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Apoptosis is an innate cellular defense response to viral infection. The slow-replicating human cytomega-
lovirus (HCMYV) blocks premature death of host cells prior to completion of the infection cycle. In this study,
we report that the HCMYV UL38 gene encodes a cell death inhibitory protein. A mutant virus lacking the pUL38
coding sequence, ADdIUL38, grew poorly in human fibroblasts, failed to accumulate viral DNA to wild-type
levels, and induced excessive death of infected cells. Cells expressing pUL38 were resistant to cell death upon
infection and effectively supported the growth of ADdIUL38. Cells infected with the pUL38-deficient virus
showed morphological changes characteristic of apoptosis, including cell shrinkage, membrane blebbing,
vesicle release, and chromatin condensation and fragmentation. The proteolytic cleavage of two key enzymes
involved in apoptosis, namely, caspase 3 and poly(ADP-ribose) polymerase, was activated upon ADdIUL38
infection, and the cleavage was blocked in cells expressing pUL38. The pan-caspase inhibitor Z-VAD-FMK
largely restored the growth of ADdIUL38 in normal fibroblasts, indicating that the defective growth of the
mutant virus mainly resulted from premature death of host cells. Furthermore, cells expressing pUL38 were
resistant to cell death induced by a mutant adenovirus lacking the antiapoptotic E1B-19K protein or by
thapsigargin, which disrupts calcium homeostasis in the endoplasmic reticulum. Taken together, these results
indicate that the HCMV protein pUL38 suppresses apoptosis, blocking premature death of host cells to

facilitate efficient virus replication.

Human cytomegalovirus (HCMV), the prototypic betaher-
pesvirus, is a ubiquitous human pathogen infecting the major-
ity of the world population. Although usually asymptomatic in
healthy individuals, HCMYV infection causes severe disease in
immunocompromised individuals, such as AIDS patients and
patients undergoing bone marrow or solid organ transplanta-
tion. HCMYV is a leading viral cause of birth defects leading to
mental retardation and hearing loss (reviewed in reference 8).
Additionally, HCMV has been implicated as a possible cofac-
tor in the development of vascular disease (18, 22, 26, 30, 44,
45, 54).

HCMV has a characteristically long replication period, re-
quiring 48 to 72 h to begin producing progeny at peak levels in
fibroblasts. Furthermore, cultured cells support continuous vi-
rus production for an extended period after completion of the
initial infection cycle (reviewed in reference 29). Thus, HCMV
is likely to encounter a large array of innate immune responses
during its extended replication cycle, which the host cells put
forth to control the pathogen. Virtually all viruses have evolved
mechanisms to thwart the cellular defenses instituted by the
host upon infection. One critical selective pressure is the mod-
ulation of apoptosis, an innate antiviral mechanism that is
activated by both the direct cellular response and the host
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immune system to prevent the production of progeny virus
upon infection (reviewed in reference 4).

Apoptosis results in the death of infected cells, thus stop-
ping viral spread and preventing persistent infection. The
cellular events leading to apoptosis are generally classified
into the following three pathways: the mitochondrion-medi-
ated intrinsic pathway, the extracellular ligand-mediated ex-
trinsic pathway, and the endoplasmic reticulum (ER)-medi-
ated pathway (reviewed in references 4 and 7). Most of
these pathways promote cell death through activation of
caspase cascades. In the intrinsic pathway, sensitized inter-
nal cell stress sensors, such as p53, trigger the signaling
cascade, leading to the release of proapoptotic factors such
as cytochrome ¢ from mitochondria, and promote proteo-
lytic activation of caspase 9. In the extrinsic pathway, im-
mune effector cells (e.g., natural killer cells, dendritic cells,
and cytotoxic T lymphocytes) transmit signals (e.g., Fas li-
gand, tumor necrosis factor alpha, and TRAIL) to virus-
infected cells via the death receptors and eventually lead to
proteolytic activation of caspases 8 and 10. In the ER-me-
diated pathway, stress signals, such as excessive amounts of
unfolded proteins in the ER, trigger the activation of
caspases 7, 9, and 12 (31, 32). These three pathways con-
verge on the proteolytic activation of effector caspases and
subsequent cleavage of downstream substrates, leading to
genome fragmentation, cytoskeletal disintegration, meta-
bolic dysfunction, and ultimately, cell death. These three
pathways, however, are intertwined cellular processes. The
intrinsic and extrinsic pathways cross talk through cleavage
and activation of Bid, which subsequently amplifies the
apoptosis signal transmitted from the extrinsic pathway
through the mitochondrial arm. In addition to initiating
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caspase activation, the ER stress signal acts on the mitochon-
dria through members of the Bcl-2 protein family to propagate
apoptotic events.

Many viruses, including herpesviruses, modulate cellular
apoptosis pathways to facilitate their replication. Upon infec-
tion, HCMV and its murine counterpart, murine cytomegalo-
virus, block apoptosis in various cell types, such as fibroblasts,
macrophages, and endothelial cells (5, 10, 21, 27, 28, 46).
Furthermore, HCMV is able to inhibit apoptosis induced by a
variety of stimuli, including Fas ligand, tumor necrosis factor
alpha, and growth factor withdrawal, as well as by infection
with an E1B-19K-deficient adenovirus (16, 21, 42, 55). It is
conceivable that suppression of apoptosis in host cells is an
integral part of the overall strategy adopted by HCMV to
evade the host antiviral immunity and is therefore likely to play
an important role in virus replication and persistence.

A survey of the HCMV genome failed to identify any viral
homologues to known cellular and viral apoptosis regulators
(11, 12, 29). Nevertheless, four HCMV gene products, IE1,
IE2, pUL36, and pUL37x1, have been shown to block apop-
tosis in cells overexpressing their genes. IE1 and IE2 protect
cells from apoptosis through the cellular kinase Akt-mediated
pathway (23, 53, 55). pUL36 interferes with the death ligand-
mediated apoptosis pathway at the step upstream of caspase 8
activation (42). pUL37x1 suppresses apoptosis by disrupting
the mitochondrial network as well as by sequestering the pro-
apoptotic protein Bax (3, 16, 25, 35). Fibroblasts infected with
mutant viruses lacking functional pUL36 or pUL37x1 showed
reduced levels of resistance to apoptosis, consistent with the
role of these two proteins as suppressors of apoptosis (24, 38,
42).

In a prior study, we constructed a comprehensive mutant
library in HCMYV strain AD169 where every uncharacterized
HCMV gene was disrupted by transposon insertion or substi-
tution, and we identified a subset of viral genes that are re-
quired for maximal virus replication in human fibroblasts (51).
Subsequently, we observed that viruses lacking the UL38 gene
induced excessive cell death upon infection of human fibro-
blasts. In this report, we present evidence that the UL38 gene
encodes a new member of the family of cell death inhibitory
proteins produced by HCMV, and we demonstrate that its
expression is necessary for efficient virus replication.

MATERIALS AND METHODS

Plasmids, retroviral vectors, and antibodies. pGS284-based shuttle vectors
pYD-C253, pYD-C215, and pYD-C214 were used for allelic exchange to create
recombinant infectious bacterial artificial chromosome (BAC)-based clones car-
rying the genome of HCMV (AD169) (43, 52). pYD-C253 contained 1.0-kb viral
sequences immediately upstream and downstream of the pUL38 open reading
frame (ORF). pYD-C215 contained a 2.1-kb viral sequence spanning the pUL38
ORF and its 500-bp upstream and downstream sequences. In pYD-C214, the
1.5-kb Xbal fragment from pGET007, which contained the simian virus 40 early
promoter-driven green fluorescent protein (GFP) expression cassette, was in-
serted between the 1.0-kb US2-US3 sequence and the 1.0-kb US7-US9 sequence
(49). pYD-C163, pYD-C160, pYD-C239, and pYD-C258 are retroviral vectors.
pYD-C163 and pYD-C160 are pRetro-EBNA-based vectors containing the
ORFs of pUL38 and GFP, respectively (20). The retroviral vector pYD-C239
was made by cloning the internal ribosome entry site 2 (IRES2) sequence from
pIRES2-EGFP (Clontech) and the dsRed coding sequence from pDsRED-N1
(Clontech) into BglII/NotI sites of pLPCX (Clontech). pYD-C258 was created by
cloning the pUL38 ORF upstream of the IRES2 site of pYD-C239. The fidelity
of all PCR products was confirmed by sequencing.

