein kinase PKR (17). When expressed as an early («) gene, Us11 is able
to facilitate HSV replication in the absence of y,34.5 in infected cells (21). The obser-
vation that the Us11 protein neutralizes antiviral immunity by TBK1 suggests an
additional layer of virus-host interactions. This notion is suggested by three lines of
evidence. First, yeast two-hybrid screen revealed Hsp90 as a target of the Us11 protein.
When expressed, Us11 interrupted the Hsp90-TBK1 interaction. Consistently, it sup-
pressed IFN promoter activation potentiated by Hsp90. Second, in HSV-infected cells,
Us11 disrupted the Hsp90-TBK1 complex, resulting in TBK1 destabilization. As a result,
Us11 inhibited IRF3 phosphorylation and IFN induction. Third, inhibition of TBK1 by
HSV Us11 partially restored viral growth in the absence of vy,34.5.

The precise mechanism of Us11 action is unknown. It has been shown that the
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FIG 6 (A) HSV Us11 precludes Hsp90-TBK1 complex from formation in infected cells. MEFs were subjected to mock
infection or were infected with the indicated viruses (5 PFU/cell). At 6 h postinfection, cells were processed for
immunoprecipitation with anti-Hsp90 antibody. Precipitated proteins and whole-cell lysates were probed with antibodies
against Us11, TBK1, IRF3, Hsp90, ICP27, or B-actin. (B) Us11 does not affect the binding of Cdc37 to Hsp90. Cell were
infected and processed as described for panel A. Samples were probed with antibodies against Us11, Cdc37, Hsp90, ICP27,
and B-actin. The data are representative of results from three independent experiments.

carboxyl-terminal domain of Us11 inhibits PKR, 2’,5'-oligoadenylate synthetase, RIG-I,
and MDA-5 (28, 30-32). Our experimental data do not exclude the possibility that Us11
may perturb TBK1 through this domain. As PKR deficiency has no impact on IFN
induction upon HSV infection (40), it is reasonable to believe that Us11 suppresses the
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FIG 7 The Us11-TBK1 interaction influences viral replication. (A) Viral replication in TBK1*/+ or TBK1~/~ cells. Cells were infected with HSV-1, the Ay,34.5
mutant, or EUs11 at 0.01 PFU/cell. At 48 h postinfection, cells were harvested and the total virus yields were determined on Vero cells. (B) Kinetics of viral growth
in TBK1+/* cells. MEFs were infected with the indicated viruses as described for panel A. At different time points postinfection, viral yields were determined
on Vero cells. (C) Kinetics of viral growth in TBK1-/~ MEFs. Viral infection was performed as described for panel B. The data are representative of results from

three experiments with triplicate samples. Differences between the selected groups were statistically assessed by a two-tailed Student’s t test (*, P < 0.05; **,
P < 0.01).

July 2018 Volume 92 Issue 14 e00402-18 jviasm.org 8


http://jvi.asm.org

Us11 Inhibits TANK-Binding Kinase 1

expression of type | IFN independently of PKR. However, the observed phenotype may
stem from cofounding effects on the block of 2',5'-oligoadenylate synthetase, RIG-I, or
MDA-5. Additional work is required to address this issue. We postulate that the Us11
protein, by coordinately modulating innate immune pathways, likely creates a favor-
able environment for HSV infection.

Hsp90 is best characterized as a chaperone that interacts with clients through its
central domain (41). While the N-terminal domain of Hsp90 binds ATP, the C-terminal
domain initiates dimerization. Because Hsp90 and Cdc37 are implicated in TBK1 acti-
vation in the RIG-I and cytosolic DNA recognition pathways (35, 42), an issue arises as
to how HSV-1 Us11 interacts with the Hsp90 machinery. We noted that Us11, when
expressed, disrupted the Hsp90-TBK1 interaction. This was also seen in HSV-infected
cells, where Us11 formed a complex with endogenous Hsp90. Congruently, Us11
expression paralleled reductions in IRF3 phosphorylation and cytokine expression. A
plausible explanation is that association of Us11 with Hsp90 may create a physical
barrier that masks the TBK1 binding site on Hsp90. As an alternative, HSV Us11 may
mediate a gross change in Hsp90 conformation which abrogates the Hsp90-TBK1
complex. Since the interactions among IRF3, Cdc37, and Hsp90 were unaltered upon
Us11 expression, we favor the model that HSV-1 Us11 may compete with TBK1 for
Hsp90 binding.

Our work suggests that the Us11 protein of HSV-1 destabilizes TBK1. Us11, when
expressed in HSV-infected mouse embryonic fibroblast (MEF) cells, primed a reduction
in the steady-state level of TBK1. The observed effect was evident with TBK1 but not
IRF3. Remarkably, TBK1 degradation appeared to rely on the proteasome-dependent
pathway, as it was blunted in the presence of a proteasome inhibitor. The details of the
mechanism are to be established. In this context, it is noteworthy that at least two
separate degradation pathways exist for Hsp90 client kinases (43). The first pathway
involves CUL5, elongin B, and elongin C, while the second one requires the E3 HECTD3
ligase. We speculate that HSV Us11 may destabilize TBK1 via one of these two
pathways. Work is in progress to test this hypothesis.

TBK1 sits at the center of innate immune pathways leading to type | IFN production
(2, 44). In response to TLR, RIG-I/MDAS5, and DNA sensor pathways, it is activated in a
signal-dependent manner. As such, it is not surprising that HSV has evolved various
strategies to dampen or evade host antiviral immunity. For example, as an immediate
early protein, ICP27 associates with and inhibits TBK1 and STING in macrophages (14).
Similarly, UL46 targets TBK1 and STING (45). In addition, y,34.5 negatively regulates
TBK1 early in HSV infection (36, 40). The results of the present work suggest that Us11
inhibits TBK1 through its interaction with Hsp90. As HSV triggers innate immune
responses in a cell type- and time-dependent manner (46), these viral proteins may act
cooperatively to facilitate HSV replication.

