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Abstract

Varicella-zoster virus (VZV) is an alphaherpesvirus that causes varicella and herpes zoster. In these experiments, cDNA correspondin
to 69 VZV open reading frames was added to 42K human cDNA microarrays and used to examine viral as well as cellular gene tran-
scription concurrently in fibroblasts infected with two genetically distinct small plaque VZV mutants, rOka/ORF63rev[T171] angikOka
rOka/ORF63rev[T171] has a point mutation in ORF63, which encodes the immediate early regulatory protein, IE63, agd haka
deletion of ORF67, encoding glycoprotein | (gl). rOka/ORF63rev[T171] was deficient in the transcription of several viral genes compared
to the recombinant rOka control virus. Deletion of ORF67 had minimal effects on viral gene transcription. Effects of rOka/ORF63rev[T171]
and rOka\gl on host cell gene transcription were similar to the rOka control, but a few host cell genes were regulated differentlxgi+Oka
infected cells. Infection of fibroblasts with intact or small plaque VZV mutants was associated with down-regulatiorB&NE-interferon
responsive genes, down-regulation of T@Fesponsive genes accompanied by reduced amounts of fibrotic/wound healing response genes
(e.g. collagens, follistatin) and activation of cellular proliferation genes, and alteration of neuronal growth markers, as well as cellular genes
encoding proteins important in protein and vesicle trafficking. These observations suggest that replication of VZV small plague mutant viruses
and intact VZV have similar consequences for host cell gene transcription in infected cells, and that the small plaque phenotype in thes
mutants reflects deficiencies in viral gene expression.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction host response to infection with herpesviruses, including
human cytomegalovirus (HCMV) infection of primary
Varicella-zoster virus (VZV) is a human alphaherpesvirus human fibroblastsBrowne et al., 2001l HHV-6 infection
that causes varicella (chickenpox) and herpes zoatsir, of transformed T cellsNlayne et al., 200} Epstein-Barr
2001; Cohen, 2001 VZV pathogenesis requires repli- virus (EBV) infection of transformed B cellsCarter et
cation in skin, which appears to be mediated by transfer al., 2002; Islam et al., 2002Kaposi's sarcoma-associated
of infectious virus in T cells Ku et al., 2004. cDNA herpesvirus (KSHV) infection of dermal microvascular
microarrays have been used extensively to study hostendothelial cellsNloses et al., 2002 and HSV-1 infection
cell responses to viral pathogens. In previous work, we of primary human fibroblastaossman et al., 20Qland
used microarrays to describe the effects of VZV recom- mouse trigeminal ganglia&famer et al., 2003; Tsavachidou
binant parental and vaccine Oka viruses on cellular geneet al., 200). Viral gene transcription has also been inves-
transcription in fibroblasts, primary tonsillar T cells, and tigated by microarray in BSC-1 cells infected with VZV
human skin xenografts in SCIDhu micé&ofes and Arvin, (Cohrs et al., 2003 Hela cells infected with wild-type and
2003. Many studies have used microarrays to examine the UL54-deleted HSV-1%tingley et al., 200 and in BCBL-1
cells infected with KSHV Paulose-Murphy et al., 2001
* Corresponding author. Tel.: +1 650 725 6555; fax: +1 650 725 8040, 1 hese studies have demonstrated many commonalities in the
E-mail address: jjones@stanford.edu (J.0. Jones). host cell response to herpesviruses. In particular, interferon
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response genes were modulated by all herpesviruses thafor VZV ORF47 kinase and cellular kinases; its cellular lo-
have been evaluated by microarray. Herpesvirus infectionscalization depends on its phosphorylation staentems
tend to affect the regulation of other immune system geneset al., 2002; Kenyon et al., 2001; Stevenson et al., 1996
as well, including interleukins and other cytokines. Genes The ORF63 gene exists in two copies in the VZV genome,
involved in basic cellular processes such as cell cycle con-but a single copy at the native or a non-native site in the
trol, transcription, and translation also tend to be altered by genome permits normal VZV replication in cell culture as
herpesvirus infection. Microarray data from several studies well as in skin xenografts in SCIDhu mic€¢mmer et al.,
has demonstrated the activation of MB-responsive genes  2001). The rOka/ORF63rev[T171] mutant has normal ex-
in herpesvirus-infected cells, and the persistent activation of pression of IE62 and IE63, but ORF47 kinase expression
the NF«B pathway has been confirmed by other molecular is decreased. Replication of rOka/ORF63rev[T171] is re-
techniques in HSV-1, HSV-2, CMV, EBV, and KSHV- duced dramatically in skin, but not in T cell xenografts in
infected cells Atkinson et al., 2003; Cahir-McFarland et al., SCIDhu mice Baiker et al., 200 In addition to comparing
2004; Caposio et al., 2004; Chaudhary et al., 1999; Field etrOka/ORF63rev[T171] with the genetically distinct rQkal
al., 2003; Kowalik et al., 1993; Liu et al., 2002; Luftig etal., small plaque mutant in this report, the viral/cellular microar-
2003; Matta and Chaudhary, 2004; Patel et al., 1998; Taddeoray analysis of rOka/ORF63rev[T171]-infected cells demon-
et al., 2003; Tsavachidou et al., 2Q0Recent microarray  strated that the point mutation in IE63 caused a decrease in
studies involving herpesviruses have also shown that approx-the transcription of certain viral genes. This result suggested
imately one-third of cell genes were commonly regulated in that intact IE63 acts as a viral transactivator, which had pre-
fibroblasts infected with pseudorabiesvirus or HS\Rhy viously only been shown in vitro. These studies also added
and Enquist, 2004 Mutants with deletions of HSV-1 ICP27  significantly to our knowledge of the host response to VZV
(UL54) and viral host shutoff (UL41) proteins have also been infection of primary fibroblasts.
studied to determine the differences in host cell responses to
these genessgingley et al., 2000; Taddeo et al., 2002

