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ABSTRACT The highly conserved herpesvirus glycoprotein complex gB/gH-gL
mediates membrane fusion during virion entry and cell-cell fusion. Varicella-
zoster virus (VZV) characteristically forms multinucleated cells, or syncytia, during
the infection of human tissues, but little is known about this process. The cytoplas-
mic domain of VZV gB (gBcyt) has been implicated in cell-cell fusion regulation be-
cause a gB[Y881F] substitution causes hyperfusion. gBcyt regulation is necessary for
VZV pathogenesis, as the hyperfusogenic mutant gB[Y881F] is severely attenuated in
human skin xenografts. In this study, gBcyt-regulated fusion was investigated by
comparing melanoma cells infected with wild-type-like VZV or hyperfusogenic mu-
tants. The gB[Y881F] mutant exhibited dramatically accelerated syncytium formation
in melanoma cells caused by fusion of infected cells with many uninfected cells, in-
creased cytoskeleton reorganization, and rapid displacement of nuclei to dense cen-
tral structures compared to pOka using live-cell confocal microscopy. VZV and hu-
man transcriptomes were concurrently investigated using whole transcriptome
sequencing (RNA-seq) to identify viral and cellular responses induced when gBcyt
regulation was disrupted by the gB[Y881F] substitution. The expression of four vital
VZV genes, ORF61 and the genes for glycoproteins gC, gE, and gI, was significantly
reduced at 36 h postinfection for the hyperfusogenic mutants. Importantly, hierar-
chical clustering demonstrated an association of differential gene expression with
dysregulated gBcyt-mediated fusion. A subset of Ras GTPase genes linked to mem-
brane remodeling were upregulated in cells infected with the hyperfusogenic mu-
tants. These data implicate gBcyt in the regulation of gB fusion function that, if un-
modulated, triggers cellular processes leading to hyperfusion that attenuates VZV
infection.

IMPORTANCE The highly infectious, human-restricted pathogen varicella-zoster virus
(VZV) causes chickenpox and shingles. Postherpetic neuralgia (PHN) is a common
complication of shingles that manifests as prolonged excruciating pain, which has
proven difficult to treat. The formation of fused multinucleated cells in ganglia
might be associated with this condition. An effective vaccine against VZV is available
but not recommended for immunocompromised individuals, highlighting the need
for new therapies. This study investigated the viral and cellular responses to hyper-
fusion, a condition where the usual constraints of cell membranes are overcome and
cells form multinucleated cells. This process hinders VZV and is regulated by a viral
glycoprotein, gB. A combination of live-cell imaging and next-generation genomics
revealed an alteration in viral and cellular responses during hyperfusion that was
caused by the loss of gB regulation. These studies reveal mechanisms central to VZV
pathogenesis, potentially leading to improved therapies.
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Varicella-zoster virus (VZV) is a medically important human alphaherpesvirus that
causes varicella (chickenpox) and, upon reactivation from latently infected sensory

ganglia, leads to zoster (shingles) (1). Varicella can be serious and is life-threatening in
immunocompromised patients (2–5). Zoster in the elderly often triggers severe post-
herpetic neuralgia (PHN), and VZV can cause severe morbidity and mortality in indi-
viduals with impaired immune function (6–8). The varicella and zoster vaccines cur-
rently available are effective, but these live viral vaccines are not safe for those with
immunodeficiencies (9–11). Acyclovir and related drugs are useful for acute infections
but not for effective treatment of PHN. Importantly, current vaccines and drugs do not
prevent VZV latency (9–15). A better understanding of the regulation of critical events
in VZV pathogenesis, such as cell-cell fusion, has the potential to guide the design for
new therapeutics and next-generation vaccines.

VZV infection is restricted to the human host, and its pathogenesis is mediated via
tropism for T cells, skin, and neurons (16–18). Cell-cell fusion of epidermal cells
generates polykaryocytes, also known as syncytia, typical of varicella and zoster skin
lesions (19). Strikingly, replication in ganglia also results in neuron-satellite cell fusion
(20). Thus, a hallmark of VZV infection is its capacity to overcome the usual constraint
against fusion between fully differentiated host cells in vivo. VZV is a valuable model
pathogen for investigating this phenomenon because VZV triggers syncytium forma-
tion in vitro, as well as in skin and sensory ganglia xenografts infected in vivo in the SCID
mouse model of VZV pathogenesis (18, 21–25).

Enveloped viruses, including herpesviruses, enter host cells via fusion of the virion
membrane with cellular membranes. Herpesviruses accomplish this by using a mini-
mum of three essential, highly conserved, virally encoded glycoproteins, gB, gH, and gL
(26). Currently, gB is proposed to be the fusion protagonist because X-ray crystal
structures of this molecule from several herpesviruses show trimer formation reminis-
cent of that of viral fusion proteins (27–30). The role of the herpesvirus gH-gL het-
erodimer is uncertain, but it is required to trigger gB-induced fusion (26). Importantly,
monoclonal antibodies derived from natural infection that target VZV gH neutralize the
virus and inhibit fusion, potentially through preventing binding to gB (31–33). In
contrast to fusion of the virion envelope with cell membranes during entry, little is
known about virus-induced cell-cell fusion, which is a prominent feature of VZV
pathogenesis (19, 20). The VZV gB and gH/gL are necessary and sufficient for this
process (34, 35). In addition, VZV gB was demonstrated to be central to the regulation
of VZV-induced cell-cell fusion and dependent on an immunoreceptor tyrosine-based
inhibition motif (ITIM) ([SIVL]xYxx[IVL]) in the gB cytoplasmic domain (gBcyt) (36).
Canonical ITIMs in the cytoplasmic domains of cellular receptors act to inhibit receptor-
induced signaling, require tyrosine phosphorylation to be functional, and play an
important role in maintaining homeostasis (37–39). A tyrosine-to-phenylalanine (Y881F)
substitution in the VZV gBcyt ITIM, which prevents phosphorylation, resulted in hyper-
fusion when coexpressed with gH/gL in a cell-cell fusion assay (36). The hyperfusion
phenotype was reproduced in the context of infection when the gB[Y881F] substitution
was incorporated into the VZV genome, leading to extensive cell-cell fusion in cultured
melanoma cells and human skin xenografts in vivo. Moreover, the gB[Y881F] substitu-
tion significantly reduced skin pathogenesis, indicating that dysregulation of canonical
VZV-induced cell-cell fusion is detrimental to VZV propagation.

The purpose of this study was to define the process of VZV-induced cell fusion and
its regulation by gBcyt. The propagation of infection in melanoma cells, which recapit-
ulates syncytium formation observed in human tissues, was examined after inoculation
with wild-type (WT) pOka or the hyperfusogenic gB[Y881F] mutant using live-cell
confocal microscopy. This comparison revealed both the characteristics of the cell
fusion process regulated by the VZV gBcyt and the consequences for cell-cell interac-
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tions when this regulatory control was disrupted. The influence of dysregulated cell
fusion related to VZV particle assembly and trafficking was established using electron
microscopy of cells infected with pOka or the gB[Y881F] mutant. To investigate the
effect of dysregulated fusion on viral and human transcriptomes, VZV and host cell
gene expression profiles were quantified by whole transcriptome sequencing (RNA-seq)
as syncytium formation progressed in melanoma cells infected with pOka and the
gB[Y881F] hyperfusogenic mutants. Accelerated cell fusion had significant effects on
the kinetics and levels of viral gene expression, especially of ORF14 which encodes VZV
gC, as well as ORF61, gE and gI. As expected, the host cell transcriptome was altered
in virus-infected cells but substantial differences in cell gene expression were triggered
by the hyperfusogenic gBcyt mutants compared with pOka. These data demonstrate
that the dysregulation of VZV-induced cell-cell fusion has multifactorial effects and
support the hypothesis that the fusogenic potential of gB, by which VZV overcomes the
barriers to host cell fusion, must be regulated by its own cytoplasmic domain in order
to support VZV propagation.