To generate a monoclonal antibody to pUL38, nucleotides 105 to 996 of the
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pUL38 ORF were cloned downstream of a six-His tag in the expression vector
pQE (QIAGEN). The fusion protein was produced in Escherichia coli, purified
using Ni-agarose beads, and used as an immunogen to generate murine hybrid-
omas. The anti-pUL38 antibody, 8D6, was identified by screening against His-
pUL38 or His-YY1 as a control in enzyme-linked immunosorbent assays. Addi-
tional primary antibodies used in this study included anti-IE1 (1B12; A.
Marchini, P. Robinson, and T. Shenk, unpublished data), anti-pp28 (41), anti-
B-actin (AC15; Abcam), anti-a-tubulin (DM1A; Sigma), anti-caspase 3 (Asp175)
(MAB835; R&D Systems), and anti-poly(ADP-ribose) polymerase (anti-PARP)
(Asp214) (19F4; Cell Signaling).

Cells and viruses. Primary human foreskin fibroblasts (HF), human MRC-5
embryonic lung cells, and HeLa cells were propagated in Dulbecco’s modified
Eagle medium supplemented with 10% fetal calf serum. To create HF cells
expressing pUL38 or GFP, the retrovirus stocks retro-UL38 and retro-GFP were
made by transfecting the retroviral vectors pYD-C163 and pYD-C160, respec-
tively, into Phoenix Ampho cells (20). HF cells were transduced with retro-UL38
or retro-GFP three times to generate a population of cells expressing pUL38 or
GFP. To create HeLa cell lines stably expressing pUL38/dsRed or dsRed only,
HeLa cells were transfected with pYD-C258 or pYD-C239, respectively, using
Lipofectamine 2000 (Invitrogen), and were selected with 1 pg/ml puromycin.
Individual puromycin-resistant colonies were trypsinized and subcloned in the
presence of 1 wg/ml puromycin. The expression of pUL38 from transduced HF
cells and from stable HeLa cell lines was confirmed by Western blotting using the
monoclonal antibody 8D6. Expression of GFP or dsRed from control cells was
validated by fluorescence microscopy analysis.

The GFP-expressing wild-type BAC clone pAD-GFP was constructed by re-
placing the viral US4-US6 region with the GFP expression cassette, using allelic
exchange with the shuttle vector pYD-C214 and pAD/Cre (52). Recombinant
BAC clones pADd/UL38 and pADdIUL38-GFP, which lacked the entire pUL38
OREF, were created by performing allelic exchange with the shuttle vector pYD-
C253 on pAD/Cre and pAD-GFP, respectively. Marker-rescued BAC clones
pADrevUL38 and pADrevUL38-GFP, in which the UL38 allele was repaired,
were created by performing allelic exchange with the shuttle vector pYD-C215 on
PADdAIUL38 and pADdIUL38-GFP, respectively. To reconstitute wild-type viruses
(ADwt and ADwt-GFP) and marker-rescued UL38 revertants (ADrevUL38 and
ADrevUL38-GFP), 2 pg of the corresponding BAC DNA and 1 pg of the pp71
expression plasmid were transfected into HF cells by electroporation as previously
described (52). To reconstitute UL38 mutant viruses (ADd/UL38 and ADdIUL38-
GFP), UL38 recombinant BAC DNA was transfected into pUL38-expressing fibro-
blasts by electroporation. The culture medium was changed at 24 h posttransfection,
and the cell-free culture supernatant was harvested as a virus stock when the entire
monolayer of cells was lysed.

Virus stocks were produced either directly from transfection of BAC DNA or
from infection at a multiplicity of 0.01 PFU/cell. Infected cell culture media were
cleared of cell debris by low-speed centrifugation and collected as stocks of
cell-free virus. In general, virus titers were determined in duplicate by a plaque
assay with pUL38-expressing fibroblasts, unless otherwise noted (52). To deter-
mine virus titers by IE1 expression, viruses were collected from both cell-free
supernatants and infected cells at various time points postinfection. Cell-associ-
ated virus was isolated through three rounds of freezing and thawing in a dry ice
and ethanol bath. Serial dilutions of virus samples were plated on MRC-5 cells.
At 36 h postinfection, infected cells were fixed and permeabilized in methanol at
—20°C for 15 min. IE1-positive cells were labeled using the primary mouse
antibody to IE1 (1B12) and the secondary goat anti-mouse antibody conjugated
with Alexa Fluor 546 (Molecular Probes), and positive cells were quantified at
the appropriate dilution using a fluorescence microscope.

To determine DNA levels in virus stocks, real-time PCR was performed, using
100 pl of either cell-free virus stock or virus stock that was partially purified by
centrifugation through a 20% sorbitol cushion. The pelleted virus was resus-
pended in phosphate-buffered saline (PBS). To remove free DNA, samples were
treated with DNA-free reagents (Ambion) and then lysed in lysis buffer (400 mM
NaCl, 10 mM Tris [pH 8.0], 10 mM EDTA, 0.1 mg/ml protease K, 0.2% sodium
dodecyl sulfate [SDS]) at 37°C overnight. To determine DNA levels in infected
cells, cells were harvested, pelleted, resuspended in lysis buffer, and incubated at
37°C overnight. For all samples, DNAs were extracted with phenol-chloroform,
treated with RNase A, extracted again with phenol-chloroform, and precipitated
with ethanol. DNAs were resuspended in water and quantified by real-time PCR
analysis using TagMan probes (Applied Biosystems) and primers specific for the
UL123 gene or cellular B-actin, as previously described (17). In some experi-
ments, an additional UL123-specific TagMan probe (5'-VIC-TCCGTCTGGGT
ATATTTTTTCAGC-6-carboxytetramethylrhodamine-3") (Applied Biosystems)
and pair of primers (5'-GGCGCCAGTGAATTTCTC-3" and 5'-TGCGGCAT
AGAATCAAGGA-3") were also used.
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Analysis of intracellular viral RNA and protein. To determine RNA levels in
infected cells by real-time reverse transcription-PCR (RT-PCR), total RNA was
isolated using Trizol reagent (Invitrogen) following the manufacturer’s instruc-
tions, and contaminating DNA was removed using DNA-free reagents (Am-
bion). Relative quantitation was accomplished through two-step real-time RT-
PCR, as previously described (48). Briefly, cDNAs were synthesized with
TagMan reverse transcription reagents and random hexamers according to the
manufacturer’s instructions (Applied Biosystems). Real-time PCR was com-
pleted with SYBR green PCR master mix (Applied Biosystems) and primers
specific to exon 4 of UL123 (5'-GCCTTCCCTAAGACCACCAAT-3" and 5'-A
TTTTCTGGGCATAAGCCATAATC-3"), UL99 (5'-GTGTCCCATTCCCGA
CTCG-3' and 5'-TTCACAACGTCCACCCACC-3'), or glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (5'-CTGTTGCTGTAGCCAAATTCGT-3' and
5'-ACCCACTCCTCCACCTTTGAC-3").