The microarrays presented in this study combined VZV 2. Materials and methods
cDNAs corresponding to 69 viral ORFs with a 42 K human
cDNA array, in order to examine viral gene transcription and 2.1. Viruses and cells
host cell responses to infection concurrently. We used the
VZV/cellular gene microarrays to compare two VZV mu- Recombinant Oka and rOkayl (Mallory et al., 1997,
tants, rOka gl and rOka/63rev[T171], both of which have as well as rOka/ORF63rev[T171B4&iker et al., 200tand
a small plaque phenotype in cell culture. While other VZV the rOka control virus rOka/ORF63rev were generated from
mutants display a similar phenotype, these two viruses werevaccine Oka-based cosmids as described previously. These
chosen for analysis because the mutations leading to the smalviruses were propagated in human foreskin fibroblasts (HFF)
plague phenotype occur in proteins of distinct putative kinetic and used at less than ten passages. rOka/ORF63rev is a
classes representing the breadth of viral gene transcription;recombinant Oka virus with both copies of native ORF63
IE63 is presumed to be expressed at immediate early timesdeleted and an insertion of a copy of ORF63 at the non-
after infection, while gl is presumed to be expressed at late native Avrll site in the genome. This revertant is the appro-
times after infection. The rOkegl virus lacks the ORF67  priate control for rOka/ORF63rev[T171], which also has both
gene, which encodes glycoprotein | (gl). Full and partial gl copies of native ORF63 deleted and an insertion of the T171
deletion mutants are infectious, although syncytium forma- mutant copy of ORF63 at the non-native Avrll site. Repli-
tion and virus yields are diminished/@llory et al., 1997, cation characteristics of the rOka/ORF63rev virus and rOka
and few virions reach post-Golgi structures, indicating that gl are indistinguishable in vitro and in viv8&iker et al., 2004;
is important for assembly and cell-cell spread in cell culture Sato et al., 2003 Infected cell suspensions were used to
(Wang et al., 20011 VZV gl forms heterodimers with g, infect HFF monolayers for assays. Cells were grown in mod-
enhances gE endocytosis from plasma membranes and facilified Eagle’s medium (Cellgro) supplemented with 10% fetal
itates its trafficking to the trans-Golgi networkl¢onada et bovine serum, 2 mM.-glutamine, 50 U penicillin/mL, and
al., 1998; Mo et al., 2002 Although rOka\gl replicates in 50p.g streptomycin/mL at 37C.
cell culture, gl is necessary for infection of human skin and
T cells in SCIDhu mice in vivoiloffat et al., 2002. 2.2. Microarrays