RESULTS
gBcyt regulates syncytium formation in VZV-infected cells. To track VZV-induced

syncytium formation and to determine how it was altered by hyperfusogenic mutants,
melanoma cells expressing green fluorescent protein (GFP) (LifeAct-tGFP melanoma
cells) were infected with pOka or the gB[Y881F] mutant. Each virus expressed a
thymidine kinase (TK)-red fluorescent protein (RFP) chimeric protein (inoculum, 20
PFU/cm2) and was used for live-cell confocal microscopy of syncytia starting at 24 h
postinfection (hpi) (T0), with images captured for an additional 20 hpi (T20). LifeAct-tGFP
enabled visualization of actin filaments, and VZV TK expression, detected as RFP, was a
marker for early-late infection. Small syncytia were observed in pOka-TK-RFP-infected
cells at 24 hpi (T0), consisting of several nuclei visualized with Hoechst 33342 and
surrounded by an RFP signal within LifeAct-tGFP-expressing cells (Fig. 1; see Movie S1
at https://purl.stanford.edu/wc992yg2549). The spread of VZV in the cell monolayer was
successfully tracked, as cells that were RFP negative at T0 became RFP positive by T5,
signifying infection, and were followed through to T20 (Fig. 1A, box 1). Infected cells and
cells that were uninfected came into close proximity repeatedly in this region of the
monolayer where syncytia had not yet formed by T0. While an immediate early (IE)
stage of infection was not excluded, these cells remained RFP negative over the
following 9 h, when early/late proteins are made in VZV-infected cells (40). Uninfected
cells adjacent to infected cells frequently made direct contact via filopodium-like
structures containing actin filaments, visualized by the LifeAct-tGFP (see seconds 0 to
5 of Movie S1 at https://purl.stanford.edu/wc992yg2549, box 1 region). Occasionally,
RFP-negative cells fused with the infected RFP-positive cells. Between T15 and T20,
cellular protrusions from uninfected cells became elongated and attached to infected
cells, but these contacts often did not initiate cell-cell fusion, suggesting a constraint on
the fusion process (see seconds 28 to 32 of Movie S1, box 1 region).

Small syncytia that were detectable in pOka-TK-RFP-infected monolayers at T0

evolved with two different outcomes (Fig. 1A, boxes 2 and 3; see Movie S1 at
https://purl.stanford.edu/wc992yg2549). The syncytium central to the field of view at T0

contained 11 nuclei, and infected cells were seen in direct contact with the periphery
of the syncytium but had not fused (Fig. 1A, box 2). Overall, the syncytium exhibited
little lateral movement during the live imaging period, but the periphery of the
syncytium was dynamic, undergoing waves of expansion and contraction at the plasma
membrane. Numerous cells were incorporated into this syncytium, while others re-
mained adjacent without undergoing fusion (Fig. 1, box 2; see Movie S1 at https://
purl.stanford.edu/wc992yg2549). For example, five cells that moved into the area of the
syncytium did not fuse for several hours (see seconds 8 to 24 s of Movie S1, box 2
region). Some of these cells appeared to be inside the syncytium, but this was an
artifact created from the static image derived from a single confocal plane. By T20,
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substantial surface blebbing was apparent, typical of cells undergoing programmed cell
death, and most cells forming the syncytium had detached from the coverslip.

A second small syncytium in pOka-TK-RFP-infected cells had four nuclei at T0 and
progressed to encompass 17 nuclei visible in the confocal plane at T20 (Fig. 1A, box 3).
This developing syncytium made substantial and prolonged contact with the syncytium
highlighted in Fig. 1A, box 2, for 13 h (seconds 8 to 29 of Movie S1 at https://
purl.stanford.edu/wc992yg2549) and prior to its disassociation from the coverslip.

FIG 1 Regulation of syncytium formation by the gBcyt in VZV-infected cells. Live-cell confocal microscopy images
of LifeAct-tGFP melanoma cells infected with pOka-TK-RFP (A) or gB[Y881F]-TK-RFP (B) captured from Movies S1
and S2 at https://purl.stanford.edu/wc992yg2549 at five time points, beginning at 24 hpi (T0) and at 5 (T5), 10 (T10),
15 (T15) and 20 (T20) hpi, are shown. Infected cells are detected by the RFP signal (red), actin filaments express
LifeAct-tGFP (green), and nuclei are stained with Hoechst 33342 (blue). White boxes in the panels in the first
column (1 to 3) indicate three areas within the monolayer that are shown at higher magnification in the columns
at the right, labeled 1 to 3, for each of the five time points, (T0, T5, T10, T15, and T20). Arrowheads identify
representative cells that have not undergone fusion within the syncytia (open arrowheads) or nuclei not expressing
RFP (closed arrowheads). These images highlight events in cell-cell fusion that are visualized in Movies S1 and S2,
available at https://purl.stanford.edu/wc992yg2549.
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Similar to the case for the syncytium in Fig. 1A, box 2, a number of infected and
RFP-negative cells interacted considerably with the plasma membrane of the syncytium
but failed to fuse. Another small syncytium fused with the original within the last 90
min (see seconds 30 to 32 of Movie S1, box 3 region) and contributed three additional
nuclei (see Movie S1). Overall, the live imaging demonstrated that pOka-induced
syncytium formation was stochastic and that fusion was not triggered simply by
contact between infected and uninfected cells or between infected cells.

In contrast to the case with pOka-TK-RFP, the expansion of syncytia was dramatically
accelerated due to frequent cell fusion events when LifeAct-tGFP cells were inoculated
with the hyperfusogenic gB[Y881F]-TK-RFP mutant (Fig. 1B, boxes 1 to 3; see Movie S2
at https://purl.stanford.edu/wc992yg2549). Several characteristics differentiated the
events that were observed during gB[Y881F]-TK-RFP infection compared to that with
pOka-TK-RFP. The threshold for cell fusion was lower, with both uninfected and
RFP-positive infected cells being incorporated rapidly into each syncytium. The LifeAct-

FIG 1 (Continued)
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tGFP-labeled actin filaments were more abundant and dynamic at the periphery of the
gB[Y881F]-TK-RFP syncytium during its initial formation (Fig. 1B, box 2). These actin
structures became increasingly prominent during the expansion of the syncytia from T0

to T20, forming dense extensions along the periphery of the syncytium (Fig. 1B, boxes
1 to 3; see Movie S2 at https://purl.stanford.edu/wc992yg2549). Both uninfected and
RFP-positive infected cells were rapidly incorporated into each syncytium. Strikingly,
once cell fusion had occurred, the nucleus of the fused cell became rapidly amalgam-
ated with the cluster of nuclei that was central to the developing syncytium. Based on
the pattern of their movement, nuclei entering the syncytium appeared to became
tethered, presumably to the cytoskeletal network, and were rapidly sequestered to the
spheroid of nuclei at the center (see Movie S2). When displacement of cell nuclei was
quantified using TrackMate to measure the distance that nuclei traversed in the
monolayer from T0 to T20, the mean was 323 �m � 7.7 for gB[Y881F]-TK-RFP, which was
3.4-fold greater than nuclear displacement in pOka-TK-RFP-infected monolayers (Fig.
2A). In addition, both the mean and maximum velocities of nuclear movement were
significantly higher with gB[Y881F]-TK-RFP infection (Fig. 2B and C). While the mean
difference was 0.2 �m/s faster for gB[Y881F]-TK-RFP than for pOka-TK-RFP, the maxi-

FIG 2 Displacement of cell nuclei during dysregulated syncytium formation in VZV-infected cells. (A to C) The displacement (A), mean
velocity (B), and maximum velocity (C) of nuclei (n � 200) were calculated using the TrackMate plugin of FiJi. Error bars show standard
error of the mean. (D and E) Quantification of plaque sizes (n � 50) and immunohistochemistry of representative plaques at 3 days
postinfection (dpi) (size is given in the bottom right hand corners) in LifeAct-tGFP melanoma cells infected with pOka or gB[Y881F]. A
two-tailed t test was used to calculate significant differences between pOka and gB[Y881F] (****, P � 0.001.
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mum velocity (8.1 �m/s) for gB[Y881F]-TK-RFP nuclei was more than twice that for
pOka nuclei (4.0 �m/s).

