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ABSTRACT There are many facets of varicella-zoster virus (VZV) pathogenesis that
are not fully understood, such as the mechanisms involved in the establishment of
lifelong latency, reactivation, and development of serious conditions like post-
herpetic neuralgia (PHN). Virus-encoded modulation of apoptosis has been sug-
gested to play an important role in these processes. VZV open reading frame 63
(ORF63) has been shown to modulate apoptosis in a cell-type-specific manner, but
the impact of ORF63 on cell death pathways has not been examined in isolation in
the context of human cells. We sought to elucidate the effect of VZV ORF63 on
apoptosis induction in human neuron and keratinocyte cell lines. VZV ORF63 was
shown to protect differentiated SH-SY5Y neuronal cells against staurosporine-
induced apoptosis. In addition, VZV infection did not induce high levels of apoptosis
in the HaCaT human keratinocyte line, highlighting a delay in apoptosis induction.
VZV ORF63 was shown to protect HaCaT cells against both staurosporine- and
Fas ligand-induced apoptosis. Confocal microscopy was utilized to examine VZV
ORF63 localization during apoptosis induction. In VZV infection and ORF63 ex-
pression alone, VZV ORF63 became more cytoplasmic, with aggregate formation
during apoptosis induction. Taken together, this suggests that VZV ORF63 protects
both differentiated SH-SY5Y cells and HaCaT cells from apoptosis induction and may
mediate this effect through its localization change during apoptosis. VZV ORF63 is a
prominent VZV gene product in both productive and latent infection and thus may
play a critical role in VZV pathogenesis by aiding neuron and keratinocyte survival.

IMPORTANCE VZV, a human-specific alphaherpesvirus, causes chicken pox during
primary infection and establishes lifelong latency in the dorsal root ganglia (DRG).
Reactivation of VZV causes shingles, which is often followed by a prolonged pain
syndrome called postherpetic neuralgia. It has been suggested that the ability of the
virus to modulate cell death pathways is linked to its ability to establish latency and
reactivate. The significance of our research lies in investigating the ability of ORF63,
a VZV gene product, to inhibit apoptosis in novel cell types crucial for VZV patho-
genesis. This will allow an increased understanding of critical enigmatic components
of VZV pathogenesis.
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Varicella-zoster virus (VZV) is a human alphaherpesvirus that can cause both varicella
(chicken pox) and herpes zoster (shingles). Varicella results from initial VZV infec-

tion, where a variety of skin cells, such as keratinocytes, are infected to produce the
characteristic varicella rash (1). The nerve endings of sensory neurons dock in the
keratinocyte layer of the dermis, allowing the virus to infect sensory neurons and
establish lifelong latency in the dorsal root ganglia (DRG) (1). VZV often reactivates later
in life to cause herpes zoster, which encompasses a variety of debilitating complica-
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tions, one of the most significant being postherpetic neuralgia (PHN). PHN involves
severe neuropathic pain that can last for months or years following the resolution of
the herpes zoster rash (2). The mechanisms responsible for VZV’s ability to establish
latency, reactivate, and cause PHN have not been fully elucidated; however, it has been
suggested that the ability of VZV to modulate apoptosis could play a critical role in
these processes (3).

Apoptosis is a programmed, noninflammatory form of cell death that is utilized by
the intrinsic, innate, and adaptive immune responses to eliminate potentially harmful
cells (4). Biochemically, apoptosis can be triggered by two distinct signaling pathways,
the extrinsic and intrinsic pathways. The intrinsic pathway is initiated by a diverse range
of intracellular stimuli, such as DNA damage and endoplasmic reticulum (ER) stress.
These stimuli activate proapoptotic Bcl-2 family members, which causes the oligomer-
ization of Bax with Bak at the mitochondrial membrane (4–7). This results in disruption
of the mitochondrial membrane potential and activation of initiator caspases (8).
Anti-apoptotic Bcl-2 proteins can bind to proapoptotic Bcl-2 proteins to inhibit this
process (9). Thus, the balance of these anti- and proapoptotic Bcl-2 family members is
critical in the induction of apoptosis (4, 10). Initiator caspases can cleave effector
caspases, such as caspase 3, resulting in morphological apoptotic changes (4, 11). In
contrast, the extrinsic pathway is initiated by ligand-induced oligomerization of cell
surface receptors, such as Fas, which causes the cleavage of initiator caspases like
caspase 8 (12). Caspase 8 can cleave caspase 3, resulting in apoptosis; however, it can
also cleave Bid, which can signal through the mitochondria to induce apoptosis (4, 13).
Apoptosis is an important host defense mechanism utilized during viral infection to
limit viral dissemination. As such, many viruses have evolved to modulate apoptotic
pathways (14).

Members of the herpesvirus family have evolved a variety of different mechanisms
to manipulate the apoptotic pathway, and this may facilitate viral spread, the mainte-
nance of latency, and successful reactivation (15). Gammaherpesviruses, including
Epstein-Barr virus (EBV), encode Bcl-2 homologs to disrupt apoptosis (16). Betaherpes-
viruses, such as human and murine cytomegalovirus (CMV), interfere with Bax and Bak
to inhibit apoptosis, among other mechanisms (17–19). Alphaherpesviruses, such as
herpes simplex virus 1 (HSV-1), have been found to inhibit proapoptotic Bcl-2 family
members (20) and to regulate prosurvival signaling (21). Interestingly, VZV has been
found to modulate apoptosis in a cell-type-specific manner (22). It has been reported
that VZV induces apoptosis in skin cell types, such as human fibroblasts (HFs) (22) and
MeWo cells (23), and in immune cells, such as T cells, B cells, monocytes (24, 25), and
Vero cells (26). In contrast, VZV has been found to protect against apoptosis in human
neurons (22, 27). This is thought to be critical to allow VZV to establish lifelong latency
in the DRG. Interestingly, the ability of VZV to induce apoptosis in keratinocytes, a
critical cell type in VZV pathogenesis, has not been fully characterized.