IE63 is a small viral regulatory protein that is expressed at
immediate-early times after infection. The rOka/63rev[T171] Total RNA isolation, cDNA preparation, and microarray
virus has a point mutation that changes a tyrosine residuehybridization was carried out as described previoudtnes

to an alanine residue in the IE63 proteiBafker et al., and Arvin, 2003. Two types of microarray experiments were
2009. IE63, the homolog of HSV-1 ICP22, is a compo- performed. Type | array experiments involved the hybridiza-
nent of the viral tegumentKnchington et al., 199pand tion of cDNA from virally-infected cells against uninfected

localizes to the nucleus during lytic infectiobébrus et control cDNA, while Type Il array experiments involved the
al., 1995. IE63 is heavily phosphorylated and is a substrate hybridization of cDNA from cells infected with one strain
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of virus against cDNA from cells infected with a different PCR master mix and 20primer/probe mix, as well as stan-
strain of virus. The 42K spot, human cDNA microarrays were dards (in duplicate) and samples (in triplicate) were aliquoted
purchased from the Stanford Functional Genomics Facility into 96-well plates. Real-time PCR was completed using
(www.microarray.ord the ABI PRISM 7700 Sequence Detection System (Applied
Spots corresponding to VZV ORFs were added in Biosystems). Samples were referenced to plasmid standards
duplicate to the arrays at the Stanford Functional Genomicswith known copy numbers of viral genes and normalized to
Facility. Primers were designed to amplify the largest, non- total RNA using the HPRT data.
overlapping regions of known viral ORFs using recombinant
vOka infected cell DNA as a templat8ipplemental Table  2.5. Protein analysis
1). These PCR products were spotted on the arrays along
with the human cDNAs. These arrays were used examine Total protein lysates were harvested from mock infected or
differences in viral and cellular gene expression in HFFs rOka infected fibroblast monolayers (M.0+0.1), or mono-
infected with an equal inoculum (M.O4.0.01) of rOka layers treated with 20 nM TN-(Genzyme) for5 minin T25
control, rOka/ORF63rev[T171], or rOKayl. RNA was flasks using PhosphoSafe lysis buffer (Novagen). Lysates
harvested from monolayers in T75 flasks when 95-100% of from equal cell numbers were run on polyacrylamide gels,
the cells were infected, between 72 and 96 h post-infection. transferred to nitrocellulose membranes, blocked with 5%
Prior to hybridization, arrays were post-processed accordingmilk in TBS, and probed with primary antibodies against
to the Stanford Functional Genomics Facility protocol. Thrombospondin-1 (NeoMarkers), MCP-1 (Fitzgerald In-
The arrays were scanned with a Gene Pix Scanner 4000 Adustries), ora-tubulin (Sigma) as a loading control. Blots
(Axon Instruments Inc.) and analyzed with the Scanalyze were washed, probed with secondary antibodies conjugated
program (Eisen, sharewarbitp://rana.lbl.goy. All array to HRP, and exposed with an ECL plus Western Blotting De-

experiments were performed in duplicate or triplicate. tection System (Amersham Biosciences). Blots were stripped
between primary antibody exposures by treatment with 0.2 M
2.3. Microarray data analysis NaOH for 15 min.

Data was entered into the Stanford Microarray Database
(SMD) for normalization, filtering, and retrievaSberlock 3. Results
et al., 200). The standard SMD normalization was selected
for all arrays. The quality of the arrays and the data filtering 3.1. Evaluation of the VZV/human cDNA microarrays
criteria were determined as described previoudgnés and
Arvin, 2003. At least two identical arrays were used for When cDNA from primary fibroblasts that were
each comparison. The Significance Analysis of Microarrays ~95-100% infected with rOka control virus was applied
(SAM) program Tusher et al., 2001was used to analyze to the microarrays, 66 of 70 viral spots, including the two
the data as described previousBofes and Arvin, 2003 ORF62 cDNA spots, were visualized. Transcription of ORFs
One class response analyses were conducted to identify22, 25, 65, and 66, was not detected on the microarrays but
significant changes in gene regulation in response to acould be detected by RT-PCR (data not shown), indicating
test virus as compared to the uninfected cell control, or thatthe microarrays were not sensitive enough to detect tran-
to identify significant changes in gene regulation in two scripts corresponding to these genes or that the spotting of
different virus samples hybridized against each other. Two these viral cDNAs was poor. As expected, cDNA from cells
class response analyses were used to identify significantinfected with rOka\gl did not hybridize to the ORF67 spots,
changes in gene regulation in response to one test virusindicating that the arrays had the capacity to detect the ab-
versus another. All of the raw data and SAM analyses sence of a viral gene transcript. No viral transcripts were

can be viewed ahttp://cmgm.stanford.edufjones The detected in samples harvested immediately after adding the
raw data can also be found on the SMDhdtp://genome- infected cell inoculum to the uninfected monolayer, suggest-
wwwh5.stanford.edu/MicroArray/SMD ing that viral transcripts in the inoculum did not influence

microarray results for samples harvested at later time points.
2.4. Real-time RT-PCR