In association with the more rapid fusion and accumulation of cells into gB[Y881F]-
TK-RFP syncytia, many nuclei were TK-RFP negative, indicating absent or very early
infection at the time of fusion (see Movie S2 at https://purl.stanford.edu/wc992yg2549).
Once incorporated in the syncytium, some nuclei became RFP positive as a result of
infection prior to fusion or accumulation of TK-RFP from the syncytium. Notably, the
dense actin filaments at the periphery of the gB[Y881]-TK-RFP syncytia extended well
into the intercellular spaces and contacted many uninfected cells, compared to those
for pOka-TK-RFP (see Movies S1 and S2 at https://purl.stanford.edu/wc992yg2549).
Initially, the syncytia were adherent to the glass coverslip, but highly multinucleated
giant cells formed by gB[Y881]-TK-RFP infection began to detach as infection pro-
gressed and the syncytium size increased. Consequently, gB[Y881F]-TK-RFP plaques
were smaller and exhibited an absence of infected cells at their centers compared to
pOka-infected cells, demonstrating the poor propagation characteristics of hyperfuso-
genic VZV (Fig. 2D to F).

gBcyt-regulated fusion occurs predominantly between VZV-infected cells at an
early/late stage of infection. To clarify whether syncytium formation progressed
primarily by fusion between individual infected cells or by fusion between infected cells
and cells that were uninfected or had not progressed to early/late infection and
whether this process was altered by dysregulation of gBcyt control, melanoma cells
were labeled with the plasma membrane marker FM4-64FX. Live-cell imaging was
performed with the labeled melanoma cells infected with the enhanced GFP (eGFP)-
expressing viruses pOka-TK-eGFP and gB[Y881F]-TK-eGFP (inocula, 20 PFU/cm2). The
FM4-64FX fluorescent marker provided contrast between the plasma membrane and
the eGFP signal of infected cells demonstrating an intact cell membrane prior to fusion
(Fig. 3A and B; see Movies S3 and S4 at https://purl.stanford.edu/wc992yg2549).

Initially, pOka-TK-eGFP-infected monolayers showed both single eGFP-expressing
cells and small syncytia containing 3 to 4 nuclei at 24 hpi (T0), similar to the case for
pOka-TK-RFP infection of LifeAct-tGFP-labeled melanoma cells (Fig. 3A, boxes 1 to 3; see
Movie S3 at https://purl.stanford.edu/wc992yg2549). FM4-64FX staining was detected
both on the plasma membranes and internally, presumably from endocytosed or
pinocytosed membranes. By T4, the frequency of infected cells had increased and the
small syncytia began to enlarge by cell-cell fusion, sequestering more nuclei (Fig. 3A,
boxes 1 and 2; see Movie S3). Motile cells that were TK-eGFP negative, indicating either
absent or very early infection, did not readily fuse with these syncytia, as shown by
tracking the individual eGFP-negative cells (see Movie S3). In addition, single infected
cells were in contact with single uninfected cells frequently without triggering cell
fusion over the 17-hour imaging period (Fig. 3A, box 3). As the syncytia evolved, it was
apparent that most fusion events were between eGFP-expressing cells, which typified
early/late time points of infection (Fig. 3A, boxes 1 and 2). At T9 and later times, the
FM4-64FX membrane label localized to the centers of the rings of nuclei in larger
syncytia, appearing as orange in combination with eGFP, consistent with the seques-
tration of endosomes at the center of syncytia during VZV infection (36). Blebbing,
indicating programmed cell death highlighted by the FM4-64FX membrane label, was
seen for numerous cells infected with pOka-TK-eGFP, which detached from the cover-
slip without infecting adjacent cells. This was similar to the case for pOka-TK-RFP-
infected LifeAct-tGFP cells, suggesting that cell fusion between infected cells and those
that are uninfected or in the IE phase of infection is restricted when the gBcyt
regulatory function is intact.

As observed with gB[Y881F]-TK-RFP infection at T0 (24 hpi), the syncytia in FM4-64FX
melanoma cells infected with gB[Y881F]-TK-eGFP were considerably larger than pOka-
TK-eGFP syncytia at T0 (Fig. 3B; see Movie S4 at https://purl.stanford.edu/wc992yg2549).
Fusion of infected cells with neighboring infected cells was observed during gB[Y881F]-
TK-eGFP infection, similar to the case for the gB[Y881F]-TK-RFP-infected LifeAct-tGFP
cells (see Movies S2 and S4 at https://purl.stanford.edu/wc992yg2549). However, label-
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ing cell membranes with FM4-64FX made it possible to demonstrate a notable increase
in fusion between uninfected and gB[Y881F]-TK-eGFP-infected cells. The membranes of
eGFP-negative cells disappeared rapidly as their nuclei were sequestered into the
evolving syncytium (Fig. 3B, boxes 2 and 3; see Movie S4). The engulfment of cells at

FIG 3 Regulation of fusion between uninfected and VZV-infected cells by gBcyt. Live-cell confocal microscopy images of
FM4-64FX melanoma cells infected with pOka-TK-eGFP (A) or gB[Y881F]-TK-eGFP (B) captured from Movies S3 and S4 at
https://purl.stanford.edu/wc992yg2549 at five time points, beginning at 24 hpi (T0) and at 4 (T4), 9 (T9), 13 (T13), and 17 (T17)
hpi, are shown. Infected cells are detected by the eGFP signal (green), plasma membranes are labeled with FM4-64FX (red),
and nuclei are stained with Hoechst 33342 (blue). White boxes in the panels in the first column (1 to 3) indicate three areas
within the monolayer that are shown at higher magnification in the columns at the right, labeled 1 to 3, for each of the five
time points, (T0, T4, T9, T13, and T17). Arrowheads identify representative cells that have not undergone fusion within the
syncytia. These images highlight events in cell-cell fusion that are visualized in Movies S3 and S4, available at
https://purl.stanford.edu/wc992yg2549.

Oliver et al. Journal of Virology

January 2017 Volume 91 Issue 1 e01613-16 jvi.asm.org 8

https://purl.stanford.edu/wc992yg2549
https://purl.stanford.edu/wc992yg2549
http://jvi.asm.org


the periphery of the syncytium was evident as the live imaging progressed (see seconds
11 to 45 of Movie S4, box 2 and 3 region). Infrequently, eGFP-negative cells were
observed to traverse the syncytium without fusing, suggesting that these cells re-
mained uninfected. As seen with gB[Y881F]-TK-RFP infection, the periphery of the
gB[Y881F]-TK-eGFP syncytium was highly dynamic. Thus, dysregulated gBcyt fusion
caused the plasma membranes of infected cells to acquire a heightened capacity to
fuse with those of uninfected cells, whereas fusion associated with an intact gBcyt was
ordered and occurred predominantly between infected cells. This effect on cell mem-
brane function, along with aberrant cell protrusions due to an altered actin cytoskel-
eton, resulted in syncytia sequestering a greater quantity of cells during the live
imaging period.

FIG 3 (Continued)
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Dysregulated gBcyt-mediated cell fusion affects infected-cell ultrastructure. It
was postulated that the abundance of uninfected nuclei and cytoskeletal reorganiza-
tion caused by gB[Y881F]-mediated dysregulated fusion could interfere with the pro-
duction of nascent virions. As expected, numerous virus particles were apparent on the
surfaces of pOka-TK-RFP-infected cells when examined by electron microscopy (Fig. 4).
In contrast, the number of intact cell surface virions in gB[Y881F]-TK-RFP-infected cells
was markedly reduced. Importantly, because gB is also involved in nuclear egress,
accumulation of capsids in the perinuclear space was not observed for pOka-TK-RFP, as
expected, or for the gB[Y881F]-TK-RFP mutant. Notably, cellular protrusions at the
periphery of infected cells were more extensive for the hyperfusogenic gB[Y881F]-TK-
RFP than for pOka-TK-RFP. These differences suggest that the alterations of the
cytoskeletal network by gB[Y881F]-TK-RFP infection interfered with the trafficking of
virus particles through the cytoplasm after exiting the nucleus and exocytosis to the cell
surface.