Several VZV gene products have been associated with the inhibition of apoptosis.
Open reading frame 66 (ORF66) has been suggested to inhibit apoptosis in T cells (23,
28), and ORF12 has been shown to trigger extracellular signal-regulated kinase (ERK)
phosphorylation to inhibit apoptosis in MeWo cells and human embryonic kidney
(HEK293T) cells (29–31). The ORF63 gene is essential for VZV replication and is dupli-
cated within the VZV genome (as ORF70); it is also abundantly transcribed in neuronal
latency (32–34). Our laboratory has previously utilized an ORF63 single-knockout virus
to determine that ORF63 can inhibit apoptosis in neuronal cells, but not in HFs (27).
However, the ability of VZV ORF63 alone to protect against apoptosis has not been
examined in the context of human neuronal cells. Furthermore, it is not clear whether
this phenotype extends to other clinically relevant cell types, such as keratinocytes.
Thus, it is important to elucidate the role of ORF63 in apoptosis in the context of both
neuronal and nonneuronal cells due to its importance in latency and reactivation.

We constructed novel VZV ORF63-expressing SH-SY5Y and HaCaT cell lines via a
lentivirus expression system to characterize the ability of VZV ORF63 to protect against
apoptosis. SH-SY5Y cells are able to undergo intrinsic apoptosis but not extrinsic
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apoptosis due to a lack of caspase 8 (35). In this report, we show that VZV ORF63
expression alone can inhibit apoptosis in differentiated human SH-SY5Y neuronal cells,
extending our previous work (22, 27). We also establish that this phenotype is not
exclusive to neurons, as VZV ORF63 expression alone can also protect a human
keratinocyte line (HaCaT cells) from both extrinsic and intrinsic apoptosis. Furthermore,
we begin to elucidate how ORF63 mediates its protective effect by showing that VZV
ORF63 relocalizes during apoptosis induction in HaCaT cells, implying a potential
modulatory function of ORF63 in the cytoplasm of infected cells.

RESULTS
Validation of VZV ORF63-expressing differentiated SH-SY5Y cells. Our labora-

tory has previously reported that VZV can protect neurons from apoptosis and deter-
mined that VZV ORF63 expression alone could protect rat neurons from nerve growth
factor (NGF) withdrawal-induced apoptosis (22, 27). However, it is still not known
whether VZV ORF63 alone can protect human neuronal cells from apoptosis. We have
also previously demonstrated VZV productive infection of the differentiated SH-SY5Y
neuroblastoma cell line (36); thus, these cells provide a suitable neuronal model to
examine the effects of VZV ORF63 on apoptosis. To investigate this, a hemagglutinin
(HA)-tagged VZV ORF63-expressing SH-SY5Y cell line was generated via the construc-
tion of a VZV ORF63 pseudovirus and subsequent transduction and selection (Fig. 1A
to E). In parallel, an empty control pseudovirus was generated to create control
transduced (CT) SH-SY5Y cells. The SH-SY5Y cell line can be differentiated to morpho-
logically and biochemically resemble primary human neurons (37). Previously, we
demonstrated that an all-trans-retinoic acid (ATRA) and brain-derived neurotrophic
factor (BDNF) differentiation protocol causes SH-SY5Y cells to develop extensive neu-
ronal processes and to upregulate markers that are present in primary human neurons,
such as synaptophysin and neural cell adhesion molecule (NCAM) (36).

In three biological replicates, SH-SY5Y cells were differentiated using ATRA and
BDNF. Both light microscopy images (Fig. 1A) and staining for NCAM by immunofluo-
rescence assay (IFA) (Fig. 1B) showed the development of extensive neuronal processes
in the differentiated VZV ORF63, CT, and untransduced (UT) SH-SY5Y cells that were
absent from undifferentiated SH-SY5Y cells. Additionally, staining for synaptophysin
demonstrated increased synaptophysin expression and localization to neurites when
the VZV ORF63, CT, and UT SH-SY5Y cells were differentiated, in contrast to the
undifferentiated cells, which demonstrated minimal staining (Fig. 1C). Altogether, this
demonstrates that differentiating VZV ORF63, CT, and UT SH-SY5Y cells using an ATRA
and BDNF treatment regime yields mature neuronal-like cells that are both morpho-
logically and biochemically similar to primary human neurons. Immunostaining for HA
and ORF63 showed that differentiated VZV ORF63 SH-SY5Y cells expressed ORF63 in
both the nucleus and cytoplasm, which is consistent with previous findings (Fig. 1D)
(38). Flow cytometry staining for intracellular HA revealed that on average 30% of cells
were positive after selection and differentiation (Fig. 1E). As expected, no HA-specific
staining was observed in control transduced or untransduced differentiated SH-SY5Y
cells by either method (Fig. 1B to E).

