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We previously demonstrated that human cytomegalovirus (HCMV) infection induced the activation of the
cellular transcription factor NF-�B. Here, we investigate the mechanism for the HCMV-induced NF-�B
activation and the role that the induced NF-�B plays in transactivation of the major immediate-early promoter
(MIEP) and production of immediate-early (IE) proteins. Using a dominant-negative inhibitor of NF-�B, the
I�B-superrepressor, we demonstrated that active NF-�B is critical for transactivation of the HCMV MIEP.
Investigation of the mechanisms of NF-�B activation following HCMV infection showed a rapid and sustained
decrease in the inhibitors of NF-�B, I�B� and I�B�. Because the I�B kinases (IKKs) regulate the degradation
of the I�Bs, virus-mediated changes in the IKKs were examined next. Using dominant-negative forms of the
IKKs, we showed significant decreases in transactivation of the MIEP in the presence of these mutants. In
addition, protein levels of members of the IKK complex and IKK kinase activity were upregulated throughout
the time course of infection. Lastly, the role NF-�B plays in HCMV IE mRNA and protein production during
infection was examined. Using aspirin and MG-132, we demonstrated that production of IE protein and mRNA
was significantly decreased and delayed in infected cells treated with these drugs. Together, the results of these
studies suggest that virus-mediated NF-�B activation, through the dysregulation of the IKK complex, plays a
primary role in the initiation of the HCMV gene cascade in fibroblasts and may provide new targets for
therapeutic intervention.

Human cytomegalovirus (HCMV), a ubiquitous betaherpes-
virus, is a significant pathogen of immunocompromised indi-
viduals, including AIDS patients, transplant recipients, and
congenitally infected neonates (reviewed in reference 12).
HCMV is also a pathogen of immunocompetent individuals, as
it causes infectious mononucleosis (48) and is associated with
the development of cardiovascular diseases (reviewed in ref-
erences 58 and 81). In addition, HCMV infection has been
linked to the development of malignant gliomas (23) and cer-
vical cancers (18, 80). A critical feature of HCMV-mediated
pathogenesis is the replication of the virus in infected tissue
and the overt disease caused by this viral replication (reviewed
in reference 12).

For a productive HCMV infection, three ordered classes of
viral genes are transcribed: first, the immediate-early (IE)
genes are transcribed; second, the early genes are transcribed;
third, the late genes are transcribed (61). Because the IE genes
are essential for viral replication, investigating the mechanisms
of their regulation is required to understand HCMV patho-
genesis. IE gene expression is regulated by the major immedi-
ate-early promoter (MIEP) (8, 85). Transactivation of the
MIEP appears to be essential for the development of CMV-
mediated disease, as murine CMV mutants lacking the MIEP,
which is similar to the MIEP of HCMV (79), were not patho-
genic in mice (31). Furthermore, it has been shown that the

HCMV MIEP is required for efficient viral replication as well
as IE gene transcription (40, 57). The specific mechanisms
surrounding the regulation of the MIEP during infection are
not well understood, although NF-�B appears to be a critical
regulatory factor due to the presence of four consensus NF-�B
binding sites (20, 61, 70).

We, and others, previously demonstrated that HCMV infec-
tion results in the dysregulation of the tightly regulated cellular
transcription factor NF-�B (49, 70, 95–98). Classical NF-�B is
a heterodimer consisting of a 50-kDa subunit (p50) and a
65-kDa subunit (p65). Under normal physiological conditions,
NF-�B forms a complex with its inhibitors, the I�Bs, and is
maintained in the cytosol in this inactive state (reviewed in
reference 47). NF-�B can be freed from its inhibitors through
the direct action of protein kinases, termed the I�B kinases
(IKK) (28, 46, 59, 99, 100), that form a complex consisting of
three subunits, IKK�, IKK�, and IKK� (69, 91). IKK� and
IKK� are the catalytic subunits, while IKK� serves as a scaf-
folding protein to hold the complex together (24, 69). Multiple
signaling pathways converge at the level of IKK activation to
mediate the induction of NF-�B; however, the mechanisms
surrounding the activation of the IKK complex are not com-
pletely understood (26, 63, 93, 99). Evidence suggests that
IKK� may be phosphorylated first by an upstream regulator,
which in turn phosphorylates IKK�, resulting in an active IKK
complex (93). Therefore, heterodimeric complexes of IKK�
and IKK� appear to be the major upstream regulators of the
I�Bs, although homodimers of both IKK� and IKK� also exist
within the cell and may play a role in NF-�B activation (39, 99).
Activation of the IKK complex leads to the phosphorylation of
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the I�Bs, thus targeting them for polyubiquitination and deg-
radation by the 26S proteosome complex (19, 27). Freed from
its inhibitor, NF-�B enters the nucleus and transactivates NF-
�B-responsive genes.

