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Reoviruses are a leading model for understanding cellular mechanisms of virus-induced apoptosis. Reovi-
ruses induce apoptosis in multiple cell lines in vitro, and apoptosis plays a key role in virus-induced tissue
injury of the heart and brain in vivo. The activation of transcription factors NF-kB and c-Jun are key events
in reovirus-induced apoptosis, indicating that new gene expression is critical to this process. We used high-
density oligonucleotide microarrays to analyze cellular transcriptional alterations in HEK293 cells after
infection with reovirus strain T3A (i.e., apoptosis inducing) compared to infection with reovirus strain T1L
(i.e., minimally apoptosis inducing) and uninfected cells. These strains also differ dramatically in their
potential to induce apoptotic injury in hearts of infected mice in vivo—T3A is myocarditic, whereas T1L is not.
Using high-throughput microarray analysis of over 12,000 genes, we identified differential expression of a
defined subset of genes involved in apoptosis and DNA repair after reovirus infection. This provides the first
comparative analysis of altered gene expression after infection with viruses of differing apoptotic phenotypes
and provides insight into pathogenic mechanisms of virus-induced disease.

The mechanisms by which viruses cause cytopathic effects in
infected host cells are complex and only partially defined. Apo-
ptosis is a direct mechanism of cellular injury and death, which
can occur in the course of normal tissue development or as a
pathological response to a variety of noxious stimuli. Mamma-
lian reoviruses have served as useful models for studies of the
viral and cellular mechanisms that are operative in host cell
damage and death (14, 57, 80, 81). Reoviruses induce apopto-
sis in a multiple cell lines in vitro and in murine models of
encephalitis and myocarditis in vivo (18, 58, 68). Prototype
strains serotype 3 Abney (T3A) and serotype 3 Dearing (T3D)
induce apoptosis more efficiently than strain serotype 1 Lang
(T1L). Differences in the capacity of reoviruses to induce apo-
ptosis map to the viral S1 gene, which encodes the viral attach-
ment protein ol (15, 69, 82).

The signaling pathways by which reoviruses induce apoptosis
in target cells are complex. Involvement of death receptor- and
mitochondrion-mediated pathways of apoptosis as well as cys-
teine protease activation have been demonstrated (11, 43).
Binding of tumor necrosis factor (TNF)-related apoptosis-in-
ducing ligand (TRAIL) to its cell surface death receptors—
DR4 and DR5—vplays a central role in reovirus-induced apo-
ptosis in HEK?293 cells and in several cancer cell lines (11, 12),
and other death-inducing ligands such as FasL are equally
important in neurons (68). Activation of death receptor-re-
lated apoptotic pathways results in a coordinated pattern of
caspase activation (43, 44, 68). Mitochondrial apoptotic path-
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ways act to augment death receptor-initiated apoptosis, and
apoptosis can be inhibited by stable overexpression of Bcl-2
(43, 44, 69). Blockade of cysteine protease activity using selec-
tive caspase inhibitors in vitro (11, 43) and calpain inhibitors in
vivo (18) results in decreased apoptosis in target cells and
tissues.

Reovirus infection results in activation of cellular transcrip-
tion factors, including NF-kB (16) and c-Jun (13), and this
activation plays a critical role in apoptosis. In the case of c-Jun,
there is an excellent correlation between the capacity of viral
strains to activate the JNK/c-Jun pathway and their ability to
induce apoptosis (13). Inhibition of the activation of NF-kB by
stable expression of the NF-«kB inhibitor IkB, whether by the
use of proteosome inhibitors or by targeted disruption of the
genes encoding the p65 or p55 subunits of NF-«kB, results in
inhibition of reovirus-induced apoptosis (16). The close corre-
lation between transcription factor activation and reovirus-
induced apoptosis strongly suggests that new gene expression is
critical for this process; therefore, we investigated the cellular
response to reovirus infection at the transcriptional level. This
was achieved by comparing transcriptional alterations after
infection with a reovirus strain that efficiently induces apopto-
sis (i.e., T3A) with alterations after infection with a strain that
induces minimal apoptosis (i.e., T1L). These strains also differ
in their potential for inducing apoptotic myocardial injury in a
murine model of viral myocarditis; T3A infection causes myo-
carditis and apoptotic myocardial injury, whereas T1L does
not.

Using high-throughput screening of over 12,000 genes by
using high-density oligonucleotide microarrays, we have iden-
tified transcriptional alterations in a defined subset of genes.
When grouped into functional categories, a significant propor-
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tion of altered transcripts include genes involved in apoptosis
and DNA repair, and it is this subset that forms the focus of
this paper. The findings described herein are the first large-
scale description of virus-induced alterations in apoptotic sig-
naling at the transcriptional level, including kinetics of these
changes after infection with strains that differ in apoptosis-
inducing phenotype. These findings lend important insight into
specific mechanisms of viral pathogenesis, since apoptosis has
previously been demonstrated to be a critical mechanism for
reovirus-induced damage in vitro and in vivo.

MATERIALS AND METHODS

Cells, virus, and infection. Human embryonic kidney 293 (HEK293) cells
(ATCC CRL 1573) were plated in T75 flasks at a density of 5 X 10° cells per flask
in a volume of 12 ml of Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine (Gibco-BRL), 1 mM
sodium pyruvate (Gibco-BRL), and 100 U of streptomycin (Gibco-BRL) per ml.
Monolayers were infected 24 h after plating, when cells were 60 to 70% conflu-
ent. Reovirus strains T3Abney (T3A) and T1Lang (T1L) (P2 stock) were used to
infect monolayers at a multiplicity of infection (MOTI) of 100 PFU per cell. A high
MOI was used to ensure that all susceptible cells were infected and because pilot
studies in our laboratory indicated that high-multiplicity infection enhanced the
reproducibility of gene expression studies. Virus was adsorbed for 1 h at 37°C in
a volume of 2 ml, during which time flasks were rocked every 15 min. Following
adsorption, flasks were incubated at 37°C after the addition of 10 ml of fresh
medium. T3A-infected cells were harvested at 6, 12, and 24 h after viral infection.
T1L-infected cells were harvested at 24 h postinfection. For control infections,
HEK293 monolayers were inoculated with a cell lysate suspension, which was
prepared identically to viral stocks but which lacked infectious virus.

Cell harvests and RNA extraction. Cells were harvested by gently pipetting
adherent and nonadherent cells from the flasks into 50-ml centrifuge tubes. After
centrifugation (DuPont Sorvall 6000) at 1,200 rpm for 5 min, cell pellets were
resuspended in phosphate-buffered saline (PBS) and transferred to Eppendorf
tubes for total RNA extraction (RNeasy Mini Total RNA isolation kit; QIA-
GEN). Total RNA was extracted from each flask independently, resulting in
duplicate RNA samples for each infection condition at 6, 12 (mock, T3A), and
24 (mock, T3A and T1L) h postinfection. A total of 16 RNA samples were
prepared, and the yield and purity of extracted RNA were determined by spec-
trophotometry.