VZV ORF63 inhibits staurosporine-induced apoptosis in differentiated SH-
SY5Y cells. The intrinsic apoptotic pathway was examined in the differentiated SH-SY5Y
cells via the use of staurosporine, an inhibitor of protein kinase C (PKC) (39). VZV ORF63, CT,
and UT SH-SY5Y cells were differentiated on coverslips using ATRA and BDNF, as previ-
ously described (36), and treated with 0.5 �M staurosporine for 4 h. The cells were
immunostained for the markers of apoptosis; DNA fragmentation via terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining
and cleaved caspase 3 (CC3), to determine the extent of apoptosis induction (Fig. 2A to
C). TUNEL and CC3 staining was readily observed within CT and UT SH-SY5Y cells;
however, fewer TUNEL- and CC3-positive cells were seen in the ORF63 SH-SY5Y cells
(Fig. 2A to C). To quantitate this difference, 10 independent fields of view for each cell
type were enumerated for CC3- and TUNEL-positive cells over three independent
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FIG 1 Validation of HA-tagged VZV ORF63-expressing differentiated SH-SY5Y cells. (A) SH-SY5Y cells (1.5 � 106) were transduced
with VZV ORF63 or CT pseudoviruses and selected with 0.4 mg/ml G418 for 10 days to create VZV ORF63, CT, and untransduced
SH-SY5Y cells. These cells were differentiated using 10 �M ATRA for 5 days and 50 ng/ml BDNF for 4 days. The cells were imaged
by light microscopy at the end of the differentiation protocol; the images are shown at �20 magnification. (B to D) VZV ORF63,
control transduced, and untransduced SH-SY5Y cells (1 � 105) were differentiated on Matrigel-coated coverslips (13 mm; Knittel
glass), fixed with 4% PFA, and stained for VZV ORF63 and NCAM (B), HA and synaptophysin (C), or VZV ORF63 and HA (D). The cells
were counterstained with nuclear DAPI (blue) and were visualized by fluorescence microscopy. The images are shown at �20 (D)
or �63 (B and C) magnification. (E) Additionally, 5 � 105 differentiated VZV ORF63, CT, and UT SH-SY5Y cells were fixed,
permeabilized, stained for HA, and analyzed via flow cytometry. All the data presented are representative of three biological
replicates, except for IFA staining (B and C), which is representative of two biological replicates.
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experiments (Fig. 2E and F). We found that VZV ORF63 SH-SY5Y cells were significantly
less TUNEL and CC3 positive than CT and UT cells (Fig. 2E and F). Additionally, no
significant differences were found between CT and UT SH-SY5Y cells, suggesting
transduction alone does not affect the ability of the cells to undergo apoptosis. To
ascertain whether the HA-ORF63-expressing cells were protected from apoptosis, the
cells were dually immunostained for HA and CC3 and assessed by fluorescence micros-
copy (Fig. 2D). No HA-ORF6-expressing cells were found to be CC3 positive. These
data show that expression of VZV ORF63 alone is sufficient to inhibit staurosporine-
induced apoptosis in differentiated human SH-SY5Y neuronal cells.

VZV rOka induces only a small degree of apoptosis in HaCaT cells. We have
shown that VZV ORF63 can protect human neurons from apoptosis induction; however,
it is unclear whether this phenotype can be observed in other clinically relevant cell
types. Previously, our laboratory has shown that VZV-infected HFs are susceptible to
apoptosis induction (22); however, other VZV genes, such as ORF12, have been shown
to be protective in skin cells, such as MeWo cells (29). Keratinocytes have been shown
to be infected in patient samples (40) and in vitro (41, 42). Interestingly, the ability of
VZV to cause cell death in this cell type has not been fully characterized. We sought to
characterize the ability of VZV strain rOka to induce apoptosis in HaCaT cells, a
spontaneously immortalized human keratinocyte cell line (43). The HaCaT cell line has
previously been shown to be infected with VZV (44) and thus was chosen as a suitable
model for studying VZV proteins in keratinocytes.

VZV rOka-infected HaCaT cells or mock-infected HaCaT cells were stained with cell
trace violet (CTV) and used to infect monolayers of HaCaT cells in a cell-associated
manner at a 1:5 inoculum-to-cell ratio. CTV staining of the inoculating cells allowed the
exclusion of the cells in subsequent flow cytometry analysis. VZV is highly cell associ-
ated in vitro, and therefore, cell-associated infections are standard practice to propa-
gate infection; however, this results in asynchronous infection (45). Mock- and VZV-
infected cells were collected at days 2, 3, and 5 postinfection (p.i.) for flow cytometry

FIG 2 VZV ORF63 inhibits staurosporine-induced apoptosis in differentiated SH-SY5Y cells. (A to D) VZV ORF63 (A and D), CT (B), and
UT (C) SH-SY5Y cells (1 � 105) were treated with ATRA for 5 days and differentiated on Matrigel-coated coverslips (13 mm; Knittel glass)
via BDNF treatment. The cells were then treated with 0.5 �M staurosporine for 4 h to induce apoptosis and fixed with 4%
paraformaldehyde. The cells were permeabilized and stained for CC3 (red) and TUNEL (green) (A to C) or HA (green) and CC3 (red)
(D). (E) Cells were counterstained with nuclear DAPI (blue) and visualized by fluorescence microscopy. The images are shown at �20
magnification and are representative of three biological replicates. (F) For cell counts, 10 different fields of view were imaged to
calculate the percentage of CC3- or TUNEL-positive cells under each condition. (E and F) The error bars show standard errors of the
mean (SEM), and statistical significance was established by Student’s paired t test ns, not significant [P � 0.05]; **, P � 0.01; ***,
P � 0.005.
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detection of CC3 and LIVE/DEAD staining with Zombie NIR (Biolegend) (Fig. 3A). Both
adherent and suspended cells were collected for flow cytometry analysis to ensure all
dead cells were analyzed. VZV rOka-infected HaCaT cells were identified by VZV gEgI
antigen (a late gene product) expression, and the cells were shown to be on average
20%, 28%, and 28% gEgI positive (gEgI�) on days 2, 3, and 5, respectively, over three
biological replicates (Fig. 4). Cells were classified as being live if they were Zombie NIR�

