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Modulation of Human Cytomegalovirus Immediate-Early
Gene Enhancer by Mitogen-Activated Protein Kinase
Kinase Kinase-1
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Abstract The immediate-early (IE) promoter of human cytomegalovirus (HCMV) constitutes a primary genetic
switch, which determines the progression of viral infection. Earlier reports by others have shown mitogen-activated
protein kinase kinase kinase-1 (MEKK1) to be able to up-regulate HCMV-IE promoter through downstream mitogen-
activated protein kinase (MAPK) pathways. However, we noticed that the activation of the HCMV-IE promoter by
constitutively active MEKK1 (MEKK1-TRU) might not be through the MAPK pathways. Using a HCMV-IE enhancer/
promoter (ÿ 522 to � 72) driving a luciferase reporter, we demonstrated that the downstream MAPK activation actually
repressed the up-regulation of the promoter by MEKK1 in CHO-K1 and human 293 cells. We further found that the up-
regulation of HCMV-IE promoter by MEKK1 could be in great extent suppressed by over-expression of IkBa. Deletion of
the NFkB/rel sites in the HCMV-IE enhancer region by mutagenesis proportionally reduced the transcriptional activation
by MEKK1-TRU, whereas deletion of the ATF/CREB binding sites or cyclic AMP response elements (CRE) had no effects.
Furthermore, the NFkB/rel deletion mutant also showed repression on the basic transcription activity of the HCMV-IE
promoter. Our results indicate that the NFkB/rel sites are not only responsible for the modulation of HCMV-IE enhancer
activity by MEKK1 but also control the basic transcription activity of the HCMV-IE promoter. On the other hand, the four
consensus CRE sites were found to have no function in the activation of the promoter by MEKK1. J. Cell. Biochem. 83:
563±573, 2001. ß 2001 Wiley-Liss, Inc.
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The mitogen-activated protein (MAP) kinase
signaling cascades are evolutionarily conserved
cellular signal transduction pathways. These
signaling pathways respond to extracellular
stimuli such as growth factors, cytokines,
serum, and stresses, and regulate physiological
processes including cell growth, differentiation,
oncogenic transformation, immune responses,
and apoptosis [reviewed by Ip and Davis, 1998;
Schaeffer and Weber, 1999]. The MAP kinase
cascades are organized as a core signaling
module. There are typically three protein
kinases, MAP kinase kinase kinase (MKKK),
MAP kinase kinase (MKK), and MAP kinase, in
the module although it may be extended
upstream [Schaeffer and Weber, 1999]. The
upstream kinases sequentially phosphorylate

and thus activate the downstream components
to transmit the signals. The substrates of
activated MAP kinases include other protein
kinases and transcription factors that further
transduce the signals to modulate gene expres-
sion and cellular function. In the mammalian
system, six different MAPK signaling modules
have been described to date [Schaeffer and
Weber, 1999]. An individual signaling module
receives different stimuli and activates differ-
ent substrates. Among them, Erk, JNK, and p38
MAPK are the best-characterized modules.

The human cytomegalovirus immediate early
(HCMV-IE) gene encodes two transcription
factors, IE1 p72 and IE2 p86, both composed of
sequence-speci®c DNA-binding and activator
domains. The expression of IE products is
required for HCMV replication, and the activa-
tion of HCMV-IE is modulated by an upstream
enhancer region (base position ÿ 55 to ÿ 550)
[reviewed by Fortunato and Spector, 1999]. The
HCMV-IE enhancer is one of the strongest and
most complex regulatory regions for RNA pol
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II-directed transcription [Foecking and Hofstet-
ter, 1986] and contains arrays of ®ve 19-, four
18-, and three 21-bp repeats that are consensus
binding sites for ATF/CREB, NF-kB/rel, and
YY1, respectively [Thomsen et al., 1984;
Boshart et al., 1985]. In addition, the HCMV-
IE enhancer region has a number of consensus
and non-consensus Sp1 sites and one binding
site each for serum response element (SRE),
CCAAT/enhancer binding protein (C/EBP),
ETS factor, AP1, and the retinoic acid receptor
RAR-RXR family members [Meier and Stinski,
1996].