Target preparation. Biotinylated cRNA targets were prepared from a 10-ug
aliquot of each total RNA sample by following Affymetrix instructions and
protocols. Briefly, total RNA was reverse transcribed to double-stranded cDNA
(Superscript Choice; Gibco-BRL) by using high-pressure liquid chromatography-
purified T7-(dT),, oligomer for first-strand cDNA synthesis. Second-strand syn-
thesis was performed by using T4 DNA polymerase, and double-stranded cDNA
was isolated by using phenol-chloroform extraction with phase-lock gels. Isolated
c¢DNA was in vitro transcribed and labeled (by using biotin-UTP and biotin-
CTP) to produce biotin-labeled cRNA (BioArray High-Yield RNA transcript
labeling kit; ENZO). Labeled cRNA was isolated by using RNeasy Mini Kit spin
columns (QIAGEN). Yield and purity were quantified by using spectrophotom-
etry. Labeled cRNAs were fragmented in 100 mM potassium acetate, 30 mM
magnesium acetate, and 30 mM Tris-acetate (pH 8.1) for 35 min at 94°C to
produce labeled cRNA fragments of 60- to 300-bp length. For hybridization,
cRNA target integrity was analyzed with Affymetrix control (Test 2) arrays to
assess degradation and hybridization performance prior to hybridization to Af-
fymetrix Human U95A high-density oligonucleotide microarrays. The U95A
microarray contains cDNA oligomer that is complementary to 12,000 human
genes with known function (no expressed sequence tags), which currently rep-
resents the most comprehensive coverage of the human genome represented on
a single microarray. Each of the 16 prepared target cRNAs was independently
hybridized to a U95A array. Eukaryotic hybridization controls bioB, bioC, bioD,
and cre were also included in the hybridization cocktail. Hybridization was
carried out for 16 h at 45°C with rotation at 60 rpm. Microarrays were washed
and stained with streptavidin-phycoerythrin conjugate by using the Affymetrix
GeneChip Fluidics Station 400, following standard Affymetrix protocols. Staining
intensity was antibody amplified by using a biotinylated antistreptavidin antibody
at a concentration of 3 pg per ml which was followed by a second streptavidin-
phycoerythrin conjugate stain, and hybridization intensity was analyzed by scan-
ning at 570 nM. All hybridization and scanning steps were performed at the
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University of Colorado Health Sciences Center Cancer Center Microarray Core
Facility.

Data analysis. Each gene on the U95A array was represented by a group of 20
different 25-base cDNA oligomers that were complementary to a cRNA target
transcript (i.e., perfect-match probes). As a hybridization specificity control, each
perfect match oligomer was accompanied by an oligomer differing from the
perfect match sequence by a single base pair substitution (i.e., mismatch probes).
The combination of perfect-match and -mismatch ¢cDNA oligomers for each
gene is termed a probe set. Affymetrix-defined mathematical analyses (metrics)
were performed to assess specific versus nonspecific hybridization of experimen-
tal cRNA targets to each probe set. Data files were analyzed by using GeneChip
Microarray Suite software (version 4.0).

Initially, hybridization of cRNA targets derived from each of the 16 experi-
mental samples was analyzed independently. By using Affymetrix-defined abso-
lute mathematical algorithms describing perfect-match and -mismatch hybrid-
ization, each gene was defined as absent or present and was assigned a raw
numerical value. Next, comparisons were made between virus-infected and
mock-infected chips at each of the three time points postinfection. Raw numer-
ical values were scaled to allow comparison between arrays. Genes considered
absent (excess of mismatch hybridization or no hybridization) were not excluded
from analysis, since genes changing from present to absent, absent to present, or
present to present (but which increased in magnitude) were all important subsets
of transcriptional alteration following viral infection compared to mock infec-
tion. By using Affymetrix-defined comparison mathematical algorithms, differ-
ential hybridization (between chips) to each cDNA probe was analyzed and
designated as not changed, increased, marginally increased, decreased, or mar-
ginally decreased, and a change in expression (n-fold) was calculated. Finally, a
four-way comparison of both virus-infected replicates to both mock-infected
replicates at a given time point was assessed, and the mean change (n-fold) was
calculated and reported along with standard error of the mean.

A gene was considered upregulated following virus infection if it was present
in both virus-infected samples and if its expression increased by greater than or
equal to twofold in each virus-infected sample compared to both mock-infected
samples. Conversely, a gene was considered downregulated if it was present in
both mock-infected samples and if its expression was decreased by greater than
or equal to twofold in each virus-infected sample compared to both mock-
infected samples. Genes whose expression changed by less than twofold were not
considered up- or downregulated. Similarly, in order to ensure the reproducibil-
ity of the data presented, genes whose expression differed from mock-infected
samples in only one of the two paired viral chips were not considered up- or
downregulated.

To assess the reproducibility of hybridization results, the degree of variability
in transcriptional expression among mock- and virus-infected replicate condi-
tions was analyzed. For 99.6% of represented genes, expression was unchanged
between mock-mock or virus-virus replicates. Transcriptional differences were
noted in an average of 0.4% = 0.1% of the total pool of transcripts between
replicate conditions, but the genes involved represent a distinct population from
the genes found to be up- or downregulated compared to virus-infected to
mock-infected cells. The degree of variability in transcriptional expression as a
function of time was also assessed by comparing differences in gene expression
between mock infections following 6, 12, and 24 h of culture. A small proportion
of transcripts were altered in response to duration of cell culture alone (1.2% *
0.2% of the total pool). These genes were excluded from subsequent analysis.