To analyze proteins by Western blotting, infected cells were scraped into
medium and collected by centrifugation at 1,000 rpm at 4°C for 5 min. Cell
pellets were washed with PBS and lysed in SDS sample buffer (0.05 mM Tris-HCI
[pH 6.8], 2% SDS, 10% glycerol, 0.1% bromophenol blue, 1.25% [vol/vol] 2-mer-
captoethanol). Lysates from equal cell numbers were run in a sodium dodecyl
sulfate-containing 10% polyacrylamide gel. Resolved proteins were transferred
to polyvinylidene difluoride membranes, and membranes were blocked with 5%
nonfat milk in Tris-buffered saline containing 0.05% Tween 20. Proteins were
labeled with the primary antibodies listed above and incubated with a secondary
goat anti-mouse antibody (Amersham). Antibodies were visualized by ECL-Plus
detection (Amersham) and quantified by scanning membranes with a Fuji
FLA5000 autoimaging analyzer or a Molecular Dynamics Storm phosphor-
imager.

To analyze proteins by immunofluorescence, cells were grown on glass cover-
slips, the medium was removed at various times postinfection, and cells were
washed once with PBS and fixed in 2% paraformaldehyde for 20 min. Fixed cells
were washed twice with PBS and permeabilized with 1 mg/ml Zwittergent for 1
min. Cells were washed twice with PBS, incubated in blocking solution (5% fetal
calf serum in PBS) for 20 min, and then labeled with the primary antibody in
blocking solution for 20 min. Cells were washed again and then incubated with
the secondary antibody in blocking solution for 20 min. Cells were then washed
three times with PBS, rinsed once with H,O, and mounted on slides with Slow-
Fade Gold solution containing DAPI (4',6’-diamidino-2-phenylindole) to coun-
terstain DNA (Molecular Probes). Images were captured using Axiovision soft-
ware with a Zeiss Axioskop 2 MOT Plus fluorescence microscope or a Zeiss
LSM510 confocal microscope.

Cell death/apoptosis assays. HF or HeLa cells were infected with recombinant
HCMYV or the mutant adenovirus d/337, treated with 0.2 pg/ml a-Fas antibody
(7C11; Coulter) and 10 pg/ml cycloheximide (Sigma) for 10 h and 20 h, or
treated with 2 M thapsigargin (16, 34, 39, 42). The morphology of infected cells
was examined under a phase-contrast or fluorescence microscope at different
times postinfection. Dying cells were detached from the culture dish and frag-
mented, while surviving cells remained attached and maintained a flat morphol-
ogy. To quantify the number of surviving cells in each infected culture, viable
cells attached to the culture dish were labeled with DAPI and counted in four to
six independent fields for each sample under a fluorescence microscope. Alter-
natively, attached cells from infected cultures were collected, and cell numbers
were measured by flow cytometry relative to an internal control.

Several assays were used to examine characteristic cellular events associated
with apoptosis. To visualize chromatin condensation and fragmentation, cells
were grown on coverslips, fixed in 2% paraformaldehyde, and permeabilized in
1 mg/ml Zwittergent. DNA strand breaks were labeled with a terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) kit
(Roche). Cells were mounted on slides with Slow-Fade Gold solution containing
DAPI (Molecular Probes). The morphology of chromatin-labeled and TUNEL-
positive cells was examined by fluorescence microscopy. To analyze proteolytic
cleavage of caspase 3 and PARP, infected cells were harvested, proteins were
separated by electrophoresis, and cleaved forms of caspase 3 and PARP were
detected by Western blotting, using ECL-Plus detection. Jurkat cell lysates
treated with 0.25 mg/ml cytochrome ¢ were prepared according to the manufac-
turer’s instructions (Cell Signaling) and used as the positive control for caspase
3 and PARP cleavage. To investigate the effect of cell death on virus growth,
normal HF cells were infected with recombinant HCMV at an input genome
number equivalent to 2 PFU of wild-type virus/cell in the presence of 100 pM
pan-caspase inhibitor Z-VAD-FMK, which was initially made as a 20 mM stock
solution in dimethyl sulfoxide (DMSO; Calbiochem). Every 24 h, the culture
medium was collected, and infected cells were refed with the appropriate
Z-VAD-FMK- or DMSO-containing fresh medium. The yields of cell-free
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virus in culture medium were determined by a plaque assay with pUL38-
expressing HF cells.

RESULTS

Construction of recombinant BAC-HCMYV clones carrying
alteration in the pUL38 coding sequence. The UL36-UL38
region of HCMYV encodes multiple transcripts (Fig. 1A). UL38
is located within the intron of the UL37 gene, which encodes
three proteins, pUL37x1, pUL37, and pUL37M, due to alter-
native splicing. pUL37 and pUL37M are dispensable for
HCMYV replication in human fibroblasts (6, 16). pUL37x1 is
required for replication of the HCMV AD169 strain but is
dispensable for the Towne strain, and therefore its require-
ment is strain specific (24, 38, 51). To study the function of
pUL38 in virus infection, we constructed recombinant viruses
lacking the entire pUL38 coding sequence. Two parental BAC-
HCMV clones, pAD/Cre and pAD-GFP, were used as wild-
type viruses in this study: pAD/Cre carries the full-length
genome of HCMV strain AD169 (52), and its derivative, pAD-
GFP, carries a simian virus 40 early promoter-driven GFP gene
in place of the viral US4-US6 region. Viruses derived from
both BAC clones (ADwt and ADwt-GFP) grew indistinguish-
ably from the parental AD169 virus (52; data not shown).
Deletion of UL38 was done by using the BAC-based genetic
approach (52). pADdIUL38 and pADdIUL38-GFP, derived
from pAD/Cre and pAD-GFP, respectively, lack the entire
pUL38 coding sequence and were used to generated pUL38-
deficient viruses (ADdIUL38 and ADdIUL38-GFP, respec-
tively). The UL38 loci in pADd/UL38 and pADdIUL38-GFP
were subsequently repaired, producing the marker-rescued
BAC clones pADrevUL38 and pADrevUL38-GFP, res-
pectively, which were used to generate revertant viruses
(ADrevUL38 and ADrevUL38-GFP). Recombinant BAC clones
were examined for integrity by using EcoRI and BamHI re-
striction endonuclease digestion (Fig. 1B), PCR, and Southern
blot analysis (Fig. 1C). The 6,380-bp EcoRI fragment contain-
ing the UL38 sequence in pAD/Cre and pADrevUL38 was
reduced to a 5,402-bp fragment in pADdIUL38 due to UL38
deletion (Fig. 1B, lanes 1 to 3). The deletion of UL38 was
confirmed by BamHI digestion. As expected, pADdIUL38 lost
the 5,029-bp fragment but gained the 5,219-bp fragment that
comigrated with the 5,242-bp fragment, as seen for pAD/Cre
and pADrevUL38 (lanes 4 to 6). pAD-GFP was identical to
pAD/Cre except for the replacement of the viral US4-US6
sequence with the GFP expression cassette. Compared to
pAD/Cre, pAD-GFP had a unique EcoRI fragment of 11.2 kb
and two BamHI fragments, of 8,216 bp and 7,950 bp, and in the
meantime, pAD-GFP lost an EcoRI fragment of 12.4 kb and
two BamHI fragments, of 6,982 bp and 10,402 bp (lanes 7, 8,
11, and 12). Similarly, the EcoRI and BamHI restriction pat-
terns of pADdIUL38-GFP were completely consistent with
expectations (compare lane 10 with lane 1 and lane 14 with
lane 4). A more complex pattern arose when pADrevUL38-
GFP was examined. The restriction patterns of pADrevUL38-
GFP were similar to those of pAD-GFP except that the
BamHI fragment of 8,090 bp and the EcoRI fragment of
11,083 bp spanning the viral UL58-UL68 region in pAD/Cre
sustained a small internal deletion when pADrevUL38-GFP
was constructed. As a result, the sizes of these two fragments in
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FIG. 1. Construction of UL38 recombinant BAC-HCMYV clones. (A) Viral genomic region carrying UL36-UL38. The first line represents the
schematic structure of the viral genomic sequence. The coding sequences of pUL36, pUL37, and pUL38 are indicated by block arrows. The C
terminus of each ORF is indicated by the direction of the arrow. Also indicated are the locations of two poly(A) signals immediately downstream
of the pUL38 and pUL36 coding sequences and four primers used for PCR amplification to validate sequence alteration introduced in UL38
recombinant BAC-HCMYV clones. The 3’ ends of the primers are indicated by the directions of the arrows. The next five lines represent UL36-,
UL37-, and UL38-related transcripts. The 3" end of each transcript is indicated by the direction of the arrow. (B) EcoRI and BamHI restriction
digestion analysis. (C) PCR and Southern blot analysis of UL38 recombinant BAC-HCMYV clones. Each recombinant BAC-HCMYV clone analyzed
is described in the text. Dots indicate restriction fragments unique to a recombinant BAC clone due to engineered sequence alterations. For PCR
analysis, primer pairs used to amplify specific viral sequences are indicated. For Southern blot analysis, a >*P-labeled probe against the UL38 open
reading frame was used to hybridize EcoRI- or BamHI-digested BAC-HCMV DNA. Molecular size markers are indicated.