Early studies by Sambucetti et al. into the regulation of the
MIEP first proposed the possibility that NF-�B was involved in
HCMV replication, as deletions of the 18-bp repeats in the
HCMV MIEP, to which NF-�B binds, resulted in decreased
MIEP transactivation in chloramphenicol acetyltransferase
(CAT) assays (20, 70). Likewise, initial studies into the
HCMV-mediated activation of NF-�B by Kowalik et al. dem-
onstrated an increase in nuclear NF-�B activity in HCMV-
infected fibroblasts (49). In a more detailed examination of the
HCMV-regulated induction of NF-�B, we showed a biphasic
increase in the induction of NF-�B following HCMV infection:
one increase was seen immediately following infection, and a
second increase was observed 8 to 12 h postinfection (hpi)
(97). The initial increase in NF-�B occurred in the absence of
protein synthesis, suggesting that this increase in NF-�B was
the result of the release of preformed stores of NF-�B. In
contrast, the second increase in NF-�B activity was, at least in
part, the result of de novo protein synthesis of the NF-�B
subunits (p65 and p105/p50) (97). The unique viral induction
of p65 mRNA highlights the importance of NF-�B for the viral
life cycle as, to date, HCMV infection is the only reported
stimulus in which p65 mRNA induction is detected. To ac-
count for the rapid initial NF-�B induction, we investigated the
possibility that binding of HCMV glycoproteins to their cog-
nate cellular receptors activated a signaling pathway through a
receptor-ligand interaction. Purified viral glycoproteins were
shown to induce NF-�B activity (95, 96), suggesting that viral
binding induces a cellular regulatory pathway that leads to the
activation of NF-�B. Additional studies have confirmed that
purified HCMV glycoproteins are capable of activating cellular
signaling pathways (9, 75). Taken together, these studies sug-
gest that HCMV has a vested interest in inducing the rapid and
sustained activation of NF-�B. Based on our previous studies,
combined with published reports demonstrating impaired rep-
lication of CMV strains with a deletion in the MIEP region (31,
40, 57), we hypothesized that the induction of NF-�B following
infection drives the transactivation of the MIEP and is, thus,
critical for the entire viral gene cascade.

Because of the importance of understanding the regulation
of the MIEP, we initiated molecular studies to examine mech-
anisms by which HCMV mediates the activation of NF-�B, as
well as the biological importance of this induced NF-�B acti-
vation during viral infection. Here, we demonstrate that
NF-�B is essential for the maximal transactivation of the
HCMV MIEP in human fibroblasts and that, during HCMV
infection, the upstream regulators of the NF-�B pathway were
dysregulated. The data showed that both I�B� and I�B� pro-
tein levels rapidly decreased following infection with HCMV.
Conversely, protein levels of the IKKs were increased in re-
sponse to HCMV infection. Furthermore, IKK kinase activity
was induced following infection with HCMV. Finally, we dem-
onstrated that NF-�B plays a vital role in the production of the
IE proteins, as levels of IE proteins and mRNA were signifi-
cantly decreased and delayed in the presence of the NF-�B
inhibitors MG-132 and aspirin. Together, the results of these
studies underline the importance of NF-�B for HCMV repli-

cation and provide evidence that HCMV usurps cellular path-
ways to mediate the rapid and sustained activation of NF-�B
seen during viral infection.

MATERIALS AND METHODS

Cell culture and virus. Life-extended human foreskin fibroblasts (obtained as
a generous gift from Thomas Shenk, Princeton University, Princeton, N.J. [11])
or human embryonic lung (HEL) fibroblasts were used for all experiments (96).
Cells were grown in Eagle’s minimal essential medium supplemented with 10%
heat-inactivated fetal bovine serum (Gemini, Woodland, Calif.), penicillin (100
IU/ml), and streptomycin (100 �g/ml). A low-passage HCMV Towne/E strain
(passage 35 to 42) was used in all experiments (96) and was grown in HEL
fibroblasts cultured in Eagle’s minimal essential medium supplemented with 4%
heat-inactivated fetal bovine serum (Gemini), penicillin (100 IU/ml), and strep-
tomycin (100 �g/ml). For all experiments involving infected cells, a multiplicity of
infection (MOI) of 3 to 5 was used.

Transfections and CAT assays. Transfections of fibroblasts were performed
using the calcium phosphate method as previously reported (97). DNA to be
transfected was purified from bacteria using the Qiagen Maxi kit (Qiagen, Inc.,
Valencia, Calif.). The reporter plasmid (10 �g) containing the HCMV MIEP
construct fused to the CAT gene (92) was cotransfected into fibroblasts along
with 10 �g of plasmids encoding the I�B superrepressor (I�B-SR) (89) or the
dominant-negative forms of IKK� and IKK� (obtained as a generous gift from
Richard Gaynor, University of Texas Southwestern Medical Center, Dallas, Tex.
[67]), as indicated. In addition, cells were cotransfected with 1 �g of a �-galac-
tosidase expression plasmid, and the harvested lysate was assayed for �-galacto-
sidase activity as a means to control for transfection efficiency and to normalize
CAT assay results, as previously performed (97, 98). pCDNA3 plasmid was used
as filler DNA to ensure that an equal amount of DNA was transfected into all
cells (total DNA, 21 �g/transfection mixture). Transfected cells were incubated
for 24 h, washed, and infected with HCMV (MOI, 3 to 5). Cells were harvested
at 48 hpi, and CAT assays were performed. Acetylated product was extracted
using ethyl acetate, spotted onto silica plates, and subjected to thin-layer chro-
matography. Thin-later chromatography plates were then exposed to film, and
data were quantified by measuring levels of incorporated 14C in each sample
using a scintillation counter.