RT-PCR. Reverse transcriptase PCR (RT-PCR) was utilized to confirm
changes in expression of selected genes as identified by analysis of oligonucleo-
tide microarrays. For RT-PCR, RNA was extracted from infected and control
HEK293 cells by using infection and extraction procedures identical to those
described above. RNA was converted to cDNA by using the SuperScript pre-
amplification system (Gibco-BRL) with the supplied oligo d(T),,.,5 primer.
Reverse transcription was performed at 42°C for 1 h. Semiquantitative PCR was
performed by using primers generated for human DR4 (forward, 5'-CTG AGC
AAC GCA GAC TCG CTG TCC AC-3'; reverse, 5'-TCC AAG GAC ACG
GCA GAG CCT GTG CCA T-3'), human DRS5 (forward, 5'-GCC TCA TGG
ACA ATG AGA TAA AGG TGG CT-3'; reverse, 5'-CCA AAT CTC AAA
GTA CGC ACA AAC GG-3'), human DCRI (forward, 5'-GAA GAA TTT
GGT GCC AAT GCC ACT G-3'; reverse, 5'-CTC TTG GAC TTG GCT GGG
AGA TGT G-3'), GADD 34 (U83981) (forward, 5'-ACA CGG AGG AGG
AGG AAG AT-3'; reverse, 5'-ACA GAG GAG GAA GGC AAG GT-3'),
Bcl-10 (AJ006288) (forward, 5'-TCC ACA CTT CTC AGG TTG CTT-3'; re-
verse, 5'-AAT GGG GAA GAA GGA GAG GA-3'), caspase 3 (forward,
5'-GGT TCA TCC AGT CGC TTT GT-3'; reverse, 5'-AAC CAC CAA CCA
ACC ATT C-3'; 207-bp product), Par-4 (forward, 5'-CTG AA CAT TTG CAT
CCC TGT-3'; reverse, 5’ATG AAG CAG GGC AGA AAG AG-3'; 239-bp
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product), SMN (U80017) (forward, 5'-CCA GAG CGA TGA TGA CA-3';
reverse, 5'-TGG GTA AAT GCA ACC GTC TT-3"; 246-bp product), DNA
polymerase a (L24559) (forward, 5'-TGC TTG ACC TGA TTG CTG TC-3';
reverse, 5'-ATG ACG GGA CAA AGA CAA GG-3'; 197-bp product), ParpL
(AF057160) (forward, 5'-CGC AAG GTC CAG AGA GAA AC-3'; reverse,
5'-TCC CAG GTT CAC TTC TTT GG-3'; 244-bp product), SRP40 (U30826)
(forward, 5'-AGA CGA AAT GCT CCA CCT GT-3'; reverse, 5'-CGA GAC
CTG CTT CTT GAC CT-3'; 281-bp product), XP-C p125 (D21089) (forward,
5'-AGA GCA GGC GAA GAC AAG AG-3'; reverse, 5'-GAT GGA CAG GCC
AAT AGC AT-3'; 199-bp product), and B-actin (forward, 5'-GAA ACT ACC
TTC AAC TTC AAC TCC ATC-3'; reverse, 5'-CGA GGC CAG GAT GGA
GCC GCC-3' (24). PCRs were performed by using serial dilutions of each cDNA
(1:5, 1:10, and 1:20) to estimate the linear range for each primer pair by inter-
pretation of band intensity. To avoid saturation of the PCR and maximize the
ability to detect relative quantitative differences between experimental samples,
the highest-input cDNA dilution that produced visible PCR products was utilized
for comparisons of transcript abundance, and PCR cycles were limited to 25.
RT-PCR for actin was performed in parallel with each PCR of interest for each
experimental sample (as a control to ensure equal input load of cDNA in each
reaction). PCR cycle conditions were 94°C for 30 seconds, 55°C for 30 seconds,
and 72°C for 1 min for 25 cycles. PCR products were resolved on a 2% agarose—
ethidium bromide gel run at 100 V for 1 h. Products were visualized by UV
illumination with Fluor-S (Bio-Rad) software imaging. Each reaction was per-
formed at least twice in independent experiments to confirm reproducibility.
Animal infections and immunohistochemistry. Reovirus strain 8B is an effi-
ciently myocarditic reovirus that has been previously characterized (74) and has
been shown to induce apoptotic myocardial injury in neonatal mice (18). Two-
day-old Swiss-Webster (Taconic) mice were intramuscularly inoculated with
1,000 PFU of 8B reovirus (20-pl volume) in the left hind limb. Mock-infected
mice received gel saline vehicle inoculation (20-wl volume; 137 mM NaCl,
0.2 mM CaCl,, 0.8 mM MgCl,, 19 mM H;BO;3, 0.1 mM Na,B,0-, 0.3% gelatin).
At 1 to 7 days postinfection, mice were sacrificed and hearts were immediately
immersed in 10% buffered formalin solution. After mounting as transverse
sections, hearts were embedded in paraffin and sectioned to 6-wm thickness. For
quantification of the degree of myocardial injury, hematoxylin- and eosin-stained
midcardiac sections (at least two per heart) were examined at X125 magnifica-
tion by light microscopy and evaluated for histologic evidence of myocarditis.
Immunohistochemical analysis of survivin (SMN) expression was carried out
on identical sections to assess expression over the 7 days following reovirus
infection. SMN antiserum was produced in New Zealand White rabbits by
immunization with the amino terminus of the surviving amino peptide sequence
(PTLPPAWQPFLKDHRI) linked to keyhole limpet hemocyanin by the method
of Ambrosisni. Immunoglobulins from the rabbit before immunization were
purified by affinity chromatography with protein A (Pierce, Rockford, Ill.). West-
ern blot analysis against total protein extract from HeLa cells showed reactivity
with a single band of protein of approximately 16.5 kDa—consistent with the
expected molecular mass. Western blotting with preimmune serum showed no
immunoreactivity. Slides were deparaffinized through xylene and rehydrated
through a graded alcohol series. Endogenous peroxidase was blocked with 3%
hydrogen peroxide for 15 min. Antigen retrieval was performed with a 0.1 M
citrate buffer for 10 min at 120°C. Primary antibody was diluted to 1.8 ng/ul in
PBS (pH 7.4) with 1% bovine serum albumin applied to sections and incubated
in a humidity chamber overnight at 4°C. Following three washes in PBS for 5 min
each, incubation in secondary antibody labeled with polymer-linked horseradish
peroxidase (Envision +; Dako, Carpinteria, Calif.) was carried out for 30 min
at room temperature in a humidity chamber. Following three washes in PBS,
sections were developed with 3’-diaminobenzidine (Dako) and counterstained
with hematoxylin. Negative controls were performed by substitution with the
preimmune immunoglobulin from the same rabbit. Positive control consisted of
a colon carcinoma section that has been extensively studied in our laboratory and
which shows strong staining that is consistently reproducible in this tissue.

RESULTS

Global analysis of gene expression following reovirus infec-
tion. At 6, 12, and 24 h postinfection, transcriptional expres-
sion of each of 12,000 genes present on the HU95A microarray
was compared for each pair of T3A (strongly apoptosis induc-
ing [APO+]) virus-infected and mock-infected arrays. Similar
analysis was carried out at 24 h postinfection for each pair of
T1L (weakly apoptosis-inducing [APO—]) virus-infected and
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mock-infected arrays. The subset of genes that were transcrip-
tionally altered following T3A (APO+) infection compared to
mock infection was determined. This subset of genes was also
compared to those genes that were differentially expressed
following T1L (APO—) infection compared to mock infection.
At 6 h post-T3A (APO+) infection, expression of 18 genes
(0.2% of the total genes present on the array) was altered
(all with increased expression) by twofold or greater in T3A
(APO+)-infected cells compared to mock-infected cells. By
12 h post-T3A (APO+) infection, expression of 86 genes
(0.7%) was altered (29 genes with increased expression and 57
genes with decreased expression) in virus-infected compared
to mock-infected cells. By 24 h post-T3A (APO+) infection,
expression of 309 genes (2.6%) was altered (215 with increased
expression and 94 with decreased expression) in virus-infected
compared to mock-infected cells. In contrast, at 24 h post-T1L
(APO—) infection, expression of only 59 genes (0.4%) was
altered (45 with increased expression and 14 with decreased
expression) in virus-infected compared to mock-infected cells.
A complete listing of all genes with twofold or greater changes
in expression following T3A and TI1L infection is available
online at http://www.uchsc.edu/sm/neuro/tylerlab/personnel
/completelisting.pdf. When categorized into functionally re-
lated families, a large number of differentially expressed genes
following T3A (APO+) infection were noted to encode pro-
teins involved in apoptosis (Table 1) and DNA repair (Table
2). These genes were not differentially expressed following T1L
(APO-) infection [with the exception of five genes in common
between T3A (APO+) and TIL (APO-)], indicating that
these changes in gene expression likely correlate with differ-
ences in virus-induced pathogenicity rather than resulting from
nonspecific cellular responses to viral infection.

Reovirus-induced alteration in expression of genes involved
in apoptosis. Expression of 24 genes related to the regulation
of apoptosis was altered in T3A (APO+) reovirus-infected
cells. These genes encode proteins that participate in apo-
ptotic signaling involving death receptors, endoplasmic re-
ticulum (ER) stress, mitochondrial signaling, and cysteine
proteases (Table 1). For 22 of these 24 genes, significant al-
teration (>2-fold) in expression was not apparent until 24 h
postinfection. Only five of these genes were also differentially
expressed following T1L (APO—) infection.

Altered expression of genes involved in death receptor sig-
naling pathways. We have previously shown that members of
the TNF receptor superfamily of cell surface death receptors,
including DR4, DRS, and their apoptosis-inducing ligand,
TRAIL, play a critical role in reovirus-induced apoptosis (11,
12). We wished to determine whether alterations in expression
levels of genes encoding these proteins were altered following
reoviral infection. Using oligonucleotide microarrays, we did
not detect significant changes in gene expression of TRAIL or
the death receptors DRS, decoy receptor 1 (DcR-1), or DcR-2
at 6, 12, and 24 h postinfection in reovirus-infected cells com-
pared to mock-infected controls (Table 3). DR4 was not rep-
resented on the U95A microarray. Expression of genes encod-
ing other important members of the TNF receptor superfamily
and their ligands was also unchanged in reovirus-infected cells
including Fas, Fas ligand, TNF-a, TNF-, and TNF receptor
and TNF receptor-related protein (Table 3).

