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HSV-1 ICP27 induces apoptosis by promoting Bax
translocation to mitochondria through interacting with

14-3-36
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The subcellular localization of Bax plays a crucial role during
apoptosis. In response to apoptotic stimuli, Bax translocates
from the cytoplasm to the mitochondria, where it promotes the
release of cytochrome c to the cytoplasm. In cells infected
with HSV-1, apoptosis is triggered or blocked by diverse
mechanisms. In this study, we demonstrate how HSV-1 ICP27
induces apoptosis and modulates mitochondrial membrane
potential in HEK 293T cells. We found that ICP27 interacts
with 14-3-30 which sequesters Bax to the cytoplasm. In
addition, ICP27 promotes the translocation of Bax to the
mitochondria by inhibiting the interaction between 14-3-30
and Bax. Our findings may provide a novel apoptotic
regulatory pathway induced by ICP27 during HSV-1 infection.
[BMB Reports 2017; 50(5): 257-262]

INTRODUCTION

In mammals, apoptosis plays critical roles during normal
development, maintenance of homeostasis, aging, and defense
(1). Apoptosis is triggered and regulated by diverse stimuli and
conditions. The extrinsic signaling pathway of apoptosis is
induced by ligation of transmembrane death receptors and
death ligands (2, 3), whereas the intrinsic signaling pathway is
triggered by non-receptor-mediated stimuli such as oxidative
stress, DNA damage, and ER stress. All these stimuli disrupt
the mitochondrial membrane integrity, and consequently
release cytochrome c into the cytoplasm (4). Bcl-2 family
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proteins regulate the apoptotic mitochondrial events. Bcl-2
family members are comprised of anti-apoptotic members
(Bcl-2, Bcl-w, and Bcl-x,), multidomain pro-apoptotic members
(Bax and Bak), and BH3 domain-only pro-apoptotic members
(Bad, Bid, Bim, Bik, Noxa, and PUMA) (5, 6). A pro-apoptotic
Bcl-2 family member, Bax, has an essential role in inducing
apoptosis in response to stress stimuli (7-9). Bax is mainly
localized in the cytoplasm, but apoptotic stimulation promotes
its redistribution into the mitochondrial membrane. After
translocation to the mitochondria, Bax forms homo-oligomeric
protein complexes that alter the mitochondrial membrane
permeability (10). In healthy cells, Bax is sequestered to the
cytoplasm by the 14-3-3 proteins (11).

Herpes simplex virus type 1 (HSV-1) is a neurotropic virus,
replicating lytically during acute infection and establishing
latency in peripheral neurons. During lytic infection, the
HSV-1 genes are expressed in a tightly regulated temporal
cascade, involving the sequential expression of immediate
early (IE), early (E), and late (L). IE proteins include ICPO, ICP4,
ICP22, ICP27, and ICP47, and are implicated in regulating the
viral early gene expression and host cellular proteins (12, 13).
ICP27 is a multifunctional protein essential for viral replica-
tion, and plays pivotal roles in the switch from early to late
gene expression. ICP27 is also implicated in the nuclear export
of viral mRNA, and represses the host protein synthesis by
inhibiting cellular mRNA splicing (14). In addition, ICP27 is
involved in cell cycle control and the activation of signal
pathways (15).

This study confirms that ICP27 induces apoptosis in 293T
cells. Furthermore, we demonstrate that ICP27 promotes the
mitochondrial translocation of Bax, via inhibition of the
cytoplasmic sequestration of Bax by 14-3-30. These findings
imply that ICP27 plays a critical role in the apoptotic induction
of HSV-1 infected cells.

RESULTS

ICP27 induces apoptosis
To date, the effect of ICP27 on apoptosis in HSV-1 infected
cells remains unclear. In order to clarify whether ICP27
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induces apoptosis, we first expressed ICP27 in HEK 293T cells
and monitored apoptosis by using the Hoechst 33258 staining
assay, to visualize the apoptotic nuclear morphological
alterations. Evidently, the chromatin condensation increased in
ICP27 expressing cells (Fig. 1A). Next, we performed flow
cytometric analysis with Annexin V-FITC/PI dual staining to
quantify the extent of apoptosis. As shown in Fig. 1B, the
percentage of the apoptotic cells in the upper right quadrant,
which were positive for both Annexin V-FITC and PI,
increased in the presence of ICP27. By Western blotting, we
further analyzed the effect of ICP27 on caspase 3 in 293T
cells. ICP27 elevates the process of procaspase 3 to active
caspase 3, an executor in apoptosis. Moreover, ICP27 increased
the cleavage of poly (ADP-ribose) polymerase (PARP), which is
a major substrate of caspase 3 (Fig. 1C). Collectively, these
data indicate that ICP27 induces apoptosis in 293T cells.

