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Human cytomegalovirus (HCMV) infection results in dysregulation of several cell cycle genes, including
inhibition of cyclin A transcription. In this work, we examine the effect of the HCMV infection on expression
of the high-mobility group A2 (HMGA2) gene, which encodes an architectural transcription factor that is
involved in cyclin A promoter activation. We find that expression of HMGA2 RNA is repressed in infected cells.
To determine whether repression of HMGA2 is directly related to the inhibition of cyclin A expression and
impacts on the progression of the infection, we constructed an HCMV recombinant that expressed HMGA2. In
cells infected with the recombinant virus, cyclin A mRNA and protein are induced, and there is a significant
delay in viral early gene expression and DNA replication. To determine the mechanism of HMGA2 repression,
we used recombinant viruses that expressed either no IE1 72-kDa protein (CR208) or greatly reduced levels of
IE2 86-kDa (IE2 86) protein (IE2 86�SX-EGFP). At a high multiplicity of infection, the IE1 deletion mutant
is comparable to the wild type with respect to inhibition of HMGA2. In contrast, the IE2 86�SX-EGFP mutant
does not significantly repress HMGA2 expression, suggesting that IE2 86 is involved in the regulation of this
gene. Cyclin A expression is also induced in cells infected with this mutant virus. Since HMGA2 is important
for cell proliferation and differentiation, particularly during embryogenesis, it is possible that the repression
of HMGA2 expression during fetal development could contribute to the specific birth defects in HCMV-infected
neonates.

Human cytomegalovirus (HCMV), a betaherpesvirus, is the
major viral cause of birth defects and poses a severe threat
to immunodeficient individuals (42a). Infection of permissive
cells results in the rapid activation of the immediate-early (IE)
genes, whose major products include the IE1 72-kDa (IE1 72;
UL123) and IE2 86-kDa (IE2 86; UL122) proteins. A subset
of the IE proteins induce the expression of viral early genes.
Late genes encode primarily structural proteins and are ex-
pressed following viral DNA replication (for a review, see
reference 35).

The major IE (MIE) gene is controlled by a strong promoter/
enhancer and consists of five exons that are differentially
spliced to produce the IE1 72-kDa protein (exons 1 to 4) and
the IE2 86-kDa protein (exons 1 to 3 and 5) (for a review, see
reference 35). Both of the mRNAs initiate translation in exon
2, and the two proteins share 85 amino acids (aa) at their
amino termini; the first 23 aa are encoded by exon 2 and the
remaining 62 aa by exon 3. Numerous mutagenesis studies
have revealed functional differences between these two pro-
teins. IE1 72 can transactivate the MIE promoter, while IE2 86
is a strong transactivator of both viral and cellular promoters
but can repress the MIE promoter (for a review, see reference
35). IE2 86 is essential for growth of the virus (34, 65). In

contrast, IE1 72 is dispensable at a high multiplicity of infection
(MOI) (23, 24, 36).

HCMV infection alters the expression of many cellular pro-
teins and blocks cell cycle progression in primary human fibro-
blasts (7, 11, 18, 30, 31, 47, 49, 68, 69). p53 and the retinoblas-
toma protein (Rb) accumulate in HCMV-infected cells (22, 30,
38). HCMV also induces activation of proto-oncogenes c-jun,
c-myc, and c-fos, as well as increased expression of thymidine
kinase, DNA polymerase alpha, ornithine decarboxylase, and
dihydrofolate reductase (8, 19, 26, 29, 64). While cyclin E and
cyclin B protein levels and their associated kinase activities are
increased, cyclin A mRNA and protein synthesis is inhibited in
HCMV-infected cells (30, 47).

Recently, it has been shown that the architectural transcrip-
tion factor HMGA2 (high-mobility group AT-hook 2) regu-
lates the transcription of cyclin A (63). HMGA2 is a nuclear
protein which, together with HMGA1a and HMGA1b, belongs
to the high-mobility group (HMG) family of nonhistone chro-
matin proteins (for a review, see reference 54). These proteins
contain about 100 amino acid residues and possess three copies
of a 9-amino-acid motif, the AT-hook, that interacts with the
minor groove of AT-rich DNA sequences. HMGA proteins are
referred to as architectural transcription factors because of
their ability to organize the assembly of nucleoprotein struc-
tures (enhanceosomes), resulting in enhancement or repres-
sion of transcription. In the case of HMGA2 regulation of
cyclin A, HMGA2 was found to form a complex with the
transcriptional repressor p120E4F in vitro and in vivo (63). This
association interfered with the ability of p120E4F to bind to the
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cyclic AMP response element in the cyclin A promoter, a site
also bound by the transcription factor CREB. HMGA2 also
binds to the cyclin A promoter, but only when the gene is
transcriptionally activated.

Based on our prior work showing that HCMV infection
inhibits the transcription of cyclin A, we were interested in
determining whether the mechanism of repression involves
HMGA2. In this report, we show that the expression of
HMGA2 is specifically repressed during the infection. To de-
termine whether repression of HMGA2 was important for the
HCMV infection, we constructed a recombinant virus express-
ing HMGA2 driven by the MIE promoter. We find that high-
multiplicity infection with the HMGA2-expressing virus in-
duces the synthesis of cyclin A mRNA and protein and inhibits
virus replication. To further study the mechanism of HMGA2
repression during HCMV infection, we used the HCMV re-
combinant virus IE2 86�SX-EGFP, which has a deletion of aa
136 to 290 in IE2 86 and expresses low levels of the IE2 86
protein (48), and the HCMV recombinant virus CR208, which
lacks exon 4 of the MIE gene and thus produces no IE1 72
protein (24, 36). We show that the IE1 deletion mutant virus
still inhibits HMGA2 transcription. In contrast, in cells in-
fected with the IE2 86�SX-EGFP mutant virus, HMGA2 ex-
pression is not significantly affected, suggesting that IE2 is
involved in the regulation of the HMGA2 promoter. Cyclin A
transcription is also induced, although this effect is slightly
delayed relative to HMGA2 expression.