Antibodies and Western blotting. Cultures of fibroblasts were harvested for
Western blot analysis in Laemmli sample buffer (Bio-Rad Laboratories, Her-
cules, Calif.). Cell lysates were boiled and subjected to sodium dodecyl sulfate–
10% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immu-
noBlot polyvinylidene difluoride membranes (Bio-Rad Laboratories). Equal
protein amounts were loaded in each lane. Following transfer, membranes were
incubated in a blocking buffer (5% skim milk, 0.1% Tween 20, 1� phosphate-
buffered saline), followed by incubation of the primary antibody diluted in block-
ing buffer. The primary antibodies (monoclonal I�B� [H-4; catalog no. sc-1643],
polyclonal I�B� [C-20; catalog no. sc-945], monoclonal IKK� [B-8; catalog no.
sc-7606], monoclonal IKK� [H-4; catalog no. sc-8014], and polyclonal IKK�
[FL-419; catalog no. sc-8330]) were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, Calif.). In addition, monoclonal antibodies specific for HCMV
IE1 (6E1) and IE2 (12E2) were used to detect these proteins and have been
previously described (78, 96). Blots were washed with a 1� phosphate-buffered
saline–0.1% Tween 20 solution and incubated with a horseradish peroxidase-
conjugated secondary antibody (Amersham Biosciences, Piscataway, N.J.) di-
luted in blocking buffer. Blots were washed and then developed using the ECL�
system (Amersham Biosciences) according to the manufacturer’s protocol.

RNA isolation and reverse transcription-PCR (RT-PCR). Total cellular RNA
from infected fibroblasts was harvested using the Qiagen RNeasy kit (Qiagen,
Inc.). RNA samples were reverse transcribed using 400 U of Moloney murine
leukemia virus reverse transcriptase (Invitrogen Corp., Carlsbad, Calif.) in 1�
reverse transcriptase buffer supplemented with 80 U of RNasin (Promega Corp.,
Madison, Wis.), 0.1 �g of random hexamers (Invitrogen Corp.)/�l, and 1 mM
deoxynucleoside triphosphates (Amersham Biosciences). After incubation at
37°C for 1 h, 1 U of RNase H (Stratagene, La Jolla, Calif.) was added.

RT products were amplified by PCR performed in 1� Thermo Pol buffer
(New England BioLabs, Inc., Beverly, Mass.) containing 1.25 U of Deep Vent
polymerase (New England Biolabs, Inc.) and a 50 �M concentration of each
deoxynucleoside triphosphate. Primers specific for IE1-72 (sense, ACACGATG
GAGTCCTCTGCC; antisense, TTCTATGCCGCACCATGTCC [30]; Inte-
grated DNA Technologies, Coralville, Iowa) and IE2-86 (sense, TCCTCCTGC
AGTTCGGCTTC; antisense, TTTCATGATATTGCGCACCT [17, 38];
Integrated DNA Technologies) were used to amplify regions of these genes.
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Following an initial denaturing step at 94°C for 5 min, the cDNA was amplified
for 35 cycles (94°C for 1 min, 56°C for 1 min, and 72°C for 1.5 min). PCR
products were analyzed by electrophoresis on a 2.5% agarose gel. Equal RNA
loading was confirmed by repeating the PCR using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-specific primers (sense, GAAGGTGAAGGTCGGA
GTC; antisense, GAAGATGGTGATGGGATTTC [44]; Integrated DNA Tech-
nologies).

GST protein induction and purification. Plasmids expressing a wild-type I�B�
construct fused to a glutathione S-transferase (GST) tag (pGEX-2T GST-wt-
I�B�) (52), or a mutated truncated form of I�B� fused to a GST tag (pGEX-2T
GST-I�B� 1-54 SS3 AA) (52) used as a negative control, were transformed into
competent Escherichia coli BL21 bacteria (both constructs were obtained as a
generous gift from John Hiscott, Institut Lady Davis de Recherches Medicales,
Montreal, Quebec, Canada). Transformed bacteria were cultured overnight in
2X-YTG medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl, 2% glucose) and
pelleted by centrifugation. Pellets were resuspended in 2X-YT medium (1.6%
tryptone, 1% yeast extract, 0.5% NaCl), and protein synthesis was induced by the
addition of isopropyl-�-D-thiogalactopyranoside (0.25 mM final concentration;
Novagen, Madison, Wis.). GST-bound proteins were purified from lysed bacteria
using the GST-bind kit (Novagen), following the manufacturer’s protocol. Ali-
quots of purified proteins were subjected to SDS-PAGE and stained with Coo-
massie blue to determine protein purity and concentration.

