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In the course of examining the trafficking pathways of varicella-zoster virus (VZV) glycoproteins gE, gI, gH,
and gB, we discovered that all four are synthesized within 4 to 6 h postinfection (hpi) in cultured cells.
Thereafter, they travel via the trans-Golgi network to the outer cell membrane. When we carried out a similar
analysis on VZV gC, we observed little gC biosynthesis in the first 72 hpi. Further examination disclosed that
gC was present in the inocula of infected cells, but no new gC biosynthesis occurred during the first 24 to 48 h
thereafter, during which time new synthesis of gE, gH, and major capsid protein was easily detectable.
Similarly, delayed gC biosynthesis was confirmed with three different VZV strains and two different cell lines.
Bioinformatics analyses disclosed the presence of PBX/HOX consensus binding domains in the promoter/
enhancer regions of the genes for VZV gC and ORF4 protein (whose orthologs transactivate gC in other
herpesviruses). Bioinformatics analysis also identified two HOXA9 activation regions on ORF4 protein.
Treatment of infected cultures with chemicals known to induce the production of PBX/HOX transcription
proteins, namely, hexamethylene bisacetamide (HMBA) and retinoic acid, led to more rapid gC biosynthesis.
Immunoblotting demonstrated a fivefold increase in the HOXA9 protein after HMBA treatment. In summary,
these results documented that gC was not produced during early VZV replication cycles, presumably related
to a deficiency in the PBX/HOX transcription factors. Furthermore, these results explain the apparent
spontaneous loss of VZV gC in some passaged viruses, as well as other anomalous gC results.

Varicella-zoster virus (VZV) is a very cell-associated virus in
cell culture. In addition, the infectivity titers are extremely low,
usually less than 1,000,000 U per 25-cm2 monolayer. Further,
the virions produced in cell culture have an aberrant appear-
ance. Explanations for these observations are a subject of con-
tinuing research. To this end, we have been investigating the
biosynthesis and maturation of several VZV structural glyco-
proteins found in the envelope of the virion, especially the
predominant gE/gI complex. These two glycoproteins are syn-
thesized in the Golgi and then traffic through the trans-Golgi
network en route to the outer plasma membrane within the
expected 12-h replication cycle of an alphaherpesvirus. After
endocytosis via their tyrosine- and dileucine-based motifs, they
travel back to the trans-Golgi network (12). At this location,
the glycoproteins appear to be incorporated into the virion
assembly vacuoles. Two other major VZV glycoproteins, gH
and gB, have similar endocytosis motifs and similar trafficking
profiles.

During the glycoprotein trafficking studies, VZV gC was
used as a control because there are no obvious trafficking
motifs in its short cytoplasmic tail (20). There have been clues
that gC is important for virion production. The severe com-
bined immunodeficient (SCID) mouse has become an impor-
tant animal model for the investigation of VZV pathogenesis.
In this model, implants of fetal human skin are inserted under
the skin of the SCID mouse. Subsequently, the skin is injected
with virus and harvested every 7 days for 21 days. Typical

wild-type virus causes an infection that resembles the pathol-
ogy observed with human chickenpox. Of interest, variant vari-
cella virus not expressing gC was not able to replicate well in
the skin (25). Further, these viruses failed to form prototypical
virions. Little is known about gC trafficking patterns in the
infected cell. Earlier reports have suggested that VZV grown
in cell culture can spontaneously lose its ability to produce gC
even though the virus still retains the gC gene (ORF14) (18).
For the above reasons, we decided to reexamine gC biosynthe-
sis and trafficking.

In our initial experiments, gC production was often not
detected in monolayers infected with strains known to harbor
an intact gC gene. In turn, this unexpected observation led us
to investigate in detail the biosynthesis of gC during a typical
cell culture experiment. The results presented below show a
delayed pattern of gC expression that could not have been
predicted based on current information about gC from other
alpha herpesviruses. The same results provide evidence that
PBX/HOX transcription factors, previously unknown contrib-
utors to the VZV replication cycle, are likely to be required for
production of true late genes such as VZV gC. PBX/HOX
transcription factors play essential roles in both human organ
development and oncogenesis. These same factors may explain
unusual aspects of VZV pathology in humans.