MATERIALS AND METHODS

Cell culture and virus. Human foreskin fibroblasts (HFF) were obtained from
the University of California—San Diego Medical Center and cultured in Earle’s
minimal essential medium (Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen), 1.5 �g/ml amphotericin B (Invitrogen), 2 mM
L-glutamine (Invitrogen), 100 U/ml penicillin (Invitrogen), and 100 �g/ml strep-
tomycin (Invitrogen). Cells were kept in incubators maintained at 37°C and 7%
CO2. The Towne strain of HCMV was obtained from the American Type Cul-
ture Collection (VR 977) and propagated as previously described (60). The
HCMV recombinant virus that has a deletion of exon 4 of the IE1 72 gene
(CR208) and its rescued virus (CR249) were provided by Edward Mocarski
(Emory University). IE2 86-EGFP, IE2 86�SX-EGFP, and rescued IE2 86�SX-
EGFP viruses have been previously described (48).

Cell synchronization and infections. HFF (passage numbers 15 to 20) were
synchronized in G0 phase by allowing them to grow to confluence as previously
described (47). Three days after growth was contact inhibited, the cells were
trypsinized, replated at a lower density to allow progression into the cell cycle,
and infected at an MOI of 3 to 5 with HCMV or mock infected with tissue
culture supernatants. At various times postinfection (p.i.), cells were washed with
phosphate-buffered saline, scraped or trypsinized, and processed as described
above.

Bacterial artificial chromosome (BAC) mutagenesis. A 784-bp fragment con-
taining the Tn7 miniattachment (mini-att) site within the Escherichia coli lacZ
alpha fragment was inserted between the US11 and US12 genes of pHB5BAC
(10) by homologous recombination mediated by the RecE and RecT recombi-
nases (ET recombination) using the Counter Selection BAC Modification kit
(Gene Bridges, Dresden, Germany). The HMGA2 gene, under the control of the
HCMV IE promoter, was subsequently inserted between US11 and US12 by Tn7
transposition (25).

To construct a template for ET recombination, a 406-bp AvrII-SalI fragment
from the HCMV AD169 genomic fragment EcoRI B (60) was subcloned into the
vector pSP72 (Promega). This fragment contained a portion of US11 and US12,
as well as the region between the two genes. The resulting plasmid was called
pSP:US11-US12. Prior to the first step of ET recombination, the vector pSP:
US11-RpsL-Neo-US12 was made by subcloning the RpsL-Neo marker cassette
into a SpeI site between US11 and US12 in pSP:US11-US12. This vector was
used as the template to amplify the RpsL-Neo marker cassette with arms with
100-bp homology to the region upstream and downstream of the site of insertion.

The primers used to amplify the 1.4-kb fragment were 5�-GGATAATTCAGG
CATACTACCC-3� and 5�-TCTGTCGTACTGTCCTTTGTCC-3�. The frag-
ment was electroporated into E. coli DH10B bacteria that had been previously
transformed with pHB5BAC and pSC101-BAD-gbaAtet (the expression vector
for the RecE/RecT and Red�/Red� recombinases under the control of an
arabinose-inducible and temperature-sensitive promoter from the Gene Bridges
kit) and selected with chloramphenicol, tetracycline, and kanamycin. Kanamycin-
resistant colonies were screened for the presence of the RpsL-Neo cassette
between US11 and US12 in the HB5 BAC by restriction enzyme analysis. The
BAC recombinant was referred to as HB5:US11-RpsL-Neo-US12 BAC.

To construct a template for the second step of ET recombination, a 784-bp
PmeI fragment containing lacZ/att was excised from the plasmid pMA116 (25)
and cloned into an XbaI site located between US11 and US12 to form pSP:
US11-lacZ/att-US12. A 1,015-bp fragment containing lacZ/att flanked by arms
with 100-bp homology to the US11 and US12 region was amplified from the
plasmid using the primers described above. This fragment was then electropo-
rated into DH10B cells harboring HB5:US11-RpsL-Neo-US12 BAC and
pSC101-BAD-gbaAtet. Blue colonies were selected on chloramphenicol and
streptomycin plates containing X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside) and IPTG (isopropyl-�-D-thiogalactopyranoside). Recombinant
HB5-lacZ/att BACs were confirmed by restriction enzyme analysis and DNA
sequencing.

To prepare the plasmid pFB1:IE-HMGA2 used for the Tn7 transposition, a
631-bp BamHI fragment containing the HCMV IE promoter was subcloned into
the BamHI site of the vector pFastBac-1 (Invitrogen) to form pFB1:IE. The
plasmid pcDNA-HMGA2 (a kind gift from Guidalberto Manfioletti, Trieste,
Italy) was digested with HindIII, and the ends of the linearized plasmid were
filled in using Klenow enzyme. The fragment was digested with XhoI and sub-
sequently ligated into the StuI-XhoI sites of pFB1:IE, downstream of the pro-
moter, to form pFB1:IE-HMGA2.

To perform the Tn7 transposition, DH10B bacteria containing the HB5-lacZ/
att BAC were transformed with pMON7124 (25), which encodes the trans-acting
factors needed for transposition. These cells were then transformed with pFB1:
IE-HMGA2, and transformants were selected on chloramphenicol, tetracycline,
and gentamicin plates which also contained Bluo-Gal (Invitrogen) and IPTG.
White colonies, indicative of a transposition event, were screened for the inser-
tion of the IE-HMGA2 cassette by PCR. Positive clones were confirmed by DNA
sequencing and detailed restriction enzyme analysis using a Field Inversion Gel
Electrophoresis mapper (Bio-Rad). The resulting BAC was named HB5:IE-
HMGA2 BAC.