Dysregulated gBcyt-mediated cell fusion affects the VZV transcriptome. Tran-
scription from VZV open reading frames (ORFs) was quantified at 12, 24, and 36 hpi
using RNA-seq in melanoma cell monolayers infected with pOka, gB[Y920F], a control
virus that has a pOka phenotype, and gB[Y881] and gB[Y881/920F] which are both
hyperfusogenic. The inoculum titers used for RNA-seq were 1.5 � 105 PFU/cm2, leading
to the majority of the monolayer being infected at 36 hpi, as determined by the
localization of IE62 in cell nuclei by confocal microscopy (Fig. 5). The frequency of
infected cells ranged from 30 to 45% at 12 hpi and from 90 to 95% by 36 hpi. As
expected, the frequency of VZV transcripts increased during the course of pOka
infection in melanoma cells (Table 1; Fig. 6). By 36 hpi, transcripts from ORF9 were the
most abundant, as shown by the high frequency of transcripts per kilobase million
(TPM) values associated with this ORF (Table 1). ORF68, which encodes gE, expressed
the next most abundant transcripts at 36 hpi, followed by ORF57 and ORF58. ORF67,
which encodes gI, and ORF61 were also abundantly expressed by 36 hpi. ORF56, -6, -55,

FIG 4 Dysregulated gBcyt-mediated cell fusion affects infected-cell ultrastructure. Electron microscopy of melanoma cells infected with pOka-TK-RFP or the
hyperfusogenic mutant gB[Y881F]-TK-RFP at 48 hpi is shown. The cytosol (C) and extracellular space (E) of infected cells are indicated on each micrograph.
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-28, -2, -65, listed in the order of increasing TPM values, were the least abundantly
transcribed. As expected, the transcript abundances of VZV ORFs did not correlate with
their transcriptional class as defined by herpes simplex virus 1 (HSV-1) homologs in
these experiments because infection was not synchronous. ORF61 protein is expressed
at the earliest times after VZV infection and is considered to be an IE gene by putative
� transcriptional class (40). ORF2, -6, and -28 are putative early genes (the � class). gE
protein is detected beginning at early times in VZV-infected cells (40, 41). ORF9, -33, -56,
-58, -65, and -67 are all considered to be in the � class (late gene expression).

There was a predictable relationship between the phenotype observed in VZV-
infected cells and VZV transcriptome profiles. The transcription from the gB[Y920F]
ORFs was comparable to that from the pOka ORFs at 12, 24, and 36 hpi (Table 1). ORF9
was the most abundant transcript, followed by ORF68, -57, -58, -61, and -67. The

FIG 5 Enumeration of infected nuclei in melanoma cells inoculated with pOka and the gBcyt mutants. (A) Confocal
microscopy of melanoma cells infected with pOka, gB[Y818F], gB[Y920F], and gB[Y881/920F] that were fixed at 12,
24, and 36 hpi and stained for VZV IE62 (red) and nuclei (Hoechst 33342; blue). (B) Frequencies of nuclei infected
(IE62 positive) with pOka, gB[Y818F], gB[Y920F], and gB[Y881/920F] at 12, 24, and 36 hpi. The percentage of
infected nuclei for each virus was determined from three fields of view.
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TABLE 1 VZV ORF TPM values of pOka and the gB mutants gB[Y881F], gB[Y920F], and gB[Y881/920F] during infection
of melanoma cells from 12 to 36 h postinfection
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smallest amount of transcription was from ORF56, again similar to the case for pOka.
Transcription profiles for both of the hyperfusogenic mutants, gB[Y881F] and gB[Y881/
920F], had overall similarities to that for pOka, consistent with the production of
infectious virus in melanoma cells. However, transcript abundance was reduced com-

FIG 6 Dysregulated gBcyt-mediated cell fusion affects VZV gene expression during infection. Integrated genomics viewer (IGV) of RNA-seq reads from pOka-,
gB[Y818F]-, gB[Y920F]-, and gB[Y881/920F]-infected melanoma cells at 12, 24 and 36 hpi that mapped to the VZV pOka genome is shown. The histograms
represent the frequency of RNA-seq reads that mapped to the pOka genome. The red bars in ORF31 highlight the locations of nucleotide substitutions
leading to the Y881F and Y920F mutations. The blue bars at the foot of the IGV represent pOka ORFs. The arrowheads highlight the location of ORF14,
which encodes gC.
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pared to that for pOka at 12, 24, and 36 hpi, with several ORFs showing altered
transcription kinetics in association with the hyperfusion phenotype (Table 1). An
important difference was the proportional reduction of ORF14[gC] in the hyperfuso-
genic mutants (Fig. 6 and 7). Compared to ORF9, which had the most abundant
transcripts and was used as an internal transcriptional control (100%), the proportions
of RNA-seq TPM values for ORF14 from the hyperfusogenic mutants were 0.7% � 0.01%
(Y881F) and 1.4% � 0.22% (Y881/920F). These values were 3.8- to 7.8-fold lower than
that for pOka and 4.4- to 9-fold lower than that for the wild-type-like gB[Y920F] mutant.
The ORF14 transcript is considered to be produced very late during VZV infection (41,
42). This decrease is consistent with the poor propagation of the hyperfusogenic
mutants. Three additional ORFs, ORF61, -67, and -68, had significantly different pro-
portions of transcripts relative to ORF9 in cells infected with the hyperfusogenic
mutants than pOka and the wild-type-like mutant gB[Y920F] (Fig. 7), which is particu-
larly notable because these transcripts are among the most abundant in association
with the pOka phenotype. Proteins from each of these ORFs are essential to VZV
propagation, and reduced transcription would be a barrier to replication for the
hyperfusogenic mutants.

Dysregulated gBcyt-mediated cell fusion affects the host cell transcriptome. To
determine the effects of VZV replication on cell gene transcription, transcriptomes of
uninfected and pOka-infected melanoma cells at 12, 24, and 36 hpi were compared
using RNA-seq. Significant differential gene expression, calculated using a �2-fold

FIG 7 Dysregulated gBcyt-mediated cell fusion affects the expression kinetics of vital ORFs during infection. The proportions of
RNA-seq TPM values, ORF9/ORF, for ORF14 (A), ORF61 (B), ORF67 (C), and ORF68 (D) that were significantly different between
wild-type-like VZV (pOka and gB[Y920F]) and the hyperfusogenic mutants (gB[Y881F] and gB[Y881/920F]) are shown.
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change in reads per kilobase per million (RPKM) values as a cutoff, was absent at 12 hpi,
but 20 genes were differentially expressed by 24 hpi, which increased significantly to
449 genes by 36 hpi (Table 2). At 24 hpi, 95% (19) of these genes were upregulated
rather than downregulated, whereas the proportion of upregulated genes was 48%
(215) at 36 hpi. The frequency of differentially expressed cell genes also increased at 24
and 36 hpi in gB[Y920F]-, gB[Y881F]-, and gB[Y881/920F]-infected cells. In contrast to
pOka and gB[Y920F], fewer cell genes were differentially expressed in both gB[Y881F]-
and gB[Y881/920F]-infected cells, and the majority of differentially expressed genes
were upregulated.

A correlation between gene expression and the gB[Y881F]-induced hyperfusion
phenotype was identified when hierarchical clustering was performed based on the
449 differentially expressed genes identified in pOka at 36 hpi (Fig. 8A). In contrast, an
association between phenotype and gene expression was not apparent at 12 hpi. As
expected, the correlation between gene expression profiles and the hyperfusion phe-
notype was also identified when hierarchical clustering was performed based on the
220 differentially expressed genes identified in gB[Y881F]-infected cells at 36 hpi (Fig.
8B). These data suggested that a subset of differentially expressed genes associated
with the hyperfusion phenotype was independently regulated compared to those in
pOka and the wild-type-like mutant gB[Y920F].

Gene associations with the hyperfusion phenotype were established by generating
Venn diagrams based on the genes that were differentially expressed at 36 hpi.
Common to all four viruses, 84 cell genes were differentially expressed, of which 66
were upregulated and 18 were downregulated (Fig. 8C to E). There were 43 genes
exclusively associated with the gB[Y881F] mutants that were all upregulated. In addi-
tion, there were 48 and 20 differentially expressed genes that were associated with
gB[Y881F] or gB[Y881/920F], respectively.

To ascertain the relationship between phenotype and cell gene expression, RPKM values
were combined for cells infected with wild-type (pOka and gB[Y920F]) or the hyperfuso-
genic (gB[Y881F] and gB[Y881/920F]) viruses and compared to those for uninfected cells. As
observed in the analyses using individual viruses, differential gene expression was not
detected at 12 hpi (Table 3). By 24 hpi, 13 genes were differentially regulated in association
with the wild-type phenotype, and three were differentially regulated with the hyperfusion
phenotype. By 36 hpi, 537 genes were differentially expressed in association with the
wild-type phenotype compared to 267 genes for the hyperfusogenic phenotype, with a
majority being upregulated.