Protein kinase assays. Fibroblasts were grown to confluency, infected with
HCMV (MOI, 3 to 5), and harvested at various times postinfection in a detergent
lysis buffer (10 mM Tris [pH 7.4], 1.0% Triton X-100, 0.5% Nonidet P-40, 150
mM NaCl) supplemented with protease inhibitor cocktail I and II (Sigma, St.
Louis, Mo.) and phosphatase inhibitor cocktail (Sigma), following the manufac-
turer’s specifications. Samples were cleared by centrifugation, and the superna-
tant was incubated with 3 �g of a polyclonal antibody specific for IKK� (FL-419;
catalog no. sc-8330; Santa Cruz Biotechnology, Inc.) and rocked overnight at
4°C. A 10-�l aliquot of a 50% protein A-protein G–Sepharose bead (Oncogene
Research Products, San Diego, Calif.) suspension was then added and, following
incubation, immunocomplexes bound to beads were pelleted by centrifugation
and washed with kinase buffer (150 mM NaCl, 10 mM Tris [pH 7.4], 10 mM
MgCl2, 0.5 mM dithiothreitol) supplemented with protease inhibitor cocktail I
and II (Sigma) and phosphatase inhibitor cocktail (Sigma). Pellets were incu-
bated at 30°C for 15 min with 40 �l of the kinase buffer containing 25 �M ATP,
2.5 �Ci of [�-32P]ATP (ICN Biomedicals, Inc., Irvine, Calif.), and the GST-wt-
I�B� substrate (or negative control substrate, GST-I�B� 1-54 SS3AA) at a
concentration of 1.0 mg/ml. Following incubation, samples were boiled and
loaded on an SDS–10% PAGE gel. Gels were then stained with Coomassie blue,
dried, and exposed to X-ray film.

NF-�B inhibitory drugs. Aspirin (acetylsalicylic acid; Sigma) and MG-132
(Z-Leu-Leu-Leu-al; Sigma) were used to inhibit the activation of NF-�B in
infected cells. Fibroblasts were treated with Eagle’s minimal essential medium
supplemented with 4% heat-inactivated fetal bovine serum, penicillin (100 IU/
ml), and streptomycin (100 �g/ml) and containing 5 mM aspirin or 50 �M
MG-132 for 1 h prior to infection. The medium was then changed, and fresh
aspirin or MG-132 was added. The cell cultures were then infected with HCMV
(MOI, 3 to 5) for 1 h, followed by replacement of the medium every hour to
control for the shortened half-life of the drugs in serum. Cells treated with
aspirin and MG-132 were tested for cytotoxicity at the specific concentrations
used. At all time points tested, greater than 95% of the cells were viable as
determined by trypan blue (Cellgro Mediatech, Inc., Herndon, Va.) exclusion
staining. For all experiments containing aspirin and MG-132, HCMV-infected
fibroblasts were treated with the drug solvents (1 M Tris [pH 8.0] for aspirin;
dimethyl sulfoxide for MG-132), and no changes in IE mRNA or protein ex-
pression were detected in the presence of the solvent-alone controls (data not
shown).

RESULTS

NF-�B is required for HCMV MIEP transactivation. Be-
cause our laboratory previously showed that NF-�B was in-
duced very early following HCMV infection (97), we hypoth-
esized that this virus-mediated NF-�B induction drives the
transactivation of the MIEP, which contains four NF-�B bind-
ing sites (61). To examine a possible direct role for NF-�B in
the transactivation of the HCMV MIEP, we performed trans-
fection-infection assays (98) using the dominant-negative I�B

construct, the I�B-SR, to prevent NF-�B induction. HEL fi-
broblasts were cotransfected with the HCMV MIEP-CAT con-
struct (92) along with the I�B-SR (89), followed by infection.
The I�B-SR is a mutated form of I�B� in which serines 32 and
36, residues normally phosphorylated by the IKK complex,
have been replaced with alanines (89); thus, this construct
blocks NF-�B release from I�B and its translocation to the
nucleus (13, 14, 19, 27, 86, 89). In the presence of the I�B-SR,
transactivation of the MIEP was significantly decreased to less
than 2% of the activity observed when the MIEP was cotrans-
fected into cells with the control plasmid (Fig. 1), suggesting
that the activation of NF-�B is required for MIEP transacti-
vation. The I�B-SR also significantly decreased the known
NF-�B-responsive major histocompatibility complex class I
(MHC-wt) promoter, which served as a positive control (41);
as a negative control the known NF-�B sites within the MHC
promoter were mutated (MHC-mut). A �-galactosidase ex-
pression vector was also cotransfected into cells, and the re-
sulting �-galactosidase activity was utilized to control for trans-
fection efficiencies and to normalize CAT assay results. These
data suggested that the regulation of the NF-�B/I�B complex
plays a critical role in the transactivation of the HCMV MIEP
in fibroblasts.

I�B� and I�B� protein levels are decreased following
HCMV infection. Because the results shown in Fig. 1 suggested
that the NF-�B/I�B complex was required for MIEP transac-
tivation, we next investigated virus-mediated changes in the
I�B proteins as a mechanism to account for the increase in
NF-�B activity. Protein levels of I�B� and I�B� were moni-