We performed additional analysis of death receptor-related
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TABLE 1. Reovirus-induced alteration in expression of genes encoding proteins known to regulate apoptotic signaling
Change in expression (n-fold)” at the indicated time (h)
GenBank after infection with:
Gene access”ion T3A TIL
no.
6 12 24 24

Mitochondrial signaling

Pim-2 proto-oncogene homologue uU77735 -22=x0.1

MCL1 L08246 2.0%0.0 22+0.0

BAC 15E1-cytochrome C oxidase polypeptide AL021546 2.1£0.0

Par-4 U63809 21x0.0

HSP-70 (heat shock protein 70 testis variant) D85730 22+0.1

BNIP-1 (BCL-2 interacting protein) U15172 23+02

SMN/Btfp44/NAIP (survival motor neuron/neuronal us0017 25*0.1

apoptosis inhibitor protein)

DRAK-2 AB011421 2802

SIP-1 AF027150 3.0x+02

DP5 D83699 55x11
ER stress-induced signaling

ORP150 U65785 —24+02

GADD 34 U83981 6.8 0.2 37+02 29+02

GADD 45 M60974 33+02 49 +0.1 44 =01
Death receptor signaling

Bcl-10 AJ006288 5611

PML-2 M79463 3403

Ceramide glucosyltransferase D50840 40x1.2

Sp100 M60618 6.5+03

5.8+ 0.6

Proteases

Calpain (calcium-activated neutral protease) X04366 —-2.6 = 0.1

Beta-4 adducin U43959 -21x0.1

Caspase 7 (lice-2 beta cysteine protease) U67319 2.6 £0.2

Caspase 3 (CPP32) U13737 32x02 28 0.1
Undefined

Frizzled related protein AF056087 -25%0.1 —33=*05

TCBP (T cluster binding protein) D64015 33+02

Cug-BP/hNADb50 RNA binding protein U63289 6.6 = 1.1

“ GenBank accession number corresponds to sequence from which the Affymetrix U95A probe set was designed.

> Data are means * standard errors of the means.

gene expression, including DR4, DRS, DcR-1, and DcR-2 fol-
lowing T3A (APO+) infection by RT-PCR (Fig. 1). DR4 ex-
pression was increased at 12 and 24 h post-T3A infection
compared to mock infection. In contrast, expression of DRS
was unchanged following T3A infection, thus confirming re-
sults obtained from microarray analysis. DcR-1 transcripts
were not detectable in either mock- or T3A-infected cells.
DcR-2 expression appeared to be decreased at 24 h post-T3A
infection compared to mock-infected cells in this RT-PCR
analysis. However, consistent with the microarray results, this
decrease was not seen in RNase protection assays (data not
shown).

Microarray analysis also revealed differential expression of
four genes that encode proteins that may be involved in mod-
ulation of death receptor-associated signaling cascades in T3A
(APO+)-infected cells at 24 h postinfection: PML-2, ceramide
glucosyltransferase, Bcl-10, and Sp100 were increased 3.4 *
0.3-,4.0 = 1.2-,5.6 = 1.1-, and 6.1 = 0.5-fold, respectively. We
used RT-PCR to confirm the upregulated expression of
BCL-10 at 24 h post-T3A (APO+) infection (Fig. 1). Taken
together, these results suggest that, with the exception of DR4

TABLE 2. Reovirus-induced alteration in expression of genes

encoding proteins known to be involved in DNA repair

Change in expression (n-fold)” at
the indicated time (h) after

GenBank infection with:
Gene accession
no.! T3A TIL
6 12 24 24
DNA ligase 1 M36067 -82=x1.1
PARPL AF057160 -63 =07
XP-C repair complement-  D21089 —-34=*0.1
ing protein (p125)

DNA polymerase gamma  U60325 -19*01 —-29=*=0.1
ERCCS 120046 -27x0.1

DNA polymerase alpha 1.24559 -25+02
HLP (helicase-like protein) U09877 -24x0.1

GTBP U28946 -20x01 -21%=0.0
DDB2 (p48 subunit) U18300 -2.0x0.0
RAD 54 homologue X97795 —-20=*0.1
Mi2 autoantigen X86691 -13+01 -20=*=0.1
MMS2 AF049140 21+0.0
Rad-51-interacting protein ~ AF006259 26+02
Rec-1 AF084513 24+04

“ GenBank accession number corresponds to sequence from which the Affy-
metrix U95A probe set was designed.
® Data are means * standard errors of the means.
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TABLE 3. Genes encoding proteins known to be involved in
apoptotic signaling which were not differentially expressed
following reovirus T3A or T1L infection

Gene GenBank accession no.*

Death receptor signaling

TRAIL U37518
DRS (TRAIL-R2) AF014794
Decoy receptor 1 (TRAIL-R3) AF014794
Decoy receptor 2 AF029761
TNF M16441
TNF-a X02910
TNF-B D12614
TNF receptor M58286
TNF receptor 2-related protein L.04270

Fas (Apo-1/CDY5) X83490, X83492, 270519,
X82279, X63717
Fas ligand (FasL) U11821, D38122

Mitochondrial signaling

Bcl-2 M13994, M14745%, M13995>
BAX alpha 122473
BAX beta 122474
BAX gamma 1.22475"
BAX delta U19599
Proteases

Caspase 2 (Ich-1) U13021,> U13022°

Caspase 9 (Mch-6) U60521°
Caspase 4 (ICErel-II) U28014
Caspase 5 (ICErel-III) U28015
Caspase 6 (Mch2)-isoform alpha U20536

Caspase 8 (MACH-alpha 1,
MACH-beta 1, MACH-beta 2)
Caspase 10 (Mch4)

X98172, X98176, X98175

U60519

“ GenBank accession number corresponds to sequence from which the Affy-
metrix U95A probe set was designed. Multiple accession numbers are noted for
multiple representations of a particular gene (unique probe sets) on the U95A
microarray.

® Indicates multiple representations of a particular gene derived from the same
GenBank sequence.

and DcR-2, changes in death receptor and ligand gene expres-
sion are unlikely to play a critical role in reovirus-induced
apoptosis. However, transcriptional alterations in genes encod-
ing proteins that modulate death receptor signaling may play a
role in reovirus-induced apoptosis.

Altered expression of genes involved in mitochondrial sig-
naling pathways. Mitochondrial pathways play an important
role in reovirus-induced apoptosis in HEK293 cells (43, 44).
Following reovirus infection, both cytochrome ¢ and Smac/
DIABLO are released from mitochondria and trigger the ac-
tivation of caspase 9 as well as the degradation of inhibitors of
apoptosis (43, 44). Reovirus-induced apoptosis in MDCK and
HEK?293 cells is inhibited by stable overexpression of Bcl-2 (43,
44, 69), which is consistent with a significant role for the mi-
tochondrial apoptosis pathway during reovirus infection.

Among genes whose expression was altered in T3A (APO+)-
infected cells were 10 genes encoding proteins involved in mito-
chondrial signaling. This group included genes encoding a num-
ber of proteins known to interact with Bcl-2, including SMN,
whose expression was increased 2.5 = 0.1-fold, and SMN-inter-
acting protein 1 (SIP-1), whose expression was increased 3.0 *
0.2-fold. Expression of genes encoding several other Bcl-2-inter-
acting proteins included the Bcl-2 family member MCL-1, pros-
tate apoptosis response 4 (Par-4), DAP kinase-related apoptosis-
inducing protein kinase 2 (DRAK-2), neuronal death protein 5
(DP-5), and Bcl-2-interacting protein 1 (BNIP-1), each of which
were upregulated two- to sixfold following T3A (APO+) infec-
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tion (Table 1). With the exception of MCL-1, expression of these
genes was unaltered following T1L (APO—) infection. Bcl-2 itself
was not differentially expressed in virus-infected cells, nor was the
proapoptotic Bcl-2 family member BAX (Table 3).

We used RT-PCR to confirm changes in the expression of
selected genes involved in mitochondrial signaling and inter-
action with Bcl-2 (Fig. 2). We found that the expression of
SMN was increased at 24 h post-T3A (APO+) infection but
not at earlier time points. Expression of Par-4 was increased at
12 and 24 h post-T3A (APO+) infection, thus confirming re-
sults obtained with oligonucleotide arrays.

These results add to previous data demonstrating that Bcl-2
plays an important regulatory role in reovirus-induced apopto-
sis by revealing a complex interplay of Bcl-2 regulatory factors
at the transcriptional level in T3A (APO+)-infected cells.