The wild-type-like or the hyperfusion mutants grouped independently by pheno-
type when hierarchical clustering was performed on the differentially expressed genes

TABLE 2 Frequencies of differentially expressed genes in melanoma cells at 12 to 36 h
postinfection with pOka or the gB[Y881F], gB[Y920F], and gB[Y881/920F] mutants

Virus hpi
Total no.
of genes

No. (%) of genes:

Upregulated Downregulated

pOka (WT) 12 0 NAa NA
24 20 19 (95) 1 (5)
36 449 215 (48) 234 (52)

gB[Y881F] 12 0 NA NA
24 3 3 (100) NA
36 220 186 (85) 34 (15)

gB[Y920F] 12 0 NA NA
24 41 40 (98) 1 (2)
36 444 250 (56) 194 (44)

gB[Y881/920F] 12 0 NA NA
24 2 2 (100) NA
36 180 150 (83) 30 (17)

aNA, not applicable.
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FIG 8 Dysregulated gBcyt-mediated cell fusion affects the host transcriptional response to VZV infection. (A, B, F, and G) Hierarchical clustering
of the RPKM gene expression values for the entire RNA-seq data set by using either the 449 genes for pOka (A), the 220 genes for gB[Y881F] (B),
the 537 genes associated with wild-type-like (F), or the 267 genes associated with hyperfusion (G) that were differentially expressed in melanoma
cells at 36 hpi. Gene expression data have been normalized by reallocating gene RPKM values to a mean of zero, scaled to a standard deviation
of one, and expressed as a heat map with a range from �4.5 (blue) to �4.5 (red). The dendrograms above the heat maps show the grouping
of RNA-seq samples. The colored boxes highlight the groupings of uninfected cells (orange) at 12 to 36 hpi and the wild-type phenotype (blue)
and the hyperfusion phenotype (red) at 24 and 36 hpi. (C to E and H to J) Venn diagrams show the frequencies of differentially expressed genes
(C and H), upregulated genes (D and I), and downregulated genes (E and J) associated with pOka and the three gBcyt mutant viruses (C to E) or
VZV phenotype (H to J) in melanoma cells at 36 hpi.
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identified at 36 hpi (Fig. 8G and H). The constellations for pOka and gB[Y920F] and for
gB[Y881F] and gB[Y881/920F], were retained at 24 hpi and 36 hpi, which was consistent
with hierarchical clustering performed with differentially expressed genes identified for
pOka or gB[Y881F] at 36 hpi (Fig. 8A and B). At 36 hpi, 162 genes were associated with
both the wild-type-like and hyperfusion phenotypes, as shown in Venn diagrams of the
differentially expressed genes (Fig. 8H to J). Of the differentially expressed genes
associated with the Y881F mutants, 105 were specific to the hyperfusion phenotype.
More differentially expressed genes were associated with the wild-type phenotype,
which was attributed to the overall 2-fold increase in the number of genes differentially
expressed compared to the hyperfusion phenotype.

Dysregulated gBcyt-mediated cell fusion affects the categorization of differ-
entially expressed cell genes in VZV-infected melanoma cells. Substantial similar-
ities and some differences in biogroups associated with canonical pathways, protein
families, regulatory motifs, and gene ontology were identified when differentially
expressed genes from pOka, gB[Y920F], gB[Y881F], or gB[Y881/920F] were analyzed
using the BaseSpace Correlation Engine (Table 4; see the supplemental material). To
identify biogroups associated with the two phenotypes, Correlation Engine analyses
were performed using the differentially expressed genes identified for these pheno-
types at 36 hpi; the top 10 biogroups were listed for each of the four categories (Table
4). In the canonical pathways category, all differentially expressed genes were upregu-
lated; the wild-type phenotype shared five of nine biogroups with the hyperfusion
phenotype. One other biogroup in the top 10 for the wild-type category, genes
involved in class A/1 (rhodopsin-like receptors), was also associated with the hyperfu-
sogenic mutants but was not in the top 10 (see the supplemental material). In addition,
four biogroups identified in the hyperfusion phenotype were associated with the
wild-type phenotype but, again, not found in the top 10. Only one in the canonical
pathways biogroup category, basal cell carcinoma, was associated with the hyperfusion
but not the wild-type phenotype (Table 4; see the supplemental material).

Biogroups associated with the wild-type and hyperfusion phenotypes in the gene
ontology category were all similar and upregulated (Table 4). Although only five
biogroups were shared in the top 10 for each phenotype, the remaining biogroups
were also associated with each phenotype outside the top 10 (see the supplemental
material). All genes were predominantly upregulated for all of the top 10 associated
biogroups for each phenotype. In contrast to the gene ontology category, the regula-
tory motifs category had few biogroups that were represented in the top 10 for both
of the wild-type and hyperfusion phenotypes. Two biogroups, BACH2 binding site gene
set 1 and ATF2 binding site gene set 3, were associated with differentially expressed
genes from both wild-type and hyperfusion phenotypes (Table 4). The remaining eight
biogroups within the regulatory motifs category for each phenotype were also repre-
sented, although these fell outside the top 10 (see the supplemental material). All of the
genes associated with these biogroups were predominantly upregulated. This sug-
gested that influences on cell transcriptional regulation were similar for viruses that
produced wild-type or the hyperfusion phenotypes.

TABLE 3 Frequencies of differentially expressed genes in melanoma cells at 12 to 36 h
postinfection with viruses with a wild-type-like or hyperfusion phenotype

Phenotype hpi Total no. of genes

No. (%) of genes:

Upregulated Downregulated

Wild type-like 12 0 NAa NA
24 13 12 (92) 1 (8)
36 537 288 (54) 249 (46)

Hyperfusion 12 0 NA NA
24 3 2 (67) 1 (33)
36 267 216 (81) 51 (19)

aNA, not applicable.
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TABLE 4 Top 10 biogroup categories of cell genes differentially expressed in melanoma cells at 36
h after infection with wild-type-like or hyperfusogenic VZVa

aShading: gray, biogroups in the top 10 for both phenotypes; green, biogroups in the top 10 for the wild-type
phenotype and also within the hyperfusogenic category with a P value of �0.0001 but outside the top ten; yellow,
biogroups in the top 10 for the hyperfusogenic phenotype and also within the wild-type-like category with a P value
of �0.0001 but outside the top ten (see the supplemental material).
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In contrast, within the protein families category, biogroups associated with pheno-
type shared little commonality. The only mutual biogroup within the top 10 was the
basic leucine zipper (bZIP) transcription factor (Table 4). Interestingly, two biogroups
associated with the wild-type phenotype, glycosyl transferase family 29 and sema-
phorin/CD100 antigen, had genes that were predominantly downregulated, whereas as
all other biogroups in the protein families category were predominantly upregulated.
The zinc finger, NHR/GATA type was the only other wild-type-like associated biogroup
that was also present in the hyperfusion phenotype, albeit not in the top 10 (see the
supplemental material). Some biogroup duplication was associated with the hyperfu-
sion phenotype, with the basic leucine zipper, fibronectin, and Wnt represented in at
least two categories in the top 10.

Interestingly, the Ras GTPases and small GTP binding proteins, which are involved in
cytoskeletal reorganization, were strongly represented in the hyperfusion phenotype
based on RNA-seq. This association of genes in the Ras GTPase biogroup with hyper-
fusion, including ARL4D, GEM, RASD1, RASL11B, RHOV, RND1, and RRAD, was verified
using quantitative reverse transcription-PCR (qRT-PCR). In each case, mRNA transcrip-
tion was increased in gB[Y881F]-infected melanoma cells compared to both uninfected
and pOka-infected melanoma cells at 36 hpi (Fig. 9). These data indicate the involve-
ment of Ras GTPases in the hyperfusion phenotype of the gB[Y881F] mutant, suggest-
ing a link between these genes and the extensive cytoskeletal reorganization observed
during live-cell imaging.