MATERIALS AND METHODS

Viruses and cells. VZV-32, VZV-Ellen, and VZV-MSP are well-known VZV
strains. The complete sequence of VZV-MSP has been published (14). All
strains were propagated and passaged in human melanoma cells (Mewo) in
minimal essential medium supplemented with 8% fetal bovine serum and Pen-
strep (Invitrogen) antibiotics. VZV-32 was also grown in Vero cells. VZV-32 and
VZV-MSP strains are low-passage isolates, whereas VZV-Ellen is a high-passage
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strain (�90). Infected cell monolayers used for inocula were harvested 3 to 5
days postinfection, when they showed �70% cytopathic effect (CPE). When
infected monolayers were sonically disrupted, the cells were first resuspended in
2 ml of medium in a 15-ml conical tube. After sonication, each new monolayer
was simultaneously inoculated with an aliquot of infected cells equivalent to
one-sixth of area to be infected. These conditions of infection are similar to those
previously described (13).

Treatments of VZV-infected monolayers. At the time of infection in some
experiments, cells were subjected to one of the following six treatments: (i)
control medium alone; (ii) retinoic acid (RA) in medium; (ii) hexamethylene
bisacetamide (HMBA) in medium; (iv) RA and cortisol in medium; (v) HMBA
and cortisol in medium; or (vi) RA, HMBA, and cortisol in medium. The RA
concentration was 0.01 mM, the HMBA concentration was 5 mM (29, 45), and
cortisol levels were 1 �M. In initial experiments, stock solutions of RA and
cortisol were dissolved in dimethyl sulfoxide, with a final concentration of 0.3%
dimethyl sulfoxide. Subsequent experiments substituted culture medium as the
solvent for the treatments.

Confocal microscopy imaging experiments. Antibody probes included the fol-
lowing reagents: mouse monoclonal anti-gC antibody (MAb) clone 233, rabbit
monospecific anti-gC antibody, mouse anti-gH MAb clone 258, human anti-gH
MAb Ti-57, mouse anti-gE MAb clone 3B3, human anti-gE MAb V2, mouse
anti-major capsid protein (MCP; p155) MAb, and mouse anti-IE62 MAb. Most
antibodies were produced in this laboratory by published techniques (11, 27)
except for the the anti-MCP antibodies, which were obtained from either Ad-
vanced Biotechnologies or U.S. Biologicals, and the human MAbs were a gen-
erous gift from K. Shiraki (40). Murine MAb to HOXA9 protein was obtained
from Abnova. Secondary fluoroprobes included goat anti-rabbit 488, goat anti-
mouse 546, and goat anti-human 633 antibodies from Molecular Probes. Immu-
nofluorescent images were generated by using a Zeiss LSM 510 confocal micro-
scope at five different magnifications: �10, �20, �40, �64, and �100. For the
imaging of untreated and treated cells, all cells were fixed and permeabilized by
using 0.05% Triton X-100 in 2% paraformaldehyde.

Western blotting. VZV-infected cell lysates were harvested from flasks incu-
bated for 24, 48, 60, 72, 84, and 96 h postinfection (hpi). The monolayers were
harvested and antigens prepared for immunoblotting by described techniques
using SuperSignal chemiluminescent substrate (34). The samples were separated

on an 8% acrylamide gel, transferred to a membrane, and blotted by using MAb
3B3 to gE and MAb 233 to gC.

RESULTS

Delayed gC expression in early VZV-induced syncytia. As an
alphaherpesvirus, VZV has a 12- to 16-h replication cycle. In
the initial experiments, the inoculum consisted of trypsin-dis-
persed infected cells from a monolayer with advanced CPE.
Because the titer of input virus is so low, however, several
replication cycles are required before CPE is visible in the
newly infected monolayers. While examining glycoprotein ex-
pression at increasing intervals postinfection, we observed that
all syncytia at early time points (24 and 48 hpi) were clearly
labeled with a MAb against gE, but only an occasional VZV
induced syncytium was labeled with anti-gC antibody (Fig. 1).
Since the inoculum consisted of trypsinized infected cells, in-
put syncytia were destroyed; therefore, the syncytia seen in Fig.
1 were the result of new virus replication. The center of each
newly formed syncytium includes an aggregation of Golgi;
thus, the newly synthesized gC protein in a positive syncytium
was located mainly in Golgi (Fig. 1). Even though conditions of
cell-associated VZV infection are asynchronous, by 48 hpi all
input viral populations would have undergone three to four
replication cycles. In all our prior studies of VZV glycopro-
teins, there was no precedence for the absence of gC biosyn-
thesis this late in the infectious cycle.