FIG. 1. Inhibition of NF-�B activity prevents MIEP transactiva-
tion. Transfection-infection assays were performed in HEL fibroblasts.
Cells were cotransfected with the promoter CAT constructs indicated
(MIEP, MHC-wt, and MHC-mut) and the I�B-SR or the control
construct and then infected with HCMV (MOI, 3 to 5), and CAT
assays were performed on the harvested cell lysates. The MHC-wt
promoter was used as a positive control, and a mutated MHC pro-
moter with the NF-�B binding sites mutated (MHC-mut) was used as
a negative control. Fold induction represents the difference between
the percent acetylation of the test sample and that of the vector-alone
control. CAT assays were repeated with similar results.
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tored by Western blot analysis following a time course of in-
fection in fibroblasts (Fig. 2). Within 30 min of infection, levels
of I�B� were reduced to near undetectable levels; I�B� pro-
tein levels remained low until 4 to 8 hpi, when increased I�B�
levels were observed (Fig. 2A). This de novo I�B� protein
synthesis was not surprising, as the I�B� promoter is autoregu-
lated by NF-�B due to the presence of NF-�B binding sites
within the I�B� promoter (42). Shortly after this increase,
I�B� protein levels again dropped to near undetectable levels,
suggesting that HCMV was specifically targeting I�B� for sus-
tained degradation. The decrease of I�B� protein was delayed
compared to that of I�B�, with no changes observed at 30 min
postinfection. However, by 2 hpi, I�B� protein levels were
significantly reduced and remained at low levels throughout
the time course of infection (Fig. 2B). The observation that
HCMV targeted a sustained decrease in both of the primary
inhibitors of NF-�B (I�B� and I�B�) suggests that HCMV
infection promotes maximal NF-�B release.

IKK activity is required for maximal transactivation of the
MIEP following HCMV infection. Because of the decrease in
I�B� and I�B� protein levels seen following HCMV infection
(Fig. 2), we next examined if HCMV mediated changes in the
IKK complex as a mechanism to regulate the NF-�B/I�B com-
plex. To initially investigate the role of HCMV-mediated sig-
naling through the IKK complex in NF-�B activation, we per-
formed transfection-infection assays using the MIEP-CAT
construct (92) in the presence of the dominant-negative forms
of the catalytic subunits of the IKK complex, IKK� and IKK�
(59).

The results of these experiments (Fig. 3) demonstrated that
dominant-negative IKK� or IKK� constructs, when cotrans-
fected with the MIEP-CAT construct, significantly decreased
MIEP transactivation. These results suggested that both of the
IKK catalytic subunits are utilized during HCMV infection to
promote NF-�B activity and MIEP transactivation. There was
a greater decrease in MIEP transactivation when the domi-
nant-negative IKK� (10 �g) was used than when the domi-
nant-negative IKK� (10 �g) was used (74 versus 56%, respec-
tively), suggesting that IKK� activity plays a larger role than
IKK� activity in NF-�B activation during HCMV infection.

Because �-galactosidase activity was utilized to control for
transfection efficiency and to normalize CAT assay results, this
larger role for IKK� suggests that IKK� homodimers (39, 99),
independently of the IKK�/IKK� heterodimers, could be in-
volved in HCMV-mediated signaling, although this possibility
has not yet been investigated. MIEP transactivation was de-
creased to similar levels when either dominant-negative IKK�
alone or both dominant-negative IKK� and dominant-negative
IKK� (5 or 10 �g of each) were cotransfected into cells to-
gether. Because the dominant-negative IKK constructs failed
to inhibit MIEP transactivation to the same degree as the
I�B-SR (74 or 56% decrease in MIEP transactivation in the

FIG. 2. HCMV infection induces a decrease in I�B� and I�B� protein levels. HEL fibroblasts were infected with HCMV (MOI, 3 to 5) and
harvested at the time points shown postinfection. Western blot analysis was performed on the harvested cell lysates using a monoclonal antibody
specific for I�B� (A) and a polyclonal antibody specific for I�B� (B). “Mock” represents uninfected fibroblasts. Equal protein was loaded in each
lane. Western blot analyses were repeated with similar results.

FIG. 3. Dominant-negative IKK constructs block transactivation of
the HCMV MIEP. Kinase mutant IKK constructs (D/N IKK� and D/N
IKK�) were cotransfected into HEL fibroblasts along with the HCMV
MIEP-CAT construct. Transfected cells were infected with HCMV
(MOI, 3 to 5) and harvested after 48 h, and CAT assays were then
performed on the collected cell lysates. Fold induction represents the
difference between the percent acetylation of the test sample and that
of vector-alone controls. CAT assays were repeated with similar re-
sults.
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presence of D/N IKK� or D/N IKK�, respectively [Fig. 3]
versus a �98% decrease in MIEP transactivation in the pres-
ence of the I�B-SR [Fig. 1]), additional mechanisms of NF-�B
activation, such as CK2 (formerly casein kinase II), not involv-
ing the IKK pathway could be involved in the remaining pro-
moter activity (5, 52, 56, 72). Nevertheless, the data suggest
that IKK activation plays a dominant role in the activation of
NF-�B and in the transactivation of the MIEP following
HCMV infection of fibroblasts.

Increased protein levels of the IKK complex are detected in
HCMV-infected cells. The involvement of the IKK complex in
MIEP transactivation led us to examine if changes in the IKK

protein levels occurred during HCMV infection. Total cellular
lysates from a time course of infected fibroblasts were har-
vested and subjected to SDS-PAGE followed by Western blot
analysis using antibodies specific for each member of the IKK
complex (Fig. 4). Intracellular protein levels of IKK�, IKK�,
and IKK� all increased upon HCMV infection, suggesting that
HCMV increased the protein levels of the entire IKK complex.