Altered expression of genes involved in ER stress pathways.
In addition to death receptor and mitochondrial pathways of
apoptosis, stress signals originating in the Golgi apparatus and
ER can also trigger apoptosis (79, 86). Viral proteins are po-
tent inducers of ER stress responses (7, 22, 64). Three genes

6 12 24
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FIG. 1. Expression of genes related to death receptor-mediated
apoptotic signaling is altered following reovirus T3A infection. HEK293
cells were either mock (—) or T3A (+) infected at an MOI of 100 PFU
per cell. mRNA was collected at 6, 12, and 24 h postinfection and
analyzed by semiquantitative RT-PCR for expression of selected tran-
scripts encoding proteins involved in death receptor-mediated apopto-
tic signaling.

Actin



VoL. 77, 2003

T3A

SMN

Actin

T3A

Par 4

Actin

VIRAL ALTERATION IN APOPTOSIS AND DNA REPAIR GENES 8939

12 24

T3A

T3A 6 12 24

- + - 4+ - +
Caspase3 ETETETEm——y
Actin e o -

FIG. 2. Expression of genes related to mitochondrion-, ER stress-, and protease-mediated apoptotic signaling is altered following reovirus T3A
infection. HEK293 cells were either mock (—) or T3A (+) infected at an MOI of 100 PFU per cell. mRNA was collected at 6, 12, and 24 h
postinfection and analyzed by semiquantitative RT-PCR for expression of selected transcripts encoding proteins involved in mitochondrial (SMN
and Par-4) and ER stress (GADD 34)-mediated apoptotic signaling as well as for caspase 3, a cysteine protease involved in apoptosis.

encoding proteins that are potentially involved in ER stress-
related responses were differentially expressed following both
T3A (APO+) and T1L (APO-) infection (Table 1). Two of
these genes encode growth arrest and DNA damage (GADD)-
inducible proteins GADD 34 and GADD 45. Alterations in the
expression of these genes were among the earliest changes in
gene expression detected in T3A (APO+)-infected cells. The
increased expression of GADD 45 following reovirus infection
has been discussed previously in terms of its role in reovirus-
induced cell cycle regulation (65). Expression of GADD 34 was
increased 6.8 = 0.2-fold as early as 6 h post-T3A (APO+)
infection. This was the largest increase in expression found for
any apoptosis-related gene at any time following infection.
Expression remained increased at 24 h postinfection, although
the magnitude of the increase declined (3.7 = 0.2-fold). Ex-
pression of GADD 34 and GADD 45 was also upregulated at
24 h post-T1L (APO—) infection—by 2.9 = 0.2-fold and 4.4 +
0.1-fold, respectively. In order to confirm the increased expres-
sion of GADD 34 detected by using oligonucleotide arrays, we
performed RT-PCR on reovirus-infected HEK293 cells by us-
ing GADD 34-specific primers. GADD 34 transcripts were
increased at 12 and 24 h post-T3A (APO+) infection com-
pared to mock infection (Fig. 2), thus confirming microarray
results. In addition to transcriptional upregulation of genes
encoding GADD proteins, transcripts for ORP150—an ER
resident protein involved in the misfolded protein rescue re-
sponse—were downregulated by 2.4 * (.2-fold following T3A
(APO+)—not T1L (APO—)—infection.

These results suggest that ER stress-induced apoptotic sig-
naling may play a role in reovirus infection. However, the fact
that altered expression in GADD genes occurred following
both TIL (APO—) and T3A (APO+) infection (although at
lower levels in T1L [APO—] infection) suggests that these
pathways may play a less-critical role in determining virus-

induced apoptotic injury and rather are activated as a nonspe-
cific cellular response to reoviral infection.

Altered expression of genes encoding cysteine proteases.
Initiation of apoptosis through death receptor, mitochondrial,
or ER and Golgi pathways results in the activation of specific
initiator caspases. These caspases in turn activate additional
caspases, culminating in the activation of effector caspases.
Effector caspases, exemplified by caspases 3 and 7, act on
substrates, including laminins and the caspase-activated DNase
responsible for inducing the morphological features of apopto-
sis in target cells (28). Caspases 3, 8, and 9 are activated in
reovirus-infected cells, and inhibition of caspase activation in-
hibits apoptosis (43).

Expression of genes encoding the effector caspases 3 and 7
were increased at 24 h following T3A (APO+) reovirus infec-
tion but not at earlier time points, consistent with their role as
downstream effector caspases that are activated at the termi-
nus of caspase cascades. Caspase 7 expression was increased
2.6 = 0.2-fold, and that of caspase 3 was increased 3.2 = 0.2-
fold (Table 1). Caspase 3 expression was also increased at 24 h
post-T1L (APO-) infection at lower levels (2.8 + 0.1-fold).
Expression of genes encoding other caspases was not signifi-
cantly altered following reovirus infection, including that of
caspases 2, 4, 5, 6, 8,9, and 10 (Table 3). Caspases 11, 12, 13,
and 14 were not represented on the U95A microarray.

Because of the importance and central role of caspase 3 as
a common effector in death receptor, mitochondrial, and ER
and Golgi apoptotic signaling pathways, we wished to confirm
the increased expression of this gene by using RT-PCR. Cas-
pase 3 expression was increased over expression levels in
mock-infected cells at 24 h post-T3A (APO+) infection (Fig.
2), thus confirming results obtained via oligonucleotide micro-
arrays. Although not detected by microarray analysis, caspase
3 expression was noted to be decreased at 12 h post-T3A
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(APO+) infection, preceding the increase seen at 24 h postin-
fection.

These results suggest that although caspase activity is clearly
modulated at the protein level following reovirus infection,
transcriptional upregulation of genes encoding effector cas-
pases may also play a role in effecting reovirus-induced apo-
ptotic injury. The fact that caspase 3 transcripts were noted to
initially decrease at 12 h postinfection and then increase at 24 h
postinfection indicates that transcriptional regulation is likely a
complex and dynamic process that is tightly linked to rapid
changes in caspase protein levels and states within infected
cells.

Reovirus-induced alteration in expression of genes related
to DNA repair. DNA damage is one of the basic stimuli that
induces apoptosis. Cells have evolved complex mechanisms for
sensing both single-strand and double-strand DNA breaks and
initiating their repair (67). Expression of 14 genes encoding
multiple classes of DNA repair enzymes was altered in T3A
(APO+)-infected cells (Table 2). For 9 of these 14 genes,
significant alteration (>2-fold) in expression was not apparent
until 24 h postinfection, and 11 of these 14 alterations repre-
sented downregulation of expression. Transcription of DNA
repair genes was not altered following T1L (APO—) infection.
This global transcriptional downregulation of multiple classes
of DNA repair enzymes following T3A (APO+) infection,
which ranged from two- to eightfold, has not previously been
appreciated.

Among downregulated DNA repair enzymes, expression of
poly(ADP-ribosyl)-transferase (PARPL) was decreased 6.3 *
0.7-fold, XP-C repair complementing protein 125 was de-
creased 3.4 = (0.1-fold, and DNA polymerase o was decreased
2.5 = 0.2-fold compared to expression levels in mock- or T1L-
infected cells. We used RT-PCR to confirm transcriptional
alterations following T3A (APO+) infection compared to
mock and T1L (APO—) infection in these three DNA-repair
enzymes (Fig. 3). Transcripts for XP-C and DNA polymerase
a were decreased at 12 and 24 h post-T3A (APO+) infection,
and PARPL was downregulated at 24 h post-T3A (APO+)
infection, thus confirming the decreases in expression detected
by microarray analysis. In contrast, in TIL (APO—)-infected
cells, transcripts for PARPL were unchanged, transcripts for
XPC were only minimally decreased (much less so than the
dramatic reductions seen in T3A [APO+]-infected cells), and
transcripts for DNA polymerase o were increased.

These results suggest that, as well as directly stimulating
proapoptotic signaling pathways, T3A (APO+) reovirus infec-
tion may also facilitate apoptosis by downregulating the host
cell’s transcription of genes encoding proteins that have the
capacity to repair DNA damage.

