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Human cytomegalovirus (HCMV) genome replication requires host DNA damage responses (DDRs) and raises the possibility
that DNA repair pathways may influence viral replication. We report here that a nucleotide excision repair (NER)-associated-
factor is required for efficient HCMV DNA replication. Mutations in genes encoding NER factors are associated with xeroderma
pigmentosum (XP). One of the XP complementation groups, XPE, involves mutation in ddb2, which encodes DNA damage bind-
ing protein 2 (DDB2). Infectious progeny virus production was reduced by >2 logs in XPE fibroblasts compared to levels in nor-
mal fibroblasts. The levels of immediate early (IE) (IE2), early (E) (pp65), and early/late (E/L) (gB55) proteins were decreased in
XPE cells. These replication defects were rescued by infection with a retrovirus expressing DDB2 cDNA. Similar patterns of re-
duced viral gene expression and progeny virus production were also observed in normal fibroblasts that were depleted for DDB2
by RNA interference (RNAi). Mature replication compartments (RCs) were nearly absent in XPE cells, and there were 1.5- to 2.0-
log reductions in viral DNA loads in infected XPE cells relative to those in normal fibroblasts. The expression of viral genes
(UL122, UL44, UL54, UL55, and UL84) affected by DDB2 status was also sensitive to a viral DNA replication inhibitor, phospho-
noacetic acid (PAA), suggesting that DDB2 affects gene expression upstream of or events associated with the initiation of DNA
replication. Finally, a novel, infection-associated feedback loop between DDB2 and ataxia telangiectasia mutated (ATM) was
observed in infected cells. Together, these results demonstrate that DDB2 and a DDB2-ATM feedback loop influence HCMV
replication.

Human cytomegalovirus (HCMV) is a large, complex DNA
virus, which infects 40 to 90% of the population and can

cause severe health problems in immunocompromised individu-
als. HCMV-associated pneumonitis and retinitis are the most
prevalent problems detected following reactivation of latent virus
(1). HCMV is the leading cause of birth defects upon congenital
infection, as well as morbidity in immunosuppressed populations
(2). Sequelae associated with congenital HCMV infections include
deafness, blindness, mental disability, and bone defects (3). An
association between HCMV and malignant gliomas has also been
reported (4–8).

Living organisms are exposed to a variety of endogenous or
exogenous DNA-damaging agents that generate a wide variety of
DNA lesions. To maintain the integrity of their genomes, cells
respond with a variety of defensive strategies to repair lesions
caused by DNA-damaging insults. Recent studies demonstrate
that infections by DNA viruses or viruses with a DNA genome
stage during infection induce host DNA damage responses
(DDRs) (9–15). Upon infection, DNA viruses create nuclear en-
vironments conducive to viral DNA replication through interac-
tions with host proteins. As with other DNA viruses, ataxia telan-
giectasia mutated (ATM) is required for efficient replication of
herpesviruses (10, 13, 16). HCMV was perhaps the first herpesvi-
rus shown to induce a host DDR (17). ATM is activated by auto-
phosphorylation and phosphorylation of p53 on Ser15, a down-
stream target of ATM signaling during infection or expression of
IE1 or IE2 (10, 17). Subsequently, other ATM targets, including
H2AX, CHK2, and p53, are phosphorylated, at least in part, in an
ATM-dependent manner during infection or immediate early
(IE) protein expression (10, 17). ATM is required for efficient
HCMV replication (10).

DNA repair plays a critical role in the prevention of cell death,

mutations, replication errors, persistent DNA damage, and genomic
instability. In addition to ATM-mediated DNA damage signal trans-
duction, numerous DNA repair systems have evolved to respond to
DNA damage signals, including nucleotide excision repair (NER),
which is a versatile DNA repair pathway that eliminates a wide variety
of helix-distorting base lesions. Abnormalities of DNA repair have
been found in cancer and aging, and it was recently discovered that
NER functions in UV-irradiated HCMV-infected cells almost exclu-
sively to repair the viral genome to the detriment of the host cell
genome (18). NER removes UV-induced photolesions, including cy-
clobutane pyrimidine dimers (CPD) and pyrimidine-pyrimidone
photoproducts (6-4PP), as well as other bulky DNA adducts induced
by chemicals (19). Impaired NER activity is associated with several
rare autosomal recessive disorders in humans, including xeroderma
pigmentosum (XP) (20, 21) and Cockayne syndrome (22). XP is
characterized by hypersensitivity to sunlight and an incidence of de-
veloping skin cancer that is �1,000 times that of the general popula-
tion (23, 24). XP genotypes generally segregate into 8 major comple-
mentation groups (XPA through XPH), although there is an
additional “variant” complementation group (XPV). Basic NER con-
tains four distinguishable steps: recognition of damage within com-
pact chromatin, incision and excision of the short damaged region
(24 to 32 nucleotides [nt]), repair synthesis to fill the gap, and ligation
(25).
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NER can be divided into two subpathways: global genome
NER (GG-NER) and transcription-coupled NER (TC-NER). For
GG-NER, detection of DNA lesions is dependent on specific
DNA-binding proteins that have high affinity for damaged DNA.
UV-damaged DNA binding (UV-DDB) complex is a crucial
player in recognizing and processing CPD in the chromatin con-
text (26, 27). UV-DDB is involved in global genomic repair (26–
28). UV-DDB consists of two subunits, DDB1 and DDB2, which
function in DNA repair and cell cycle regulation (29). The DDB
complex has an inherently high binding affinity for DNA lesions,
especially for 6-4PP (30–34). DDB can be considered an early
damage recognition factor for UV-induced photolesions. Some
reports suggest that DDB2 is specifically required for the repair of
certain lesions within chromatin (35–39).