IKK function is increased following HCMV infection. Be-
cause IKK activity is mediated at the functional level, we next
investigated HCMV-induced changes in IKK activity. In vitro
kinase assays using purified GST-I�B� as a substrate were
performed on IKK complexes immunoprecipitated from
whole-cell lysates using a polyclonal antibody specific for IKK�
(Santa Cruz Biotechnology, Inc.). As a negative control, GST-
I�B� containing mutations in the IKK phosphorylation sites
was used. An equal amount of IKK protein was used for each
sample tested. The results of these studies (Fig. 5) demon-
strated that IKK kinase activity increased at least 2.8-fold in
response to HCMV infection. IKK activation occurred in a
biphasic manner, with the first peak in IKK activity occurring
at 4 hpi (Fig. 5A). IKK kinase activity appeared to reach
maximal levels at 72 hpi (Fig. 5B).

NF-�B is required for efficient production of HCMV IE
mRNA and protein. The results from the experiments pre-
sented above, along with our group’s earlier studies (96–98),
suggest that HCMV infection induces NF-�B to drive viral
gene expression. Specifically, we hypothesized that HCMV
infection induces NF-�B activation to transactivate the MIEP
and subsequently induce IE mRNA and protein production.
To test this hypothesis, we examined the role that NF-�B plays
in the viral life cycle by investigating the levels of IE mRNA
and protein expression following treatment with NF-�B inhib-
itory drugs. We used two drugs widely used to block NF-�B
activation: aspirin, a general NF-�B inhibitor (94), and MG-
132, a specific proteasome inhibitor (65). Titrations were per-
formed (data not shown) to determine optimal doses of these

FIG. 4. HCMV induces an increase in IKK complex (IKK�, IKK�,
and IKK�) protein levels. HEL fibroblasts were infected with HCMV
(MOI, 3 to 5), and cells were harvested at the times indicated postin-
fection. Western blot analysis was performed using antibodies specific
for IKK�, IKK�, and IKK�. “Mock” represents uninfected fibroblasts.
Equal protein was loaded in each lane. Western blot analyses were
repeated with similar results.

FIG. 5. IKK activity increases following HCMV infection. Fibroblasts were infected with HCMV and harvested at the times shown postinfec-
tion. The IKK complex was immunoprecipitated using a polyclonal antibody specific for IKK� from cell lysates harvested at early times
postinfection (A) and later times of infection (B). In vitro kinase assays were then performed on purified immunocomplexes using a wild-type
GST-I�B� as the substrate (GST-wt-I�B�). An I�B� with the IKK phosphorylation sites mutated (GST-I�B� SS3AA) was used as a negative
control. Densitometry analysis was performed on autoradiographs from in vitro kinase assays. Results are presented as the fold induction of kinase
activity compared to that in mock-infected cells. T0	 represents time zero. Experiments were repeated with similar results.
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drugs in our system. Fibroblasts were incubated in the pres-
ence of the NF-�B inhibitory drugs for 1 h prior to the addition
of virus, and cells were harvested at the times indicated and
subjected to Western blot analysis (Fig. 6A) and RT-PCR (Fig.
6B).

We first addressed changes in IE1-72 protein levels in re-
sponse to NF-�B inhibitory drugs. As shown in Fig. 6A, IE1-72
protein levels were decreased by �95%, as determined by
Western blot analysis followed by densitometry analysis. Sim-
ilar results were observed when samples were tested for IE2-86
protein production (data not shown). Next, to determine if the
decrease in IE protein expression was regulated at the tran-
scriptional level, we examined changes in steady-state IE
mRNA levels by RT-PCR following treatment with the NF-�B
inhibitory drugs. As shown in Fig. 6B, aspirin and MG-132
significantly decreased and delayed IE1-72 mRNA expression
(�95%). Likewise, IE2-86 mRNA expression was similarly
decreased and delayed (data not shown). Mock-treated control
cells (treated with only the drug solvents, as stated in Materials
and Methods) exhibited normal levels of IE1-72 and IE2-86
mRNA expression as determined by RT-PCR. Primers specific
for GAPDH were used to confirm that equal amounts of
cDNA were used in each PCR.

Because NF-�B can drive expression of antiapoptotic pro-
teins (reviewed in reference 4) and has been shown to have an
antiapoptotic effect following herpes simplex virus type 1 in-
fection (33), cells treated with aspirin or MG-132 were tested
for viability by trypan blue dye exclusion staining. No signifi-
cant decrease in cell viability was observed at any of the time
points tested in our experiments (data not shown). Lastly,
Western blotting was performed on the harvested lysates at 1
hpi, and the blots were examined for I�B� expression. The
control experiments showed that I�B� levels did not change in
cells treated with aspirin and MG-132, demonstrating that
these drugs do block NF-�B activation in fibroblasts and that
the inhibition of NF-�B activity correlates with the decrease in
IE expression. Taken together, these results suggest that the
viral induction of NF-�B drives the transactivation of the
HCMV MIEP in fibroblasts, and they begin to delineate the
important role that this transcription factor plays in the
HCMV life cycle.