DISCUSSION

VZV characteristically overcomes the intrinsic barriers to cell-cell fusion in skin and
sensory ganglion pathogenesis. This study demonstrates that this fusogenic function of
gB, in the context of infection, requires continuous modulation by its own cytoplasmic
domain. Loss of gBcyt regulation has consequences that are highly detrimental for VZV
propagation. A novel finding, illuminated by the live-cell imaging comparing the
gB[Y881F] mutant with pOka, was that fusion must be modulated early in VZV infection;
otherwise, infected cells fuse rapidly with large numbers of uninfected cells. This
process proceeds unchecked and is accompanied by marked changes in actin filament
organization. In contrast, canonical syncytium formation evolved slowly, preceded by
cell-cell fusion primarily between infected cells at early/late time points in replication.
Significantly reduced transcription of four major VZV genes, encoding the ORF61
regulatory protein and three crucial glycoproteins, gC (ORF14), gE (ORF68), and gI
(ORF67), was associated with gBcyt dysregulation, leading to reduced viral propagation
likely compounded by poor virion egress, as demonstrated by electron microscopy. As
expected, pOka infection induced differential regulation of numerous cell genes of
interest for further investigation. However, transcriptome profiling did not identify
manipulation of specific cell signaling pathways in association with gBcyt-regulated
cell-cell fusion. Unsurprisingly, both wild-type (pOka and gB[920F]) and hyperfusogenic
(gB[Y881F] and gB[Y881/920F]) viruses had substantial overlap in transcriptome pro-
files, since these viruses replicate in melanoma cells and VZV characteristically induces
cell-cell fusion. However, a subset of Ras-GTPase family genes was associated with the
hyperfusion phenotype, supporting the notion that gBcyt regulates molecular mecha-
nisms involved in actin cytoskeleton and membrane remodeling.

The live-cell imaging of pOka- and gB[Y881F]-infected melanoma cells suggests two
possible mechanisms underlying diminished VZV propagation caused by hyperfusion.
First, accelerated fusion caused a rapid uptake of uninfected cell nuclei into evolving
syncytia. In contrast to those of pOka-infected cells, the nuclei accumulating at the
centers of the exaggerated gB[Y881F] syncytia showed limited evidence of viral protein
expression, indicating that these intracellular conditions interfered with docking of
incoming virions at the nuclear membranes and transfer of viral DNA. Therefore, many
nuclei were effectively unavailable to support VZV replication. Second, the substantial
cytoskeletal reorganization and constant dynamic changes of actin filament protrusions
on the outer membranes of the gB[Y881F] syncytia were associated with sparse VZV
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particles on cell surfaces. Thus, altered cell properties caused by gBcyt dysregulation
interfered with virion trafficking and egress to extracellular spaces. The phenomenon of
reduced virus particles on cell surfaces was reported for VZV gB-36, another VZV
hyperfusogenic gB mutant (43). In contrast, pOka-infected melanoma cells had an
abundance of cell surface virions, as previously observed in VZV-infected fibroblasts
(40). This earlier study showed that VZV particles trafficked to cell surfaces by 9 h and
spread to adjacent cells without requiring cell-cell fusion to initiate infection, with
fusion events increasing as infection progressed beyond 12 h, when many progeny
virions had been produced. Premature fusion appears to impair VZV propagation by the
dual effects of sequestering many nuclei within syncytia and actin cytoskeleton dis-
ruption.

The aberrant plasma membranes associated with gBcyt dysregulation might also
affect virion assembly in the cytoplasm. Although F-actin is not required for transport
of nucleocapsids during infection with the related alphaherpesvirus pseudorabies virus,
the trans-Golgi network (TGN) and other membrane-associated cytoplasmic structures

FIG 9 Validation of differentially transcribed Ras GTPase genes associated with the gB[Y881F] hyperfusion phenotype. (A) RPKM values for transcripts from
melanoma cells at 12, 24, and 36 hpi with pOka and the three gBcyt mutants gB[Y881F], gB[Y920], and gB[Y881/920F] for cellular Ras GTPase genes ARL4D,
GEM, RASD1, RASL11B, RHOV, RND1, and RRAD associated with the hyperfusion phenotype. (B) Transcript abundance calculated by qRT-PCR (ΔCq) for the
cellular Ras GTPase genes associated with the hyperfusion phenotype in cells infected with pOka and gB[Y881F] at 48 hpi.
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are vital for herpesvirus virion assembly (44, 45). Herpesvirus glycoproteins must traffic
to plasma membranes and back to the TGN, where secondary envelopment occurs.
Dynamin-dependent endocytosis is required for HSV-1 glycoprotein trafficking to
cytoplasmic assembly compartments (46). Plasma membrane distortions caused by
gB[Y881F] mutants could affect these processes, limiting the availability of glycopro-
teins for virion incorporation and generating virus particles that are poorly infectious,
as was observed with reduced gI in VZV particles (47).

The dysregulation of gBcyt fusion control also negatively affected the kinetics of VZV
gene expression. The pOka transcriptome profile in melanoma cells was similar to that
found in previous RNA-seq-based studies in human fetal lung fibroblasts, neurons
derived from human-induced pluripotent stem cells, and neonatal primary human
epidermal keratinocytes (HEKn), which also identified ORF9 and -57 as the most
abundantly transcribed VZV genes (48, 49). However, regulated cell fusion was impor-
tant for the canonical expression of vital VZV genes, because the gB[Y881F] substitution
significantly reduced transcription of ORF61, a major regulatory protein, gC, and the
heterodimer-forming glycoproteins gE and gI. The ORF61 protein is critical for VZV
replication and skin pathogenesis, as shown when ORF61 expression is reduced by
disrupting its transactivation by the cellular transcription factor SP1 (50). Importantly,
ORF61 has several functions in innate antiviral responses, as it has SUMO binding
activity important for the degradation of PML bodies in skin cells, degrades activated
IRF3 to abrogate IRF3-depedent innate immunity, and influences JNK/SAPK and p38/
MAPK phosphorylation (51–55). Consistent with previous observations in melanoma
cells, fibroblasts, and undifferentiated HEKn cells, VZV gC was expressed during pOka
infection (41, 42, 48, 49). However, ORF14 transcription was markedly delayed in
gB[Y881F]-infected cells. Although gC is dispensable for virus replication in cell culture,
it is required for effective VZV propagation in human skin xenografts and ex vivo skin
cultures (56, 57). In contrast to that of other alphaherpesviruses, VZV gE, encoded by
ORF68, is essential for viral replication, and reducing ORF68 transcription by promoter
mutations substantially impairs cell-cell spread and skin pathogenesis (58, 59). In
addition, deletion of gI, encoded by ORF67, also leads to a small-plaque phenotype and
severe attenuation in skin (57, 58, 60). Consequently, the gE/gI heterodimer is impor-
tant for cell-cell spread in vitro and in vivo (23, 61, 62). Thus, failure to control
gB-induced fusion has detrimental consequences at the basic level of VZV gene
expression.

The kinetic analysis of cellular gene expression provided an insight into the complex
cellular transcriptional response to VZV replication as infection progressed. As ex-
pected, the increased sensitivity of RNA-seq detected more differentially expressed
genes than were found by hybridization-based microarrays in pOka-infected human T
cells (189 genes) or human foreskin fibroblasts (51 genes) at 48 hpi or in human skin
xenografts (104 genes) at 21 to 28 dpi (63). RNA-seq studies of HEKn cells, differentiated
HEKn cells, Hutchinson-Gilford progeria syndrome (HGPS) fibroblasts, and senescent
normal human dermal fibroblasts (NHDF) also identified more VZV-induced cell gene
changes (49, 64). As expected and consistent with transcriptome studies of HFF and
HEKn cells, few genes associated with interferon responses were differentially ex-
pressed in pOka-infected cells at 36 hpi (49, 63). Upregulation of integrin signaling was
a common response identified in the present and previous studies. These data support
the recent finding that VZV requires the �V integrin subunit for effective propagation,
suggesting that virion binding of integrins triggers cell signaling pathways during entry
(65).

Dysregulation of gB-dependent cell-cell fusion was associated with similarities as
well as significant differences in cell gene transcriptional responses to pOka and
gB[Y881F]. The Ras GTPases were identified to be significantly upregulated in associ-
ation with the gB[Y881F] hyperfusion phenotype, which included the seven genes
ARL4D, GEM, RASD1, RASL11B, RHOV, RND1, and RRAD. Although ARL4D and GEM were
upregulated to similar levels in pOka-infected cells the remaining five differentially
expressed Ras GTPases were all expressed in greater quantities during gB[Y881F]
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infection. These genes were also increased, but to a lesser extent, in pOka-infected cells.
Given the natural propensity of VZV to induce cell-cell fusion, these data fit well with
the syncytial phenotype of wild-type infection and higher levels of Ras GTPase gene
expression in cells infected with the hyperfusogenic mutants.