pADrevUL38-GFP were reduced 200 to 300 bp (compare lane gross genomic integrity of the UL38 mutant BAC clones re-
8 with lane 9 and lane 12 with lane 13). Nevertheless, trans- mained intact.

fection of pADrevUL38-GFP into HF cells efficiently reconsti- The UL38 gene loci of the recombinant BAC-HCMYV clones
tuted a virus that replicated indistinguishably from the wild were examined further by PCR analysis (Fig. 1C, top panel)
type (data not shown). Collectively, these data show that the and Southern blot analysis (Fig. 1C, bottom panel). For PCR
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FIG. 2. The marked growth defect of ADdIUL38 is restored by the expression of pUL38 in trans. Multistep growth analysis was performed with
ADwt, ADdIUL38, and ADrevUL38 in normal HF cells (A) and in HF cells transduced with the pUL38-expressing retroviral vector (B). Cells were
infected at a multiplicity of 0.01 PFU/cell, culture medium was collected at the indicated times, and yields of cell-free virus were titrated in duplicate
by a plaque assay with HF-UL38 cells. Single-step growth analysis of ADd/UL38 in MRC-5 cells was performed to examine the production of
extracellular virus (C) and intracellular virus (D). MRC-5 cells were infected with ADd/UL38 or ADwr at an input genome number equivalent to
0.2 PFU of wild-type virus/cell. Infected cell culture medium was collected as extracellular virus samples, and intracellular virus was isolated by
freezing and thawing cell pellets. The amount of virus present in each sample was determined by counting the number of IE1-positive cells. The

experiment was completed in duplicate.

analysis, a combination of four primers was used: Pri 2 and Pri
3 were located within the pUL38 coding sequence, whereas Pri
1 and Pri 4 were located outside the UL38 flanking sequences
that were used to construct recombinants by allelic exchange
(Fig. 1A). As expected, PCRs with wild-type or marker-res-
cued clones and the primer pair Pri 2/Pri 4 or Pri 1/Pri 3 gave
rise to a 1.6-kb or 2.3-kb product, respectively. PCRs with
UL38 deletion clones and the above primers failed to yield any
products due to a lack of binding sites for primers Pri 2 and Pri
3. PCRs with the outside primers Pri 1 and Pri 4 resulted in a
3.5-kb product for wild-type and marker-rescued clones and a
2.5-kb product for UL38 deletion clones. Furthermore, South-
ern blot analysis using a probe against the entire UL38 open
reading frame showed that wild-type and marker-rescued BAC
clones contained the predicted set of UL38-specific fragments
(i.e., the EcoRI fragment of 6,380 bp [Fig. 1C, bottom panel,
lanes 1, 3, 4, and 6] and two BamH1 fragments, of 5,029 bp and
1,168 bp [Fig. 1C, bottom panel, lanes 7, 9, 10, and 12]) that
was absent in UL38 deletion BAC clones (Fig. 1C, bottom
panel, lanes 2, 5, 8, and 11), indicating that UL38 was rein-
serted at the single desired location within the genome in the
marker-rescued BAC-HCMYV clones. Taken together, our data
indicate that the recombinant BAC-HCMYV clones contained

the precise intended modifications in UL38. Finally, all of the
modifications in the BAC-HCMYV clones were confirmed by
direct sequencing.

pUL38 is required for efficient virus replication in fibro-
blasts. To examine the role of pUL38 in virus replication, we
analyzed the growth kinetics of the pUL38-deficient virus,
ADdIUL38, in human fibroblast cells. The multistep growth of
wild-type, deletion mutant, and revertant viruses was examined
in normal fibroblasts (Fig. 2A). When HF cells were infected
with ADdIUL38 at a multiplicity of 0.01 PFU/cell, cell-free
progeny virus was not detected for the duration of the assay (20
days). This represents a >10°-fold difference in peak yield of
the mutant compared to that of the wild type. In contrast, the
revertant ADrevUL38 replicated indistinguishably from the
wild type. This indicates that the deletion at the UL38 locus is
exclusively responsible for the growth defect of ADdIUL3S.

We also examined the multistep growth of ADd/UL38 in
pUL38-expressing HF cells (HF-UL38) made by transduction
of primary human fibroblasts with a replication-defective ret-
rovirus expressing pUL38 (retro-UL38) (Fig. 2B). The >10°-
fold difference in peak yield of ADdIUL38 compared to that of
the wild type in normal HF cells was reduced to 5-fold in
HF-ULS38 cells. The growth kinetics of the GFP-tagged wild-
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type, UL38 mutant, and revertant viruses, i.e., ADws-GFP,
ADdIUL38-GFP, and ADrevUL38-GFP, were similar to those
of ADwt, ADdIUL38, and ADrevUL38, respectively (data not
shown). Therefore, the substantial complementation of UL38
deletion virus growth in HF-UL38 cells, coupled with the res-
toration of growth in marker-rescued virus, indicates that the
phenotype observed for the UL38 deletion virus results directly
and exclusively from the loss of functional UL38.

We then examined the single-step growth kinetics of
ADdIUL38. In order to appropriately perform this and other
experiments that required the use of large amounts of input
virus, we determined the ratios of DNA-containing particle to
PFU for the mutant stocks relative to that for the wild type (see
Materials and Methods). Mutant virus stocks were made by
propagating the virus in pUL38-expressing fibroblasts. We
were concerned that the infectivity might vary among different
batches of mutant stock because of the heterogeneous nature
of the pUL38-expressing cells. We examined several batches of
the ADJIUL38 stocks that were prepared in different batches
of pUL38-expressing fibroblasts at different times. As antici-
pated, the ratios of DNA-containing particles to PFU for these
mutant stocks ranged from the wild-type level to as much as
10-fold greater than the wild-type level (data not shown). Con-
sequently, we normalized infection of the UL38 mutant to that
of wild-type virus, using equal numbers of DNA-containing
particles/cell for the remainder of our studies.

We infected normal fibroblasts with ADd/UL38 or ADwr at
an input genome number equivalent to 0.2 PFU of wild-type
virus/cell, collected intracellular and extracellular viruses at
various times postinfection, and determined the amount of
infectious virus produced at each time point by using a fluo-
rescence assay in which the number of IE1-positive cells was
determined at 36 h postinfection (see Materials and Methods).
Compared to the wild type, ADdIUL38 produced 23- and 265-
fold less infectious extracellular virus (Fig. 2C) and 107- and
81-fold less intracellular virus (Fig. 2D) at 72 h and 96 h
postinfection, respectively. These data provide additional evi-
dence for a functional role for pUL38 in the efficient replica-
tion of HCMYV in cultured fibroblasts.