DISCUSSION

The goal of our present study was to investigate the potential
mechanisms by which HCMV infection activates NF-�B and
the role that this virus-induced NF-�B plays in the regulation
of the HCMV gene cascade. Our data suggest that activation
of NF-�B is specifically induced by HCMV to drive transacti-
vation of the HCMV MIEP (summarized in our model in Fig.
7). Together, our results provide strong evidence that NF-�B is
a critical player for the initiation of the HCMV gene cascade
and, thus, the entire viral life cycle.

Previously, our investigators showed that NF-�B activation
following HCMV infection is biphasic, with one increase ini-
tiating within 5 min of viral infection and a second increase
observed around 12 hpi (97). Our present studies support this
model for NF-�B activation, as the degradation of I�B� fol-
lowing infection followed a similar biphasic pattern (Fig. 2).
Our data suggest that the biphasic activation of NF-�B is
critical for efficient viral replication, as the first tier of NF-�B
activation, due to a receptor-ligand-mediated signaling effect
of the HCMV gB and gH glycoproteins (96), serves to prepare
the cell for immediate production of viral transcripts, while the
second tier of NF-�B activation, which involves the de novo
synthesis of new NF-�B molecules, serves to maintain high
levels of NF-�B in the infected cell during later times of viral
replication (97). We hypothesize that the prolonged activation
of NF-�B is important for viral replication, as it would not only
transactivate multiple classes of viral promoters but would also
serve a protective function by inducing the expression of anti-
apoptotic genes (4) at later times postinfection. No decrease in
cell viability was observed in the presence of NF-�B inhibitors
at early times postinfection; however, we are now investigating
the protective role of the induced NF-�B in HCMV-infected
cells at later times of infection as has been shown for herpes
simplex virus infection (33). A possible protective role for
NF-�B during HCMV infection is intriguing because of the
extended life cycle of the virus seen in vivo, where it can take
weeks to complete the viral life cycle (61).

I�B� is generally thought to be the major inhibitor of NF-�B
activation; however, our data suggest that both I�B� and I�B�
are involved in the HCMV-mediated activation of NF-�B.

FIG. 6. NF-�B inhibitory drugs block IE gene expression. Cells
were treated with aspirin or MG-132 for 1 h prior to infection with
HCMV (MOI, 3 to 5). (A) Protein levels were analyzed by Western
blot analysis using antibodies specific for IE1-72. Replicate studies
were performed using IE2-86-specific reagents with similar results
(data not shown). Equal protein was loaded per lane. (B) Steady-state
mRNA levels were analyzed by RT-PCR analysis. RT-PCR was per-
formed using primers specific for IE1-72. Equal RNA loading was
determined by repeating the PCR using GAPDH-specific primers.
Replicate studies were performed using IE2-86-specific reagents with
similar results (data not shown). Fibroblasts treated with the drug
solvents (1 M Tris [pH 8.0] for aspirin and dimethyl sulfoxide for
MG-132) and infected with HCMV were used as controls, which
showed no effect due to the solvents (data not shown). Experiments
were repeated with similar results.
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I�B� is thought to be involved in the chronic release of NF-�B
(82, 84, 87), and the viral targeting of I�B� points to a possible
mechanism for the sustained NF-�B activity observed in
HCMV-infected cells. I�B� levels are not autoregulated by
NF-�B and, thus, the virus-mediated decrease in I�B� levels
early in infection allows the virus to only have to contend with
the regulation of I�B� levels during the course of infection.
The sustained decrease in I�B� in response to HCMV infec-
tion points to multiple virus-mediated signaling pathways being
induced early after infection, because I�B� degradation has
been reported to require two signals (21). Based on our pre-
vious studies showing that both gB and gH signal by binding to
their cellular receptors (95, 96), it is intriguing to propose that
the signaling induced by both HCMV glycoproteins may act in
concert to target I�B�. Because the I�B proteins are rapidly
degraded following phosphorylation by the IKKs (19, 27), we
propose that similar events occur upon HCMV infection and
that the decrease in I�B� and I�B� levels is due to proteolytic
degradation.

MIEP transactivation was decreased to near basal levels in
the presence of the I�B-SR; therefore, we hypothesized that a
similar decrease in MIEP transactivation would be observed
when the dominant-negative forms of IKK� and IKK� were
used. Surprisingly, while MIEP transactivation was signifi-
cantly decreased in the presence of these dominant-negative
IKK proteins, at least 25% of MIEP transactivation remained.
These results suggest that additional pathways are involved in

the targeting of the NF-�B/I�B complex in response to HCMV
infection. While most NF-�B signaling pathways are thought to
converge at the level of the IKK complex, additional kinases,
such as CK2, have been demonstrated to directly phosphory-
late I�B� and induce its degradation, resulting in NF-�B ac-
tivation (5, 52, 56, 72). Changes in CK2 activity have not yet
been examined during HCMV infection, although the promot-
ers of both subunits of CK2 contain Sp1 binding sites (66),
which our investigators previously have shown are induced in
response to HCMV infection (96). Alternatively, because
MIEP activity remained following treatment of the cells with
the dominant-negative IKK constructs (Fig. 3), the data could
point to the role other transcription factors play in MIEP
transactivation. However, because we have shown that the
I�B-SR inhibits nearly all MIEP transactivation (Fig. 1), we
would argue that NF-�B activity is essential for MIEP activity
while the IKK pathway only accounts for a majority of the
induced NF-�B activity.