ICP27-induced apoptosis is associated with mitochondrial
dysfunction

The mitochondrial membrane potential (MMP) was evaluated
in order to determine how ICP27 induces apoptosis. Dysfunc-
tion of the MMP is an important feature of mitochondrial
damage. Flow cytometric assay with Rhodamine 123 staining
showed that ICP27 increased the percentage of cells with low
MMP (Fig. 2A). This result provided the evidence that ICP27-
induced apoptosis in 293T cells is associated with mitochondrial
dysfunction. The MMP is tightly regulated by the Bcl-2 family

A Control
T GST-ICP27 - +
2
3
o1 E procaspase3
ICP27 ‘:i -Ii; cleaved caspase3
2 5
M PARP
cleaved PARP
]
control  ICP27 E| B-actin
B
Control . ICP27
e 2
Fou T

FL2.
10
FL2.
10

4% 4%

100 10!
10° 10’

109 10" 102 10° 10? w0 10?10’ 0f
FLIH FLIH

)

Fig. 1. HSV-1 ICP27 induces apoptosis. (A) Chromatin condensation
of 293T cells induced by ICP27. Cells were transfected with
ICP27 plasmid and stained with Hoechst 33258. Arrows indicate
cells showing chromatin condensation. The graph represents three
independent experiments, in which 200 cells were counted and
scored for chromatin condensation. (B) Flow cytometry analysis of
ICP27-induced 293T cell apoptosis. At 48 h after transfection,
cells were stained with Annexin V-FITC/PI, and analyzed by flow
cytometry. (C) Effect of ICP27 on the expressions of the apoptotic
indicators caspase 3 and PARP, in 293T cells. At 48 h after
transfection with ICP27 plasmid, cell extracts were prepared and
analyzed by Western blotting with specific antibodies.
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proteins. Therefore, we next investigated the effect of ICP27
on the localization of Bax, a representative apoptotic Bcl-2
family protein, which, when activated, translocates to the
mitochondria from the cytoplasm. The localization of Bax was
assessed by staining the cells expressing GFP-Bax and ICP27
with Mitotracker, a mitochondrial-specific red fluorescent dye.
Microscopic data revealed that in the presence of ICP27,
GFP-Bax was localized on mitochondria (Fig. 2B). The Bax
translocation was also confirmed by a subcellular fractionation
assay. As expected, ICP27 increased the Bax translocation
from the cytoplasm to the mitochondria (Fig. 2C). Further
evaluation confirmed that ICP27 induces cytochrome c release
from the mitochondria to the cytoplasm (Fig. 2D).