While information about the functions of the Ras GTPases identified in the present
study is limited, their known associations with membrane remodeling, extracellular
matrix interactions, modulation of cell shape, and actin reorganization are consistent
with pOka-induced changes in cell structure properties and the correspondingly exag-
gerated effects of the gB[Y881F] hyperfusion mutants. Briefly, ARL4D, a member of the
ADP-ribosylation factor ARF-like protein of Ras-related GTPases family, localizes to the
plasma membrane, where it recruits cytohesin-2 (Arf nucleotide binding site opener
[ARNO]) and other cytohesin proteins that regulate integrin adhesiveness (66). ARF6,
which is linked with ARL4D actin remodeling, is a GTPase guanine nucleotide exchange
factor (GEF) that regulates actin rearrangements involved in the formation of plasma
membrane protrusions, cell adhesion, cell migration, and endosomal trafficking (66–
69). Importantly, ARF6 activation requires ARNO recruitment from the cytosol to the
plasma membrane. Therefore, ARL4D has been proposed to be part of the signaling
pathway that regulates the cytohesins and ARF6. The interaction of ARF6 with ARL4D
might explain the increase in gene expression of ARL4D as a modulating response to
the extensive membrane reorganization during melanoma cell infection with hyperfu-
sogenic gBcyt mutants.

Both GTP binding protein overexpressed in skeletal muscle (GEM) (kir/gem) and
ras-related associated with diabetes (RADD) belong to the RGK family of small GTP
binding proteins, which are characterized by 14-3-3 protein and calmodulin binding
domains and negatively regulate the RHO-RHO kinase pathway (70). The binding of
14-3-3 and calmodulin to GEM modulates the subcellular distribution of GEM between
the cytoplasm and the nucleus, downregulating calcium channel activity and cell shape
remodeling by reducing dendrite formation (71–73). RRAD has also been associated
with cell shape remodeling (74, 75). Although GEM and RRAD were associated with the
hyperfusion phenotype, they were also upregulated, to a lesser extent, in pOka-infected
cells, supporting the notion that these genes are linked with VZV gB-induced mem-
brane fusion.

Little is known about the canonical functions of RASD1, RASL11B, and RHOV. RASD1
(Ras-related dexamethasone induced 1) is a member of the Ras superfamily of small
GTPases normally induced by dexamethasone with a likely role in dexamethasone-
induced alterations in cell morphology, growth, and cell-extracellular matrix interac-
tions and inhibition of G protein-coupled receptor (GPR) signaling (76–78). RASL11B is
another small GTPase, but information about its function is limited (79). RHOV is an
atypical RAS homolog family member, which is transiently induced by the Wnt family
of proteins and affects the actin cytoskeleton via activation of the JNK pathway (80).
Notably, Wnts were also associated with the hyperfusion phenotype, suggesting a
mechanism for RHOV induction in VZV-infected cells.

The Rho GTPase RND1 has been implicated in the regulation of the actin
cytoskeleton and microtubule dynamics in response to extracellular growth factors
through actin reorganization in response to extracellular interactions with plexin/
semaphorin (81–84). Plexin-B1 directly binds RND1. Intriguingly, genes associated
with the semaphorin/CD100 biogroup were significantly downregulated in mela-
noma cells in response to wild-type infection, perhaps limiting cell-cell fusion. In
addition, overexpression of RND1 causes disassembly of actin stress fibers and
branching cellular processes (81). Similar structures were seen in the gB[Y881F]-
infected cells, suggesting a potential link with this protein and the filopodium-like
structures produced during hyperfusion. Overall, the differential expression of a
constellation of Ras GTPases in VZV-infected cells and their association with the
hyperfusion phenotype warrant further study into their influence on VZV-induced
cell-cell fusion and syncytium formation.

In summary, syncytium formation is a natural process during VZV pathogenesis. The
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data derived from studies of the hyperfusogenic gB mutants provide new insights into
how the process affects VZV replication and virion production. Moreover, defining the
viral and cellular molecular mechanisms of cell-cell fusion in sensory ganglia that occurs
during VZV reactivation could be an avenue to develop therapeutics that block these
effects and offer new options to prevent postherpetic neuralgia.

MATERIALS AND METHODS
Viruses. The viruses pOka, gB[Y881F], gB[Y920F], and gB[Y881/920F] were derived from the self-

excisable bacterial artificial chromosome (BAC), pPOKA-BAC-DX, as described previously (36). The
gB[Y920F] mutant has a pOka phenotype, whereas the gB[Y881F] and gB[Y881/920F] mutants are
hyperfusogenic. The pOka-TK-eGFP and gB[Y881F]-TK-eGFP mutants, which express eGFP conjugated to
the thymidine kinase (TK) encoded by open reading frame 36 (ORF36), were also previously generated
with the pPOKA-BAC-DX (85). Two new viruses, pOka-TK-RFP and gB[Y881F]-TK-RFP, which express
monomeric RFP conjugated to TK, were also generated from pPOKA-BAC-DX. Briefly, a TK-RFP shuttle
vector was generated by amplifying monomer RFP (mRFP) from the EP mRFP vector (86) with Accuprime
Pfx (Invitrogen) using oligonucleotides 5=TKmRFP (AATGCGCATGGAATATATTGAAAGAGCTTGTTAATGCC
GTTCAGGACAACACTTCCGCCTCCTCCGAGGACGTCATCAAG)and 3=TKmRFP (AAAGATATCATCTTTTTACTG
GTACATACGTAAATACTAGGTATATTTAGCCTCCTCCGAGGACGTCATC) and TOPO TA cloning the product
into pCR4.0 (Invitrogen). To confirm that spurious mutations from the PCR had not been incorporated,
the insert was sequenced. The EcoRV/ApaL1 fragment from the TK-RFP shuttle vector was used for RED
recombination with the pPOKA-ΔORF31 BAC (36) to generate pPOKA-ΔORF31-TK-RFP BAC. A gB-Kan
cassette containing either wild-type gB or gB[Y881F] was used to reconstitute ORF31 into the pOka-
ΔORF31-TK-RFP BAC to generate pPOKA-TK-RFP and pPOKA-gB[Y881F]-TK-RFP as previously described
(36). Melanoma cells were transfected with these new pPOKA BACs using Lipofectamine 2000 (Invitro-
gen) following the manufacturer’s instructions to generate the pOka-TK-RFP and gB[Y881F]-TK-RFP
viruses.

Cells. Melanoma cells expressing GFP (LifeAct-tGFP melanoma cells) were generated from melanoma
cells (MeWo) with a pGIPZ-LifeAct-tGFP vector using replication-incompetent lentiviruses in accordance
with protocols from Open Biosystems (GE Dharmacon). The LifeAct sequence, a short, 17-amino-acid
peptide from Saccharomyces cerevisiae that binds F-actin, was incorporated at the N terminus of the tGFP
sequence in the commercially available pGIPZ vector (Thermo Scientific). Oligonucleotides 5HindIII_LA-
tGFP (AATAAGCTTGCCACCATGGGTGTCGCAGATTTGATCAAGAAATTCGAAAGCATCTCAAAGGAAGAAGAG
AGCGACGAGAGCGGCCTGC) and 3XhoI_tGFP (AATCTCGAGTCATTATTCTTCACCGGCATCTGCATCCG) were
used to amplify the tGFP gene from the pGIPZ vector using Accuprime Pfx (Invitrogen), and the product
was TOPO TA cloned to generate pCR4.0-LifeAct-tGFP for sequence verification. The HindIII/XhoI frag-
ment of pCR4.0-LifeAct-tGFP was subcloned to generate the pCDNA3.1-LifeAct-tGFP mammalian expres-
sion vector. Actin filament-associated GFP expression was confirmed by transient transfection of
pCDNA3.1-LifeAct-tGFP into melanoma cells using Lipofectamine 2000 (Invitrogen) following the man-
ufacturer’s instructions. Oligonucleotides pGIPZ_XbaI (TGCTGCAGGTCCGAGGTTCTAGACG)/pGIPZ_5CMV
([PHOS]GGTGGCAGATCCTCTAGTAGAGTCG) and 5LifeAct ([PHOS]ATGGGTGTCGCAGATTTGATCAAG)/5tG-
FP[BsrGI] (TACTTGTACATTATTCTTCACCGGCATCTGCATCC) were used to generate PCR products that were
then used for a triple ligation into the XbaI/BsrGI site of the pGIPZ vector to generate the pGIPZ-LifeAct-
tGFP vector. Melanoma cells and transduced LifeAct-tGFP melanoma cells were propagated in culture
medium (minimal essential medium [MEM] supplemented with 10% fetal bovine serum [Life Technolo-
gies], nonessential amino acids [100 �M; Cellgro], penicillin G-streptomycin [100 units/ml; Life Technol-
ogies], and amphotericin [0.5 mg/ml; Cellgro]). The LifeAct-tGFP melanoma cells were kept under
puromycin selection (5 �g/ml; Invitrogen).