Reconstitution of the HB5:IE-HMGA2 BAC virus. HFF were electroporated
with 6.25 �g of HB5:IE-HMGA2 BAC plus 3.25 �g of pcDNA-pp71tag (a gift
from Bodo Plachter, Mainz, Germany). Electroporation was carried out using
the BTX ECM-600 electroporator (Genetronics, Inc.) as previously described
(37). After electroporation, the cells were seeded into either 6-cm dishes for
detection of plaque development or a 12-well plate containing sterile coverslips
for immunofluorescence assays. The HMGA2-expressing virus was collected
from the cell supernatant at day 14 postelectroporation, after the infection had
spread throughout the entire monolayer of cells. This virus was checked by
sequencing of the altered region of the viral DNA to confirm that it had not
reverted to the wild type (wt). Stocks of HB5-lacZ/att and HB5:IE-HMGA2
viruses were prepared, and their titers were determined by plaque assay as
previously described (60).

Preparation of rescued HB5:IE-HMGA2 virus. A rescued HB5:IE-HMGA2
BAC was made by ET recombination as described above. Briefly, the IE-
HMGA2 cassette in the HB5:IE-HMGA2 BAC was replaced with an RpsL-Neo
marker cassette to make HB5:US11-RpsL-Neo-US12 BAC. To construct the
original HB5-lacZ/att BAC, the RpsL-Neo marker cassette was replaced by a
US11-lacZ/att-US12 fragment. After blue colony selection, the identity of the
recombinant HB5-lacZ/att BAC was confirmed by restriction enzyme analysis
and DNA sequencing. Infectious virus was reconstituted by electroporation of
6.25 �g of rescued HB5:IE-HMGA2 BAC into HFF along with 3.25 �g of
pcDNA-pp71tag. Viral stock was prepared from the electroporated cells, and the
viral DNA was sequenced in the altered region to verify that the rescued HB5:
IE-HMGA2 BAC corresponded to the original BAC.

Quantitative real-time PCR and RT-PCR analysis. DNA was isolated from
the cells infected with HB5-lacZ/att, HB5:IE-HMGA2, and rescued HB5:IE-
HMGA2 viruses using a blood minikit (QIAGEN, Valencia, CA). The concen-
tration of each sample was determined by UV spectrophotometry. Quantitative
real-time PCR and data analysis were performed as previously described using
primers and probes directed against the HCMV UL77 gene (65, 66). The DNA
isolated at 1 day p.i. from wild-type virus-infected cells was used to generate a
standard curve, allowing comparison of the amount of DNA present in each

9952 SHLAPOBERSKY ET AL. J. VIROL.



sample to the amount present in wild-type virus-infected cells at 1 day p.i.
Quantitative real-time reverse transcription-PCR (RT-PCR) and data analysis
were performed as previously described (65, 66). All reactions were performed
using an Applied Biosystems ABI Prism 7700 sequence detection system with the
TaqMan One-Step reverse transcription-PCR master mix reagent kit (Applied
Biosystems) and oligonucleotide primers and TaqMan dual-labeled (5�-6-car-
boxyfluorescein-3� Black Hole quencher) probes (Integrated DNA Technologies,
Coralville, Iowa) (Table 1).

All samples were analyzed with specific primers and probe for the cellular
housekeeping gene glucose-6-phosphate dehydrogenase (G6PD) as an internal
control for the amount of RNA in each reaction. The RNA isolated at 24 h p.i.
from mock-infected cells was used to generate a standard curve for each cellular
gene examined. The standard curve was then used to calculate the relative
amount of specific RNA in each sample.

Western blotting. HFF were infected with HB5-lacZ/att, HB5:IE-HMGA2,
and rescued HB5:IE-HMGA2 viruses at an MOI of 5 in medium containing 10%
fetal bovine serum. Cells were harvested at various time points, lysed in Laemmli
reducing sample buffer (50 mM Tris, pH 6.8, 2% sodium dodecyl sulfate [SDS],
10% glycerol, 5% 2-mercaptoethanol, 50 mM leupeptin, 100 mM pepstatin A, 50
mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM sodium
orthovanadate, 5 mM �-glycerophosphate), and sonicated briefly to shear the
DNA. Proteins from an equivalent number of cells were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose. Membranes were stained with amido black to assess protein loading in each
lane. The blots were blocked with 5% nonfat dried milk in TBST (10 mM Tris,
pH 8.0, 150 mM NaCl, and 0.1% Tween 20) and incubated with primary anti-
bodies diluted in blocking solution as follows: monoclonal antibody (MAb)
CH16.0 (1:10,000; Goodwin Institute), anti-UL44 MAb (1:5,000; Goodwin In-
stitute), anti-UL57 MAb (1:1,000; Goodwin Institute), anti-pp65 MAb (1:10,000;
Goodwin Institute), anti-pp28 MAb (1:6,000; Goodwin Institute), anti-cyclin A
sc-751 (1:500; Santa Cruz Biotechnology), �-actin MAb (1:10,000; Sigma-
Aldrich), and anti-HMGA2 (1:1,000; a gift from Guidalberto Manfioletti, Tri-
este, Italy). The �-actin MAb was used as a control for protein loading. Blots
were incubated with horseradish peroxidase-conjugated anti-mouse or anti-rab-
bit immunoglobulin antibodies, diluted 1:2000 in blocking solution (Calbiochem,
San Diego, CA). After the filter was washed in TBST, the proteins were detected
using SuperSignal chemiluminescent substrate (Pierce, Rockford, IL) according
to the manufacturer’s instructions.