To further investigate the expression of gC compared to gE
over time, we infected six replicate monolayers and harvested
them over a 96-h time period. When examined by immuno-

FIG. 1. VZV gC and gE expression at 48 hpi in infected cells. Imaging was carried out by confocal microscopy, using a murine MAb against
gC (233) and a human MAb against gE. One syncytium showed gC immunoreactivity (A and C), while another syncytium showed no evidence of
gC production (D and F). In contrast, gE was detected in both VZV-induced syncytia (B, C, E, and F). Colocalization of gC and gE is marked
by the yellow color in the central area of the syncytium in panel C.
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blotting, this experiment showed that gC expression was mark-
edly delayed compared to gE (Fig. 2). Abundant amounts of
gC were not observed until 72 hpi. This time point is equivalent
to five to six replication cycles. Western blotting showed that
gE was present in abundance at early times postinfection,
whereas gC was not present in comparable amounts until
about 60 hpi. Finally, in order to eliminate the possibility that
gC was actually being expressed at earlier time points but not
in a form recognizable by the anti-gC MAb, we generated a
rabbit polyclonal monospecific anti-gC antibody; the results
were comparable. The latter result indicated that weak affinity
of the anti-gC MAb was unlikely to be an explanation for the
immunoblotting data.

Three-dimensional reconstruction of glycoprotein gC la-
beled VZV-infected cells. In order to demonstrate that the
expression and localization of gC were not simply outside of
the plane of our original confocal images, we obtained multiple
serial images of our infected cells at various time points. We
also included antibody probes for other VZV proteins such as
gE, gH, and major capsid protein (MCP; ORF40). This se-

FIG. 2. Immunoblotting for VZV glycoproteins gE and gC. Infected
cultures were harvested at increasing intervals after inoculation with tryp-
sin-dispersed infected cells. Each well was loaded with an equal volume of
VZV-32 lysate harvested at the hours postinfection indicated above each
lane. The expected molecular mass of mature gE is 98 kDa, although
several lower- and higher-molecular-mass forms have been described. The
expected molecular mass of mature gC is 105 kDa; again, both lower- and
higher-molecular-mass forms have been described. The MeWo lane rep-
resents the negative (uninfected) control cell lysate.

FIG. 3. Inoculum cells after trypsin dispersion of an infected monolayer. Inoculum cells were easily identified because they were a substantial
source of positive gC labeling at early time points postinfection. Z-stack confocal microscopic imaging showing a rounded inoculum cell on the
surface of a newly infected monolayer. The series was taken at increments of 0.5 �m. Blue, human anti-gE MAb; green, rabbit anti-gC antibody;
red, murine anti-MCP MAb. The gC glycoprotein was present in abundant amounts on the surface of the inoculum cell. Careful examination of
the monolayer beneath the plane of the inoculum cell at 24 hpi clearly demonstrated newly synthesized gE and MCP but no new gC.
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quence of optical sections collected at different levels perpen-
dicular to the optical axis (Z-stack) was further processed into
a three-dimensional representation of the infected cell using
three-dimensional projection options for ImageJ and the LSM
image browser. By examining infected monolayers between 4
and 24 hpi, we were able to identify similar dense cells staining
strongly for gC on the surface of the monolayer (Fig. 3). Since
gC is a true late protein, cells containing abundant gC at 4 hpi
could not represent newly infected cells; instead, they were
cells present in the inoculum taken from a monolayer with
advanced CPE. These reconstructed three-dimensional images
were invaluable in demonstrating that the cells containing gC
also contained other late proteins such as gE and MCP. An-
other point is illustrated by Fig. 3. Below the plane of the
inoculum cell, there were clearly immunoreactive sites in the
monolayer for both gE (blue) and MCP (red), but none for gC
(green). The blue and red staining represented new formation
of gE and MCP proteins as part of the first cycle of replication
in the newly infected monolayer, before the appearance of
CPE. The absence of gC staining confirmed the above obser-
vations that gC biosynthesis was delayed. In addition, the
diameters of these structures suggested that many were singly
infected cells, some with extensions attaching to the uninfected
monolayer.