We demonstrated that IKK complex activity is increased by
greater than twofold following infection with HCMV (Fig. 5),
consistent with previously published reports demonstrating the
activation of the IKK complex in response to herpes simplex
virus infection (1). It should be noted, however, that this two-
fold increase in IKK activity underrepresents the true increase
in IKK activity, because the IKK kinase assays were performed
via immunoprecipitation, with equal molar amounts of IKK
being pulled down. A twofold increase in IKK kinase activity

FIG. 7. Model showing the interaction of HCMV with the NF-�B pathway. HCMV infection induces increased levels of the IKK proteins as
well as increased IKK kinase activity, leading to a rapid and sustained decrease in I�B� and I�B� protein levels. This in turn leads to the prolonged
activation of NF-�B and transactivation of the HCMV MIEP, resulting in the production of viral transcripts necessary for HCMV replication.
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for each IKK complex (Fig. 5), combined with the significant
increase in IKK protein levels (three to fivefold increase) ob-
served following HCMV infection (Fig. 4), would be expected
to result in a substantial increase in overall cellular IKK kinase
activity (possibly a true 6- to 10-fold increase) during the
course of infection.

HCMV pathogenesis is largely dependent on viral replica-
tion (31) and, thus, inhibition of the HCMV life cycle provides
an effective means of combating HCMV-related disease. Our
data demonstrated that production of HCMV IE protein and
mRNA was significantly decreased and delayed in the presence
of the NF-�B inhibitory drugs, aspirin and MG-132. Aspirin is
a general NF-�B inhibitor whose mechanism of action is not
completely understood, but it is thought to inhibit IKK� (94)
as well as other upstream factors (60, 76). MG-132 specifically
inhibits the 26S proteasome, thereby preventing the degrada-
tion of the I�Bs (43). Because both IE1-72 (29, 34, 62) and
IE2-86 (54) are required for efficient HCMV replication in
vitro, our results suggest that the inhibition of NF-�B activity,
and consequently IE expression, would significantly block viral
replication. However, by 15 hpi low levels of both IE1-72 and
IE2-86 proteins were detected in fibroblasts. Because the
MIEP contains multiple transcription factor binding sites (61),
it is possible that additional transcription factors are capable of
inducing MIEP transactivation at later times postinfection.
Alternatively, the increase in IE protein production observed
at 15 hpi could be the result of increased toleration of the cells
to the drugs used. Aspirin and MG-132, in addition to their
NF-�B inhibitory effects, could affect other aspects of cellular
physiology. Nevertheless, because we used a combination of
approaches to inhibit NF-�B in our system, the results strongly
support our proposed model for the importance of NF-�B
activation in the transactivation of the HCMV MIEP and sug-
gest that MIEP regulation could be a potential target for ther-
apeutic intervention.

The aberrant regulation of the NF-�B regulatory pathway by
HCMV may provide important clues to the mechanisms of
viral pathology. NF-�B is central to the inflammatory response
(reviewed in reference 88), and inflammation is a key factor in
HCMV-mediated diseases, including atherosclerosis (22, 51).
Independent studies have demonstrated an increased preva-
lence of atherosclerosis in individuals infected with HCMV (7,
35, 53, 77, 102), and NF-�B is activated in tissues from ath-
erosclerotic lesions in contrast to control nonatherosclerotic
tissue (10, 68, 90). Because many of the genes that are found
elevated in atherosclerotic plaques (including those encoding
proinflammatory cytokines, chemotactic proteins, and cell ad-
hesion molecules) are regulated by NF-�B (25), our study
provides a molecular model that is consistent with HCMV’s
proposed role in atherosclerotic disease. In addition, HCMV is
the leading viral cause of congenital birth defects in the United
States (12, 55). Interestingly, aberrant regulation of members
of the NF-�B activation pathway has also been shown to be
responsible for congenital deformities (reviewed in reference
2), and deficiencies in the IKK proteins result in severe birth
defects (6, 16, 36, 37, 45, 50, 73, 74, 83, 103). Because, as we
have reported here, IKK complex protein levels and activity
are dysregulated in response to HCMV infection, it is possible
that HCMV-mediated alterations in these important develop-

mental proteins may contribute to the congenital deformities
observed during prenatal HCMV infection.

Because aberrantly high levels of NF-�B activation have
deleterious cellular effects (3, 32, 64, 71, 101) as discussed
above, it is likely that HCMV also encodes proteins to inhibit
the activation of NF-�B in order to maintain NF-�B activation
at levels that are advantageous for viral replication yet that
would allow the maintenance of a healthy cell. A recent study
by Browne and Shenk suggested that the major HCMV tegu-
ment protein, pp65, functions to inhibit NF-�B activation for
just this purpose (15), suggesting that a combination of
HCMV-mediated mechanisms is required to maintain a fine
balance of NF-�B activation in infected cells.

Collectively, our results provide a molecular understanding
of the central role that NF-�B plays in the initiation of the viral
life cycle. Because HCMV pathogenesis is related to the ability
of the virus to replicate (31) and because the MIEP drives viral
replication, our study identifies the NF-�B pathway as a po-
tentially attractive target for the development of novel antiviral
therapies to combat HCMV disease.
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