and CC3�, as undergoing other cell death if they were Zombie NIR� and CC3�, as
undergoing late apoptosis if they were Zombie NIR� and CC3�, and as undergoing
early apoptosis if they were CC3� and Zombie NIR� (Fig. 3A to E). Even by 5 days p.i.,
the VZV gEgI-positive cells had a percentage of live cells (measured by Zombie NIR
staining) similar to those of both mock-infected and bystander gEgI-negative cells. In
addition, results from 3 biological replicates showed that VZV gEgI-positive cells
underwent significantly less other cell death at days 3 and 5 p.i. but slightly more early
apoptosis at day 5 p.i. than both mock-infected and bystander gEgI-negative cells (Fig.
3B and E). However, for all other time points and types of cell death, VZV antigen-
positive cells were comparable to mock-infected and gEgI-negative cells (Fig. 3B to E).
To confirm that VZV rOka was not able to induce a large amount of apoptosis in the
HaCaT cells, IFA analysis was conducted on rOka- and mock-infected HaCaT cells that
were infected using the cell-associated method described above. Cells were collected
each day for 3 days p.i. and stained for CC3, TUNEL, and VZV ORF40 (an early gene
product) (Fig. 5). At all time points, there were similar levels of apoptotic cells among
mock-infected and VZV rOka-infected cells, and the results were consistent in 3
biological repeats. Together, these results indicate that VZV rOka does not induce a
large amount of apoptosis in HaCaT cells and suggest VZV gene products could delay
virus-induced apoptosis.

Validation of VZV ORF63-expressing HaCaT cells. Our laboratory has previously

suggested that the protective effect of ORF63 is neuron specific, as the loss of one of
two copies of ORF63 from the virus resulted in an increase in apoptosis in neurons, but
not in HFs (27). However, the ability of ORF63 alone to protect nonneuronal cell types
from apoptosis has not been investigated. To study the protective effect of VZV ORF63
in a nonneuronal cell type, an HA-tagged VZV ORF63-expressing HaCaT cell line was
generated via transduction with the VZV ORF63 pseudovirus (Fig. 6A and B). In parallel,
a control pseudovirus was generated to create CT HaCaT cells. Immunostaining and
microscopy revealed that the VZV ORF63 HaCaT cells expressed HA-tagged VZV ORF63
in both the nucleus and cytoplasm, which is consistent with the ORF63-expressing
SH-SY5Y cells and previous reports (38) (Fig. 6A). On average, over three biological
replicates, 50% of cells were determined to be HA positive after selection via flow
cytometry (Fig. 6B). No specific HA staining was observed in control transduced or
untransduced HaCaT cells by either method. Taking the data together, these HA-
ORF63-expressing cell lines can be used to investigate the roles of ORF63 in a number
of apoptosis pathways.

VZV ORF63 inhibits staurosporine- and FasL-induced apoptosis in HaCaT cells.
Since VZV rOka induced minimal apoptosis in HaCaT cells, we sought to determine
whether VZV ORF63 could protect against apoptosis in this cell type. Staurosporine and
FasL were utilized to induce intrinsic and extrinsic apoptosis, respectively, to ascertain
whether VZV ORF63 protection is specific to a particular type of apoptotic stimulus. VZV
ORF63-expressing, CT, or UT HaCaT cells were treated with 0.5 �M staurosporine for
5 h and then stained for CC3 and TUNEL as described previously and visualized by
fluorescence microscopy (Fig. 7A to C). Fewer CC3- and TUNEL-positive cells were
observed in the VZV ORF63 HaCaT cells than in the CT and UT cells (Fig. 7A to C). To
quantitate this difference, 10 independent fields of view for each cell type were
enumerated for CC3- and TUNEL-positive cells (Fig. 7E and F). Significantly fewer VZV
ORF63 HaCaT cells than CT and UT cells were CC3 positive and TUNEL positive (Fig. 7E
and F). CT cells were not significantly different from UT cells, indicating that transduc-
tion alone does not affect the ability of the cell type to undergo apoptosis. Cells were
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FIG 3 VZV rOka induces only a small degree of apoptosis in HaCaT cells. (A) HaCaT cells (5 � 105) were infected with either CTV-labeled
VZV rOka inoculum or CTV-labeled mock inoculum at a ratio of 1:5 in a 6-well plate (Costar). Cells were collected at days 2, 3, and 5
p.i.; stained for VZV gEgI and CC3 and LIVE/DEAD stained to identify apoptotic cells; and analyzed by flow cytometry. The flow cytometry

(Continued on next page)
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also dually immunostained for HA and CC3 (Fig. 7D), and the HA-ORF63-expressing cells
were not CC3 positive.