HCMV infection induces a strong DDR, which is required for
HCMV replication (10, 11, 17, 40). How this DDR affects viral
replication is unclear. An important cellular response to DNA
damage is to signal DNA repair programs that correct the damage.
Based on this relationship, we hypothesize that DDR repair path-
ways will affect the fidelity and maturation of HCMV genomes.
We found that the DDB2 NER factor was required for efficient
viral genome replication, suggesting that the cellular NER ma-
chinery may also contribute to viral genome integrity during its
replication. In the process of characterizing relationships between
the DDR and DNA repair pathways, we discovered a novel feed-
back loop between ATM and DDB2 that became apparent during
infection. Our data suggest a model wherein HCMV infection
stimulates DNA damage and repair pathways that facilitate the
replication or maturation of nascent virus.

MATERIALS AND METHODS
Cells and viruses. Human embryonic lung (HEL) fibroblasts were ob-
tained from the Coriell Institute for Medical Research (Camden, NJ).
HEK293T cells were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA). These cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. Telomerase-life-extended dermal
fibroblasts from the XPE complementation group (TERT1389) and te-
lomerase-life-extended normal dermal fibroblasts (TERTBJ) were gener-
ous gifts from Lisa D. McDaniel (Signature Genomic Laboratories, LLC,
Spokane, WA) and cultured in DMEM supplemented with 15% FBS and
1% penicillin-streptomycin. All media, FBS, and antibiotics were from
Gibco (Grand Island, NY). HCMV strain AD169 was obtained from the
ATCC (Manassas, VA). HEL or XP fibroblasts were infected with HCMV
AD169 at the indicated multiplicities of infection (MOI). Viral infections
were performed in growth medium with 2% FBS for 2 h. The viral inoc-
ulum was removed and replaced with normal growth medium.

siRNA and transfections. The ATM and control small interfering
RNAs (siRNAs) used in this study were synthesized by Integrated DNA
Technologies, Inc. (Coralville, IA). DDB2 and control siRNAs were or-
dered from Thermal Scientific (Pittsburgh, PA). Transfections were per-
formed by electroporation in siPort transfection buffer (Ambion, Austin,
TX). The nonspecific siRNA (siCON) was a nonsense sequence that had
no effect on parameters tested relative to results with mock transfection.
Transfection conditions for individual siRNAs were optimized and infec-
tions were performed 24 h posttransfection. The siRNAs used in this study
are as follows: siCON, GATGCTGCATATAAGCAGC; siATM, CTATGT
TGAGGAAGGAGGT; siGENOME SMARTpool DDB2, catalog no.
M-011022-01; siGENOME RISK-Free control siRNA, catalog no.
D-001220-01.

Immunoblot analysis. Infected cells were harvested at the indicated
times, and cells pellets were stored at �80°C. Thawed cell pellets were
resuspended in radioimmunoprecipitation assay buffer (RIPA), which

has been described (10), and incubated on ice for 1 h. Samples were son-
icated for 15 s, and soluble proteins were collected by centrifugation for 10
min at 13,000 rpm in a microcentrifuge. Proteins were resolved by SDS-
PAGE, and the proteins were transferred to a polyvinylidene difluoride
membrane (PVDF) (Perkin-Elmer, Waltham, MA) by electroblotting.
Detection of proteins was performed with antibodies specific for IE1-72
and IE2-86 (MAB810; Chemicon, Temecula, CA), pp65 (CA003-100; Vi-
rusys Corporation, Taneytown, MD), gB55 (Shan Lu, University of Mas-
sachusetts Medical School, Worcester, MA), ATM (Cell Signaling Tech-
nology, Danvers, MA), DDB2 (Abcam, Cambridge, MA), pUL44 and
pUL84 (Virusys Corporation, Sykesville, MD), actin (A5316; Sigma, St.
Louis, MO) and horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (GE Healthcare Life Sciences, Pittsburgh, PA). Protein bands were
visualized by chemiluminescence using the ECL reagent (PerkinElmer, Wal-
tham, MA).

Viral growth curves. Fibroblasts were seeded and infected at the listed
MOI in each experiment. At the indicated times postinfection (p.i.), a
small aliquot (200 �l) of supernatant was harvested from each dish and
stored at �80°C. Viral titers were then determined on HEL fibroblasts
using standard plaque assay techniques (11). Plotted values represent the
average for three independent experiments.

Immunofluorescence analysis. Immunofluorescent detection of IE
and UL44 proteins was performed as described previously (10). More
than 200 cells were counted per sample when quantifying cell staining.
Plotted values represent the average from three independent experiments.
For immunofluorescence detection of DDB2, a construct expressing hem-
agglutinin (HA)-tagged DDB2 (HA-DDB2) (a kind gift from Yue Xiong,
University of North Carolina, Chapel Hill, NC) was transiently trans-
fected into HEL fibroblasts. Twenty-four hours after transfection, fibro-
blasts were infected with HCMV at an MOI of 1.0. HA-DDB2 and
pUL44 were detected with antibodies against HA or pUL44 and fluo-
rescent isothiocyanate (FITC)-conjugated goat anti-rabbit (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) and Texas Red-
conjugated goat anti-mouse IgG1 secondary antibodies (Southern Bio-
technology Associates, Inc., Birmingham, AL). Images were captured on a
Zeiss microscope (Zeiss AxioObserver Z1).