Translation of microarray data into the in vivo model of
reovirus-induced myocarditis. Although changes in mRNA
levels do not necessarily represent changes in protein expres-
sion, we next investigated whether previously unrecognized
changes in gene expression identified by microarray analysis of
reovirus-infected cells in vitro could be directly translated into
delineation of pathogenic mechanisms of reovirus-induced apo-
ptosis in vivo. Specifically, we wished to determine if an ob-
served alteration in gene expression would be predictive of
changes in expression of the relevant protein in a model of
reovirus-induced tissue injury characterized by apoptosis. To
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FIG. 3. Genes encoding DNA repair proteins are differentially ex-
pressed following reovirus infection. HEK293 cells were either mock
(=) or T3A (+) infected at an MOI of 100 PFU per cell, and mRNA
was collected at 6, 12, and 24 h postinfection. HEK293 cells were also
infected with T1L at an MOI of 100 PFU per cell, with mRNA col-
lected at 24 h postinfection. Samples were analyzed by semiquantita-
tive RT-PCR for expression of selected transcripts encoding proteins
important for DNA repair.

Actin

this end, we analyzed murine myocardial tissue following reo-
virus strain 8B infection, since 8B is efficiently myocarditic in
neonatal mice (74), and we have previously shown that apo-
ptosis is an important component of myocardial tissue injury
following 8B infection (18).

Altered expression of genes encoding Bcl-2 regulatory pro-
teins (which have an impact on mitochondrial apoptotic sig-
naling) were among the most abundant changes detected by
microarray analysis. We selected one of these Bcl-2 regulatory
proteins, SMN, for analysis in vivo, since transcripts for SMN
were noted to be selectively increased at 24 h following infec-
tion with the apoptosis-inducing strain in the microarray ex-
periment, and this result was confirmed by RT-PCR. We there-
fore analyzed myocardial tissues from reovirus 8B-infected
mice by immunohistochemistry on days 1 to 7 postinfection for
expression of SMN in relation to histologic evidence of virus-
induced apoptotic tissue damage. SMN was maximally ex-
pressed within myocardial lesions in temporal and spatial con-
cordance with histologically detectable apoptotic myocardial
injury on days 7 and 8 postinfection (Fig. 4). SMN was not
detected in myocardial tissue without evidence of apoptotic
myocardial injury on days 1, 3, and 5 postinfection, nor was
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FIG. 4. SMN expression is increased in reovirus 8B-infected myocardial tissues, coincident with myocardial apoptotic injury. Neonatal
Swiss-Webster mice were intramuscularly infected with 1,000 PFU of 8B virus. Myocardial tissues were analyzed on days 1 to 7 postinfection for
histologic evidence of myocarditis as well as for expression of SMN by immunohistochemistry, since we have previously shown that apoptotic
myocardial injury is detected at 7 days postinfection in this model. SMN protein was detected (brown stain) in infected myocardial tissue beginning
on day 7 postinfection (at the time that histologic evidence of myocarditis was detected, within discrete myocardial lesions). Neither SMN nor
evidence of myocardial injury was detected at earlier time points postinfection, as demonstrated on days 3 and 5 postinfection. Original

magnification, X40.

it detected in tissues from mock-infected animals. The signif-
icance of SMN upregulation within injured myocardial tissue is
being investigated further. However, these results illustrate
that microarray analysis of transcriptional changes following
reovirus infection may provide a useful springboard toward the
delineation of critical virus-induced pathogenic signaling path-
ways that are operative at the protein level.

DISCUSSION

Transcriptional changes related to apoptosis. Using high-
throughput microarray analysis, we now demonstrate that re-
ovirus infection is associated with differential expression of
genes encoding proteins that participate in apoptotic signaling,
including death receptor-, mitochondrion-, and ER stress-me-
diated pathways as well as DNA repair. These results represent

the first large-scale description of virus-induced alterations in
apoptotic signaling at the transcriptional level, including the
kinetics of these changes following infection with viral strains
that differ in apoptosis-inducing phenotype. The fact that the
majority of these alterations occurred preferentially in T3A
(APO+)- and not TIL (APO—)-infected cells suggests that
interpretation of these alterations may provide important in-
sight into critical mechanisms of reovirus-induced pathogene-
sis.

Microarray analysis has been increasingly utilized to inves-
tigate global transcriptional alterations following viral infec-
tion of many types, including human immunodeficiency virus
(20, 83), herpesviruses (i.e., herpes simplex virus, varicella-
zoster virus, Epstein-Barr virus, cytomegalovirus, and Kaposi’s
sarcoma-associated herpesvirus) (10, 29, 36, 39, 90, 93), rota-
virus (17), Sindbis virus (38), hepatitis B (32) and C (5) viruses,
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FIG. 5. Schematic of mitochondrion- and death receptor-related
transcriptional alterations detected by microarray analysis following
reovirus infection. Transcripts that were differentially expressed in
HEK?293 cells following reovirus infection compared to mock infection
are indicated in boldface type. Please see Discussion for details of each
indicated transcript.

measles virus (8), influenza virus (23), enterovirus (63), and
papillomavirus (55). Although several groups have reported
isolated alterations in transcription of genes related to apopto-
tic signaling following viral infection, none of these studies was
specifically designed to understand the specific pathogenic
mechanisms by which apoptosis-inducing viruses inflict dam-
age on infected cells. In a comparison of two strains of Sindbis
virus that differed in neurovirulence, differential transcrip-
tional alteration of several genes related to mitochondrial apo-
ptotic signaling was noted, including Bcl-2 family members
mcl-1, bfl-1, and PBR (38). Transcriptional alteration of genes
related to mitochondrial apoptotic signaling, including cyto-
chrome ¢ and inhibitors of apoptosis was also reported follow-
ing rotavirus infection of caco-2 cells (17). Altered transcripts
for several members of death receptor-mediated signaling
pathways were reported following hepatitis C infection of
hepatocytes (5), including TRAIL, TNF-R, and Fas. Likewise,
TRAIL and Fas transcripts were altered in a study of papillo-
mavirus infection of cervical keratinocytes (55). Altered tran-
scripts for caspase 8 and TRAF4, known to be involved in
death receptor signaling, have also been reported following
varicella-zoster virus infection of skin fibroblasts (39). In ad-
dition to these alterations, several groups have noted transcrip-
tional alteration in genes encoding serpins, which are known to
inhibit caspases (17, 39). Transcripts for NF-kB and c-Jun—
which have been linked to apoptotic signaling pathways—have
also been altered following several types of viral infection.
Our study is the first that was specifically designed to dissect
virus-induced alteration in apoptosis-related transcription and
the first to report alteration in coordinated groups of genes
with relevance to several major apoptotic signaling pathways,
as well as being the first to mention global (or even isolated)
downregulation of DNA repair gene transcripts following viral
infection. The potential implications of identified transcrip-
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tional alterations are discussed in further detail below. Sche-
matics that summarize the apoptosis-related transcriptional
changes identified following reovirus infection are depicted in
Fig. 5 (mitochondrial and death receptor signaling) and Fig. 6
(ER stress and death receptor signaling) for reference in this
discussion.

Death receptor pathways. Members of the TNF receptor
superfamily of cell surface death receptors—specifically DR4,
DRS and their apoptosis-inducing ligand, TRAIL—play a crit-
ical role in reovirus-induced apoptosis in HEK293 cells (11).
We did not detect significant alteration in the expression of any
TNF receptor superfamily members or their ligands by mi-
croarray analysis, but we did detect upregulation of transcripts
for DR4 and downregulation of the decoy receptor DcR-2 by
RT-PCR. This suggests, with the possible exception of DR4
and DcR-2, that reovirus activation of death receptor pathways
does not involve changes in gene expression but rather occurs
predominantly at the protein level. However, microarray anal-
ysis did detect alteration in the expression of genes encoding
BCL-10, PML-2, and ceramide glucosyltransferase. The pro-
teins encoded by these genes can modulate death receptor
signaling, suggesting that reovirus-induced alterations in ex-
pression of these genes might influence death receptor signal-
ing cascades.