3.2. Analysis of VZV gene transcription in fibroblasts

Primers and probes were designed using Assay by Designinfected with the small plaque mutant viruses,

(Applied Biosystems) to specifically recognize sequences rOka/ORF63rev[T171] and rOkaAgl
within ORFs 28, 47, 51, 62, 63, and 67. A pre-designed
primer/probe set was used to detect human HPRT as a control Viral gene transcription was analyzed in fibroblasts in-
gene. Total RNA was isolated from infected fibroblasts as de- fected with the small plaque mutant and rOka control viruses.
scribed above, quantified, subjected to DNase treatment byln addition to the four viral transcripts that could not be de-
a DNA-free kit (Ambion), and reverse-transcribed using the tected on any microarrays, transcripts of ORFs 9, 11, 28, 43,
High Capacity cDNA Archive kit (Applied Biosystems)x2 44, 47, 51, and 67 were not detected by microarray analy-
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Table 1
Real-time RT-PCR quantification of VZV gene transcription in cells infected with rOka control or rOKA/ORF63rev[T171]
Viral ORF (function and putative kinetic class) ORF copy number/ng RNA and percent transcription

relative to rOka control normalized to ORF63 transcript

rOka control rOka/ORF63rev[T171]
28 (polymerase, late) 1910° 100% 1.3x 10 15%
47 (protein kinase, early) 8:110° 100% 1.5x 10° 36%
51 (origin binding, late) 5.& 10° 100% 4.3x 10* 15%
67 (glycoprotein |, late) 2.4 10 100% 1.8x 10° 15%

sis of rOka/ORF63rev[T171]-infected cells and ORF 28, 43, other viral transcripts; therefore, the differences in ORF28
and 67 were not detected in rQkgl-infected cells. Expres- and ORF51 trancription are not likely to be biologically
sion of each of these genes was detected by RT-PCR, excepsignificant.

for ORF67 in experiments with rOkegl (data not shown).

Thus, the small plague phenotype viruses produced amounts3. 3. Analysis of host cell gene transcription in

of these viral transcripts that were below the level of detec- fibroblasts infected with rOka/ORF63rev[T171]

tion by microarray, whereas these viral gene transcripts could

be detected by microarray in cells infected with rOka con-  |In general, patterns of host transcriptional response
trol virus, suggesting that they were more abundant in cells in fibroblasts infected with the small plaque mutants,
infected with intact rOka. rOka/ORF63rev[T171], or rOkagl, were found to be similar