ICP27 interferes with the interaction between Bax and
14-3-30

To delineate the mechanism underlying 1CP27-induced
translocation of Bax, we speculated that ICP27 might affect the
sequestration of Bax by 14-3-3, because 14-3-3 is not only an
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Fig. 2. ICP27 induces translocation of Bax and release of cytochrome
c from the mitochondria. (A) Effect of ICP27 on the mitochondrial
membrane potential in 293T cells. Cells were transfected with
ICP27 expressing plasmid for 48 h, and stained with Rhodamine
123 for 30 min. The fluorescence intensity was measured by flow
cytometry. (B) Subcellular localization of Bax by ICP27. Cells were
transfected with plasmids expressing GFP-Bax and Flag-ICP27. At
48 h after transfection, cells were stained with Mitotracker for 30
min. Subcellular distribution of GFP-Bax and mitochondria (red)
were determined by immunofluorescence microscopy. (C) Subcellular
distribution of Bax by ICP27 in 293T cells. At 48 h after trans-
fection with ICP27 plasmid, cells were fractionated into cytoplasmic
and mitochondrial fractions. Fractionated proteins were immuno-
blotted with anti-Bax antibody. B-actin was used as a cytosolic
marker. (D) Cytochrome c release from the mitochondria by ICP27.
At 48 h after transfection with ICP27 plasmid, cells were frac-
tionated into cytoplasmic and mitochondrial fractions. Fractionated
proteins were immunoblotted with anti-cytochrome ¢ antibody.
o-tubulin was used as a cytosolic marker and COX IV was used
as a mitochondrial marker.
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important regulator for cytosolic sequestration of Bax but is
also one of cellular proteins screened in the yeast two-hybrid
assay using ICP27 as a bait (data not shown) (11). First, we
checked the physical interaction between ICP27 and 14-3-3 by
the pull-down assay. Among the seven 14-3-3 isoforms,
14-3-30 was selected for evaluation, since it has been reported
that 14-3-30 is involved in subcellular localization of Bax (11).
As seen in Fig. 3A, ICP27 interacts directly with 14-3-36.
Further examination revealed that the interaction between
14-3-30 and Bax was inhibited by ICP27 (Fig. 3B). The
mechanism how ICP27 inhibits the interaction between
14-3-30 and Bax was investigated by examining whether
ICP27 regulates the acetylation of 14-3-30. The interaction
between 14-3-3 and its target protein is regulated by the
phosphorylation and acetylation state of 14-3-3 (16-18). As
shown in Fig. 3C, ICP27 decreases the acetylation level of
14-3-30, which is regulated by SIRT2, a member of the class IlI
HDAC family (16). Therefore, we speculate that ICP27 elevates
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Fig. 3. ICP27 inhibits the association between Bax and 14-3-36.
(A) Interaction between 14-3-30 and ICP27 in 293T cells. Cells
were transfected with plasmids expressing Flag-ICP27 and GST-
14-3-30. The cell extracts were pulled-down with Glutathione-
Sepharose 4B beads, and the protein complexes were analyzed
by immunoblotting using anti-Flag and anti-GST antibodies. (B)
Effect of ICP27 on the interaction between Bax and 14-3-30.
Extracts of 293T cells transfected with ICP27 plasmid were immu-
noprecipitated with anti-14-3-30 antibody. Immunocomplexes were
analyzed by immunoblotting, using specific antibodies. (C) Effect
of ICP27 on the level of 14-3-30 acetylation. Extracts of 293T
cells expressing Flag-ICP27 and GST-14-3-30 were prepared. GST-
14-3-30 was pulled-down with Glutathione-Sepharose 4B beads,
and the level of 14-3-36 acetylation was analyzed by immuno-
blotting with acetyl-lysine antibody. (D) Effect of ICP27 on the
association between 14-3-36 and SIRT2. 293T cells were transfected
with ICP27 plasmid. Cell lysates were immunoprecipitated with
anti-14-3-30 antibody, and immunocomplexes were analyzed by
immunoblotting with SIRT2 antibody.
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the interaction between 14-3-36 and SIRT2. In order to test this
hypothesis, 293T cells expressing ICP27 were immunoprecipi-
tated with 14-3-30 antibody and immunoblotted with the
SIRT2 antibody. The result revealed that SIRT2 is co-
immunoprecipitated with 14-3-30, and ICP27 increased the
binding between 14-3-3 and SIRT2 (Fig. 3D). Taken together,
these data suggest that ICP27 inhibits the interaction between
Bax and 14-3-30 by enhancing the 14-3-306 deacetylation
through SIRT2.

In HSV-1 infection, ICP27 inhibits the interaction between
Bax and 14-3-3

We next investigated whether ICP27 affects Bax translocation
during the early period of HSV-1 infection. 293T cells were
infected with HSV-1 at MOI 10. At 6 h post infection, 293T
cells were harvested and immunoprecipitated with 14-3-30
antibody. In HSV-1 infected cells, there was decreased interac-
tion between Bax and 14-3-30, compared to the mock-infected
cells (Fig. 4A). To further clarify the interaction between Bax
and 14-3-3 affected by ICP27, 293T cells were infected with
the HSV-1 wt virus and A27 virus. In HSV-1 wt-infected cells,
the interaction between Bax and 14-3-30 was significantly
decreased when compared with mock and A27 infected cells
(Fig. 4B). Thus, in HSV-1 infection, ICP27 inhibits the interac-
tion between Bax and 14-3-30, by interacting with 14-3-30.