As an additional imaging experiment, cells were examined
by immune scanning electron microscopy (SEM) (Fig. 4).
When anti-VZV gC antibody was combined with a gold-la-
beled secondary antibody, gold beads were clearly seen on the
an inoculum cell and its extensions in a pattern very similar to
that observed by confocal microscopy in Fig. 3. At least 12 gold
beads were present on the inoculum, and an additional two
clusters were seen on an extension (14 arrowheads). A few gold
beads were scattered on the monolayer. These may represent
the attachment of antibody to small remnants of trypsin-dis-
persed infected tissues adherent to the monolayer and also
seen by confocal microscopy at 24 hpi. A control infection
incubated with a gold-labeled secondary antibody alone lacked
any attached beads on inoculum cell or monolayer (as indi-
cated by SEM [not shown]).

Temporal appearance of gC in infected cultures. The recon-
struction experiments strengthened our conclusions that gC
was present in the inoculum but was not detected during the
initial cycles of replication. We next sought to establish more
precisely when newly synthesized gC first appeared in infected
cells. For these studies we carried out extensive confocal mi-
croscopic analyses of VZV-infected cells at daily intervals from
24 to 120 hpi. We performed experiments using both the tra-
ditional infected cell inoculum and what has been termed cell-
free virus. Cell-free virus is a sonically disrupted infected cell
monolayer (13). When an infected cell inoculum was exam-
ined, gC expression was first observed reliably between 48 and
72 hpi. From 96 to 120 hpi, the percentage of gC-positive
syncytia increased substantially. When a sonicated virus inoc-
ulum was used, the series of events was similar but delayed a
further 24 h (Fig. 5). The small amount of gC staining at 48 h
was not located in the endoplasmic reticulum or Golgi and
therefore represented remnants of input inoculum. In other
words, gC production was not seen in the majority of syncytia
until 72 to 96 hpi. Even though the syncytia in Fig. 5 showed
abundant amounts of gC at 96 hpi, syncytia lacking gC were

easily located in the same monolayer. In these microscopy
experiments, rabbit ant-gC antibody was the probe to detect
gC. Therefore, the lack of gC staining cannot be explained by
a gC form lacking the epitope defined by the anti-gC MAb.

For all of these gC experiments, the positive controls in-
cluded antibody probes for two of the following four VZV
proteins: the regulatory IE62 protein and the three structural
proteins gE, gH, and MCP. Because of the availability of an-
tisera to these proteins produced in different species (mouse,
human, and rabbit), we were able to simultaneously examine
the expression of three different VZV proteins in the same
experiment. IE62 was invariably present in all newly infected
monolayers. Likewise, both gE and MCP were easily detect-
able within the earliest syncytia seen in a newly infected cul-
ture. (The IE62 and gH immunostaining experiments are not
shown.) In summary, these results demonstrated that gC was
not detectable during the first cycles of VZV replication and
therefore was not required for formation of the typical CPE
seen in VZV-infected cells.

Analyses with other cell lines and VZV strains. Two possible
explanations for the effect described above needed to be ex-
cluded. First, we investigated whether the effect was specific to
one VZV strain. Our initial experiments were performed with
the VZV-32 strain used in this laboratory for many years (10).
This strain has now been completely sequenced and contains
an intact genome with no major genetic changes compared to
VZV Dumas (C. Grose and G. Tipples, unpublished data). We
also examined gC expression after infection of cells with two
additional strains, including VZV-MSP and VZV-Ellen. VZV-

FIG. 4. Scanning electron micrograph of an inoculum cell. At 24 hpi,
an infected monolayer was examined by scanning electron microscopy.
The sample had been treated with a murine anti-gC MAb, followed by an
immunogold-labeled anti-mouse antibody. After silver enhancement, 12
gC-positive beads were clearly seen on the surface of the inoculum cell,
and two clusters of beads were observed on an extension (arrows). Com-
pare this with the gC immunostaining in Fig. 3.
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MSP has also been completely sequenced and found to have an
intact gC gene. The results with the latter two strains demon-
strated a delayed gC biosynthesis similar to VZV-32 strain.
Second, we investigated whether the effect was specific to one
cell line. Our initial experiments were performed in human
melanoma cells, a substrate highly susceptible to VZV infec-
tion (15). To this end, we infected simian-derived Vero cells
and found that gC production was similarly delayed (Fig. 6). In
short, the marked delay in gC biosynthesis in VZV-infected
cells was not restricted to one VZV strain or one cell line.