To quantify the effects on VZV transcription that were ob-  to the effects of rOka control virus. In order to accurately iden-
served in microarray experiments, the transcription of ORFs tify the host cell transcription pattern in response to infection,
28, 47, 51, 62, 63, and 67 was evaluated at late stagesmicroarray comparisons were carried outin two ways. cDNA
of infection in cells inoculated with the T171 mutant and from an equivalent number of infected cells was hybridized
the intact rOka control virus by real-time RT-PCR. Tag- against cDNA from mock-infected cells (Type 1 microarray
Man primers and probes were used to quantify the absolutecomparisons) and the results were filtered and examined for
amounts of viral transcripts, using known copy numbers of significance using the SAM software. The fold change of
viral genes as a control and normalizing to cellular HPRT lev- significantly regulated genes found using this type of compar-
els. To assess the specific transcriptional deficiencies of thejson are shown iffable 2 Experiments in which cDNA from
rOka/ORF63rev[T171] mutant, viral gene transcription was rOka/ORF63rev[T171] infected cells was hybridized against
normalized to the amount of ORF63 transcript presentin eachrOka control infected cells (Type 2 microarray comparisons)
sample, since this transcript was detected similarly on eachwere used to confirm and add to the findings derived from
viral microarray, and IE63 protein expression was previously Type 1 comparisons. The significantly regulated genes con-
shown to be unaffected by the T171 mutation in IEB3iker firmed by Type 2 comparisons are shown in the right-most
et al., 2004. By RT-PCR, transcription of ORFs 28, 47, column ofTable 2 as denoted by a “+.” The absence of con-
51, and 67 in rOka/ORF63rev[T171]-infected cells was de- firmation of a gene by the Type 2 analysis simply implies that
creased 64% or more, relative to transcription in rOka control data for that particular gene did not pass our strict filtering
infected cells when normalized to the amount of ORF63 tran- requirements; no genes were found to be oppositely regulated
scriptin each sampldable 9. Similar results were obtained  py the two different microarray analysis strategies. While
when transcription was normalized to ORF62 transcript (data Table 2does not included an exhaustive list of genes found
not shown). These experiments suggested that the point mu+o be significantly regulated by Type 1 or Type 2 microarray
tation at amino acid 171 in IE63 protein affected its viral comparisons of rOka control and rOka/ORF63rev[T171]-
regulatory activity. As expected, the transcription of ORF67 infected cells, it does include groups of genes that are respon-
was absent (<1%) in rOkegl-infected cells. The transcrip-  sive to specific cellular signaling pathways or genes that could
tion of ORFs 28 and 51 was also reduced compared to rOkabe involved in other specific virus—host cell interactions.
control, but not as severely as in rOka/ORF63rev[T171]- Many genes known to be activated in response tadBsig-
infected cells (data not shown). While the transcription of naling were down-regulated in fibroblasts infected with rOka
ORF43 was not analyzed by RT-PCR, the transcription of control or rOka/ORF63rev[T171]Table 21). Additional
ORF62 was also found to be reduced in rQkg-infected NF-kB responsive genes were found to be down-regulated
cells compared to the rOka control infected cells. The dif- py the Type 2 microarray analysis, including IL-1R1, IL-6,
ference in ORF62 transcription likely reflected a small dif- CCL7, GSTA4, PTEN, CXCL2, and CXCL3. NkB medi-
ference in the absolute number of infected cells between theates multiple cellular processes, but is particularly important
rOkaAgl and rOka control infected fibroblast monolayers in the ability of the cell to mount an inflammatory response
used for analysis. This difference in the number of infected and initiate immune system signaling. The observation that
cells, or a reduced amount of IE62, the primary viral trans- NF-xB responsive genes were down-regulated in VZV-
activator, likely account for the reduction in the amount of infected cells suggested that VZV can inhibit the NB-
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Table 2

Analysis of host cell gene transcription in fibroblasts using rOka control Gene
or rOKA/ORF63rev[T171] infected cell cDNA hybridized against mock-

infected cell cDNA
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Gene rOka rOKA/ORF63rev Confirmed by
control [T171] Type 2 analysis
A: NF-kB responsive inflammatory genes
SOD2 —1.68 -1.72 +
CYP1B1 -3.25 —1.02 +
Thrombospondinl ~ —5.17 —-12.38 +
CCL2 (MCP-1) —-3.34 —10.56 +
STAT1 —-2.20 —2.55 +
IL-1 beta —1.48 —-1.39 +
Collectin12 -1.87 —-1.39 +
CXCL1 —2.51 —-1.34 +
CXCL6 -1.39 -1.21 ND
CXCL12 —1.60 —5.58 +
TNFRSF11B —-2.51 —-3.51 +
BIGM103 —-1.25 ND +
CSF1 ND —-251 +
TNFAIP2 ND —1.56 +
TNFAIP3 ND —1.53 +
IL-1R2 ND -1.11 +
B: Interferon-stimulated genes
IFIT1 —5.26 -7.03 +
IFNGR1 -1.01 —1.08 +
IFNGR2 1.25 -1.40 ND
IFITM1 —-1.63 -1.14 +
IFITM2 ND -1.15 +
IFIT2 -1.88 -1.02 ND
C: Other genes involved in immune response
CD26 —-1.20 —1.49 +
MASP1 -1.35 —-2.23 +
Collectin12 —-1.87 -1.39 +
Caspase 1 —2.42 ND +
IRF2 ND —9.33 +
SOCS5 -3.34 —2.98 +
D: TGF responsive and effector genes
TGF responsive
CollA1 —3.63 —15.15 +
Col1A2 —2.14 —4.74 +
Col3A1 —-3.31 —18.72 +
Col5A2 —-1.96 —4.04 ND
ADAM12 —1.63 —2.83 +
Lumican -1.78 —2.40 +
p27 —1.44 —1.59 ND
Self-limiting genes
1d2 1.45 2.30 ND
Trans effector genes
THBS1 -5.17 —-12.38 +
THBS2 —2.34 —2.87 ND
CKTSF1B1 —3.03 -7.89 +
Follistatin —1.08 -1.22 +
Follistatin-like1 —-1.75 —2.46 ND
TGFBR2 —1.04 -1.29 ND
E: Genes involved with neuronal growth and development
SEMASA —1.49 —-1.71 +
PBX1 —2.97 -3.37 +
GAS1 ND —6.90 +
PRG1 ND —4.18 +
Myb —-2.31 —-1.41 +
Meis2 -1.95 —-2.77 +