Expression and localization of pUL38 during HCMYV infec-
tion. We made a monoclonal antibody by using the C-terminal
two-thirds of the pUL38 protein as an immunogen and exam-
ined the expression of pUL38 by Western blotting (Fig. 3A). A
protein of 37 kDa was recognized by the pUL38-specific mono-
clonal antibody in lysates of wild type-infected cells but not
ADdIUL38-infected cells. This result indicates that pUL38 is
expressed at the predicted size and confirms that ADJ/UL38
has lost the ability to produce pUL38. Interestingly, although
the UL38 gene was classified as an early gene (47), the UL38
protein was detected as early as 6 h postinfection and contin-
ued to accumulate throughout the course of infection, with
maximum accumulation occurring at 48 h postinfection (Fig.
3A). pUL38 has been identified as a minor virion constituent
by a proteomic approach (50); therefore, it is possible that the
virion-associated protein contributed, at least in part, to the
accumulation of pUL38 that we observed at 6 h postinfection.
The subcellular localization of pUL38 during virus infection
was examined by immunofluorescence. Consistent with the
results of Western blotting, we detected pUL38 within in-
fected cells as early as 8 h postinfection (Fig. 3B). At early
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FIG. 3. Expression and subcellular localization of HCMV pUL38.
(A) Fibroblasts were infected with ADdIUL38 or ADwt at an input
genome number equivalent to 0.2 PFU of wild-type virus/cell, and cell
lysates were analyzed by Western blotting using a pUL38-specific
monoclonal antibody at the indicated times. An antibody to alpha-
tubulin was used as a loading control. (B) Fibroblasts were infected
with ADwt, and immunofluorescence was performed to examine the
localization of pUL38 at the indicated times (green). Also shown are
the Golgi apparatus, defined by the lectin Helix pomatia agglutinin
(red), the nucleus, defined by DAPI (blue), and the merged images.

96 h

times postinfection, pUL38 was predominantly localized in
the nucleus, with low levels of diffuse expression throughout
the cytoplasm. During the course of infection, the levels of
pUL38 increased in both the nuclear and cytoplasmic com-
partments (Fig. 3B). By 96 h postinfection, similar levels of
pUL38 were reached in both compartments. In sum, these
data reveal a dynamic subcellular location pattern for the
protein in the nucleus and the cytoplasm during the course
of infection.

The pUL38 deletion virus fails to accumulate viral DNA
to wild-type levels. We next searched for the step in the
HCMV replication cycle at which pUL38 is needed for the
production of a normal virus yield. We infected normal
fibroblasts with ADdIUL38 or ADwt at an input genome
number equivalent to 0.2 PFU of wild-type virus/cell and
quantified the viral DNA accumulation relative to cellular
B-actin accumulation at different times postinfection. The
pUL38-deficient mutant accumulated 42-fold less viral DNA
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FIG. 4. ADdIUL38 fails to replicate viral genomes to wild-type levels. (A) Accumulation of viral DNA. Fibroblasts were infected with
ADdIUL38 or ADwt at an input genome number equivalent to 0.2 PFU of wild-type virus/cell, total cell-associated DNA was isolated, and viral
genomes were quantified using real-time PCR and normalized to B-actin DNA. (B) Accumulation of the UL123 transcript and the protein product
IE1. Fibroblasts were infected under the conditions described above. Total RNA was isolated at the indicated times postinfection, and UL123 RNA
was quantified by real-time RT-PCR using primers specific to UL123, with SYBR green detection, and normalized to GAPDH RNA. Accumu-
lation of the IE1 protein was determined by Western blot analysis. An antibody to alpha-tubulin was used as a loading control. (C) Accumulation
of the UL99 transcript and the protein product pp28. The UL99 transcript was measured by real-time RT-PCR using primers specific to UL99.
The pp28 protein was detected by Western blot analysis using an antibody to pp28.

than its parent by 96 h postinfection (Fig. 4A). We also
monitored the accumulation of the immediate-early UL123
and late UL99 transcripts relative to that of the cellular
GAPDH RNA by using real-time RT-PCR. We observed,
on average, that twofold less UL123 RNA accumulated in
ADdIUL38 infection than in wild-type infection between 6 h
and 48 h postinfection (Fig. 4B, left panel). We reasoned that
this twofold difference was the result of the twofold difference
in input viral genomes observed between the two viruses (Fig.
4A, 0 h). The differences in UL123 RNA levels increased at
late times postinfection, reaching 10.5-fold at 96 h postinfec-
tion. The viral IE1 protein encoded by the UL123 gene accu-
mulated with kinetics similar to that of transcript accumulation
(Fig. 4B, right panel). Thus, during the course of virus infec-

tion, ADdIUL38 expressed IE1 with wild-type kinetics at im-
mediate-early and early times postinfection, and IE1 expres-
sion became less efficient after the defect in viral DNA
replication was evident. To provide additional evidence for the
DNA replication defect in ADdIUL38, we examined the ex-
pression of the UL99 late gene that encodes pp28. While both
the transcript and the protein product of UL99 accumulated
maximally at 96 h postinfection in wild-type virus-infected
cells, little expression of UL99 was observed at the RNA or
protein level in ADd/UL38-infected cells throughout the
course of infection (Fig. 4C). In sum, the expression of an
immediate-early gene is normal, but DNA replication and ex-
pression of a late gene are markedly reduced, in the absence of
pUL38.
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FIG. 5. pUL38 is required to block cell death in HCMV-infected HF cells. (A) For the left panel, normal HF cells were infected with ADwt
or ADdIUL38 at an input genome number equivalent to 2 PFU of wild-type virus/cell, and the morphology of infected cells was examined with
a phase-contrast microscope at 40 h and 72 h postinfection. For the right panel, quantitative analysis was performed to compare cell death in HF
cells infected with ADdIUL38 to that in cells infected with ADwt, as described in Materials and Methods. The ratio of the number of viable cells
in ADdIUL38 infection to that in ADwt infection was plotted as a function of hours postinfection (hpi). (B) For the left panel, HF-GFP or
HF-UL38 fibroblasts were infected with ADwr or ADdIUL38 at an input genome number equivalent to 1 PFU of wild-type virus/cell, and cell
morphology was examined under a phase-contrast microscope at 72 h postinfection. For the right panel, quantitative analysis was performed to
compare cell death in various fibroblasts infected with ADd/UL38 to that in cells infected with ADwt, as described in Materials and Methods. The
ratio of the number of viable cells in ADdIUL38 infection to that in ADwt infection was plotted for various types of human fibroblasts tested. The

results shown are representative of at least two independent experiments.

pUL38 is required for the suppression of premature cell
death in HCMV-infected cells. We observed a striking mor-
phological difference between cells infected with wild-type vi-
rus and those infected with ADdIUL38 (Fig. 5A, left panel). At

40 h postinfection, there was little difference between the two
viruses, but at 72 h postinfection, many more ADdIUL38-
infected than wild-type virus-infected cells had detached from
the culture dish, and the cells that remained attached exhibited
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FIG. 6. Cells infected with the pUL38 deletion mutant demonstrate morphological changes characteristic of apoptosis. (A) Normal HF cells
were infected with ADwt-GFP or ADdIUL38-GFP at an input genome number equivalent to 1 PFU of wild-type virus/cell, and the morphology
of infected GFP-positive cells was examined under a fluorescence microscope at 72 h and 96 h postinfection. Arrowheads indicate representative
cell shrinkage, membrane blebbing, and vesicle release in ADdIUL38-GFP infection. (B) Infected cells were labeled with DAPI at 96 h
postinfection. Condensed chromatin in cells infected with ADd/UL38-GFP is indicated by arrowheads. (C) Infected cells were colabeled with
DAPI and TUNEL at the indicated times postinfection. The colocalization of GFP, TUNEL, and DAPI staining in the same ADdIUL38-GFP-
infected cell population is indicated.
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enhanced rounding, shrinkage, and fragmentation. Quantita-
tive analysis revealed that the cell loss started 24 h after infec-
tion with ADdIUL38 (Fig. 5A, right panel). Clearly, while
wild-type virus effectively blocks the death of infected cells
during the course of infection, ADd/UL38 induces extensive
premature cell death, particularly at late times postinfection
(16, 55).