qRT-PCR. Quantitative analyses of viral gene (Ul122, UL123, UL44,
UL54, UL55, and UL84) and host gene (DDB2 and ATM) transcripts were
performed using the SYBR GreenER quantitative PCR (qPCR) kit (Invit-
rogen, Carlsbad, CA) on a DNA Engine Opticon 3 continuous fluores-
cence detection system (MJ Research, Incorporated, Waltham, MA). To-
tal RNA was extracted from the infected cells using TRIzol (Life
Technologies), and 100 ng of purified total RNA was reverse transcribed
to cDNA using a cDNA synthesis kit (Invitrogen, Carlsbad, CA). PCR
conditions were set according to the manufacturer’s recommendations.
Briefly, after an initial 10 min of denaturation at 95°C, 30 cycles of ampli-
fication (45 cycles for DDB2) was performed at 95°C for 30 s and 60°C for
1 min, followed by melting-curve analyses. The amount of template RNA
was normalized with the quantified GAPDH in each sample. All of the
primer pairs are listed in Table 1. Quantitative experiments were per-
formed at least three times, including a no-template control reaction.
Relative expression was calculated using a modified comparative CT

method (2���CT) (41), in which CT was defined as the cycle numbers at
which fluorescence reached a set threshold value. The differences in the CT

value of the target genes from that of the corresponding internal control
GAPDH gene, �CTgene (CTgene � CTGAPDH), were calculated. The
changes in the �CT of the treated group from that of the control group,
��CTgene (�CTtreated gene � �CTCON gene), were computed. The expres-
sion level of the treated group relative to that of the control group was
described using the 2���CT method.

Real-time quantitative PCR analysis of viral DNA synthesis. DNA
was isolated from infected BJ and XPE cells or siRNA-treated HEL fibro-
blasts by using the Wizard SV genomic DNA purification system (Pro-
mega, Madison, WI) according to the manufacturer’s instructions. Viral
genomes were quantified with a primer pair (pp549s and pp812as) and a
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probe (pp770s) for UL83 (42), and the number of viral genomes was
normalized to the number of cellular copies of �-ACTIN with a previously
described set of primers and probe (43). Unknown sample values were
determined on the basis of a standard curve of known copy numbers of
UL83 (AD169-BAC) and �-ACTIN (pAB1-bactin-PCRscript) (kind gifts
from Donald Coen, Harvard Medical School, Boston, MA). PCR mixtures
contained 1 �l of 100 �l extracted DNA, 900 nM primers, 250 nM probe,
10 �l TaqMan Universal PCR master mix (Roche, Branchburg, NJ), and
nuclease-free water (Ambion, Austin, TX) to 20 �l. Real-time PCR was
run and analyzed by using a DNA Engine Opticon 3 continuous fluores-
cence detection system (MJ Research, Incorporated, Waltham, MA).

Retrovirus production and transduction. The DDB2 cDNA was sub-
cloned into the pQCXIP vector (Clontech, Mountain View, CA) from the
HA-DDB2 construct and the sequence was verified. For retrovirus pro-
duction and transduction, HEK293T cells were plated in 10-cm-diameter
dishes (BD Biosciences, Franklin Lakes, NJ) and transfected with 27 �l of
Mirus 293T lipid (Mirus, Madison, WI) together with the retroviral plas-
mids pQCXIP-HA-DDB2 (5 �g), pCG-GagPol (2 �g), and pCG-VSV-g
(2 �g). After 48 h, the retrovirus-containing supernatant was filtered
(0.45-um-pore-diameter low-protein-binding filter; Millipore, Billerica,
MA), supplemented with 8 �g/ml Polybrene (Sigma, Milwaukeeè, WI),
and then added to target cells which had been plated at 3 � 105 cells per
6-cm-diameter dish. This transduction was repeated with the second 72-h
supernatant. Forty-eight hours after the second transduction, cells were
replated, incubated overnight, and then selected with 200 �g/ml of Gene-
ticin (Invitrogen, Carlsbad, CA) for 1 week.

RESULTS
HCMV replication is compromised in cells with reduced levels
of or mutated DDB2. It has been reported that ATM is activated
by HCMV infection (10, 17, 44) and HCMV replication is affected
by functional changes in ATM mediated by mutation, drug inhib-
itor, or RNAi (10). Given the requirement of DDR for replication,
we obtained life-extended (“telomerized”) XPE dermal fibroblasts
that do not express DDB2 and normal (control), life-extended
dermal fibroblasts (BJ) to determine the contribution of DDB2, a
DNA repair factor, to HCMV replication. As shown in Fig. 1A,
there was a 2- to 3-log reduction in infectious progeny production
in XPE (ddb2) cells. Early (pp65) and early/late (E/L) (gB55) gene
expression was reduced, along with that of IE2, whose expression
levels are linked to viral DNA replication (Fig. 1B). The levels of

IE1, the first viral protein expressed during infection, were largely
unaffected, as we have also observed when DDR signaling is acti-
vated (10).