DISCUSSION

Previous reports indicate that ICP27 is associated with
apoptosis in HSV-1 infected cells (19, 20). However, it remains
unclear whether ICP27 induces or inhibits apoptosis. Aubert et
al. showed that ICP27 is required for the prevention of
apoptosis using ICP27 deletion mutant virus (21, 22). Conversely,
other studies showed that IE gene expression is required for
apoptosis induction, and ICP27 induces apoptosis through
activating the p38 mitogen-activated protein kinase (MAPK)
signaling (19, 23). ICP27 regulates viral gene expression, and it
is possible that other viral proteins regulated by ICP27 may
also affect apoptosis. Hence, it would be inappropriate to
investigate the role of ICP27 in regulating apoptosis using
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Fig. 4. ICP27 inhibits the interaction between Bax and 14-3-30 at
the early stage of HSV-1 infection. Interaction between Bax and
14-3-30 in virus infected cells. 293T cells were infected with
HSV-1 virus (A) and HSV-1 A27 virus (B) at MOI of 10. At 6 h
post infection, cells were harvested and immunoprecipitated with
anti-14-3-30 antibody. Immunocomplexes were analyzed by immu-
noblotting with specific antibodies.
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ICP27 deletion virus exclusively, and it is more suitable to
assess the role of ICP27 in apoptosis by using the protein itself.

Apoptosis is mediated by diverse stimuli, which induce the
disruption of the mitochondrial membrane permeability. The
consequent release of cytochrome ¢ from the mitochondria to
the cytoplasm in response to apoptotic stimulation is a critical
event in apoptosis. The mitochondrial membrane integrity is
tightly regulated by Bcl-2 family proteins. Particularly, Bax
oligomerizes and translocates to the mitochondrial outer
membrane, where it forms supramolecular openings under
apoptotic stimuli (24, 25). Many studies have shown that
diverse viral proteins induce apoptosis by regulating the Bcl-2
family proteins. For example, hepatitis B virus X protein
induces apoptosis via enhancement of the Bax translocation
(26). Our data support the reports that viral protein induces
apoptosis through modulation of the Bcl-2 family protein. We
showed that ICP27 induces apoptosis in 293T cells through
mitochondrial dysfunction. We also found that ICP27 enhances
the translocation of Bax to the mitochondria.

The subcellular localization of Bax is regulated by the
14-3-3 proteins. The 14-3-3 proteins interact with Bax, seques-
tering it to the cytoplasm. Recent studies show that post-
translational modification of 14-3-3 proteins is important for its
binding activity with target proteins (27). Phosphorylation of
14-3-3 proteins leads to self-dimerization, and affects the
interaction with target proteins (28). SDK1 and JNK phosphory-
late the 14-3-3 proteins, leading to the dissociation of Bax
from the 14-3-3 proteins (29, 30). Lysine acetylation of 14-3-3
proteins also affects the interaction with target proteins, but the
effect remains ambiguous. We showed that ICP27 decreases
the acetylation level of 14-3-30 by enhancing the interaction
between SIRT2 and 14-3-30, and subsequently inhibits the
interaction between 14-3-36 and Bax.

These results suggest new molecular mechanisms of apoptosis
modulated by the HSV-1 ICP27.

MATERIALS AND METHODS

Cells and reagents

HEK 293T, Vero, and Vero 3-3 (HSV-1 ICP27 expressing Vero)
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), at
37°C in 5% CO,. Cells were transfected using PEl (Sigma-
Aldrich), according to the manufacturer’s instruction. Trichos-
tatin A (TSA) was purchased from Sigma-Aldrich.

Viruses and virus infection

HSV-1 wild-type (wt) strain KOS and ICP27 deletion mutant
(A27) virus (31) were propagated and titrated on Vero cells and
3-3 cells, respectively. For virus infection, cell monolayers
were infected with either KOS or mutant virus, at a multiplicity
of infection (MOI) of 10 plaque forming units (PFU)/cell.
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Plasmids

ICP27 plasmids have been described previously (32). pBH-
ICP27 was provided by Dr. Stephen A. Rice (33). Plasmids
expressing pEGFP-SUMO-1 and HA-UBC9 were provided by
Dr. Hsiu-Ming Shih (34) and Dr. H. Ariga (35), respectively.
pEGFP-Bax was provided by Dr. Robert W. Nickells (36).