We next tested whether the expression of pUL38 in trans
restored cell viability during ADdIUL38 infection. pUL38-ex-
pressing cells (HF-UL38) or control cells (normal HF or HF-
GFP cells) were infected with wild-type or mutant virus and
examined microscopically (Fig. 5B, left panel), and cell num-
bers were counted (Fig. 5B, right panel) at 72 h postinfection.
When infected with wild-type virus, HF-GFP cells and HF-
ULS38 cells showed almost identical morphologies, with no sign
of excessive cell death. Similar to normal HF cells, HF-GFP
cells infected with ADdIUL38 suffered extensive cell death, as
evidenced by the presence of fewer attached cells and more
rounded floating cells. In contrast, HF-UL38 cells were mark-
edly resistant to cell death induced by ADd/UL38. The number
of cells remaining attached to the culture dish was largely
restored, and the overall morphology of ADdIUL38-infected
HF-UL38 cells was nearly identical to that of ADwz-infected
cells. Taken together, the induction of cell death by ADJ/UL38
in normal or GFP-expressing fibroblasts and the inhibition of
ADdIUL38-induced cell death by expression of pUL38 in trans
demonstrate that pUL38 is required for the virus to inhibit cell
death during infection.

Infection with pUL38 deletion virus induces morphological
and biochemical events characteristic of apoptosis. The cell
death observed during ADdIUL38 infection was accompanied
by cell shrinkage and fragmentation, which are reminiscent of
apoptosis. Consequently, we examined several characteristics
of apoptosis in greater detail. We used the GFP-tagged UL38
mutant ADd/UL38-GFP and the wild-type control virus ADwt-
GFP in this experiment in order to discriminate cells infected
with the virus from uninfected cells and to visualize morpho-
logical details of infected cells by GFP expression. Normal HF
cells were infected, and the morphology of GFP-positive cells
was examined at 72 and 96 h postinfection, when extensive cell
death became evident. At both times, many GFP-positive cells
infected with ADd/UL38-GFP were rounded, had started to
detach, and showed extensive cell shrinkage, membrane bleb-
bing, and vesicle release (Fig. 6A). Furthermore, DAPI stain-
ing revealed that the chromatin of a substantial portion of the
GFP-positive  ADdIUL38-infected cells became condensed
(Fig. 6B). All of these morphological changes are hallmarks of
apoptosis. Most cells infected with ADwt-GFP maintained the
typical morphology of HCMV-infected cells and showed no
signs of cell rounding, shrinking, or detaching or chromatin
condensation (Fig. 6A and B).

We used a TUNEL assay to measure nuclear DNA frag-
mentation, another indicator of apoptosis. HF cells were in-
fected with ADdIUL38-GFP or ADwt-GFP and examined by
TUNEL assay at various times postinfection (Fig. 6C). We
detected little, if any, TUNEL staining in ADwt-GFP-infected
cells. On the other hand, TUNEL-positive cells were evident
after ADdIUL38-GFP infection, and the level of TUNEL
staining increased during the course of infection. At late times
(i.e., 72 h and 96 h postinfection), most of the apoptotic cells in
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FIG. 7. ADdIUL38 induces elevated proteolytic cleavage of
caspase 3 and PARP in HF cells. HF-GFP cells were infected with
ADwt or ADdIUL38 at an input genome number equivalent to 1 PFU
of wild-type virus/cell (A) or HF-GFP and HF-UL38 cells were in-
fected with ADdIUL38 at an input genome number equivalent to 1
PFU of wild-type virus/cell (B), cells were collected at the indicated
times postinfection, and cell lysates were examined for cleavage of
caspase 3 and PARP by immunoblotting using monoclonal antibodies
recognizing only the cleaved forms of the proteins. The infection con-
trol was IE1 expression, and the loading control was B-actin expres-
sion. Jurkat cell lysates treated with 0.25 mg/ml cytochrome ¢ were
used as the positive control for caspase 3 and PARP cleavage.

ADdIUL38-GFP infection had already detached from the cul-
ture dish and therefore were not scored in the TUNEL assay,
where only surface-attached cells were examined. Neverthe-
less, the assay clearly demonstrated extensive genomic frag-
mentation in attached cells infected with ADdIUL38-GFP, but
not in cells infected with ADwt-GFP, at all times examined.
The presence of GFP expression and TUNEL staining in the
same cell population was readily observed at 48 h postinfection
(Fig. 6C). Interestingly, at late times postinfection, while some
of the TUNEL staining overlapped with a strong GFP signal,
other TUNEL-positive cells exhibited a weak GFP signal. We
interpret this observation to suggest that cells infected with
ADdIUL38-GFP undergo apoptosis, generating apoptotic bod-
ies that are TUNEL positive but losing the majority of cellular
content due to compromised membrane integrity. Thus, the
AD169 strain of cytomegalovirus lacking pUL38 induces cell
death with characteristics of apoptosis.

To determine whether biochemical markers of apoptosis
were also induced by infection with the pUL38-deficient mu-
tant, we examined the proteolytic cleavage of the main effector
caspase, caspase 3, and one of its substrates, PARP, by Western
blotting using monoclonal antibodies recognizing the cleaved
forms. In normal HF cells and HF-GFP cells, ADd/UL38 induced
the formation of multiple cleaved caspase 3 (~17/19 kDa) and
PARP (89 kDa) products (Fig. 7A and data not shown). Al-
though we observed caspase 3 cleavage starting at 48 h postin-
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FIG. 8. Block of cell death by a caspase inhibitor largely restores
the growth of ADd/UL38. Normal HF cells were infected with ADwt
or ADdIUL38 at an input genome number equivalent to 2 PFU of
wild-type virus/cell in the presence or absence of 100 uM Z-VAD-
FMK. Culture media of infected cells were collected, and infected cells
were supplemented with the appropriate Z-VAD-FMK- or DMSO-
containing fresh medium every day for a total of 6 days postinfection.
The DMSO-containing medium was used as the solvent control. Yields
of cell-free virus were measure in duplicate by a plaque assay with
HF-UL38 cells.

fection in some experiments (Fig. 7B), caspase 3 cleavage was
generally most evident at late times postinfection (Fig. 7A).
Induction of caspase 3 and PARP cleavage upon virus infec-
tion, however, was effectively blocked by the wild-type virus
(Fig. 7A) or by expression of pUL38 in trans (Fig. 7B). Taken
together, these results indicate that HCMV infection induces
the caspase 3-dependent apoptosis pathway and that pUL38 is
required to block these biochemical events. Collectively, our
data suggest that pUL38 blocks caspase-dependent apoptosis
and prevents premature cell death induced by virus infection.