A concern with using XPE fibroblasts as a model is the possi-
bility of secondary mutations accumulating given that the origi-
nating ddb2 mutation was a germ line event. To complement
experiments using XPE fibroblasts, we employed siRNAs to tran-
siently deplete DDB2 protein levels in HEL fibroblasts. Cells were
transfected with siRNA specific for DDB2 (siDDB2) 24 h prior to
HCMV infection. Viral replication (Fig. 1C) and gene expression
(Fig. 1D) were then monitored during a 5-day infection time
course. Immunoblotting for DDB2 confirmed the effectiveness of
DDB2 depletion with siDDB2 (Fig. 1D). Progeny virus produc-
tion was reduced �15-fold throughout the replication time
course in cells depleted for DDB2 (Fig. 1C). Similar to what we
observed in XPE fibroblasts (Fig. 1B), we found reduced levels of
IE2, pp65, and gB55 but little or no change in IE1 expression in
DDB2-depleted HEL fibroblasts (Fig. 1D). At the same time, we
noted that the siDDB2 treated cells had a milder phenotype than
the XPE cells. This could be due to the levels of DDB2 depletion,
additional lesions in the XPE fibroblasts, or a combination of
both. To address these possibilities, we introduced wild-type
cDDB2 into XPE fibroblasts via retrovirus transduction in an at-
tempt to rescue the wild-type phenotype for viral replication.
DDB2 protein levels were restored to near-normal levels in the
transduced XPE fibroblasts (Fig. 1F). Infection of the DDB2-tran-
duced, XPE fibroblasts with HCMV resulted in complete rescue of
HCMV progeny production with viral yields that were similar to
vector control BJ fibroblasts (Fig. 1E). In contrast, viral yields were
2 to 3 logs lower in XPE fibroblasts transduced with an empty
vector. Taken together, these results demonstrate that DDB2 ex-
pression influences HCMV replication.

DDB2 is necessary for the formation of mature replication
compartments. We next determined whether cells deficient in
DDB2 are compromised in the formation of viral replication com-
partments (RCs), which are sites of viral DNA replication and
maturation. BJ and XPE fibroblasts were infected with HCMV and
immunostained with anti-IE and anti-pUL44 antibodies to detect
HCMV replication compartments (Fig. 2). IE protein expression
was used to indicate infected cells. pUL44 is a virally encoded
PCNA-like processivity factor of the viral DNA polymerase and
was used to identify viral RCs. In XPE fibroblasts, “immature” or
preRCs formed (Fig. 2A), but the percentage of merged, “mature”
RCs was greatly reduced relative to BJ fibroblasts (Fig. 2B). In fact,
nearly all of the pUL44 immunostaining was observed as nuclear
diffuse, a combination of diffuse and pre-RC forms, or pre-RC
with only a few cells displaying mature RCs. This difference in the
percentages of mature RCs between BJ and XPE fibroblasts might
explain the replication phenotype observed in XPE fibroblasts
(Fig. 1).

Given the impact of DDB2 on RC formation, we determined its
cellular location. Immunodetection of endogenous DDB2 has not
been possible in other systems, and we were not able to detect
endogenous DDB2 by immunofluorescence in fibroblasts (not
shown). Instead, we transfected a plasmid that expresses HA-
DDB2 into HEL fibroblasts prior to infection and detected DDB2
by immunostaining for HA. In mock-infected cells, HA-DDB2
was found diffusely expressed in the nucleus (Fig. 3). This result is
consistent with findings in published work (45, 46). During infec-
tion, HA-DDB2 staining was biased toward viral RCs as detected

TABLE 1 Primers used for RT-qPCR

Transcript qPCR Primer sequences

IE1 SYBR green 5=-TACCCGCGACTATCCCTCTG-3=
5=-GGCTCAGACTTGACAGACACA-3=

IE2 SYBR green 5=-AGTCCGAGGAGATGAAATGCAGCA-3=
5=-CATGATATTGCGCACCTTCTC-3=

UL44 SYBR green 5=-ACTGCCGTGCACGTTGCGTA-3=
5=-ACTTGCCGCTGTTCCCGACG-3=

UL54 SYBR green 5=-CGTGCCGCGAGGTGTCATGT-3=
5=-CACCAGGGTCTCGCGCCAAG-3=

UL84 SYBR green 5=-GCGGACGAGGGACTGGAGGT-3=
5=-AGCGCGGTAGCCAGACCGTA-3=

UL55 SYBR green 5=-TCGACCCGCTACCGCCCTAC-3=
5=-GCAACGCCTTCGACCACGGA-3=

GAPDH SYBR green 5=-GAAGGTGAAGGTCGGAGTC-3=
5=-GAAGATGGTGATGGGATTTC-3=

DDB2 SYBR green 5=-GCCATCTGTCCAGCAGGGGC-3=
5=-GGGGTGAGTTGGGTGCCACG-3=

ATM SYBR green 5=-AGCCCTGCGTGCACTGAAAGA-3=
5=-GCCAGAGGGAACAAAGCCGGA-3=
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by costaining for pUL44. By later times p.i., most of the DDB2
protein was observed in mature RCs, similar to what has been
observed for DDR proteins, including ATM, �H2AX, phospho-
p53 (10, 40), and other NER proteins (18).

DDB2 is required for efficient viral DNA synthesis. Since RC
formation is dependent upon viral DNA synthesis (47), we hy-
pothesized that reduced mature RC formation might be a conse-
quence of reduced viral DNA synthesis. To test this hypothesis,
XPE and BJ fibroblasts were infected with HCMV and viral DNA
quantified by qPCR. The amount of viral DNA present in each
sample was estimated as the number of copies of HCMV UL83
relative to the copy number of a cellular locus (�-ACTIN). A 	1-
to 2-log reduction in the number of copies of UL83 was observed
throughout a 14-day infection time course in XPE fibroblasts rel-
ative to results for BJ fibroblasts (Fig. 4A). This result was further

confirmed with HEL fibroblasts. HEL fibroblasts were transfected
with siDDB2 24 h prior to HCMV infection, and viral DNA was
quantified by qPCR. An �5-fold reduction in HCMV UL83 copies
was observed from days 2 to 5 p.i. in DDB2-depleted fibroblasts
relative to results for control siRNA-treated fibroblasts (Fig. 4B).
Of note, HCMV DNA was barely detectable at day 1 in siDDB2-
treated fibroblasts. These results indicate that DDB2 may influ-
ence the events preceding or involved in initiating viral DNA syn-
thesis.