For FasL-induced apoptosis, cells were treated with 100 ng/ml FasL for 4 h and
immunostained for CC3 and TUNEL by fluorescence microscopy as previously described
(Fig. 7G to L). The VZV ORF63 HaCaT cell population had significantly fewer CC3-
positive cells than CT and UT HaCaT cells. There was minimal TUNEL staining in all three
cell types (Fig. 7G to I). These differences were enumerated as described above, and it
was clear that VZV ORF63-expressing cells were significantly less CC3 positive than CT
and UT cells (Fig. 7K); however, this pattern was not discerned for TUNEL positivity, due
to minimal TUNEL staining being observed (Fig. 7L). There were no significant differ-
ences between CT and UT cells. FasL-treated cells were also dually immunostained for
CC3 and HA expression, and it was observed that VZV ORF63-expressing cells were not
CC3 positive (Fig. 7J). Together, these data demonstrate that VZV ORF63 protects HaCaT
cells from staurosporine- and FasL-induced apoptosis.

VZV ORF63 localization changes upon intrinsic apoptosis induction. It has
become apparent that VZV ORF63 can protect both human HaCaT keratinocytes and
differentiated human SH-SY5Y neuronal cells from apoptosis; however, it is still unclear
how the protein modulates this effect. To begin to elucidate this, we sought to
determine whether ORF63 localization changes during apoptosis induction. VZV ORF63

FIG 3 Legend (Continued)
plots are representative of three biological replicates. (B to E) Percentages of cells undergoing other cell death (B), late apoptosis (C),
or early apoptosis (E) or that were alive (D) over the time course after infection. The graphs are representative of the collation of three
biological replicates. The error bars show SEM. Statistical significance was established by a 2-way ANOVA using Tukey’s multiple-
comparison test. *, P � 0.05; **, P � 0.01.

FIG 4 gEgI positivity of VZV rOka-infected HaCaT cells shown in Fig. 3. (A to D) HaCaT cells (5 � 105) were infected with either
CTV-labeled VZV rOka inoculum or CTV-labeled mock inoculum at a ratio of 1:5 in a 6-well plate (Costar). Cells were collected at days
0, 2, 3, and 5 p.i.; stained for VZV gEgI and CC3 and LIVE/DEAD stained to identify apoptotic cells; and analyzed by flow cytometry.
The flow cytometry plots are representative of three biological replicates. (E) Percentages of gEgI-positive HaCaT cells. The graphs are
representative of the collation of three biological replicates. The error bars show SEM.
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HaCaT cells treated with 0.5 �M staurosporine for 3 h (Fig. 8A) or untreated (Fig. 8B)
were stained with MitoTracker deep red FM (Life Technologies), fixed, permeabilized,
and immunostained for HA. Confocal microscopy revealed that VZV ORF63 expression
became more cytoplasmic; additionally, there appeared to be formation of HA-positive
aggregates.

To determine whether this change in localization was consistent with ORF63 protein
expression during VZV infection, at day 3 p.i., VZV rOka-infected HaCaT cells were
treated with 0.5 �M staurosporine (Fig. 8C and E) for 3 h or were left untreated (Fig. 8D
and F). The cells were stained with MitoTracker deep red FM, fixed, permeabilized, and
immunostained for VZV ORF63 or VZV ORF40. During VZV infection VZV ORF63 became
markedly more cytoplasmic during apoptosis induction, and again, aggregate forma-
tion was identifiable (Fig. 8C and D). In contrast to this, ORF40 localization during
apoptosis induction remained largely nuclear (Fig. 8E and F), suggesting that the
phenotype observed for VZV ORF63 is a specific relocalization and not merely a
consequence arising from cell stress associated with apoptosis. These data suggest that

FIG 5 VZV rOka induces only a small degree of apoptosis over a 3-day time course measured by IFA. (A to F) HaCaT
cells (1 � 105) were seeded onto coverslips (13 mm; Knittel glass) and infected with either VZV rOka inoculum or
mock inoculum at a ratio of 1:5. Cells were collected at days 1, 2, and 3 p.i. and fixed with 4% paraformaldehyde.
The cells were permeabilized and stained for CC3 (red) and VZV ORF40 (green) and TUNEL stained (magenta). The
cells were counterstained with nuclear DAPI (blue) and were visualized by fluorescence microscopy. The images are
shown at �20 magnification and are representative of three biological replicates.
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VZV ORF63 relocalizes during apoptosis induction in human keratinocytes, implying a
potential function for ORF63 in the cytoplasm.

DISCUSSION

The current study demonstrates that VZV ORF63 expressed in isolation in human
neuronal cell and keratinocyte lines can protect against apoptosis induction. We also
characterized the ability of VZV rOka to induce cell death in the human HaCaT
keratinocyte line, observing that the virus delayed apoptosis induction over a 5-day
time course. We began to elucidate the mechanism behind VZV ORF63 protection by
demonstrating that VZV ORF63 protein changes its localization during apoptosis in-
duction, suggesting interaction with proteins in the apoptotic pathway. These findings
suggest that, due to its ability to modulate apoptosis in the skin and neuronal
environments, VZV ORF63 may be a potential candidate for mutation to generate new
attenuated VZV strains for use in vaccination (46).