Northern blot analysis. HFF were infected at an MOI of 5 in medium con-
taining 10% fetal bovine serum with IE2 86-EGFP, IE2 86�SX-EGFP, or res-
cued IE2 86�SX-EGFP virus and then harvested at either 24 or 96 h p.i.
Approximately 1.5 � 107 cells per sample were collected, and mRNA was
isolated using the FastTrack 2.0 kit (Invitrogen). Northern blot assays were
carried out using the NorthernMax kit according to the manufacturer’s protocol
(Ambion). One microgram of mRNA was loaded per lane, resolved by agarose
gel electrophoresis on a 1% formaldehyde gel, and then transferred to a nylon
membrane. Membranes were UV cross-linked, and 32P-labeled probes were
synthesized by random priming using the StripEZ DNA kit (Ambion). The
HMGA2 probe was generated by PCR using sense primer 5� ATGAGCGCAA
GAGGTGAGG 3� and antisense primer 5� GCCATTTCCTAGGTCTGCCTC
3� (Integrated DNA Technologies, Coralville, Iowa) to amplify a linear fragment
that is present in all HMGA2 spliced RNAs. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) probe was synthesized using a 320-bp SacI-XbaI frag-
ment cut from the pTRI-GAPDH plasmid provided in the NorthernMax kit
(Ambion). Membranes were hybridized overnight at 42°C and then washed twice
in low-stringency wash buffer at 25°C and twice in high-stringency wash buffer at
42°C. Membranes were then exposed to film for autoradiography.

RESULTS

HMGA2 expression is repressed in HCMV-infected cells.
Work in our laboratory and in others has shown that HCMV
infection inhibits cell cycle progression and alters the expres-
sion of cyclins E, A, and B (7, 11, 18, 30, 31, 47, 49, 68, 69).
Since HMGA2 is involved in the regulation of cyclin A tran-
scription, we were interested in whether it might also be in-
volved in the inhibition of cyclin A RNA synthesis during the
infection. HFF were synchronized in G0 and subsequently in-
fected with HCMV at an MOI of 5 upon release into G1. Since
the HMGA2 antibodies that are available can detect only over-
expressed proteins, we assessed the expression of the endoge-
nous HMGA2 by analyzing the levels of its mRNA. Total RNA
was isolated from cells at 8, 24, 48, and 72 h p.i., and the levels
of the HMGA2 transcript were determined by quantitative
real-time RT-PCR. We compared the transcript level in each
sample to the amount of HMGA2 RNA in the lysate from 24-h
mock-infected cells and calculated the relative difference. Ad-
ditionally, each sample was normalized with RNA encoding
G6PD. The real-time RT-PCR results showed that there was a
significant decrease in HMGA2 RNA expression in the
HCMV-infected cells relative to the mock-infected cells. The
difference was fourfold at 8 h p.i. and approximately 20-fold by
24 h p.i. (Fig. 1A).

HMGA1 and HMGA2 proteins both belong to the HMG
family and are similar in structure and function (for a review,
see reference 54). However, their expression is controlled by
different promoters. Therefore, for comparison, we assessed
the level of HMGA1 RNA by real-time RT-PCR. In contrast
to what was observed for HMGA2 RNA, the level of HMGA1
RNA was reduced less than twofold at 8 and 24 h p.i. and only
two- to threefold at later times (Fig. 1B). Thus, the infection
has a significantly greater effect on HMGA2 than on HMGA1
RNA expression.

Construction of recombinant HCMVs expressing HMGA2.
In order to determine whether the inhibition of HMGA2 ex-
pression was important for viral replication, we constructed a
recombinant virus that expressed HMGA2 (HB5:IE-HMGA2)
using the pHB5BAC and Tn7-mediated transposition as de-
scribed in Materials and Methods. The parental BAC that had
the lacZ alpha fragment inserted between the US11 and US12
genes served as a wt control (HB5:lacZ/att). The cDNA en-
coding HMGA2 was placed under the control of the HCMV
MIE promoter in the vector pFastBac-1 (Invitrogen) and in-
serted between the US11 and US12 genes in the HCMV
12.1-kb HindIII fragment from HB5:lacZ/att (Fig. 2A). We
also generated a rescued BAC to ensure that any changes
observed in viral replication were not due to mutations that

TABLE 1. Quantitative real-time PCR primers and TaqMan probes

Transcript
Sequence

Forward primer Reverse primer TaqMan probe

HMGA2 AGTCCCTCTAAAGCAGCTCAAAAG GCCATTTCCTAGGTCTGCCTC AGAAGCCACTGGAGAAAAACG
HMGA1 ACCAAAGGGAAGCAAAAACAAG CTTGGTTTCCTTCCTGGAGTTG CTGCCAAGACCCGGAAAACCACC
Cyclin A CGGTACTGAAGTCCGGGAAC AACGGTGACATGCTCATCATTT AGACGAGACGGGTTGCACCCCTT
G6PD TCTACCGCATCGACCACTACC GCGATGTTGTCCCGGTTC ATGGTGCTGAGATTTGCCAAACAGGA
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had occurred in other regions of the HCMV genome. The
resulting BACs were isolated, and the altered regions were
examined for the presence of the correct sequences by DNA
sequencing. In addition, the BACs were digested with HindIII
restriction endonuclease and subjected to gel electrophoresis
to confirm that no large-scale rearrangements of the BAC
DNA had occurred during the cloning process (Fig. 2B).

To produce recombinant viruses, we electroporated the
BACs into HFF along with a pp71 expression vector and ob-
served the cultures for the development of cytopathic effect.
Small plaques could be detected at 6 days postelectroporation
in cultures that received any one of the BACs. However, at 10
days postelectroporation we observed a significant delay in the
spread of the HB5:IE-HMGA2 virus compared to the HB5:
lacZ/att and the rescued viruses. When the entire culture was
infected, the viruses were harvested and amplified using fresh
HFF.