DDB2 affects the expression of early genes involved in viral
DNA replication. Given the observations of reduced DNA repli-
cation and minimal RC formation in cells lacking DDB2, we next
determined whether viral proteins involved in DNA replication
were reduced in XPE cells. We targeted UL54 (encoding the
HCMV DNA polymerase), UL44 (encoding the DNA polymerase

FIG 1 DDB2 is required for efficient HCMV replication. (A to D) Replication of HCMV in normal and XPE (ddb2) cells. Normal (BJ) and XPE telomerase-
life-extended dermal fibroblasts were infected at an MOI of 0.1. (A) Cell supernatants were assayed for infectious virus production by plaque assay. (B) Viral
protein expression is altered in XPE cells. Immunoblot analyses for viral IE (IE1/IE2), E (pp65), and E/L (gB55) protein expression in BJ and XPE (lanes E) dermal
fibroblasts are shown. (C and D) DDB2 depletion by siRNA compromises HCMV replication. HEL fibroblasts were transfected with siRNAs specific for DDB2
(siDDB2) or with a control siRNA (siCON) 24 h prior to infection with HCMV at an MOI of 0.1. (C) Cell supernatants were assayed for infectious virus
production by plaque assay. (D) Transient depletion of DDB2 alters viral expression. The levels of DDB2 and viral IE (IE1/IE2), E (pp65), and E/L (gB55) protein
expression were assessed by immunoblot analysis. (E and F) Effect of rescuing ddb2 on HCMV replication. XPE cells were infected with a retrovirus containing
a DDB2 cDNA, and BJ and XPE cells were infected with a retrovirus containing an empty vector. Stably transduced cells were infected with HCMV at an MOI of
0.1. (E) Cell supernatants were assayed for infectious virus production by plaque assay. (F) Protein levels of DDB2 and actin were measured by immunoblot
analysis. (A, C, and E) Mean values are shown, with bars denoting 1 standard deviation, for three independent experiments. For certain data points, error bars
may be too tight to be visible.
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accessory factor), and UL84, whose encoded protein is required
for the initiation of viral DNA synthesis (48–50). We measured the
expression of these genes by real-time PCR using the 2���CT

method (41, 51). All transcripts detected were specific and not the
result of genomic DNA contamination, since mock-infected cells
and qPCRs carried out in the absence of reverse transcriptase
failed to produce any products (data not shown). As shown in the
Fig. 5A, UL44 expression was reduced 2- to 7-fold in XPE fibro-
blasts relative to that in BJ fibroblasts during HCMV infection.
UL54 gene expression displayed a 3- to 4-fold reduction and UL84
showed a 4- to 7-fold reduction in expression during XPE fibro-
blast infection relative to results for infected BJ fibroblasts. These
data raise the possibility that DDB2 influences the expression of
early genes that play important roles in viral DNA replication. In
addition, the levels of pUL44 and pUL84 were barely detectable on
immunoblots derived from infected XPE fibroblasts (Fig. 5B). We

were not able to measure pUL54 levels due to a lack of antibody.
Similar results were also observed in siDDB2-transfected HEL fi-
broblasts, where 2- to 5-fold reductions in transcript levels were
detected for all three genes (Fig. 5C). Likewise, the levels of pUL44
and pUL84 were also reduced as observed on immunoblots (Fig.
5D). These results show that gene expression associated with lytic
DNA replication is markedly reduced in cells lacking DDB2. All
together, DDB2 is critical to early gene transcription and protein
expression.

Viral genes affected by DDB2 status are also sensitive to a
viral DNA replication inhibitor. From Fig. 4 and 5, we know that
DDB2 influences DNA replication and early gene expression. We
next determined whether these changes in expression are depen-
dent on DNA replication and whether the observed effects are
limited to the early genes assayed, given that the expression of
additional gene products, such as IE2 (IE), pp65 (E), and gB55

FIG 2 Reduced formation of “mature” viral replication compartments (RCs) in XPE fibroblasts. Normal (BJ) and XPE dermal fibroblasts were infected at an
MOI of 0.1. Cells were fixed each day p.i., and IE1 and IE2 proteins and pUL44 were detected by immunostaining. (A) Localization of IE proteins and pUL44.
Immunofluorescent images of normal (BJ) and XPE dermal fibroblasts infected with HCMV. Cells with “immature” RCs were defined as those with multiple,
small pUL44 compartments (yellow arrows), and cells with “mature” RCs were identified as those composed of single, larger pUL44 compartments (white
arrows). 4=,6-Diamidino-2-phenylindole (DAPI) staining was used to define nuclei. (B) The percentage of fibroblasts with mature RCs was plotted relative to
those lacking or having immature RCs. More than 200 cells were scored per sample. Mean values are shown, with bars denoting 1 standard deviation, for three
independent experiments. For certain data points, error bars may be too tight to be visible.
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(E/L), was also affected by the absence of DDB2 (Fig. 1B and D). BJ
and XPE fibroblasts were infected at an MOI of 0.1 and then
treated with or without 100 �g/ml of the viral DNA replication
inhibitor phosphonoacetic acid (PAA). As noted earlier, marked
reductions in IE2, pp65, UL44, UL84, and gB55 protein levels were
observed in XPE fibroblasts relative to levels in BJ fibroblasts with
wild-type DDB2 (Fig. 6A). We found that all of the viral proteins
examined were barely detectable in the presence of PAA in BJ and
XPE fibroblasts, with the exception of IE1. Analysis of virus repli-
cation as assessed by plaque assay confirmed that HCMV replica-
tion was inhibited in the PAA-treated cells (Fig. 6B). Likewise,
PAA treatment reduced the levels of all viral transcripts (IE, E, and
E/L) examined in both XPE and BJ fibroblasts, although the effect
was minimal for UL123, which codes for IE1 (Fig. 6C). While
many of these genes are considered early (E) genes, DNA replica-
tion still influences their expression, as described previously (52,
53). The relative impact of PAA on transcripts was varied. PAA
treatment had a greater influence on UL122, UL44, and UL54