VZV is a neurotropic virus that establishes lifelong latency in the DRG. As neurons
are senescent, it is not surprising that the virus modulates apoptosis to ensure latency
is maintained and that reactivation is successful. We have previously demonstrated that
VZV ORF63 is associated with neuronal protection from apoptosis; however, there has
been no direct evidence that VZV ORF63 expression alone can protect human neuronal
cells from apoptosis. Through the construction of novel VZV ORF63-expressing SH-SY5Y
cells, we have been able to dissect the protective phenotype of ORF63. We demon-
strated that VZV ORF63 expression alone is enough to protect differentiated human
SH-SY5Y neuronal cells from staurosporine-induced apoptosis, consolidating our pre-
vious work. It is important to note that differentiated SH-SY5Y cells have more prop-
erties of central neurons than of peripheral neurons (47, 48), and thus, it would be
beneficial to repeat these experiments in primary human peripheral neurons. As VZV
ORF63 is one of the most prominent transcripts produced in latency (32–34, 49), it is

FIG 6 Validation of HA-tagged VZV ORF63-expressing HaCaT cells. (A) HaCaT cells (9 � 105) were transduced with VZV ORF63 or CT
pseudoviruses and were selected with 0.5 mg/ml G418 for 10 days to create VZV ORF63, CT, and untransduced HaCaT cells. VZV ORF63,
control transduced, and untransduced HaCaT cells (1 � 105) were seeded on coverslips (13 mm; Knittel glass), fixed with 4% PFA, and
stained for HA (red) and VZV ORF63 (green). The cells were counterstained with nuclear DAPI (blue) and visualized by fluorescence
microscopy. The images are shown at �20 magnification. (B) Additionally, 5 � 105 VZV ORF63, CT, and UT HaCaT cells were fixed,
permeabilized, stained for HA, and analyzed via flow cytometry. All the data presented are representative of three biological replicates.
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conceivable that VZV ORF63’s ability to inhibit apoptosis also enables the virus to
establish latency, maintain latency, and reactivate.

Various studies have demonstrated that VZV induces apoptosis in cell types such as
HFs (22), MeWo cells (23), and immune cells (e.g., T cells, B cells, and monocytes) (24,
25). The ability of VZV to induce or protect against cell death has not been fully
characterized in keratinocytes. Sensory neurons of the DRG dock in the keratinocyte

FIG 7 VZV ORF63 inhibits staurosporine- and FasL-induced apoptosis in HaCaT cells. VZV ORF63 (A, D, G, and J), CT (B and H), and UT
(C and I) HaCaT cells (1 � 105) were treated with 0.5 �M staurosporine (A to F) or 100 ng FasL (G to L) for 5 h and fixed with 4%
paraformaldehyde on coverslips (13 mm; Knittel glass). The cells were permeabilized and stained for CC3 (red) and TUNEL stained
(green) (A to C and G to I) or stained for HA (green) and CC3 (red) (D and J). The cells were counterstained with nuclear DAPI (blue)
and visualized by fluorescence microscopy. The images are shown at �20 magnification and are representative of three biological
replicates. For the cell counts, 10 different fields of view were imaged to calculate the percentage of CC3-positive (E and K) or
TUNEL-positive (F and L) cells under each condition. The error bars show SEM, and statistical significance was established by Student’s
paired t test (ns, not significant [P � 0.05]; *, P � 0.05; **, P � 0.01).
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layer of the epidermis (50), and therefore, modulation of cell death in keratinocytes
could promote VZV infection of sensory neurons of the DRG. It is critical to explore the
types of cell death induced by the virus due to their different inflammatory capacities,
with apoptosis being noninflammatory and other forms of cell death, such as pyrop-
tosis, necroptosis, and necrosis, being inflammatory (51). In the current study, we were
able to distinguish between cells that were alive, in early apoptosis, in late apoptosis,
or undergoing another form of cell death. Some reports in the literature suggest that
HaCaT cells are capable of undergoing necroptosis (52, 53); however, in our and other’s
hands (E. Mocarski, Emory University, personal communication), using tumor necrosis
factor (TNF) in combination with a second mitochondrion-derived activator of caspases
(Smac) mimetic and pan-caspase inhibitor, HaCaT cells were not susceptible to necrop-
tosis (Fig. 9). In the current study, we found that only a small percentage of human
keratinocytes underwent early apoptosis up to 5 days p.i. with VZV rOka, indicating that
the virus may delay apoptosis induction in these cells. Similar results were obtained by

FIG 8 VZV ORF63 protein localization changes with staurosporine treatment. VZV ORF63-expressing HaCaT
cells (A and B) and rOka-infected HaCaT cells (C to F) were treated with 0.5 �M staurosporine for 3 h (A, C,
and E) or were left untreated (B, D, and F). The cells were stained with MitoTracker deep red (red); fixed with
4% paraformaldehyde; permeabilized; and stained for HA, VZV ORF40, or VZV ORF63 (green). The cells were
counterstained with nuclear DAPI (blue) and visualized by fluorescence microscopy. The images are shown
at �63 magnification and are representative of three biological replicates.
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Black et al. (41), where VZV-infected human papillomavirus (HPV)-immortalized kerati-
nocytes were negative for annexin V staining at 10 days p.i. Interestingly, VZV antigen-
positive cells seemed to undergo less non-caspase 3-dependent cell death than mock-
infected cells; therefore, it is prudent to explore the roles of different forms of cell death
in the skin microenvironment.