MATERIALS AND METHODS

Cells and viruses. Vero and 293T cells were obtained from the American Type Culture Collection.
TBK1*/* and TBK1~/~ mouse embryonic fibroblasts (MEFs) have been described previously (36). All cells
were propagated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum. HSV-1(F) (47) is a prototype HSV-1 strain used in this study. In recombinant Ay,34.5 virus, a 1-kb
fragment from the coding region of the vy,34.5 gene was deleted (48). In EUs11 virus, the promoter of
Us11 was deleted where its expression is driven by the a47 promoter. This was constructed via insertion
of EGFP into the Us12 locus in the Ay,34.5 mutant, which was subsequently replaced with Us11 by
transfection with plasmid pRB4028 (27). The virus construct was plaque purified and verified by PCR and
DNA sequencing. The expression of Us11 was confirmed by Western analysis using anti-Us11 antibody
(24). Preparation of viral stock and titration of infectivity were carried out with Vero cells.

Plasmids and reporter assays. The Flag-Us11 plasmid was constructed by inserting a PCR-amplified
fragment into the BamHI and EcoRI sites of pCMV-tag2B. The Flag-TBK1 plasmid was constructed by
inserting a PCR-amplified fragment into the BamHI and Sall sites of pCMV-tag2B. The Flag-EGFP plasmid
was constructed by inserting a PCR-amplified fragment into the BamHI and EcoRI sites of pCMV-tag2B.
The Myc-Hsp90 plasmid was constructed by inserting a PCR-amplified fragment into the BamHI and Xhol
sites of pCMV-Myc. The Myc-EGFP plasmid was constructed by inserting a PCR-amplified fragment into
the BamHI and Xhol sites of pCMV-Myc. The pRB4028 plasmid contains the US10 gene and the a47
promoter juxtaposed with the US11 coding sequence (27). pTK-Luc and pIFN-B-Luc were described
elsewhere (36). Reporter assays were carried out as described previously (36).
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Immunoprecipitation analysis. To examine protein interactions, immunoprecipitation was carried

out as described previously (40). Briefly, cells were 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 immunoblotting analysis.

Viral infection assay. Cells were infected with viruses. At various time points, cells were harvested

and freeze-thawed three times. Viral yields were determined on Vero cells at 37°C (36). For MG132
treatment, MG132 was added into the cell culture medium (25 uM) immediately after virus infection. At
6 h postinfection, the cells were harvested and lysed for immunoblotting analysis.

Immunoblotting analysis. Cells were harvested, washed with phosphate-buffered saline (PBS), and

lysed with ice-cold immune precipitation assay buffer (50 mM Tris-HCI [pH 7.4], 150 mM NacCl, 5 mM
EDTA, 1.0% Triton X-100, and protease inhibitor cocktail) for 30 min on ice. After centrifugation,
supernatants were mixed with disruption buffer (50 mM Tris-HCI [pH 6.8], 2% SDS, 0.1% bromophenol
blue, 10% glycerol, and 100 nM B-mercaptoethanol) and boiled. Samples were then subjected to
electrophoresis on denaturing polyacrylamide gels, transferred to nitrocellulose membranes, blocked
with 5% bovine serum albumin (BSA), and reacted with antibodies against TBK1 (catalog no. 3504; Cell
Signaling Technology), IRF3 (catalog no. 4302; Cell Signaling Technology), phosphorylated IRF3 (catalog
no. 4947; Cell Signaling Technology), Hsp90 (sc-13119; Santa Cruz), Cdc37 (catalog no. 4793; Cell
Signaling Technology), B-actin (Sigma), Us11 (24), ICP27 (Virusys Inc.), anti-Flag—horseradish peroxidase
(anti-Flag-HRP) (Sigma), or anti-Myc-HRP (Cell Signaling Technology). The membranes were rinsed in
phosphate-buffered saline (PBS) and reacted with either donkey anti-rabbit (Santa Cruz) or donkey
anti-mouse (Santa Cruz) immunoglobulin conjugated to horseradish peroxidase and developed with an
enhanced chemiluminescence Western blot detection system kit (Amersham Pharmacia Biotechnology).

Quantitative real-time PCR assay. Cells were subjected to mock infection or were infected with

viruses. At the indicated time points, total RNA was harvested from cells using an RNeasy kit (Qiagen) and
subjected to DNase | digestion (New England BioLabs). cDNA was synthesized using a High Capacity
cDNA reverse transcription kit (Applied Biosystems). Quantitative real-time PCR was performed using an
Applied Biosystems ABI Prism 7900HT instrument with ABI SYBR green master mix (Applied Biosystems).
Gene expression levels were normalized to that of the endogenous control 18S rRNA gene. Relative gene
expression levels were determined as described previously (49). Primers for each gene were chosen
according to the recommendation of the gPrimerDepot database (12). Primer sequences were as follows:
for mouse IFN-B, AAT TTC TCC AGC ACT GGG TG and AGT TGA GGA CAT CTC CCA CG; for mouse 1SG54,
GCA AGA TGC ACC AAG ATG AG and CAC TCT CCA GGC AAC CTC TT; for mouse 1SG56, CAA GGC AGG
TTT CTG AGG AG and AAG CAG ATT CTC CAT GAC CTG; for mouse RANTES, CTG CTG CTT TGC CTA CCT
CT and CAC TTC TTC TCT GGG TTG GC; for 18S rRNA, CCT GCG GCT TAA TTT GAC TC and AAC CAG ACA
AAT CGC TCC AC.
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