Live-cell confocal microscopy. Melanoma cells or LifeAct-tGFP melanoma cells were seeded in
2-well Lab-Tek II chambered cover glass slides (Lab-Tek) at 2 � 105/cm2 24 h prior to infection with pOka
or the gB[Y881F] mutant carrying ORF36[TK]-eGFP or -mRFP. At 24 h postinfection, the medium was
changed to contain either 2 �g/ml Hoechst 33342 for LifeAct-tGFP melanoma cells infected with the
mRFP-tagged viruses or 2 �g/ml Hoechst 33342 and 5 �g/ml FM4-64FX (Invitrogen), which labels plasma
membranes, for melanoma cells infected with eGFP-tagged viruses. Live imaging was performed at the
Stanford Cell Sciences and Imaging Facility (SCSIF) using a spinning-disc confocal microscope (Nikon)
controlled with the NIS Elements software (Nikon). A 4-by-4 array was captured every 6 min for 17 to 20
h. Images were exported using NIS Elements, and files were converted using Photoshop (Adobe) and
processed into an (AVI) format using Premiere Pro (Adobe). The tracking of nuclei was performed using
the TrackMate plugin in for FiJi (ImageJ 1.50g). All movies associated with the live-cell confocal
microscopy can be downloaded from the Stanford Digital Repository at https://purl.stanford.edu/
wc992yg2549.

Electron microscopy. Transmission electron microscopy was performed as previously described (36).
Briefly, melanoma cells were seeded at 2 � 105 per well of 24-well plates containing 10-mm glass
coverslips and then infected with 3.0 log10 PFU of either pOka-TK-RFP or gB[Y881F]-TK-RFP. Cells were
fixed in 2% glutaraldehyde and 4% paraformaldehyde at 48 h postinfection (hpi). Fixed cells were
dehydrated with increasing concentrations of ethanol followed by propylene oxide and then flat-
embedded in epoxy resin. Ultrathin sections of 70 nm thickness were prepared with a diamond knife
(Diatome, Hatfield, PA) using an ultramicrotome (Leica Microsystems Inc.). Sections were stained with
3.5% aqueous uranyl acetate (Electron Microscopy Sciences) and then 0.2% lead citrate (Electron
Microscopy Sciences) for 1 min and air dried. Sections were visualized at the SCSIF using a JEOL 1400
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transmission electron microscope (TEM) (Jeol USA Inc.) at 80 kV, and digital photographs were captured
with a GATAN Multiscan 701 digital camera.

Confocal microscopy. Melanoma cells infected with pOka or the gBcyt mutants were fixed with 4%
formaldehyde for 10 min. Cells were stained with an anti-IE62 monoclonal antibody (MAB8616; EMD
Millipore) because IE62 is expressed within 30 min after infection (40). The primary antibody was
detected using donkey anti-mouse IgG, and nuclei were stained with Hoechst 33342 (Life Technologies).
Images were captured at the SCSIF using a Zeiss LSM780 multiphoton laser scanning confocal micro-
scope. Image processing was performed using Zen 2.1 (Black Software; Zeiss).

RNA-seq. Melanoma cells were seeded at a density of 1.5 � 105/cm2 in 60-cm2 dishes (Corning)
16 h prior to inoculation with log10 4.8 PFU of pOka or the gBcyt mutants gB[Y881F], gB[Y920F] or
gB[Y881/920F]. The infected cells were harvested at 12, 24, and 36 h postinfection with buffer RLT
Plus following the manufacturer’s instructions (Qiagen). RNA was purified from lysates using an
RNeasy Plus minikit (Qiagen). RNA-seq libraries were prepared from 1,250 ng of total RNA using a
TruSeq RNA preparation kit (Illumina). The size range of the RNA-seq libraries and their quality were
checked using a 2100 Bioanalyzer (Agilent). Libraries were sequenced at the Stanford Stem Cell
Institute Genome Center using the HiSeq 2000 platform (Illumina), which generated reads of 50 bp.
The quality of the FASTQ files generated from the libraries was checked with FastQC (Babraham
Bioinformatics) and aligned to the human genome (hg19) using STAR (87). The complete data set is
available from the NCBI GEO repository (Reviewer access link, http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?token�uvwtskminpezzmz&acc�GSE85493). The RNA-seq pipeline in Partek Genomics Suite v6.6
(Partek Inc.) was used to analyze the BAM files generated by STAR and to generate RPKM values to
determine differential gene expression. Statistically significant gene expression was calculated if there
was a �2-fold change with a P value of �0.05 and a false discovery rate (FDR) of �0.001. RNA-seq reads
were aligned to the VZV pOka genome (accession number AB097933) using Bowtie (88).

The BaseSpace Correlation Engine is part of the BaseSpace Informatics Suite (Illumina), which is
a cloud-based solution to compare experimental omics molecular profiles with results from a large
curated repository of open-access and controlled-access public data sets. This was used to generate
biogroups for gene ontology, canonical pathways, regulatory motifs, and protein families. As defined
by Illumina, a biogroup is a collection of genes that are associated with a specific biological function,
pathway, or similar criteria. Numerical information is not directly associated with a biogroup. Gene
lists represented as biogroups in the Correlation Engine were derived from gene ontology (biological
processes, cellular components, and molecular functions), MSigDB (canonical pathways, positional
gene sets, and regulatory motif gene sets), InterPro (protein families), and TargetScan (predicted
miRNA targets). Subcategories of genes were ranked based on the number of genes that were
differentially regulated within the subcategory, as determined at 36 hpi. Each biogroup with a P
value of �0.0001 was identified (see the supplemental material), and the top 10 biogroups for each
category were tabulated.

qRT-PCR for mRNA quantification. The synthesis of cDNA from 1 �g of RNA was performed using
oligo(dT) and Superscript III following the manufacturer’s instructions (Invitrogen). qRT-PCR primers were
designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) from the National Cen-
ter for Biotechnology information (Table 5). The SSoAdvanced universal SYBR green supermix (Bio-Rad)
was used for qRT-PCR with the CFX384 real-time PCR system (Bio-Rad). The CFX Manager Software
(Bio-Rad) was used to calculate ΔCq for each gene.

TABLE 5 Primers for quantification of Ras GTPase transcripts by qRT-PCR

Gene Primer name Primer sequence Product length (bp)

ARL4D ARL4D-01F TGTTTCACCGGGAAAGGCTC 142
ARL4D-01R CGCCATCTCAGTCAAGTGGT

GEM GEM-01F AGAAAAGAACCCCTGGAACGTG 173
GEM-01R GTACTGGTGGGGCTCTTTCTG

RASL11B RASL11B-03F TGGCTCTTCAGGTTCAAGACA 113
RASL11B-03R GAAAACGATCACCACAGCATCT

RASD1 RASD1-01F ACTTCCACCGCAAGTTCTACT 137
RASD1-01R ACTGAACACCAGGATGAAAACG

RHOV RHOV-qPCR01 GTCAGCTACACCTGCAATGG 150
RHOV-qPCR02 AAGGGAACGAAGTCGGTCAA

RND1 RND1-qPCR01 AGACAGACCTGCGAACAGAC 118
RND1-qPCR02 AGGTAGATTTCTGCACCCAGC

RRAD RRAD-01F AGCGTTTACAAGGTGCTGCT 151
RRAD-01R GTGATGCCTCTTCTCCGTCC
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