Based on the observation that VZV delayed apoptosis induction in keratinocytes, we
thought it would be interesting to explore the role of VZV ORF63 in that cell type. As
a result, we constructed a novel VZV ORF63-expressing HaCaT cell line. VZV ORF63 was
found to protect HaCaT cells from both staurosporine- and FasL-induced apoptosis,
demonstrating that the protective effect provided by ORF63 is not exclusive to neurons
or apoptotic stimuli. This is the first time that ORF63 has been shown to modulate
FasL-induced extrinsic apoptosis. Confocal microscopy was utilized to examine VZV
ORF63 protein localization during apoptosis induction, as it has been demonstrated
that during infection, VZV ORF63 can localize to the mitochondria in human lung cells
(54), which could be where VZV ORF63 modulates apoptosis. In both VZV-infected cells
and VZV ORF63-expressing HaCaT cells, VZV ORF63 became more distinctly cytoplasmic
upon apoptosis induction; however, localization to the mitochondria was not clear due
to a diffuse ORF63 staining pattern. Interestingly, aggregate formation was also ob-
served, indicating a potential protein-protein interaction. This change was shown not
to be a by-product of cell death, as the same pattern was not observed with VZV ORF40,
a protein with no known antiapoptotic functions.

It is important to elucidate the mechanism by which VZV gene products are able to
protect against apoptosis, due to their importance in pathogenesis. VZV ORF63 is
homologous to HSV ICP22, and both have been found to be antiapoptotic; however,
there are key differences in their functions (55). HSV ICP22 produces a full-length ICP22
protein and an N-terminally truncated form called Us1.5 (56). Us1.5 acts to activate
caspase 3 and thus induce apoptosis (57), while ICP22 has been suggested to antag-
onize p53 (58); however, it is not clear if this is responsible for ICP22 apoptosis
inhibition (55). VZV ORF63 produces only a full-length protein, and unlike HSV ICP22,
transcript and ORF63 protein are present during latency (34, 49). HSV encodes a
latency-associated transcript known as LAT that has been shown to inhibit apoptosis by
affecting apoptotic proteins, and also through the production of microRNAs that target
apoptotic genes (55). VZV ORF63 is not known to encode any microRNAs or to
transcriptionally regulate apoptotic proteins. Cell stress could activate the translation of
the protein to inhibit apoptosis in latently infected neurons.

In summary, our results provide the first evidence that VZV ORF63 alone is enough

FIG 9 HaCaT cells cannot undergo necroptosis. HaCaT cells (3 � 104) (A) and HT-29 cells (2 � 104) (B) were seeded
in triplicate in individual wells of a 96-well plate (Costar). To induce necroptosis (T�S�V), HT-29 cells and HaCaT
cells were treated with 30 ng/ml TNF (T), 1 �M BV-6 (S), and 12.5 �M z-Vad (V) for 16 h. For the no-treatment control
(NT), cells were treated with DMSO, and for the cell survival control (T), cells were treated with TNF alone. Cell
viability was measured by CellTitre-Glo 2.0 assay using a Tecan plate reader. For HaCaT cells, three biological
replicates were conducted; for HT-29 cells, two biological replicates were conducted. The error bars show SEM, and
statistical significance was established by Student’s paired t test (ns � not significant [P � 0.05]).
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to protect differentiated human SH-SY5Y neuronal cells from apoptosis. Additionally,
this is the first demonstration that VZV ORF63’s protective effect is not neuron specific
and can protect human HaCaT keratinocyte cells from both intrinsic and extrinsic
apoptosis. This implicates VZV ORF63 as being crucial in VZV pathogenesis in the skin.
We have begun to elucidate the mechanism of action of VZV ORF63 by showing that
protein localization changes with apoptosis induction, suggesting protein-protein in-
teractions with the apoptosis machinery. Altogether, our work helps to uncover the
potential role of VZV ORF63 apoptosis modulation in VZV latency, reactivation, and
ultimately pathogenesis.

MATERIALS AND METHODS
Cell lines. HEK293T cells (ATCC), HaCaT cells (Creative Bioarray), and HT-29 cells (ATCC) were

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 50 IU/ml penicillin and streptomycin.

SH-SY5Y neuroblastoma cells (ATCC) (59) were maintained in DMEM-F12 supplemented with 10%
FBS and 50 IU/ml penicillin and streptomycin. To differentiate SH-SY5Y cells, the cells were treated with
10 �M ATRA for 5 days. Cells were then seeded onto Matrigel (Corning)-covered plates or flasks and
treated with 50 ng/ml BDNF in serum-free medium for 4 days.

Viruses and infection of cell lines. VZV rOka (kindly provided by Ann Arvin, Stanford University)
(60)-infected HaCaT cells were cocultivated with uninfected HaCaT cells at a 1:5 ratio.

HaCaT cells and undifferentiated SH-SY5Y cells were transduced with control or VZV ORF63 pseu-
doviruses, using 8 �g/ml of Polybrene. SH-SY5Y cells and HaCaT cells were selected with 0.4 mg/ml and
0.75 mg/ml G418, respectively, for 10 days. This generated VZV ORF63-expressing HaCaT cells, CT HaCaT
cells, VZV ORF63-expressing SH-SY5Y cells, and CT SH-SY5Y cells. Undifferentiated ORF63-expressing
SH-SY5Y and CT SH-SY5Y cells were differentiated before use in experiments.

Apoptosis and necroptosis treatments and cell viability measurement. To induce apoptosis,
differentiated SH-SY5Y cells were treated with 0.5 �M staurosporine for 4 h and HaCaT cells were treated
with 0.5 �M staurosporine for 5 h or with 100 ng/�l Fas ligand for 5 h. To induce necroptosis, HT-29 cells
and HaCaT cells were treated with 30 ng/ml TNF, 1 �M BV-6 (Smac mimetic), and 12.5 �M z-Vad (pan
caspase inhibitor) for 16 h, and cell viability was measured by CellTitre-Glo 2.0 assay (Promega, USA). For
the no-treatment control, cells were treated with dimethyl sulfoxide (DMSO), and for the cell survival
control, cells were treated with TNF alone.