Viral replication is delayed in cells infected at a high MOI
with the HMGA2-expressing virus. G0-synchronized HFF
were infected with HMGA2, HB5-lacZ/att, and rescued viruses
at an MOI of 5, and the cells were harvested 24, 48, and 72 h
p.i. We first confirmed by quantitative real-time RT-PCR that
in the HMGA2-expressing virus-infected cells, there was a high
level of HMGA2 RNA that did not decrease as the infection
progressed. As shown in Fig. 2C, the amount of mRNA in the
cells infected with the HMGA2-expressing virus (H2) was sig-
nificantly greater than that in the cells infected with the wt and
rescued (R) viruses at both 24 and 48 h p.i. The overexpressed
HMGA2 protein in the HMGA2-expressing virus-infected
cells could also be detected by Western blot analysis with an
antibody to HMGA2 (Fig. 2D).

To determine the effect of HMGA2 expression in the in-
fected cells, the infected cell lysates were analyzed by Western
blotting with antibodies to specific viral proteins. In cells in-
fected with the HMGA2-expressing virus, the expression of the
IE2 86 and IE1 72 proteins at 24 h p.i. was comparable to that
observed in the cells infected with the HB5-lacZ/att and res-
cued viruses (Fig. 3A). However, the levels of other viral pro-
teins showed that the progression of the HCMV infection was
significantly delayed by HMGA2 expression. Figure 3B shows
that there was a lag in the accumulation of the early-late
proteins UL57, UL44, and pp65 and the late protein pp28.
Since a decrease in the UL57 and UL44 levels indicated that
the HMGA2 expression might have an effect on viral DNA
replication, we isolated DNA from the same cultures that were
used for Western blot analysis and measured the level of viral
DNA at the various time points using quantitative real-time
PCR with specific primers and probe to the HCMV UL77 gene
as previously described (65, 66). As shown in Fig. 4, signifi-
cantly less viral DNA was synthesized in the cells infected with
the HMGA2-expressing virus than in the cells infected with the
wt and rescued viruses. At 48 h p.i., the difference in the
amount of viral DNA was 10-fold. Although the level of viral
DNA in the HMGA2-expressing virus-infected cells did in-
crease between 48 and 72 h p.i., it was still fivefold lower. These
results showed that HMGA2 expression also had a negative
effect on viral DNA replication.

HMGA2 induces cyclin A expression in HCMV-infected
cells. We previously reported that cyclin A expression was
inhibited at both the mRNA and the protein level in HCMV-
infected cells, but the mechanism of the downregulation was
unknown (30, 47). Since HMGA2 plays a role in cyclin A
transcription (63), we proceeded to determine if HMGA2
might also be involved in the dysregulation of cyclin A during
the infection. HFF that were synchronized in G0 and released
into G1 were mock infected or infected at an MOI of 5 with the
HMGA2-expressing, wt, and rescued viruses. Cells were har-
vested at 24, 48, and 72 h p.i., and the levels of cyclin A mRNA
were determined by quantitative real-time RT-PCR (Fig. 5A).
At all time points, the levels of cyclin A mRNA in the cells
infected with the HMGA2-expressing virus were significantly
higher than those in the cells infected with the wt and rescued
viruses and were comparable to the levels observed in the
mock-infected cells. In both the mock-infected and HMGA2-
expressing virus-infected cells, the amount of cyclin A mRNA
at 48 h p.i. was higher than that at 24 h p.i., which is due to the
steady increase in cyclin A mRNA that occurs when cells are

FIG. 1. HMGA2 RNA levels are reduced in infected cells. G0-
synchronized cells were released into G1 and infected with HCMV
Towne at an MOI of 5 or mock infected. Cells were harvested at 8, 24,
48, and 72 h p.i. Total RNA was isolated and analyzed by quantitative
real-time RT-PCR to measure levels of transcripts for HMGA2
(A) and HMGA1 (B). RNA levels were normalized to G6PD levels as
an internal control for the amount of RNA in each sample. For each
time point, two separate experiments were performed and duplicate
reactions were analyzed. The mock-infected RNA that was isolated at
24 h p.i. was used to generate a standard curve for each gene. This
standard curve was used to calculate the amount of RNA present in
each sample. The graph shows the averages of the two experiments,
and the range bars indicate the highest and lowest values.

9954 SHLAPOBERSKY ET AL. J. VIROL.



FIG. 2. Construction and characterization of the HB5:IE-HMGA2 BAC. (A) The DNA fragment containing the cDNA encoding HMGA2 was
inserted into the HB5-lacZ/att BAC using Tn7 transposition. Gm, gene for gentamicin resistance. (B) The BAC DNAs for HB5-lacZ/att,
HB5:IE-HMGA2, and rescued HB5:IE-HMGA2 were digested with HindIII, and the fragments were separated by agarose gel electrophoresis.
The arrow shows the position of the 3.5-kbp fragment in the HB5:IE-HMGA2 BAC DNA that contains the HMGA2 cDNA under the control of
the MIE promoter. (C and D) G0-synchronized HFF were released into G1 and mock infected or infected with HB5-lacZ/att (wt), HB5:IE-HMGA2
(H2), or rescued HB5:IE-HMGA2 (R) viruses at an MOI of 5. Total RNA or protein was isolated at 24 and 48 h p.i. and analyzed by quantitative
real-time RT-PCR to measure the level of HMGA2 RNA or by Western blotting to assess the amount of HMGA2 protein (C and D, respectively).
RNA levels were normalized to G6PD levels as an internal control for the amount of RNA in each sample. For each time point, two separate
experiments were performed and duplicate reactions were analyzed. The mock-infected RNA that was isolated at 24 h p.i. was used to generate
a standard curve for each gene. This standard curve was used to calculate the amount of RNA present in each sample. The graph shows the
averages of the two experiments, and the range bars indicate the highest and lowest values. The y axis of the graph is a log scale. (D) Protein
samples from an equivalent number of cells were resolved by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were
probed with the antibody that detects the HMGA2 protein. Actin was used as a control for equal protein loading. M, mock.
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released from G0. Lysates obtained at 24 and 48 h p.i. were also
analyzed by Western blotting for the level of cyclin A protein
(Fig. 5B). The increase in cyclin A mRNA in the mock-infected
cells and HMGA2-expressing virus-infected cells was accom-
panied by a corresponding increase in cyclin A protein expres-
sion. The slightly lower level of cyclin A protein in the mock-
infected sample at 48 h p.i. than at 24 h p.i. was consistent with
the movement of the cells through the cell cycle. These results
indicated that there was a strong correlation between HMGA2
expression and cyclin A mRNA and protein levels during the
HCMV infection.