Table 2 Continued)

rOka rOKA/ORF63rev Confirmed by
control [T171] Type 2 analysis
F: Genes involved in vesicle and protein trafficking
SYTL2 —-2.52 —2.03 ND
VAMP4 -1.50 -3.25 +
SNX13 —2.22 ND +
ABCC1 -1.78 -1.35 ND

The numbers in the second and third columns are the log (base 2) fold
change of genes found to be significantly regulated by SAM analysis which
come from the Type 1 microarray analysis. Genes confirmed by Type 2
microarray analysis are indicated with a +. ND: no data; data did not pass
filtering requirements, or was not found to be significant by SAM analysis.

signaling pathway. Genes known to be stimulated by inter-
feron were also down-regulated in infected celial{le B),

and another interferon response gene, Mx-1, was found to be
similarly down-regulated by the Type 2 microarray analysis.
As NF«B can activate the transcription of interferon genes,
the decrease in interferon responsive gene transcription could
be due to an inhibition of NixB signaling Jobin and Sartor,
2000; Parikh et al., 1997Several other genes important for
immune control of virus infection were down-regulated in
VZV infected fibroblasts as welllable ZC).

The TGFg pathway, which controls multiple cell
processes including the fibrotic, or wound healing, response
(Verrecchia and Mauviel, 2002was also affected by VZV
infection (Table D). Known fibrosis genes, including vari-
ous collagens, were down-regulated in infected cells. BGF-
can also arrest cell cycle progression in G1 by induction of
the cyclin-dependent kinase inhibitor g&7(Pierelli et al.,
2000, which was down-regulated in VZV infected cells. 1d2,
a protein that prevents cell cycle exRi{zinova and Benezra,
2003 and whose transcription is normally decreased in
response to TGIB, was up-regulated by VZV infection.
Likewise, Id1 was found to be up-regulated by the Type 2
microarray analysis. From this data, it appears that VZV was
able to inhibit the transcription of TGB-responsive genes,
possibly by interfering with TG signaling.

TGF- signaling itself is initiated by interaction of TGE-
superfamily members TGpB; activin, and bone marrow pro-
genitor (BMP) with the TG receptors 1 and 2{assague,
1998. TGF must be processed fromits latent form (LTGF-
B) to become active Roberts, 1998 Thrombospondin
proteins are major activators of LTG¥-and both throm-
bospondins 1 and 2 were found to be highly down-regulated
in VZV infected cells. Without thrombospondin-initiated
activation of LTGFg, signaling through this pathway should
be inhibited, which was reflected in the microarray data.
However, follistatin and the cysteine knot containing protein
CKTSF1B1, which are inhibitors of the TGE-family
proteins activin and BMP, respectively, were also both
down-regulated in VZV infected cells. This could possibly
lead to the activation of the TGB-pathway, but does not
appear to do so in VZV-infected cells. Thus, the regulation of
the TGFg pathway by VZV infection is likely to be complex.
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Fig. 1. Infection of fibroblasts with rOka control reduces expression of MCP-1 and Thrombospondin-1. Total cell lysate from equal numbers afetemtk-inf
TNF-a treated, or fibroblasts infected with rOka for the times indicated was probed with antibodies against the indicated proteins. The expression of Tubul
protein was used as a loading control.

Several genesinvolved in cell growth and development, es-for the two small plague mutants. Repeated genes indicate
pecially neuronal cell growth, were down-regulated by VZV that multiple independent spots on the microarray for that
infection (Table ZE). Viral regulation of these genes may be gene were found to be affected significantly in this analysis.
important for viral replication and possibly establishment of The transcription of a number of genes involved in cell signal-
latency in neurons, as well as growth in primary fibroblasts. ing pathways, including a protein tyrosine phosphatase, a ki-
Finally, transcription of genes involved protein and vesicle nase, and the transcription factors mafand myc, are increased

trafficking was decreased in VZV-infected cell&able F). in rOkaAgl-infected cells relative to rOka/ORF63rev[T171]-
These genes may be important in virion formation and trans- infected cells, suggesting that the lack of gl may alter certain
port to sites of egress. signaling pathways in response to VZV infection. A SAM