Detection of apoptosis (Hoechst 33258 staining)

At 48 h after transfection, cells were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for 15
min, and then permeabilized with 0.05% Triton X-100. The
fixed cells were washed with PBS and stained with 1 mg/ml
Hoechst 33258 (Sigma-Aldrich) for 10 min (37). Apoptosis of
the cells was determined by chromatin condensation, under a
fluorescent microscope (Olympus).

Annexin-V apoptosis assay

At 48 h after transfection, the level of apoptosis was detected
using the Annexin V-FITC Apoptosis detection kit (BD
Pharmingen), according to the manufacturer’s manual (38).
Flow-cytometric analysis was performed using a Becton
Dickinson FACS Calibur flow cytometer and Cell Quest
software (Becton Dickinson).

Detection of the MMP

The MMP was measured by using rhodamine-123 (Rh123)
(39). Cells were harvested by trypsinization, and re-suspended
in medium at a density of 5 x 10" cells/ml. The cells were
then incubated with 5 uM Rh123 at room temperature for 20
min, washed twice with PBS, re-suspended in tissue culture
medium, and analyzed by a Becton Dickinson FACS Calibur
flow cytometer.

Subcellular fractionation assay

Briefly, cells were suspended in fractionation buffer (250 mM
sucrose, 20 mM HEPES pH 7.4, 10 mM KCl, 1.5 mM MgCl,, 1
mM EDTA, 1 mM EGTA, T mM DTT, 1 mM PMSF, 1 mM NaF,
1 mM NasVOs, 1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1
pg/ml pepstatin). The cell lysate was passed 10 times through a
25 ga needle using a 1T ml syringe, and stored on ice for 20
min. The lysates were centrifuged at 3000 rpm at 4°C for 5
min, and the supernatants were collected as cytosolic fractions.
The nuclear pellets were re-suspended in the nuclear buffer
(RIPA buffer with 10% glycerol and 0.1% SDS), and sonicated
in three 10 sec bursts at 40% intensity, with 30 sec pauses on
ice.

GST pull-down assay

Transiently transfected 293T cells were lysed in modified RIPA
buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mM NaCl, 1T mM EDTA, T mM PMSF, 1
mM NaF, 1 mM Na3;VOs, 1 pg/ml aprotinin, 1 pug/ml leupeptin,
and 1 pg/ml pepstatin) at 4°C for 30 min. The cell lysates were
incubated overnight at 4°C with Glutathione-Sepharose 4B
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beads (Incospharm). The bead complexes were washed three
times with modified RIPA buffer, and the bound proteins were
analyzed by Western blotting.

Immunoprecipitation and Western blot analysis

Cell lysates were prepared in modified RIPA buffer and
incubated overnight at 4°C, with specific antibodies. The
immunocomplexes were isolated using protein-A Sepharose
(Incospharm), resolved by SDS-PAGE, and transferred to
nitrocellulose membrane. Immunoblotting was performed with
various antibodies. Anti-ICP27, anti-Bax, anti-14-3-30, anti-
cytochrome ¢, anti-COX 1V, anti-a~tubulin, anti-B-actin, anti-
acetylated lysine, anti-SIRT2, goat anti-rabbit IgG-HRP, rabbit
anti-goat IgG-HRP, and goat anti-mouse 1gG-HRP antibodies
were purchased from Santa Cruz. Anti-Flag and anti-GST
antibodies were purchased from Sigma-Aldrich.

Immunofluorescence assay

Vero cells were plated on sterile glass coverslips and trans-
fected with GFP-Bax and GST-ICP27. At 48 h after transfection,
cells were incubated with 20 ng/ml of a mitochondrial-specific
dye (Mitotracker red CMXRos; Cambrex BioScience) for 30
min. Cells were fixed with 4% paraformaldehyde, at room
temperature for 10 min, and permeabilized for 5 min with PBS
containing 0.2% Triton X-100. Fluorescence microscopy was
performed using an Olympus microscope.
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