IE2 86 expression is associated with the inhibition of
HMGA2 and cyclin A transcription. HCMV infection leads to
the activation and inhibition of a large number of host cell
genes, including many genes that are involved in cell cycle
control, immunomodulation, and apoptosis (12, 14, 73). Sev-
eral studies have also suggested that IE2 86, alone or in com-
bination with IE1 72, could have a significant role in the reg-
ulation of these processes (17, 32, 33, 53, 55, 61, 74).

To determine if IE2 86 or IE1 72 had any effect on HMGA2
expression, we used the recombinant viruses IE2 86�SX-

FIG. 3. Viral gene expression is delayed in HFF infected with
HMGA2-expressing virus. G0-synchronized cells were released into G1
and infected with HB5-lacZ/att (wt), HB5:IE-HMGA2 (H2), and res-
cued HB5:IE-HMGA2 (R) viruses at an MOI of 5. Total cell lysates
were prepared at 24, 48, and 72 h p.i., and protein samples from an
equivalent number of cells were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membranes. The membranes were probed with
the MAb CH16.0, which detects the HCMV IE1 and IE2 proteins
(A) or MAbs that detect the UL57, UL44, pp65, and pp28 viral pro-
teins (B). Actin was used as a control for equal protein loading.

FIG. 4. Viral DNA replication is delayed in cells infected with
HMGA2-expressing virus. G0-synchronized cells were released into G1
and infected with HB5-lacZ/att (wt), HB5:IE-HMGA2 (H2), and res-
cued HB5:IE-HMGA2 (R) viruses at an MOI of 5. DNA was isolated
from cells at 24, 48, and 72 h p.i., and the level of viral DNA was
measured by quantitative real-time PCR using primers and probe to
the HCMV UL77 gene as described in Materials and Methods. DNA
levels were normalized to G6PD levels as an internal control for the
amount of DNA in each sample. For each time point, two separate
experiments were performed and duplicate reactions were analyzed.
The graph shows the averages of the two experiments, and the range
bars indicate the highest and lowest values. One of these experiments
was the same as that shown in Fig. 3.

FIG. 5. An HMGA2-expressing virus induces cyclin A expression
following high-MOI infection. (A) RNA that was isolated at 24, 48,
and 72 h p.i. from the same two infections as shown in Fig. 4 was
analyzed by quantitative real-time RT-PCR using primers and probe
for the cyclin A transcript. RNA levels were normalized to G6PD
levels as an internal control for the amount of RNA in each sample.
The mock-infected RNA that was isolated at 24 h p.i. was used to
generate a standard curve for each gene. This standard curve was used
to calculate the amount of RNA present in each sample. The graph
shows the averages of the two experiments, and the range bars indicate
the highest and lowest values. (B) The lysates from the cells harvested
at 24 and 48 h p.i. in one of these duplicate experiments (the same
experiment as that shown in Fig. 3) were analyzed by Western blotting
with an antibody to cyclin A. Actin served as a control for protein
loading in each lane, and the lysates in the lanes were from an equal
number of cells. M, mock infection.
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EGFP and CR208. The CR208 virus does not express the IE1
72 protein (24, 36), and there is a significant reduction in the
levels of IE2 86 protein, but not IE1 72 protein, in cells in-
fected with the IE2 86�SX-EGFP mutant virus (48). The lower
levels of IE2 86 protein are not due to a defect in transcription,
as the levels of the IE2 86 transcript are comparable in the cells
infected with the mutant and wt viruses (48). G0-synchronized
HFF were infected at an MOI of 5 with CR208 and its rescued
virus CR249 and with the wt IE2 86-EGFP virus and the IE2
86�SX-EGFP mutant and rescued viruses. Total RNAs were
isolated from cells at 24 and 48 h p.i., and the levels of
HMGA2 were analyzed by real-time RT-PCR analysis. We
normalized each sample to RNA encoding G6PD. The IE1 72
deletion mutant was similar to the rescued virus with respect to
inhibition of HMGA2 expression, although the decrease (n-
fold) in the HMGA2 mRNA was slightly less than that in the
cells infected with the rescued virus (Fig. 6A). In contrast, the
IE2 86�SX-EGFP mutant virus did not significantly repress
expression of HMGA2 (Fig. 6B). These results were confirmed
in a separate experiment by Northern blot analysis of mRNA
that was isolated at 24 and 96 h p.i. from cells infected at a high
MOI with the wt, IE2 86 mutant, and rescued viruses (Fig. 6C).