Bcl-10 (derived from B-cell malt lymphomas) binds to
TRAF2, a key accessory mediator of TNF-R signaling (78, 91).
This binding can perturb TRAF-related activation of mitogen-
activated protein kinases (MAPK), including JNK, and can
induce the activation of the transcription factor NF-kB (25, 76,
78, 87, 91, 92). Bcl-10 contains a caspase activation and re-
cruitment domain and can bind to procaspase-9, thereby pro-
moting its autoproteolytic activation (45, 76, 92). Overexpres-
sion of Bcl-10 induces apoptosis in a variety of cells, including
HEK?293 cells (92), and it may provide a potential link between
the capacity of reoviruses to activate JNK cascades, activate
the transcription factor NF-«kB, and induce apoptosis. PML-2
(encoded by the acute promyelocytic leukemia gene) has been

ER GADD 153 (CHOP) Calcium efflux
residents GADD 34
ORP78 GADD 45
OTISO l Calpain
Rescue/Protein Refolding Caspase 12
Caspase 2
Caspase 3

FIG. 6. Schematic of ER stress-related transcriptional alterations
detected by microarray analysis following reovirus infection. Tran-
scripts that were differentially expressed in HEK293 cells following
reovirus infection compared to mock infection are indicated in bold-
face type. Please see Discussion for details of each indicated transcript.
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shown to enhance activation of death receptor-mediated path-
ways involving Fas-Fas ligand and TNF and TNF-R (84, 85),
suggesting the possibility that it could also potentiate signaling
through DR4 and DRS. The mechanism of action of PML is
unclear but appears to involve the activation of effector cas-
pases, including caspase 3 (85). Ceramide has been implicated
as an important signaling intermediary involved in both Fas-
Fas ligand-mediated apoptosis and activation of MAPK cas-
cades (27, 56, 62) Although expression of genes encoding cer-
amide synthesis were not altered in infected cells, the gene
encoding ceramide glucosyltransferase was upregulated. This
enzyme catalyzes the initial glycosylation step in glycosphingo-
lipid synthesis to produce glucosylceramide, and its upregula-
tion could potentially enhance ceramide signaling.

Bcl-2 and mitochondrial signaling pathways. Pro- and anti-
apoptotic members of the Bcl-2 family interact at the surface of
the mitochondria, where complex homo- and heterodimeric
interactions regulate release of proapoptotic molecules includ-
ing cytochrome ¢, Smac/DIABLO, and apoptosis-inducing fac-
tor (28). Reovirus infection is associated with release of cyto-
chrome ¢ from the mitochondria into the cytoplasm and with
activation of caspase 9 (43). Stable overexpression of the anti-
apoptotic molecule Bcl-2 inhibits reovirus-induced apoptosis
in both MDCK (69) and HEK293 cells (43, 44). These results
suggest that, in order to induce apoptosis, reovirus must over-
come the antiapoptotic effects of Bcl-2 and related family
members in order to activate mitochondrial apoptotic path-
ways.

Genes encoding several proteins that inhibit the activity of
Bcl-2 and therefore facilitate apoptosis were found to be up-
regulated in reovirus-infected cells. These included Par-4,
DRAK-2, DPS5, and BNIP-1. Par-4 was initially identified in
prostate tumor cells undergoing apoptosis but is widely ex-
pressed in human tissues (50). Although the exact mechanism
of action of Par-4 is not known, it can facilitate apoptosis by
suppression of Bcl-2 expression, inhibition of NF-kB activa-
tion, and activation of caspase 8 (2, 9, 21). DRAK-2 is a
member of a novel family of nuclear serine-threonine kinases
that can induce apoptosis (72). These kinases are known to
associate with Par-4, and coexpression of Par-4 and the Zip
kinase (42) (related to DRAK-2) enhances apoptosis (60).
DP-5 (a death-promoting gene) contains a BH3 domain that
allows it to interact with Bcl-2 family proteins. Overexpression
of DP5 induces apoptosis in a variety of cells (33, 34). DP5
activation is linked with calcium release from ER stores, sug-
gesting that DP-5 may play a role as a link between ER stress-
induced and mitochondrial apoptotic pathways (33). BNIP-1 is
a member of a novel BH3 domain-containing protein family
that interacts with both Bcl-2 and Bcl-xL to inhibit their anti-
apoptotic actions, thereby enhancing apoptosis induction (49).

In addition to the upregulation of transcripts encoding Bcl-
2-inhibitory proteins, downregulation of transcripts encoding
proteins that promote Bcl-2 activity could contribute to pro-
motion of apoptosis following reovirus infection. Pim 2 proto-
oncogene homologue is a serine-threonine kinase that is highly
expressed in a variety of tissues that may play an antiapoptotic
role by enhancing Bcl-2 expression (3, 75). It is one of the few
apoptosis regulatory genes that was downregulated following
reovirus infection. Since the Pim 2 gene product enhances
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FIG. 7. Transcriptional regulation of Bcl-2 modulatory proteins is a
central theme in reovirus-induced apoptosis. Expression of eight tran-
scripts encoding proteins known to influence Bcl-2 activity was altered
following reovirus infection. The predicted result of the observed tran-
scriptional alterations would be net inhibition of Bcl-2, and thus pro-
motion of apoptosis, in reovirus-infected cells. Please see Discussion
for details of each indicated transcript.

Bcl-2 expression, its downregulation might reduce levels of
Bcl-2 in infected cells and thereby enhance apoptosis.

In parallel with these transcriptional alterations with ex-
pected anti-Bcl-2 implications, alterations were also noted in
expression of transcripts encoding proteins expected to pro-
mote the action of Bcl-2 and block apoptosis. Genes encoding
two proteins that may act as positive modulators of Bcl-2—
SMN and SIP—were found to be upregulated following reo-
virus infection. SMN interacts with Bcl-2 to enhance its anti-
apoptotic activity (35). SIP-1 interacts with SMN to form a
heterodimeric complex (22a). Coexpression of SMN and Bcl-2
provides a synergistic protective effect against Bax-induced or
Fas-mediated apoptosis (35, 73). Expression of the gene en-
coding the Bcl-2 family member MCL-1 was also upregulated
following reovirus infection. MCL-1 may exert either pro- or
antiapoptotic activity by modulation of the activity of Bcl-2 or
by acting independently (6).

Taken together, these results suggest a model in which reo-
virus infection is associated with the altered expression of mul-
tiple modulators of Bcl-2 in infected host cells, with the bal-
ance tipped toward genes encoding proteins that would be
predicted to inhibit Bcl-2 activity and thereby promote apo-
ptosis (Fig. 7). Although changes in mRNA levels do not nec-
essarily predict changes in protein expression, we demon-
strated that at least one of these proteins, SMN, is altered in
vivo in a biologically relevant model of reovirus infection, in
close temporal and spatial association with evidence of virus-
induced apoptotic myocardial tissue injury.

In addition to the modulatory struggle at the Bcl-2 level,
alteration of a transcript encoding a protein with a separate
role in mitochondrial apoptotic signaling was detected. HSP-70
homologue expression was increased following reovirus infec-
tion. HSP-70 is an antiapoptotic chaperone protein (52) that
inhibits mitochondrial release of cytochrome ¢ and blocks the
recruitment of procaspase 9 to the apoptosome complex (4, 47,
71). Although the cellular actions of HSP-70 are predomi-
nantly antiapoptotic, the protein also plays a role during reo-
virus replication in facilitating the trimerization of the reovirus
ol protein (46). Since this protein is a critical determinant of
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reovirus apoptosis and reovirus-induced activation of specific
MAPK signaling cascades (13), HSP-70 homologue may also
facilitate apoptosis through its actions during virion assembly.