To ascertain whether the microarray findings could pre- two-class analysis showed that the regulation of these host
dict the protein levels of some of the genes that were found cell genes in rOkAgl infected cells also differed from that
to be significantly regulated, total cell lysates were collected in rOka control infected cells (data not shown).
from rOka control infected monolayers and the presence of
MCP-1 (CCL2) and Thrombospondin-1 were analyzed by
western blotting. The levels of each of these proteins initially 4. Discussion

increase in the monolayer in response to viral infection, but

severely decline by late time points, when most of the cells  The addition of VZV cDNAs to the human cDNA microar-

in the monolayer are infected, and when RNA was harvestedrays allowed for the concurrent assessment of viral transcrip-
for microarray analysisHig. 1). The level of these proteins tion and the host cell response to VZV infection in fibroblasts
also increased in response to TNRreatment, a potentin-  infected with VZV recombinants expressing intact viral pro-
ducer of the NF«B pathway and NF<B responsive genes teins, or with either of two small plaque mutants, rQka
such as MCP-1 and Thrombospondin-1. The changes in pro-and rOka/ORF63rev[T171]. Mutation of IE63 at amino acid
tein products of these genes correspond with the microarray171 was associated with decreased levels of transcription of
results, though they occur at earlier time points because ofORFs 9, 11, 28, 43, 44, 47,51, and 67, as shown by microar-

differences in experimental design. ray and confirmed by RT-PCR. Some of these genes encode
proteins that are known to be important for viral growth and

3.4. Unique effects of rOkaAgl on host cell gene replication, such as ORF28, the large subunit of the viral DNA

transcription polymerase, ORF51, the origin binding protein, and ORF67,

glycoprotein I. Transcription of two of these genes, ORFs 28

Although regulation of host cell transcription was and 43, was also decreased in the absence of gl expression;
similar among rOka control, rOka/ORF63rev[T171], and as expected ORF67 was not detected. With few exceptions,
rOkaAgl viruses, two-class SAM analyses revealed a few the effects of rOka/ORF63rev[T171] and rQkgl infection
significant differences between fibroblasts infected with on host cell gene transcription were similar to the control
rOka/ORF63rev[T171] and rOkegl for 72 h (Table 3. Sig- rOka control virus. These observations suggest that replica-
nificance was based on a software predicted ratio of 49 truetion of VZV small plague mutant viruses and intact VZV
positives to 2 false positives. The SAM score and the averagehave similar consequences for host cell gene transcription in
log (base 2) fold regulation of each annotated gene are showrinfected cells and that the small plaque phenotype is related
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Table 3

Host cell genes specifically regulated in response to rQjtavirus infection

Gene SAM score rOkagl average log regulation rOka/ORF63rev[T171] average daggulation
CCL2 1.558 0.8235 3.7125
SLC15AZ|solute carrier family 1.410 —0.063 2.7165
DKK1||dickkopf homolog 1.337 —-1.041 1.23
CTGRH|connective tissue growth factor 1.250 —3.2875 —0.6515
CTGR|connective tissue growth factor 1.222 —3.555 —0.888
CCL2 1.152 —0.185 2.3295
L1CAM 1.125 —0.9475 1.113
CDK7 1.113 —1.033 1.082
IGFBP7 1.050 —1.0765 1.317
LOX||lysyl oxidase 0.958 -0.212 1.365
SFRS1(Qsplicing factor 1.193 1.402 —1.1135
TYRP||tyrosinase-related 1.135 2.6375 0.415
DNAJB1||DnaJ homolog 1.048 2.1965 —0.136
PGK1j|phosphoglycerate kinase 1 1.022 1.338 —0.579
PYG||glycogen phosphorylase 1.021 1.179 —0.562
CALM3||calmodulin 3 1.020 0.2665 —1.7535
YWHAQ)| 1.010 1.5355 —0.5875
NASP||nuclear autoantigenic sperm prt 0.988 0.662 —1.212
MAFG||v-maf homolog 0.979 0.598 -1.225
DEGS| degenerative spermatocyte hom 0.978 1.096 —0.623
UBAP?2||ubiquitin associated protein 2 0.958 0.837 —0.751
TEBP|unactive progesterone receptor 0.936 0.8455 —1.059
PRDX4||peroxiredoxin 4 0.928 0.1855 —1.8505
PTPN12|protein tyrosine phosphatase 0.918 0.9115 —0.646
H2AFX||H2A histone family 0.917 0.388 —1.7355
P4HAZYj|procollagen-proline 0.916 0.7925 -1.17
SF3B2|splicing factor 3b 0.908 0.5765 -1.152
PPIR|peptidylprolyl isomerase F 0.906 1.367 —0.309
NCOA4||nuclear receptor coactivator 4 0.901 0.3045 —1.364
EP300|E1A binding protein p300 0.897 0.721 —0.8665
PPIR|peptidylprolyl isomerase F 0.883 1.6535 —0.6605
MYC 0.853 1.111 —0.8015
MOXD1||monooxygenase 0.849 1.3145 —0.309
OXCT]||3-oxoacid CoA transferase 0.838 0.9415 -1.37