FIG. 6. Expression of HMGA2 RNA in HCMV-infected HFF depends on IE2 86 but not IE1 72 protein levels. (A) G0-synchronized cells were
released into G1 and mock infected or infected with IE1 72 mutant (CR208) virus or rescued (CR249) virus. Cells were harvested at 24 and 48 h
p.i. Total RNA was isolated and analyzed by quantitative real-time RT-PCR to measure levels of HMGA2 RNA. RNA levels were normalized to
G6PD levels as an internal control for the amount of RNA in each sample. For each time point, two separate experiments were performed and
duplicate reactions were analyzed. The mock-infected RNA that was isolated at 24 h p.i. was used to generate a standard curve for each gene. This
standard curve was used to calculate the amount of RNA present in each sample. The graph shows the averages of the two experiments, and the
range bars indicate the highest and lowest values. (B to D) G0-synchronized cells were released into G1 and mock infected or infected with IE2
86-EGFP (wt), IE2 86�SX-EGFP (�), and IE2 86�SX-EGFP rescued (R) viruses at an MOI of 5. Cells were harvested at 24, 48, and 96 h p.i.
(B) Quantitative real-time RT-PCR analysis of 24-h and 48-h samples using specific primers and probe for the HMGA2 transcript. RNA levels
were normalized to G6PD levels as an internal control for the amount of RNA in each sample. For each time point, three separate experiments
were performed and duplicate reactions were analyzed. The graph shows the averages of the three experiments, and the ranges of the highest and
lowest values are indicated. (C) Northern blot analysis of mRNA isolated at 24 and 96 h p.i. with an HMGA2-specific probe. The blot was stripped
and hybridized to a GAPDH-specific probe as a loading control. M, mock infection. (D) Western blot analysis of the viral IE1 72 and IE2 86
proteins in the samples harvested at 24 and 96 h p.i. using the MAb CH16.0. Levels of cellular actin were used as a protein loading control.

FIG. 7. HFF infected with the recombinant mutant virus IE2
86�SX-EGFP exhibit elevated cyclin A expression. RNA that was
isolated at 24 and 48 h p.i. from two of the three infections shown in
Fig. 6B was analyzed by quantitative real-time RT-PCR using primers
and probe for the cyclin A transcript. RNA levels were normalized to
G6PD levels as an internal control for the amount of RNA in each
sample. The mock-infected RNA that was isolated at 24 h p.i. was used
to generate a standard curve for each gene. This standard curve was
used to calculate the amount of RNA present in each sample. The
graph shows the averages of the two experiments, and the range bars
indicate the highest and lowest values.
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We also performed Western blot analysis to confirm that IE2
86�SX-EGFP mutant showed the previously described de-
crease in the IE2 86 protein levels (Fig. 6D).

Since the experiment with the HCMV recombinant virus
expressing HMGA2 indicated that HMGA2 and cyclin A ex-
pression could be linked (Fig. 5), we proceeded to measure the
amount of cyclin A RNA in cells infected with the IE2 86�SX-
EGFP mutant. Figure 7 shows that there was a significant
increase in the level of cyclin A RNA in cells infected with the
mutant virus, relative to that observed in cells infected with the
wt and rescued viruses. Consistent with the requirement for
HMGA2 in activation of the cyclin A promoter, this induction
of cyclin A was not seen until 48 h p.i., whereas the increase in
HMGA2 expression could be seen at 24 h p.i. Taken together,
these results suggest that IE2 86 expression is associated with
the repression of HMGA2 transcription, which in turn affects
the activation of cyclin A transcription.

DISCUSSION

HCMV infection blocks the expression of cyclin A mRNA
and protein (30, 47). Since the HMGA2 protein has been
implicated in the regulation of cyclin A transcription, we ex-
amined its expression during HCMV infection. We show that
HMGA2 RNA synthesis is also greatly inhibited in HCMV-
infected cells. The HMGA1 and HMGA2 proteins have simi-
lar structures, and both function as architectural DNA-binding
proteins (54). However, the transcription of their genes is
controlled by different promoters. In contrast to what was
observed for HMGA2, there was only a modest decrease in the
levels of HMGA1 RNA, indicating that their transcription is
differentially affected by the infection.

To determine whether the repression of HMGA2 was im-
portant for viral replication, we constructed a recombinant
virus that expressed HMGA2. In cells infected with the
recombinant virus at a high MOI there was a significant
delay in the progression of the viral infection. Although
there were no significant differences in expression of the IE1
and IE2 proteins, there was a decrease in the levels of both
early and late proteins. The reduced expression of the viral
replication protein UL57, a single-stranded DNA-binding
protein, and UL44, a processivity factor for the viral DNA
polymerase, was accompanied by a corresponding decrease
in viral DNA synthesis (Fig. 3A and B and Fig. 4). Although
these results suggest that the presence of HMGA2 has a
negative effect on the infection at early times, we cannot
exclude the possibility that this was due to the overexpres-
sion of HMGA2 in the infected cells.

During HCMV infection, the modulation of factors involved
in cellular DNA synthesis, inhibition of apoptosis, and alter-
ation of the host’s immune response to the virus are associated
with marked dysregulation of the cell cycle and signaling path-
ways (for a review, see reference 50). HCMV activates many
host cell proteins to create an environment that is optimal for
viral gene expression and DNA replication. At the same time,
however, the virus inhibits selective host cell functions to en-
sure that its own replication is favored over that of the host.
The net effect is that the cell cycle halts in a pseudo-G1 state
and host cell DNA synthesis is blocked. These effects occur at
all levels of gene expression, including synthesis and posttran-

scriptional processing of RNAs and posttranslational modifi-
cation, stabilization, and localization of proteins. For example,
inhibition of cyclin A expression and upregulation of cyclin E
are both examples of regulation at the transcriptional level
(47). Targets of the anaphase-promoting complex E3 ubiquitin
ligase, including cyclin B1, geminin, and cdc6, are also prema-
turely stabilized at early times in the infection (7, 49). The
premature accumulation of geminin is particularly important
as it is associated with HCMV-mediated inhibition of the li-
censing of cellular origins of DNA replication (7, 70). Multiple
posttranscriptional pathways are also used to maintain high
levels of cdk1/cyclin B1 kinase activity (49).