Transcription factor binding domains in VZV gC gene and
ORF4. The VZV gC literature is replete with examples of
variable gC expression (18–20, 25, 28). When the literature as
well as our results were considered, we postulated that there
was a factor associated with VZV gC expression often found in
suboptimal amounts in the newly infected cell. Only when
critical amounts of this factor accumulated was gC synthesized.
Based on an examination of the HSV-1 literature, a possible
candidate was VZV ORF4 protein, the ortholog of the regu-
latory HSV-1 protein ICP27. HSV ICP27 is absolutely re-
quired for maximal biosynthesis of HSV-1 gC. To this end, a
bioinformatics analysis was carried out to locate potential tran-
scription factor binding sites in both ORF14 and ORF4.
MotifFinder analysis found two HOXA9 activation motifs in

the ORF4 protein (IE4) (Table 1). Because one possible ex-
planation for a delay in ORF14 transactivation could be due to
a delay in ORF4 expression, we also analyzed the ORF4 pro-
moter/enhancer regions. MatInspector analysis (2) of the pro-
moter/enhancer regions of VZV genes ORF4 and VZV gC
gene (ORF14) revealed that both contained HOXA9-binding
domains and other PBX/HOX-related domains (Table 2). Of
note, a HOXC13 cis element was found at position 17 to 1
upstream of the start site for gC.

Treatment of infected cells with RA and HMBA. Given the
bioinformatics information, we postulated that increasing
PBX/HOX levels would increase gC production, either directly
or through increasing ORF4 protein levels. As a preliminary
test of this hypothesis, we selected treatments that have been
shown to upregulate PBX and HOX transcription factor ex-
pression (30–32, 36, 39). The chemicals involved in those treat-
ments are RA, HMBA, and cortisol. The results demonstrated
that both RA and HMBA treatments promoted an earlier
expression of gC, which was detected at least 24 h before its
appearance in nontreated cells (Fig. 7). The addition of corti-
sol appeared to augment RA treatment but was less effective
when it accompanied HMBA. Again, the experiments were
carried out at 24-h incremental time points, and the infected
cells were immunolabeled simultaneously with antibodies to

FIG. 5. Delayed expression of VZV gC in cultured Mewo cells. Mewo cells were inoculated with a sonicated VZV-infected cell lysate. Cultures
were examined at 24 (A), 48 (B), 72 (C), and 96 (D) hpi by confocal microscopy, and Z-stack images were obtained for each syncytium using
identical settings. Scale bars for the 24-hpi Z-stacks are applicable for all images. The panel for each time point contains six 1-�m slices of a
representative area of the slide at 3.9-�m increments from the bottom to the top of the monolayer. Panels represent the four time points at 24,
48, 72, and 96 hpi. Antibody probes were the same as in Fig. 3: green, gC; blue, gE; red, MCP.
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FIG. 5—Continued.

VOL. 80, 2006 VZV gC BIOSYNTHESIS AND PBX/HOX 9549



three different VZV proteins. The samples were analyzed after
the capture of multiple images in a Z-stack to assure that VZV
proteins in every plane of the infected monolayer were de-
tected. The results clearly showed that gC production was
detectable 24 h earlier in infected cells treated with either RA
or HMBA (compare the green in panels at 48 and 72 hpi).

As a final means to document the specificity of the increased
gC synthesis after treatment, we quantified the differences in
glycoprotein expression under each of the conditions described

above. The relative amounts of gC, gE, and MCP present at
the given time points after each treatment were measured by
quantifying the fluorescence of each immunolabeled protein
on images generated under otherwise identical conditions us-
ing identical confocal settings for all time points. ImageJ RGB
measure (available from the National Institutes of Health) was
used to precisely identify the relative levels of the three immu-
nolabels. The ratio of VZV gC to gE production increased at
both 48 and 72 hpi with treatment (Fig. 8). This increase in the

FIG. 5—Continued.