Blocking apoptosis largely restores the growth defect of the
pUL38 deletion virus. Deletion of the UL38 gene from the
viral genome caused a >10°-fold growth defect in the virus,
and this defect resulted exclusively from the loss of the func-
tional UL38 protein (Fig. 2). Additionally, ADdIUL38 induced
apoptosis in infected cells, and virus-induced cell death was
blocked by the expression of pUL38 in trans (Fig. 5 and 7).
Consequently, we wanted to determine whether the defective
growth of ADJIUL38 was a direct consequence of premature
death of infected cells. Normal human fibroblasts were in-
fected with pUL38-deficient or wild-type virus at an input
genome number equivalent to 2 PFU wild-type virus/cell in the
presence or absence of a broad-spectrum caspase inhibitor,
Z-VAD-FMK, the culture medium was collected at various
times thereafter, and extracellular virus yields were measured
by a plaque assay (Fig. 8). In the absence of Z-VAD-FMK, there
was a 1,000-fold difference in the peak yield of ADd/UL38 com-
pared to that of wild-type virus. Treatment with Z-VAD-FMK
had no effect on the growth of wild-type virus. In contrast, treat-
ment with Z-VAD-FMK enhanced the peak yield of ADdIUL38
about 100-fold at day 6 postinfection and thus substantially re-
stored its growth in normal human fibroblasts. This result suggests
that premature death of infected cells by apoptosis is the main
cause of the growth defect of ADdIUL38.

HCMV PROTEIN UL38 BLOCKS CELL DEATH 3119

Overexpression of pUL38 in the absence of HCMYV infection
blocks apoptosis induced by multiple apoptotic stimuli. HCMV
pUL38 might be a necessary and sufficient factor to inhibit cell
death; alternatively, it is conceivable that pUL38 must interact
with other viral proteins in order to prevent cell death in
infected cells. To determine whether pUL38 has the intrinsic
ability to block apoptosis in the absence of other HCMV pro-
teins, we examined the responses of pUL38-expressing cells to
multiple stimuli, including the mutant adenovirus d/337, anti-
Fas antibody, and thapsigargin, which induce apoptosis
through distinct modes. d/337 lacks the E1B-19K protein and
induces caspase-dependent apoptosis through the intrinsic
pathway in infected cells, which can be blocked by overexpres-
sion of the HCMV-encoded antiapoptotic protein pUL37x1,
IE1, or IE2 and by the caspase inhibitor Z-VAD-FMK (13, 16,
34, 55; data not shown). While anti-Fas promotes apoptosis
through the extrinsic pathway, thapsigargin induces the ER
stress response and ultimately leads to ER-mediated cell
death.

pUL38-expressing cells or control cells were infected with
dI337, and cell death was monitored by morphological and
quantitative analysis. Infection with d/337 rapidly induced cell
death in HF-GFP cells, whereas HF-UL38 cells were markedly
resistant (Fig. 9A, top panel). Quantitative analysis revealed
that pUL38 protected cells from d/337-induced apoptosis for a
wide range of input virus doses and times postinfection (Fig.
9A, middle and bottom panels). The ability of pUL38 to block
dI337-induced cell death was not restricted to HF cells only.
Two independently isolated HeLa cell lines stably expressing
pUL38 were also markedly resistant to d/337-induced apopto-
sis (Fig. 9B). Moreover, HF-UL38 cells were also resistant to
thapsigargin-induced caspase 3 cleavage and cell death com-
pared to control cells (Fig. 10). On the other hand, pUL38 had
little effect in protecting cells from apoptosis induced by anti-
Fas (data not shown). Therefore, pUL38 is sufficient to block
intrinsic and ER-mediated apoptosis induced by certain apop-
totic agents in the absence of other viral proteins, but the
protein appears not to be involved in the death ligand-induced
extrinsic apoptosis pathway.

Taken together, we have demonstrated that the human cy-
tomegalovirus UL38 protein is a cell death suppressor that
inhibits caspase 3-dependent intrinsic and ER-mediated apop-
tosis and that blocking of premature cell death in infected cells
by pUL38 is required for the optimal replication of AD169 in
human fibroblasts.

DISCUSSION

The UL38 gene is a betaherpesvirus-specific gene; its homologs
are present in human herpesvirus 6 and human herpesvirus 7.
Furthermore, UL38 is well conserved among cytomegaloviruses
of different species, such as primate cytomegaloviruses from
chimpanzees and rhesus monkeys and nonprimate viruses from
rats and mice (9, 14, 19, 37). A mutant virus lacking the entire
pUL38 coding sequence, ADdIUL38, replicated its DNA ineffi-
ciently, grew poorly, and induced excessive death of infected HF
cells (Fig. 2, 4, and 5). The infected cells showed morphological
changes such as cell shrinkage, membrane blebbing, vesicle re-
lease, chromatin condensation, and fragmentation, all of which
are characteristic of apoptosis (Fig. 5 and 6). A marker-rescued
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FIG. 9. Expression of pUL38 in frans blocks apoptosis induced by the mutant adenovirus di337. (A) HF-GFP or HF-UL38 cells were infected
with dI337. The morphology of infected cells was examined under a phase-contrast microscope (top panel, multiplicity of 3 PFU/cell), and the rate
of cell death in dI337-infected cells was quantitated by labeling surviving cells with DAPI and counting DAPI-positive cells (middle panel, 48 h
postinfection; bottom panel, multiplicity of 1 PFU/cell). Six independent fields for each sample were counted, and the number of cells in each
di337-infected HF-GFP or HF-UL38 sample was plotted as a percentage of that in a mock-infected sample. (B) HeLa cell lines stably expressing
either the empty vector (HeLa-dsRed) or pUL38 (HeLa-UL38) were infected with d/337, the morphology of infected cells was examined under
a phase-contrast microscope (top panel, multiplicity of 3 PFU/cell, 40 h postinfection), and the rate of cell death in d/337-infected cells was
quantitated as described for panel A (middle panel, 40 h postinfection; bottom panel, multiplicity of 1 PFU/cell). Two independently isolated

HeLa-UL38 cell lines (HeLa-UL38-1 and HeLa-UL38-3) were examin

virus replicated indistinguishably from the wild type, and pUL38-
expressing HF cells were resistant to cell death upon infection and
effectively supported growth of ADdI/UL38 (Fig. 2A and B and 5).
Furthermore, caspase 3 and PARP were cleaved upon infection
with ADdIUL38 in normal fibroblasts, and cleavage was blocked
in pUL38-expressing HF cells (Fig. 7). Consistent with these ob-
servations, Z-VAD-FMK restored the growth of ADd/UL38 by a

ed.

factor of 100 (Fig. 8). Thus, pUL38 functions to block apoptosis
after HCMV infection. Finally, pUL38 acting in the absence of
other HCMV gene products is sufficient to block apoptosis in-
duced by infection with a mutant adenovirus that induces apop-
tosis and by thapsigargin, which induces ER-mediated cell death
(Fig. 9 and 10).

The enhancement of the mutant virus yield by Z-VAD-FMK
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FIG. 10. Expression of pUL38 in trans blocks ER-mediated apoptosis induced by thapsigargin. pUL38-expressing cells (HF-UL38) or control
cells (HF-vector) were treated with 2 WM thapsigargin. Cell morphology was examined under a phase-contrast microscope at 96 h posttreatment
(A), and cleavage of caspase 3 was examined by immunoblotting (B). The loading control was B-actin expression. Jurkat cell lysates treated with

0.25 mg/ml cytochrome ¢ were used as the positive control.

became evident at 72 to 96 h postinfection (Fig. 8), consistent
with our observation that cell death in mutant-infected cells
occurred late after infection. A 10-fold difference in cell-free
virus yields for the mutant and the wild type, however, was still
observed in the presence of Z-VAD-FMK. This difference in
virus yields might represent the initial delay of the replication
cycle of the mutant virus, as we did not pretreat cells with
Z-VAD-FMK prior to infection. Alternatively, pUL38 might
perform a function in addition to its role in blocking apoptosis.