transcript levels in BJ and XPE fibroblasts until very late in the
infection time course (120 hours p.i. [hpi]) (Fig. 6D to F). For
UL84, PAA treatment of XPE fibroblasts had the most dramatic
impact on transcript levels, which were sustained throughout the
infection time course (Fig. 6H). Like the transcript levels of viral
early genes (UL44, UL54, and UL84) assayed for Fig. 5, which were
reduced in XPE fibroblasts (Fig. 6E, F, and H), other gene tran-
script levels (UL122 and UL55) were also reduced in XPE fibro-
blasts (Fig. 6D and G). Given that UL123 transcripts and the en-
coded IE1 protein levels were not dramatically impacted by PAA
or DDB2 status, we conclude that genes whose expression is influ-
enced by viral DNA replication are the same as those affected by
DDB2 status.

DDB2 and ATM function in the same genetic pathway to af-
fect HCMV replication. We determined whether DDB2 and ATM
functioned in the same genetic pathway given their similar biolog-
ical phenotypes, including relocation to RCs and effects on
HCMV replication. Depletion of ATM reduced HCMV titers by
�10-fold in normal BJ fibroblasts (Fig. 7A), similar to results ob-
served in HEL fibroblasts (10). If ATM and DDB2 affect HCMV
replication through independent pathways, one would anticipate
a cumulative effect on viral replication when ATM is depleted in
XPE fibroblasts lacking DDB2. However, we find that siATM
treatment did not reduce HCMV titers beyond those observed in
control siRNA-transfected, XPE fibroblasts (Fig. 7A; ATM deple-
tion is shown in Fig. 7B). These data are consistent with a model in
which ATM and DDB2 function within the same genetic pathway
to limit HCMV replication.

A novel ATM-DDB2 negative feedback loop exists in HCMV-
infected cells. We previously noted that ATM levels increase dur-
ing HCMV infection (10). This is a novel observation, since ATM
levels are unaffected in response to other infections, including
infections by other herpesviruses (12, 13), nor are they affected by
environmental insults that promote DDR signaling (54, 55). Here
we observed that HCMV infection resulted in time-dependent
increases in ATM levels that were delayed in cells depleted for
DDB2 (Fig. 8A), even though ATM transcript levels remained
largely unchanged (Fig. 8B). Therefore, ATM protein accumula-
tion is independent of ATM RNA levels. In contrast, we found that
DDB2 transcript levels were �2- to 4-fold higher in ATM-de-
pleted cells relative to those in control siRNA-treated cells, at least
through 96 hpi (Fig. 8C; ATM depletion is shown in Fig. 8D). To

FIG 3 Localization of DDB2 to RCs during infection. HEL fibroblasts were
transiently transfected with a plasmid that expresses HA-DDB2. Immunoflu-
orescence detection of pUL44 and HA-DDB2 in HCMV-infected (MOI 
 1.0)
and mock-infected HEL fibroblasts is shown. DAPI staining was used to define
nuclei.

FIG 4 Viral DNA levels are reduced in XPE fibroblasts. (A) BJ and XPE fibroblasts were infected with HCMV at an MOI of 0.1. Viral DNA levels were determined
using real-time quantitative PCR with samples collected at 2-day intervals p.i. (dpi, days p.i.). The amount of viral DNA assayed is represented as copies of the
viral gene, UL83, per copy of the cellular gene, �-ACTIN. (B) Transient depletion of DDB2 alters DNA replication. HEL fibroblasts were transfected with the
indicated siRNAs and infected with HCMV at an MOI of 0.1 24 h later. Viral DNA levels were determined using real-time quantitative PCR on samples collected
each day p.i. for 5 days. Viral DNA levels were determined as described for panel A. In both panels, mean values are shown, with bars denoting 1 standard
deviation, for three independent experiments. For certain data points, error bars may be too tight to be visible.
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determine whether ATM accumulation is specific to DDB2 or
secondary to viral DNA synthesis, we measured ATM levels in
siDDB2- and siCON-treated HEL fibroblasts with or without
PAA. As shown in Fig. 8E, ATM accumulation occurred in PAA-
treated cells and remained DDB2 dependent. This observation
demonstrates that ATM accumulation is a response to HCMV
infection that is independent of viral DNA replication and that
DDB2 regulates the kinetics of this process.

In total, these results reveal an infection-associated negative
feedback loop between ATM and DDB2 that regulates the HCMV
replication cycle (Fig. 9).

DISCUSSION

Cells have many pathways with which to repair damaged DNA.
With the exception of proofreading during viral DNA replication,
DNA viruses generally lack repair programs. Given that DNA
damage and errors occur during viral DNA replication (56–60),
viruses likely rely on cellular machineries to provide repair activ-
ities. Complex interactions among viral and cellular DNA damage
and repair systems have been reported in several studies of her-
pesviruses (13, 16, 57, 61). The protein kinase ATM is activated in
response to DNA virus infections, including HCMV infection (10,
17, 40). We hypothesized that this infection-associated ATM ac-
tivation stimulates cellular DNA repair pathways to facilitate suc-
cessful replication of viral DNA. Here, evidence indicates that an
essential NER DNA damage recognition factor, DDB2, contrib-
utes to HCMV lytic replication. While this is the first study to
demonstrate such a role for an NER protein, this finding is con-
sistent with a previous report that XPC, another NER factor, con-
tributes to EBV DNA replication (61). In addition, we discovered
a feedback loop between ATM and DDB2.