FIG. 6. Delayed expression of VZV gC in cultured Vero cells. Vero cell monolayers were inoculated with cells prepared from a trypsin-
dispersed VZV-infected Vero cell monolayer with advanced CPE. Cultures were examined at 24, 48, 72, and 96 hpi, after immunolabeling with
mouse anti-gE and rabbit 233 anti-gC antibodies. The representative syncytium at 72 hpi with abundant gE staining demonstrated that VZV had
undergone several cycles of replication. In contrast, only a small number of cells stained positively for gC; the above gC-enriched focus represented
the original inoculum.
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gC/gE ratio was found in both of two independent experi-
ments. Thus, this figure confirmed that all treatments in-
creased the gC/gE ratio over the untreated infected cells. Sim-
ilar results were obtained when the gC/MCP ratio was assessed
under the same conditions of treatment versus no treatment
(data not shown). These data also controlled for the random
variations in syncytial size common to VZV syncytial analysis.

Effect of HMBA treatment on gC expression in a second
strain. As an additional confirmatory experiment, we tested
the effect of HMBA treatment on the VZV-MSP strain, using
an even lower concentration of the inoculum than in the pre-
vious experiments presented above (Fig. 9). When the samples
were examined by confocal microscopy, the gC-positive inoc-
ulum was clearly visible at 24 hpi and was equivalent between
the treated and untreated cultures. However, no newly synthe-
sized gC was visible in the untreated cells at 48 hpi, whereas
new gC production was obvious in the HMBA-treated sample.
By 72 hpi there was clearly more gC in the treated samples, as
demonstrated in the confocal images showing only the gC
specific staining (Fig. 9). Thus, the HMBA effect was main-
tained after infection with different strains.

In order to document that HMBA treatment was increasing
HOX levels as predicted by the bioinformatics analysis in Ta-
ble 2, we investigated whether we could detect HOXA9 pro-
tein in untreated or treated cells, using a previously described
immunoblotting protocol (43). The MeWo cells were subcul-
tured and incubated for 3 days. At the zero time point, no
HOXA9 protein was detected by immunoblotting in unin-
fected MeWo cells (Fig. 10; lane 1). After incubation for an-
other 48 h, however, the HOXA9 protein was detected in both
untreated and treated cells. As expected, the amount of
HOXA9 protein was increased substantially in the HMBA-
treated monolayers. Densitometric analyses performed when

the lesser band (lane 2) first became detectable showed a
fivefold increase in the treated sample (lane 3).

DISCUSSION

These results document an unexpected pattern for VZV gC
expression that is completely different from the other major
VZV glycoproteins and apparently also different from any
HSV glycoprotein. In HSV-1 infection, a relatively abundant
transcript for the gamma-2 gC is present by 5 hpi (38, 41), and
the protein is expressed at high levels within a single HSV
replication cycle of about 10 to 14 h (21). The delay in VZV gC
expression may explain some of the anomalous and sometimes
conflicting findings about VZV gC in the literature. For exam-
ple, the interesting observation that VZV variants producing
no gC arise spontaneously after multiple passages in cell cul-
ture and can be isolated by repeated plaque purification may
be explained by the results found here (18, 19). In this situa-
tion, if a monolayer were inoculated with cells obtained from
an infected monolayer before maximal gC production and if
this process were repeated multiple times, eventually the newly
infected monolayer would exhibit little or no gC expression
(even though the virus contained an intact gC gene and still
could produce gC if given sufficient incubation time). Similarly,
the fact that a gC-negative virus grew to a titer similar to that
of a gC-positive virus may need to be reinvestigated under
conditions that assure substantial gC production by the gC-
positive virus in a particular experiment (4, 18).

Third, whether VZV gC attaches to heparan sulfate has
been debated in the literature (4, 37). Again, if the initial cell
culture experiments were performed with infected monolayers
producing either low or highly variable amounts of gC, the
results would appear to indicate that VZV gC lacks the ability
to bind heparan sulfate. When we performed CLUSTAL W
alignment of VZV gC, based on the heparan sulfate binding
data for HSV-1 gC (23), we found that VZV gC had notable
homology with the region that is responsible for heparan sul-
fate binding for HSV gC. Upon subsequent analysis, an Emini
surface accessibility algorithm predicted that this HSV-1 gC
putative heparan sulfate binding region will overlap a region of
the VZV gC ectodomain predicted to have the highest prob-
ability of surface accessibility (7). Furthermore, our confocal

TABLE 1. MotifFinder analysis of VZV ORF4 transactivator
protein product

HOX9
activation

region

Amino acid
position Sequence Score

1 275–306 RerViRgeSLiEalesadelltwiKMlaaKnl 1042
2 369–400 fvmiARIaNivvRgsKfveyddiscnvqvlqE 1038