ER stress pathways. The accumulation of abnormal quanti-
ties of protein or of malfolded proteins in the Golgi apparatus
or ER may trigger kinase cascades that result in the activation
of caspase 12 (7, 53, 54). This initiator caspase triggers activa-
tion of effector caspases, such as caspase 3. One of the cellular
markers of Golgi and ER stress is an increase in the quantities
of specific GADD proteins such as GADD 135/CHOP (41,
94). Expression of genes encoding two of the five currently
described members of the GADD family, GADD 34 and
GADD 45, were increased following reoviral infection. These
genes were the earliest ones found to be significantly upregu-
lated following reovirus infection. The upregulation of ER
stress apoptosis-inducing transcripts was complemented by
downregulated expression of the gene for ORP 150, which
encodes a protein involved in refolding malfolded protein tran-
scripts within the ER (32a). In addition to a potential role for
GADD 34 for ER stress-mediated pathways, GADD 34 induc-
tion parallels that of BAX in other models of apoptosis (30),
thus suggesting a possible link to mitochondrion-regulated apo-
ptosis signaling pathways, which are known to play an impor-
tant role in reoviral infection. These results suggests that ER
stress pathways may be activated as an early event following
reoviral infection and that ER stress-induced apoptotic signal-
ing may contribute to reovirus-induced apoptosis. However,
the fact that altered gene expression occurred following both
T1L (APO—) and T3A (APO+) infection [although at lower
levels in TIL (APO—) infection] suggests the possibility that
this pathway may play a less-critical role in determining virus-
induced apoptotic injury and rather is activated as a nonspe-
cific cellular response to reoviral infection.

Cysteine proteases. Death receptor, mitochondrial, and
Golgi and ER pathways of apoptosis all initiate the activation
of specific initiator caspases, which in turn trigger the activa-
tion of a limited set of downstream effector caspases, including
caspase 3. Caspases 3, 8, and 9 are all activated during reovirus
infection (43), and inhibition of this activation inhibits reovi-
rus-induced apoptosis. Expression of the genes encoding cas-
pases 3 and 7 were increased following reovirus infection. This
suggests that, as well as inducing the activation of specific
caspases at the posttranslational level, reovirus infection also
results in upregulation of caspase gene expression that would
be predicted to increase the levels of key effector caspases in
infected cells.

We have previously shown that the cysteine protease calpain
is also activated in reovirus-infected fibroblasts and myocard-
iocytes in vitro (19) and in the heart in vivo (18). This activa-
tion appears to be an extremely early event that can be de-
tected as early as 30 min following infection of cells with
purified virus. Inhibition of calpain activation inhibits apopto-
sis and reduces reovirus-induced cytopathic effects in vitro and
prevents reovirus-induced apoptotic myocardial injury in vivo
(18). The mechanism for the proapoptotic actions of calpains is
not fully understood but may involve activation of and activa-
tion by several caspases (40, 51, 53, 66, 70, 88). Calpain can also
facilitate activation of NF-kB by degrading its cytoplasmic in-
hibitor, IkB (1).

Surprisingly, rather than being upregulated, the expression
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of the gene encoding calpain was downregulated in reovirus-
infected cells. This downregulation was apparent only at 24 h
postinfection and could potentially represent a negative feed-
back response to calpain activation at the protein level: initial
increases in calpain activity in infected cells could potentially
be countered by downregulation of calpain expression at the
transcriptional level at later time points.

Transcriptional changes related to DNA repair. Expression
of transcripts encoding multiple classes of DNA repair en-
zymes was decreased following T3A (APO+)—but not T1L
(APO—)—reovirus infection. Most DNA repair mechanisms
involve a recognition step in which single- or double-stranded
DNA breaks are identified, followed by the sequential action
of helices that unwind damaged segments, nucleases that incise
the damaged region, polymerase that resynthesizes DNA, and
ligases that repair DNA strand breaks. Failure of any of these
steps can result in accumulation of DNA damage and the
subsequent induction of apoptosis (67).

DNA nucleotide mismatches or mutations are recognized by
a mismatch-binding factor that consists of two distinct pro-
teins—hMSH?2 and G/T mismatch binding protein (GTBP)—
both of which are required for mismatch-specific binding (61).
The gene encoding GTBP was downregulated >2-fold at both
12 and 24 h post-T3A (APO+) infection. Downregulation of
GTBP would be expected to impede recognition of single-
strand DNA breaks or mutations that distort the structure of
the DNA helix.

Once damage has been sensed, helicases unwind damaged
DNA as a precursor to excision of the damaged segments.
RAD54 homologue, Mi2 autoantigen, and helicase-like pro-
tein are three helicases (26) whose transcripts were down-
regulated following reovirus infection. Genes encoding two
nucleotide excision repair enzymes, ERCCS5 and XP-C repair-
complementing protein p125, were both downregulated follow-
ing T3A (APO+) reovirus infection. These enzymes are in-
volved in repairing single-strand DNA breaks or in repairing
nucleotide mutations that distort the structure of the DNA
helix (67). Damaged DNA binding protein 2 (DDB2) may also
play a role in nucleotide excision repair (95)—and like ERCCS
and XP-C repair-complementing protein p125, expression
of genes encoding DDB2 was also downregulated in T3A
(APO+)-infected cells.

Once damage is recognized, the helix is unwound, the dam-
aged area is excised, and new DNA synthesis is required to
replace the damaged nucleotides. At least nine DNA poly-
merases involved in various aspects of DNA replication and
repair have been identified in eukaryotes (31). DNA polymer-
ase a and DNA polymerase v transcripts were both downregu-
lated following T3A (APO+) reovirus infection. DNA poly-
merase « is primarily required for DNA replication but also
interacts with and coordinates other DNA polymerases and
cellular factors required for DNA repair. DNA polymerase vy is
the sole polymerase required for mitochondrial replication and
plays an important role in the efficient repair of mismatched
DNA in vitro as well as in the repair of damaged DNA (31, 89).

Following DNA synthesis, the repaired segment must be
religated with the rest of the helix. DNA ligases promote the
rejoining of both double- and single-stranded DNA breaks (37,
77). Expression of the gene encoding DNA ligase 1 showed the
most change in expression of any DNA repair-related gene
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analyzed (downregulated 8.2 = 1.1-fold at 24 h post-T3A in-
fection). The second-largest change in gene expression follow-
ing T3A reovirus infection was that of PARPL. PARPL at-
taches poly(ADP-ribose) chains to damaged DNA, a process
termed ribosylation. Ribosylation is a key step during DNA
repair and transcription that prevents binding of transcription
factors to regions of damaged DNA (48). Thus, PARPL may
serve as a molecular switch between transcription and repair of
DNA to avoid expression of damaged genes (59).

The downregulation of genes encoding DNA damage and
repair has not previously been appreciated as a consequence of
reoviral infection. The fact this global downregulation oc-
curred following T3A (APO+) and not T1L (APO—) reovirus
infection suggests that, as well as directly stimulating proapo-
ptotic signaling pathways, T3A reovirus infection may result in
signaling pathways that facilitate apoptosis by hampering the
capacity of the host cell to repair DNA damage.

Regulatory mechanisms involved in apoptosis, DNA repair,
and cell cycle regulation are highly integrated and involve a
number of overlapping and intersecting signaling pathways and
proteins. Expression analysis performed by using high-density
oligonucleotide arrays provides a unique opportunity to inves-
tigate the complex mechanisms responsible for pathogenic
effects in reovirus-infected cells and tissues. Transcriptional
analysis may not only be directly translatable into in vivo mod-
els of myocarditis and encephalitis, but more importantly, it
may provide testable hypotheses that may not have been ex-
plored in the absence of a large-scale analysis of multiple
concurrent signaling networks. Work is in progress to further
investigate the models suggested in this report by manipulating
genes with potentially central themes and observing effects on
apoptosis and cell cycle arrest as well as effects on signaling
cascades known to be operative in the reovirus model.
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