The described function of DDB2 is in recognizing and recruit-

ing other factors to UV-damaged DNA for initiating NER (62–
64). The observation of a functional link between ATM and DDB2
(Fig. 7A) was unexpected. However, a link between NER and ATM
autophosphorylation has been observed, albeit in response to
cross-links generated by cisplatin, which can be considered to be
in a class similar to UV-induced adducts (65). This relationship
between ATM and DDB2 during HCMV infection is further dem-
onstrated by the novel infection-associated feedback loop wherein
DDB2 promotes ATM accumulation and ATM modulates DDB2
expression (Fig. 8). ATM accumulation during infection corre-
lates with increased ATM activation as measured by its auto-
phosporylation (10), which is necessary for HCMV replication
(44). Why an NER protein and ATM signaling are linked and
relevant to HCMV replication awaits further study, but the reduc-
tions in viral RCs, E gene expression associated with lytic origin
firing, gene expression influenced by DNA replication, and viral
DNA loads in XPE cells suggest that the defect is linked to events
preceding or associated with the initiation of DNA replication.
One can imagine that the DDB2-associated amplification of ATM
signaling during infection would generate a robust and broad
DNA damage response (66) that could complement replication or
repair activities not encoded by HCMV. That viruses tend to ex-
ploit preexisting cellular activities also raises the possibility that a
DDB2-ATM relationship has been unappreciated in DDR re-
search.

Why are NER proteins associated with RCs and affecting viral
replication? It has been reported recently that NER takes place in
HCMV-infected cells exposed to UV irradiation to selectively re-
move CPD from viral DNA in the absence of host DNA repair
(18). It can be inferred from this study that all of the essential
components of the NER pathway are available to preferentially
repair viral DNA. The absence of host CPD repair in infected cells

FIG 5 DDB2 influences the expression of early genes involved in viral DNA replication. (A and B) BJ and XPE fibroblasts were infected with HCMV at an MOI
of 0.1. (A) Measurement of HCMV UL44, UL54, and UL84 transcript levels by qRT-PCR. BJ and XPE fibroblasts were infected with HCMV at an MOI of 0.1.
Levels of HCMV gene transcript levels in XPE fibroblasts relative to those in BJ fibroblasts are shown. (B) Accumulation of early proteins associated with viral
DNA replication is altered in XPE fibroblasts. Cells infected in panel A were assayed for pUL44 and pUL84 protein expression by immunoblot analysis. (C and
D) Transient depletion of DDB2 affects UL44, UL54, and UL84 gene expression. HEL fibroblasts were transfected with the indicated siRNAs and infected with
HCMV at an MOI of 0.1 24 h later. (C) Measurement of HCMV UL44, UL54, and UL84 transcript levels by qRT-PCR. HCMV gene transcript levels in
siDDB2-treated fibroblasts relative to those in siCON-treated fibroblasts are shown. (D) Early protein expression associated with viral DNA replication is altered
in siDDB2-treated cells. Cells infected in panel C were assayed for pUL44 and pUL84 protein expression by immunoblot analysis. (A and C) Mean values are
shown, with bars denoting 1 standard deviation, for three independent experiments.
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may be due to relocalization of NER proteins or condensation of
host chromatin, since chromatin accessibility is an important step
in the detection and efficient removal of DNA lesions by GG-NER
(67, 68). Accessibility of damaged, viral DNA and localization of
NER proteins to RCs (18; this study) may explain the bias in re-
pair. What is left unanswered is the question of why NER proteins
and NER capacity exist in HCMV RCs.

UV adduct formation is not likely in tissues and circulating mono-
cytes where HCMV resides in vivo. Perhaps DDB2 functions inde-
pendently of NER in infected cells. DDB2 is a component of a Cul4A-

ubiquitin (Ub) ligase complex. DDB1-CUL4ADDB2 is a cullin-RING
(i.e., E3) Ub ligase (69–72). DDB2 is thought to function as a sub-
strate adapter protein. This complex has a unique property of binding
UV-damaged DNA whereby multiple substrates can be ubiquiti-
nated, including, XPC, DDB2, and possibly histone H2A (73, 74). We
speculate that the DDB1-CUL4ADDB2 E3 ligase may ubiquitinate ad-
ditional proteins during infection that affect replication. If this is cor-
rect, DDB2-associated ubiquitination may play an important role in
recruiting other host proteins to the RC to form complexes that con-
tribute to DNA replication.

FIG 6 The effect of a viral DNA replication inhibitor on the expression of viral genes affected by DDB2 status. BJ and XPE fibroblasts were infected with HCMV
at an MOI of 0.1 in the presence (�) or absence (�) of the viral DNA synthesis inhibitor phosphonoacetic acid (PAA) (100 �g/ml). Samples were harvested at
the indicated times p.i. (A) Viral protein expression is altered in XPE and PAA-treated cells. The levels of IE1, IE2, pp65, pUL44, pUL84, and gB55 protein
expression were assessed by immunoblot analysis. (B) Replication of HCMV in BJ and XPE fibroblasts with or without PAA. Cell supernatants were assayed for
infectious virus production by plaque assay. (C to H) Measurement of UL123 (C), UL122 (D), UL44 (E), UL54 (F), UL55 (G), UL84 (H), and GAPDH transcript
levels by qRT-PCR. Total RNA was isolated at 24 to 120 hpi, and the amounts of viral transcripts were measured by qRT-PCR and normalized to that of GAPDH.
The fold change in transcript levels of each open reading frame (ORF) and for different cell types with or without PAA is plotted relative to the corresponding
transcript levels measured in BJ fibroblasts. Mean values are shown, with bars denoting 1 standard deviation, for three independent experiments.
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Replication compartments seem to be an important site for
relocalization of DNA damage and repair proteins in virus repli-
cation (10, 12, 40). DDB2 is relocalized to RC during HCMV
infection, as found here, and XPD and Cockayne syndrome com-
plementation group B (CSB) relocalize to the RC in UV-irradiated
HCMV-infected cells (18). In addition, PCNA and components of
mismatch repair factors are recruited to EBV RCs (75). These
observations suggest that functional RCs need host repair proteins
for the efficient production of viral DNA.