TABLE 2. MatInspector analysis of ORF4 and ORF14 promoter cis elementsa

Promoter Optimized
matrix

Position
upstream

Similarity
Sequence Further information

Core Matrix

ORF4
HOXA9 0.87 120–104 1 0.94 agaagcattAATCatgt HOXA9 homeobox factor
TALE/TGIF 1 21–11 1 1 aattGTCAgat TG-interacting factor belonging to TALE (e.g., PBX-1)

ORF14
MEIS1B_HOXA9 0.78 240–226 1 0.92 TGACtgttttatggc MEIS1b and HOXA9 heterodimer binding target DNA
PBX/HOXA9 0.79 240–224 0.75 0.83 tgacTGTTttatggcat PBX-HOXA9 binding site
HOXC13 0.91 188–172 1 0.93 attataaTAAAtctatg Homeodomain transcription factor HOXC13
TALE/TGIF 1 19–11 1 1 atgtGTCAata TG-interacting factor belonging to TALE (e.g., PBX1)
HOXC13 0.91 17–1 1 0.91 gtgtcaaTAAAaaccag Homeodomain transcription factor HOXC13

a The matrix similarity is the score of the complete matrix match, whereas the core similarity is the score of the highest conserved positions of a matrix match. In
general, a matrix similarity above 0.80 will imply a good match. The sequence includes the conservation index value (ci-value) as determined by a formula described
by Cartharius et al. (2). ci-values above 60 are in boldface; capital letters indicate core sequence.
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FIG. 7. Enhanced expression of VZV gC after treatment with HMBA, RA, and cortisol. After infection with a sonicated VZV inoculum, Mewo
cell monolayers were treated with chemicals known to induce the production of PBX and HOX proteins: RA; HMBA; RA and cortisol; HMBA
and cortisol; and RA, HMBA, and cortisol. Fresh medium was added at 0 and 48 hpi, along with the treatments, where indicated. Several hundred
micrographs of syncytia in each well at each time point were obtained, from which were prepared Z-stack images of four to five representative
syncytia. All settings and conditions were identical between these images and Fig. 6. The antibody reagents were the same as in Fig. 5. Green, gC;
blue, gE; red, major capsid protein.
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microscopy results indicated that inoculum cells that adhered
to the monolayer consisted mainly of gC-positive cells (see Fig.
3 and 9). Thus, the current evidence suggested that VZV gC
could possess the capacity to bind heparan sulfate.

These results also address issues about VZV pathogenesis.
In the SCID-hu mouse model, low-passage wild-type strains
that produce gC induce a productive infection in the skin
implant that resembles the pathology in human skin. In con-
trast, VZV strains lacking gC expression grow poorly after
inoculation into human skin implants (25). Furthermore,
strains lacking gC expression did not penetrate through the
epidermal cell layer of an implant, nor did they form proto-
typical enveloped virions at the cell surface of the infected
implant. Thus, the gC protein is associated with complete
virion morphogenesis and skin pathogenesis. When these
points are considered together, the delayed production of
VZV gC in cell culture may provide at least a partial explana-
tion for the extremely low titer of infectious virus, with the
assumption that many viral particles produced during the first
three to four replication cycles (12 to 48 hpi) would lack gC in
their envelopes. Thus, VZV in cell culture may consist of two
populations: those with gC and those with little or no gC.

Another important finding in this gC project was related to
an extensive bioinformatics search, namely, that transcription
factor binding sites for the PBX/HOX family were found in
both the promoter regions of ORF14 and ORF4. PBX was
originally identified as a gene involved in embryogenesis and
also as a proto-oncogene in some forms of leukemia (33).
Subsequent studies determined that PBX acts as a cofactor to
HOX proteins. In turn, HOX proteins are homeodomain tran-
scription factors that regulate cell fate decisions during embryo-
genesis and other differentiation events (33). Based on HSV
ICP27 and PRV UL54 protein data (17, 35), we were inter-
ested in the mechanism by which ORF4 may upregulate gC in