A number of studies suggest that IE2 86 plays a role in the
cell cycle modulation. Some have shown that transient expres-
sion of IE2 86 alters cell cycle progression, with a block at the
G1/S boundary or just after entry into S phase (39, 42, 58, 67,
69). Deletion of aa 451 to 579 abolished the ability of IE2 86 to
induce G1 arrest in transient assays in U373 cells, but aa 25 to
85, 544 to 579, and 136 to 290 were not necessary (68). In a
recent study, it was shown that a recombinant HCMV with a
mutation of aa 548 from Q to R was unable to inhibit host cell
DNA synthesis (43). Replication of this virus was impaired,
indicating that efficient viral infection requires the inhibition of
host cell DNA synthesis. Expression of IE2 86 from a recom-
binant adenovirus also leads to the activation of E2F-respon-
sive genes, many of which are involved in host cell DNA syn-
thesis (57). In infected cells, p53 is stabilized but the expression
of its target gene p21 is repressed, suggesting that the virus
impedes p53 function (11, 15, 22, 38). IE2 86 interacts with the
C terminus of p53, and in transient-expression assays binding
of p53 to target promoters is inhibited (9, 28, 59). There also
may be a threshold effect since IE2 86 does not reduce p21
expression in fibroblasts that overexpress p53 (58).

HMGA proteins have been shown to function as architec-
tural factors that can enhance the binding of DNA-interacting
proteins and promote the formation of enhanceosomes (45).
Therefore, cells in which HMGA proteins are upregulated
should have a notable change in the chromatin structure and
expression of specific genes. We show here that the HMGA2-
expressing virus is able to induce the expression of cyclin A
mRNA and protein during the infection (Fig. 5A and B),
indicating that HMGA2 repression during HCMV infection is
correlated with repression of cyclin A expression. Taken to-
gether, these results point to inhibition of HMGA2 expression
as another mechanism by which HCMV creates a cellular en-
vironment that favors viral replication.

Our studies with the recombinant virus with a mutant IE2 86
gene (IE2 86�SX-EGFP) also suggest that IE2 86 plays a role
in the repression of HMGA2 and cyclin A expression during
the infection. We previously showed that infection with this
mutant virus resulted in normal accumulation of IE1 72 and
viral early proteins, and viral DNA replication was comparable
to that of the wt (48). The most notable molecular defects were
that the levels of the IE2 protein (but not mRNA) and the
pp65 (UL83) and pp28 (UL99) matrix proteins were signifi-
cantly reduced. This mutant was also recently used in a study
showing that IE2 86 is involved in blocking the expression of
cytokines and proinflammatory chemokines during the infec-
tion (62). In this paper, we have demonstrated that in the cells
infected with the IE2 86�SX-EGFP mutant, the lower levels of
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IE2 86 with a deletion of aa 136 to 290 correlate with higher
levels of HMGA2 and cyclin A expression. In contrast,
HMGA2 expression was still repressed in cells infected with an
IE1 72 deletion mutant.

The mechanism of repression of HMGA2 expression by
HCMV is an important question that will require further stud-
ies. HMGA2 is an example of a gene that requires histone
deacetylase (HDAC) activity for activation of its transcription.
It has been shown that treatment of cells with the HDAC
inhibitor trichostatin A leads to a decrease in the amount of
SP1 and SP3 bound to the HMGA2 promoter as well as a loss
of acetylated histones H3 and H4 (21). Several reports have
suggested that inhibition of HDAC activity is important for
HCMV infection (40, 41, 44, 46). Since IE2 86 can form a
complex with HDAC1, and both IE2 86 and IE1 72 can inter-
act with HDAC3, it is possible that repression of HMGA2 by
HCMV may be due to direct or indirect interference of IE2
86 with HDAC activity and may require high levels of IE2 86
(41, 71).

An alternative explanation for the inability of IE2 86�SX to
repress HMGA2 RNA expression is that the domain between
aa 136 and 290 is involved in the regulation of HMGA2. Stud-
ies from our lab and others have shown that IE2 86 is able to
bind many transcriptional regulators in vitro. In our studies
with c-Jun, Jun-B, TATA-binding protein, and Rb, we found
that the region between aa 136 and 290 was one of three
domains that were able to independently mediate these inter-
actions (52, 56). As noted above, IE2 86 has been shown to
interact with both HDAC1 and HDAC3 (41, 71), but the
domain of IE2 86 mediating this interaction has not yet been
reported. IE2 86�SX is also missing the sites of sumoylation
(aa 175 and 180), as well as the SUMO binding site (aa 200 to
208), which may also be important for the regulation of
HMGA2 (1, 27). In addition, it has been shown that mutation
of the serine-rich domain (aa 258 to 275) that lies within the
deletion has both negative and positive effects on the infection
(5). Clearly, IE2 86 is involved in many of the processes re-
sponsible for changes in the cell cycle, and the possibility exists
that this region is also important for the regulation of HMGA2
expression, either through direct binding or through other,
more indirect regulatory mechanisms.

HMGA2 is present at high levels in many tumor cells, and
there is considerable evidence that it is involved in cell prolif-
eration and neoplastic transformation (for a review, see refer-
ence 54). Transgenic mice expressing a rearranged form of
HMGA2 or overexpressing wild-type HMGA2 develop lipo-
mas, natural killer cell lymphomas, or pituitary adenomas (3, 4,
6, 20). Levels of HMGA2 are generally high during embryo-
genesis and low in the adult, although expression does vary in
the different fetal and adult tissues (for a review, see reference
54). During embryogenesis, HMGA2 is involved in spermato-
genesis (16) and skeletal muscle differentiation (13). HMGA2-
knockout mice display the pygmy phenotype that is character-
ized by a drastic reduction of body fat content and growth
retardation (2, 72). Given the importance of HMGA2 during
embryogenesis, it is possible that repression of HMGA2 ex-
pression in infected cells could contribute to the birth defects
in infants infected with HCMV in utero.
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