Lentivirus construction, production, and infection. Primers (IE63_FHA_Eco, GGCGCAATAGAATTC
TACCATGTACCCATACGATGTTCCAGATTACGCTTTTTGCACCTCACCGGC, and IE63_R_Bam, GGCCGAAGGAT
CCCTACACGCCATGGGGGG) were utilized to amplify VZV ORF63 from the VZV pOka genome (Ann Arvin,
Stanford University), to attach an HA tag to the N-terminal region of the protein, and to insert
appropriate restriction enzyme (RE) cut sites. PCR products were purified (GE Healthcare; Illustra GFX PCR
DNA and gel band kit) and digested with EcoRI-HF and BamHI-HF REs. The backbone plasmid (pCDH1-
CMV-MCS-EF1-Neo cDNA cloning and expression vector [pCDH]; System Biosciences, USA) was also
digested with EcoRI-HF and BamHI-HF and ligated with the VZV ORF63 PCR product using T4 DNA ligase
(NEB); the resulting plasmid was called pCDH63. pCDH63 was transformed into Escherichia coli Stbl2
competent cells (NEB) and collected using a plasmid DNA purification kit (Nucleobond Xtra Midi plasmid
DNA purification kit; Macherey-Nagel). pCDH63 was transfected into 293T cells with the packaging
plasmids psPAX2 (Addgene) and pMD2G (Addgene) using Fugene HD (Promega) to create an HA-VZV
ORF63-expressing pseudovirus. pCDH was transfected into 293T cells with the packaging plasmids
psPAX2 and pMD2G using Fugene HD to create the corresponding control pseudovirus.

Flow cytometry. Mock-infected or VZV rOka-infected HaCaT cells were stained with 1 �l/ml CTV
(Thermo Fisher Scientific) for 20 min at 37°C. The cells were then quenched in medium and seeded onto
uninfected HaCaT cells at a ratio of 1:5. At days 2, 3, and 5 p.i., cells were collected for flow cytometry.
The cells were stained with Zombie NIR and rabbit anti-VZV gEgI (Meridian Bioscience Inc.) that was
conjugated to Dylight 488 (Serotec) at room temperature (RT) for 30 min protected from light and were
then fixed and permeabilized (BD Fix Perm) at 4°C. The cells were stained with rabbit anti-CC3-
phycoerythrin (PE) (BD Biosciences) overnight at 4°C. All samples were acquired on an LSR Fortessa flow
cytometer (BD Biosciences) and analyzed with FloJo software (Tree Star, Ashland, OR). CTV-labeled
inoculum cells were excluded from the analysis.

TUNEL assay and MitoTracker staining. Cells were grown on coverslips and treated as indicated.
The cells were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA)
for 15 min at RT. After washing with PBS, the cells were permeabilized with 0.1% Triton X (Sigma-Aldrich)
for 10 min and blocked using 20% normal donkey serum (NDS) (Sigma-Aldrich). The cells were TUNEL
stained (In Situ Cell Death Detection kit, fluorescein; Roche) for 1 h at 37°C.

For MitoTracker deep red FM staining, cells were stained with 0.3 �M MitoTracker deep red FM for
30 min at 37°C and washed with PBS. The cells were fixed with 4% PFA for 15 min at RT.

IFA. Cells were grown on coverslips and treated/infected as indicated. The cells were washed with
PBS and fixed with 4% PFA for 15 min at RT. After washing with PBS, the cells were permeabilized with
0.1% Triton X (Sigma-Aldrich) for 10 min and blocked using 20% NDS (Sigma-Aldrich). The cells were
incubated with primary antibodies or corresponding isotype controls for 1 h at RT. The cells were washed
with PBS, incubated with secondary antibodies at RT for 30 min, and washed with PBS, and coverslips
were mounted on glass slides using Prolong Gold Anti-Fade reagent with DAPI (4=,6-diamidino-2-
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phenylindole) (Life Technologies). Staining was visualized on a Zeiss Axio Imager microscope or Zeiss
LSM 510 Meta Spectral confocal microscope, and images were taken using Zen software (Zeiss) or LSM
510 (Zeiss), respectively. Images were pseudocolored using Fiji (Image J). For apoptosis quantification, 10
independent images of each coverslip were taken, and CC3- and TUNEL-positive cells were counted
manually to calculate an average percentage of positive cells.

Antibodies. For IFA, cells were stained with the following primary antibodies as indicated: mouse
anti-VZV ORF40 (NCP-1; 1:500; Meridian Bioscience Inc.), mouse anti-HA tag (6E2; 1:100; Cell Signaling
Technology), rabbit anti-CC3 (D3E9; 1:150; Cell Signaling Technology), mouse anti-NCAM (123C3; 1:20;
Cell Signaling Technology), rabbit anti-synaptophysin (Z66; 1:10; Invitrogen), and rabbit anti-VZV ORF63
(1:300; a gift from Paul Kinchington, University of Pittsburgh).

For IFA, cells were stained with the following secondary antibodies (1:250; Invitrogen) as indicated:
donkey anti-rabbit IgG 488, 594, and 647 and donkey anti-mouse IgG 488, 546, 594, and 647.

Statistical analysis. P values were determined for IFA analysis using a paired 2-tailed Student t test.
P values were determined for flow cytometry analysis via a 2-way analysis of variance (ANOVA) using
Tukey’s multiple-comparison test.
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