the VZV system. When we analyzed the ORF4 protein for
transcription activation related motifs using MotifFinder (de-
fault settings), we determined that the ORF4 protein harbored
two HOXA9 activation regions (Table 1). When we selected
MatInspector to analyze the proximal promoter region of
ORF14, we found PBX/HOXA9 and TALE/HOXC13 binding
sites (Table 2). MatInspector also identified a HOXA9 binding
site upstream of ORF4. Interestingly, HMBA, which induces
HOX and PBX expression resulting in cellular differentiation,
has been shown to upregulate transcription of the immediate-
early ORF4 homolog ICP27 in HSV (45). In VZV, the ORF4
protein is found mainly in the cytoplasm at early times after
infection (22). A bidirectional nucleocytoplasmic shuttling sig-
nal is important for nuclear localization in late times of infec-
tion, when IE4 may exert its transactivator functions, including
those potentially involved in gC biosynthesis (1). HMBA has
been shown to complement a defect in HSV VP16 (45), which
transactivates HSV ICP27 through interaction with its PBX/
HOX5 motif, commonly referred to as the TAATGARAT
sequence. Thus, VZV gC expression appears to be upregulated
by a late HOX protein, whereas HSV is upregulated by an
intermediate HOX protein (6, 8, 24).

The presence of PBX/HOX motifs in the promoter region of
VZV gC suggests that late HOX proteins play an important
role for gC expression in the skin. HOXC13 is expressed pri-
marily in hair follicles and terminally differentiated skin. Sim-
ilarly, VZV infection is identified by its vesicular skin rash, and
these vesicles frequently cluster around hair follicles in human
skin (44). Furthermore, VZV replication is inhibited by rosco-
vitine, an inhibitor of cyclin-dependent kinases (42). The mech-
anism of action of roscovitine has been studied in Moloney mu-
rine leukemia virus, which contains a PBX consensus element
located in the long terminal repeat known to be important for
transcription (3). The addition of roscovitine to retrovirus in-

FIG. 8. The gC/gE ratio in VZV-infected cells at 48 and 72 hpi. VZV infections were carried out as described in the legend to Fig. 7, in the
presence of one or more of the following three chemicals: HMBA, RA, and cortisol. After immunostaining the cultures with anti-gE and anti-gC
antibodies, the pixels were measured within representative syncytia using an ImageJ RGB measure. The ratio of average gC to average gE
production was found to increase at both 48 and 72 h postinfection with treated cells. This increase in the gC/gE ratio was found in two independent
experiments.
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fected cultures downregulates PBX and markedly inhibits viral
transcription (3). Thus, roscovitine may inhibit VZV replica-
tion by inhibiting PBX/HOX transcription.

Further circumstantial evidence implicating PBX/HOX in-
volvement in VZV pathogenesis is the extremely well docu-
mented association between severe disseminated visceral VZV
infection and patients with HOX-expressing leukemias (26). In
addition, severe VZV disease is seen in bone marrow trans-
plant recipients (5), patients who often receive corticosteroid
treatment (16). Even more suggestive are the peculiar features
associated with congenital varicella syndrome (9). VZV alone

among the human herpesviruses causes a most unusual fetopathy
in pregnant women who contract VZV infection during the
first half of gestation. The most prominent stigmata of the
fetopathy is foreshortening of the extremities, sometimes
called a peg-leg syndrome. This limb anomaly is accompanied
by severe scarring around the same extremity. Based on results
in the present study, a likely explanation for the fetopathy has
emerged for the first time. The development of the extremities
occurs in a milieu requiring high levels of PBX, HOXA9, and
HOXC13. This milieu can be altered by RA, resulting in de-
fects in limb development that are mediated by PBX and

FIG. 9. HMBA treatment of cells infected with a second strain called VZV-MSP. The inoculum was prepared from extensively sonicated
monolayers. The infected monolayers were immunolabeled as described in the legends to Fig. 5 and 7, and images were collected using identical
confocal microscopy settings. The first and third columns show the merged images of MCP (red), gE (blue), and gC (green), whereas the second
and fourth columns show gC alone (green only) at each time point. Note the remnants of VZV gC in the inoculum material bound to the
monolayers in the 24-hpi samples.
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associated homeobox genes (30). In various animal models, the
lack of these factors leads to inappropriate limb development.
In a human fetus infected with VZV, the normally high PBX/
HOX levels in developing extremities would promote persis-
tent viral replication in the same extremities, leading to tissue
destruction (scarring) and maldevelopment of the limb. In
summary, both laboratory experiments as well as experiments
of nature support a role for the PBX/HOX family of transcrip-
tion factors in regulation of VZV gC biosynthesis.
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