In this work, we found that DDB2 can affect viral gene expres-
sion, so the delay in virus replication in DDB2 mutant cells may
not be dependent on viral DNA replication. Although the initial
level of DNA detected is much lower in XPE cells, the rate of
amplification seems similar. This observation could be inter-
preted as indicating a role for DDB2 in the initiation of viral DNA
replication. Alternately, it is possible that the defect is not in DNA
replication but in some manifestation of the entry process, such as

FIG 7 DDB2 and ATM function in the same genetic pathway to influence
HCMV replication. (A) Viral replication when ATM is depleted in BJ and XPE
fibroblasts. BJ and XPE fibroblasts were transfected with siRNAs specific for
ATM (siATM) or with a control siRNA (siCON) 24 h prior to infection with
HCMV at an MOI of 0.1. Infected cell supernatants were assayed for infectious
virus production by plaque assay. The mean values are shown, with bars de-
noting 1 standard deviation, for three independent experiments. For certain
data points, error bars may be too tight to be visible. (B) Transient depletion of
ATM in BJ and XPE fibroblasts. BJ and XPE fibroblasts were transfected with
siATM or siCON and infected with HCMV at an MOI of 0.1. The levels of
ATM protein expression were assessed by immunoblot analysis.

FIG 8 An infection-associated DDB2-ATM negative feedback loop. (A and B) DDB2 contributes to the kinetics of ATM accumulation. HEL fibroblasts were
transiently transfected with siCON or siDDB2 and subsequently infected with HCMV at an MOI of 0.1 24 h later. Samples were harvested at the indicated times
p.i. (A) ATM and DDB2 levels were assessed by immunoblot analyses. (B) ATM transcript levels were measured by qRT-PCR. The fold change in ATM transcript
levels in siDDB2-treated fibroblasts is shown relative to ATM transcript levels measured in siCON-treated fibroblasts. Mean values are shown, with bars denoting
1 standard deviation, for three independent experiments. (C and D) Influence of ATM on DDB2 transcript levels. HEL fibroblasts were treated with siCON or
siATM and infected with HCMV at an MOI of 0.1 24 h later. Cells were harvested at the indicated times p.i. For panel C, DDB2 transcript levels were measured
by qRT-PCR. The fold change in DDB2 transcript levels in siATM-treated fibroblasts is plotted relative to DDB2 transcript levels measured in siCON-treated
fibroblasts. Mean values are shown, with bars denoting 1 standard deviation, for three independent experiments. For panel D, the levels of ATM protein
expression in siCON- and siATM-treated fibroblasts were assessed by immunoblot analysis. (E) DDB2-dependent ATM accumulation in response to HCMV
infection is independent of viral DNA replication. HEL fibroblasts were treated with siCON or siDDB2 and infected with HCMV at an MOI of 0.1 24 h later in
the presence (�) or absence (�) of the viral DNA synthesis inhibitor phosphonoacetic acid (PAA) (100 �g/ml). The levels of ATM protein expression in siCON-
and siDDB2-treated cells with or without PAA were assessed by immunoblot analyses.

FIG 9 Model depicting the relationship among HCMV infection, DDB2,
ATM, and virus replication.
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genome stability or circularization, or perhaps post-IE transcrip-
tional defects. The answer(s) to this question awaits future study.

Here we discovered a feedback loop between DDB2 and ATM
in infected cells. ATM, as an upstream factor of DDB2, decreases
the transcription of DDB2, and DDB2 contributes to the accumu-
lation of ATM. Although the DDB2-Cul4A-DDB1 complex is a
downstream target of ATM (66), we do not know how ATM in-
hibits DDB2 transcription; maybe its role is indirect. Perhaps
DDB2 functionally interacts with other phosphatidylinositol 3
(PI3)-like kinases to produce feedback loops. In support of this
possibility, ATR kinase has been reported to be a master regulator
of NER during the S phase of the cell cycle (76). ATM accumula-
tion has not been observed before in any context, leading us to
speculate that HCMV infection has shifted a normally tightly reg-
ulated mechanism wherein DDB2 levels are moderated in a man-
ner that sustains “steady-state” levels of ATM.

Although XP proteins accumulate in herpesvirus RCs, contrib-
ute to viral replication, and can function in NER during infec-
tions, it is still a mystery what these proteins are doing mechanis-
tically to facilitate the replication of herpesvirus DNA. Perhaps the
DDB2-ATM loop has multiple functions that aid viral DNA rep-
lication, including facilitating the repair of abnormal DNA struc-
tures generated during replication. Because most DNA viruses
require ATM activation to replicate (9, 10, 13, 14, 16, 77–79), it
will be interesting to determine the mechanistic contribution(s) of
DDB2 and its relationship with ATM to viral DNA replication
during infection with HCMV and other viruses.
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