to a deficit in viral gene transcription, rather than differences nase | and Il phosphorylation sites, including the>TA sub-
in host cell response. The rOKkal virus expresses no gl  stitution at amino acid 171, can abrogate this repression ac-
and transcription of ORF67, which encodes gl, is much re- tivity in a cell type dependent manné&d¢ntems et al., 2002
duced in rOka/ORF63rev[T171]-infected cells. VZV glis a Our microarray experiments in primary fibroblasts indicated
critical determinant of the trafficking of gE to plasma mem- that modification of IE63 by substituting alanine for the thre-
branes and the formation of gE:gl heterodimers is involved onine at amino acid 171 resulted in the decreased transcrip-
in cell fusion. Thus, the small plague phenotypes could pos- tion of some viral genes. The T171 mutation of IE63 was
sibly be explained by the absence of gl in rQi@ infected associated with decreased ORF47 kinase expression by im-
cells and its restricted synthesis in rOka/ORF63rev[T171]- munoblot Baiker et al., 2001 and the transcriptional anal-
infected cells. ysis of ORF47 by microarray and RT-PCR was consistent
Differing assessments of the contributions of the ORF63 with this observation. Overall, the evidence from these ex-
gene product to VZV replication have been reported, basedperiments is that IE63 may be involved in the transactivation
on transient expression experiments. The analysis of the IE63of at least eight VZV genes, including ORFs 9, 11, 28, 43,
mutant virus, rOka/ORF63rev[T171] with the VZV gene mi- 44, 47, 51, and 67, and that the mutation at amino acid 171
croarray allowed us to investigate this question in the context disrupts its transactivating activity. The differences identi-
of VZV replication. Studies using co-transfection of viral fied for the role of IE63 in viral gene regulation between this
protein expression vectors have indicated that IE63 can re-study and other studies, likely reflects the fact that other stud-
press transcription of ORF62 while enhancing transcription ies have used transient expression systems while this study
of ORF36 (Jackers et al., 1992However, other transient analyzed IE63 function in the context of viral replication.
assays have found no clear role for IE63 as a viral transacti- By studying the rOka control and small plaque viruses,
vator/repressomqost et al., 199h More recent studies have we added significantly to the data from our previous
shown that transient IE63 expression can repress ORF28 andnicroarray analyses of the effects of VZV infection on cell
ORF36 promoter activity and that mutation of ten casein ki- gene expression in primary human fibroblasisngs and
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Arvin, 2003. Though the microarray results presented in cells. Alternatively, the absence of gl causes an accumulation
this report do not include an exhaustive list of fibroblasts of gE in the golgi and ER of infected cells, which could trig-
genes affected by VZV infection as in the previous study, ger an ER stress response and alter the transcription pattern
the two sets of microarray data were very similar (data not of infected host cells.
shown). The results from the current investigation made it  We have determined a role for ORF63 in the transacti-
possible to place more genes into the appropriate functionalvation of viral genes and shown that the cause of the small
groups, and to better characterize specific pathways affectedplaque phenotype is likely due to a deficiency in viral gene
by VZV infection. VZV down-regulated NiB responsive synthesis, not the host cell response, as host cell transcrip-
gene transcription in infected cells, which suggests that thetional responses in small plaque mutant virus infected cells
NF-«kB pathway is inhibited in VZV infected cells. Infection  were very similar to control Oka infected cells. However, we
with other herpesviruses, including HSV-1, HSV-2, CMV, have identified a few specific host cell genes that are differ-
EBYV, and KSHYV, causes the persistent activation and nuclearentially regulated during infection with a virus lacking the gl
translocation of NR«B proteins Cahir-McFarland et al.,,  protein.
2004; Taddeo et al., 2003; Tsavachidou et al., 208E-«B
proteins translocate to the nucleus where they bind to specific
kB elements and activate transcription of variety of genes Acknowledgments
encoding adhesion molecules, inflammatory and chemotac-
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