We were able to rescue the ADdIUL38 virus by expressing
pUL3S in trans (Fig. 2B). However, we observed some varia-
tion in the particle-to-PFU ratio among different mutant virus
stocks prepared using different batches of pUL38-expressing
fibroblasts. In a few cases, the difference was as much as 10-
fold. The pUL38-expressing cells were not derived from a
clonal cell line; rather, complementing cells comprise a hetero-
geneous pool of cells transduced with the pUL38-expressing
retroviral vector. Consequently, the complementation ability of
one batch of pUL38-expressing cells could differ significantly
from that of another batch. Thus, the variation in the particle-
to-PFU ratio is likely technical in nature and the result of the
variable ability of different complementing cells to block cell
death, which is required for efficient virus growth. It is con-
ceivable that the failure to block cell death resulted in prema-
ture lysis of infected cells, and thus the release of various levels
of immature virion particles or DNA-containing capsids, be-
fore virion assembly and egress were completed.

Multistep growth kinetic analysis indicated that expression
of pUL38 in frans substantially enhances the growth of the
pUL38 deletion virus. The >10°-fold difference in peak yield
of ADdIUL38 compared to that of wild-type virus in normal
HF cells was reduced to 5-fold in HF-UL38 cells, which is
comparable to the best case of trans-complementation for rep-
lication of a mutant HCMV deficient in an essential or aug-
menting gene that has been documented in the literature (Fig.
2B). Factors such as the heterogeneous nature of pUL38-
expressing HF cells, as discussed above, or the less-than-opti-

mal level and timing of pUL38 expression in these cells may
contribute to the remaining fivefold growth reduction of the
mutant virus in pUL38-expressing cells. Additionally, it is for-
mally possible that UL38 deletion affects the expression of
pUL37x1, the viral protein that has the antiapoptotic activity
and is required for growth of the AD169 strain of HCMV.
However, we previously isolated a mutant virus in which a
transposon was inserted in the promoter region of UL37x1,
resulting in a >90% expression reduction of pUL37x1 com-
pared to wild-type virus, and the mutant virus grew at wild-type
levels and showed no signs of apoptosis (51; data not shown).
Furthermore, we and others recently showed that the pUL37x1
deletion AD169 virus failed to cause cell rounding and cyto-
pathic effects compared to the wild-type virus. This was in
striking contrast to the pUL38-deficient virus, which induced
extensive cell rounding (Fig. 5) (36, 40). Interestingly, we
found no evidence of apoptosis in cells infected with the
UL37x1-deficient AD169 virus that expressed wild-type levels
of pUL38 (40). Thus, the residual growth reduction of pUL38
deletion virus in HF-UL38 cells is likely technical in nature; the
abilities of ectopically expressed pUL38 to support the growth
of the pUL38 deletion virus (Fig. 2B) and to inhibit cell death
as well as caspase 3 cleavage induced by the mutant virus (Fig.
5 and 7) indicate that pUL38 suppresses cell death and facil-
itates efficient virus replication.

UL38 is located in a complex transcription unit that also
expresses the unspliced transcripts of UL36 and several vari-
ants of UL37 (Fig. 1A) (1, 16, 47). UL36, UL37, and UL37M
are dispensable for virus infection in fibroblasts (6, 15, 16, 33,
51), and HCMV strain AD169 with a mutation in UL37x1
failed to replicate in human fibroblasts (38, 40, 51). Three
tandemly arranged ORFs in this complex unit (UL36, UL37x1,
and UL38), none of which share homology with known anti-
apoptosis proteins, are involved in the viral strategy to inhibit
cell death. The UL36 and UL37x1 proteins are known as the
viral inhibitor of caspase 8-induced apoptosis and the viral
mitochondrial inhibitor of apoptosis (VMIA), respectively (for
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a recent review, see reference 2). Furthermore, as noted above,
the viral IE1 and IE2 proteins can also block apoptosis (21, 47,
49). It is evident that suppression of cell death is critical for the
virus to complete its infection cycle and disseminate within the
host, but the question remains regarding why the virus needs
such an extensive arsenal to block a single cellular antiviral
response.

It is possible that pUL36, pUL37x1, and pUL38 are required
by the virus to inhibit cell death at different times during
infection. pUL36 and pUL37x1 are expressed with immediate-
early kinetics upon infection, whereas UL38 is an early gene
that is expressed at both early and late times (33, 47) (Fig. 3).
Cells infected with HCMYV variants that express nonfunctional
UL36 proteins due to spontaneous mutation were sensitive to
Fas-mediated apoptosis within the first 48 h of infection, con-
sistent with the immediate-early expression kinetics of UL36
(42). In our study, the UL38 mutant induced cell death mostly
after 48 h postinfection, consistent with the early and late
expression kinetics of UL38. It is also conceivable that pUL36,
pUL37x1, and pUL38 function synergistically to maintain the
viability of the host cell until the virus completes the infection
cycle. This idea is consistent with the fact that the three gene
products appear to block cell death induced through different
mechanisms. It has been reported that UL36 prevents proteo-
lytic activation of caspase 8 and blocks Fas-mediated extrinsic
apoptosis, suggesting that UL36 might be involved in evading
the host immune responses such as those mediated by cytotoxic
T cells or natural killer cells (42). Overexpression of pUL37x1
disrupts the mitochondrial network, sequesters Bax at mito-
chondria, and subsequently prevents activation of caspase 9,
thus blocking mitochondrion-mediated intrinsic apoptosis (3,
25, 35). However, an HCMV (Towne) mutant lacking
pUL37x1 replicated efficiently and induced only a low level of
caspase-independent cell death in infected cells, suggesting
that the role of pUL37x1 in virus infection might differ from
that observed in the overexpression setting (24). In this study,
we demonstrated that the pUL38 deletion virus induces apop-
tosis in infected cells in the absence of any exogenous stimuli
and that the function of pUL38 is to suppress caspase-depen-
dent apoptosis in order for the virus to replicate efficiently.
Furthermore, overexpression of pUL38 inhibits cell death in-
duced by d/337 and thapsigargin but not that induced by anti-
Fas, suggesting that pUL38 interferes with the intrinsic and
ER-mediated pathways but plays little role in blocking the
extrinsic apoptosis pathway. Therefore, it is intriguing to spec-
ulate that HCMV uses multiple viral products to achieve a
complete blockage of programmed cell death, an innate anti-
viral response on which multiple signaling pathways converge,
to maintain viability of the infected cell throughout the repli-
cation cycle.

It is noteworthy that the pUL37x1-deficient mutant of the
ADI169 strain of HCMYV fails to replicate efficiently (38, 40),
whereas a similar variant of the Towne strain of HCMV rep-
licates normally (24). Although some variants of Towne con-
tain functional UL36, AD169 contains an inactivating muta-
tion in this antiapoptotic gene (42). Consequently, it is possible
that the phenotype we observed for a pUL38-null mutant in an
AD169 background would be masked in an HCMYV strain that
encodes an active gene product with a function redundant to
that of pUL38.

J. VIROL.

Little is known at this point about the cellular target of
pUL38 and the molecular mechanism of pUL38-mediated sup-
pression of cell death. Even though pUL38 inhibits caspase-
dependent cell death, it is entirely possible that pUL38 inter-
feres with apoptotic signaling pathways that are not targeted by
pUL36, pUL37x1, IE1, or IE2 or that pUL38 blocks the same
pathways but engages them at a different step along the sig-
naling cascade. Alternatively, pUL38 might be involved in
blocking upstream signaling that leads to the onset of catalytic
events of apoptosis rather than directly inhibiting enzymatic
steps of the apoptotic cascade. Immunofluorescence analysis
failed to reveal a colocalization of pUL38 with any cellular
organelles (data not shown). Approaches directly examining
interacting protein partners should provide insight into the
mechanism of pUL38-mediated inhibition of cell death at the
molecular level.
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