The immediate early events of HCMV infec-
tion are mediated by virus-host interactions
[Fortunato and Spector, 1999]. Many of the host
transcription factors involved in controlling
HCMV gene expression are regulated by phos-
phorylation. Erk MAPK activity is sustained for
at least 8 h post CMV infection [Rodems and
Spector, 1998]. It was also found that HCMV
infection of human ®broblasts resulted in a
dramatic increase in p38 MAPK phosphoryla-
tion [Johnson et al., 1999]. Furthermore, an up-
regulation of the HCMV-IE enhancer/promoter
activity by stress-activated MAPKs was
recently demonstrated [Bruening et al., 1998].
In contrast, we showed that the activation of the
HCMV-IE enhancer/promoter by constitutively
active MEKK1 (MEKK1-TRU) is not through
the MAPK pathways in our routine protein
expression experiments. By over-expression of
kinase members of the MAPK pathway in CHO-
K1 and human 293 cells, we found that Erk2,
p38, and JNK1 all repressed the MEKK1-TRU
dependent activation of HCMV-IE enhancer/
promoter. Therefore, we sought to investigate
the signaling pathway and target regulatory
sites for MEKK1 mediated up-regulation of the
HCMV-IE enhancer/promoter.

METHODS

Cell Lines and Reagents

Most of the experiments were carried out in
the CHO-K1 cell line. The starting passage of
the cell line is at number 26 and the cells used
were not over eight additional passages. Some of
the critical experiments were repeated in
human 293 cells. The starting passage of 293
cell-line is unknown and no more than 10
additional passages of the cells were used. The
CHO-K1 cell line was maintained in HAM's
F-12 medium with 10% fetal bovine serum and

35 mg/ml L-proline and the 293 cell line in
DMEM with 10% fetal bovine serum and 2 mM
L-glutamine. Lipofectamine and Plus reagent
were from Gibco-BRL. Dual-Luciferase1
Reporter Assay System is the product of
Promega. Antibodies against MEKK1, JNK,
and IKKb were purchased from Pharmingen.
Antibodies against MEK1, p38, and Erk were
from Transduction Laboratories. Antibodies
against MKK7 and FLAG-tag were from Santa
Cruz Biotechnology and Sigma, respectively.

Plasmids

CMV ®re¯y luciferase reporter vector was
constructed by replacement of the SV40 promo-
ter region in pGL3 Control Luciferase Reporter
Vector (Promega) with the HCMV-IE enhancer/
promoter (ÿ 521 to� 72). The promoter contains
all factor binding sites except the SRE site since
the SRE sites do not play pivotal roles in the
regulation of HCMV-IE transcription [Fortu-
nato and Spector, 1999]. For the control vector,
only the minimal promoter (ÿ33 to �3) was
inserted into the region. NFkB/rel binding site
deletion mutants were constructed by changing
the essential GGG to TCG. CRE sites were
destroyed by changing TGAC to ACCG for the
ATF/CREB mutant constructs. Different NFkB/
rel binding sites are de®ned as the followings:
NFkB/rel binding site at ÿ 422 to ÿ 413 (NFkB-
a), NFkB/rel site at ÿ 271 to ÿ 262 (NFkB-b),
NFkB/rel site at ÿ 166 to ÿ 157 (NFkB-c), and
NFkB/rel site at ÿ 103 to ÿ 94 (NFkB-d).
Similarly, different CRE sites are de®ned as
the followings: CRE site at ÿ 463 to ÿ 456
(CREB-a), CRE site at ÿ 410 to ÿ 403 (CREB-
b), CRE site at ÿ 327 to ÿ 319 (CREB-c), and
CRE site at ÿ 141 to ÿ 134 (CREB-d). For each
type of binding site, four mutants were made.
These mutants have different number of dele-
tion sites (1 to 4 sites). NFkB-d, NFkB-bc,
NFkB-bcd, and NFkB-abcd represent that 1, 2,
3, and 4 NFkB sites are deleted by mutagenesis
and the lower case letters indicate the position
of deletion. Similarly, CREB-b, CREB-bc,
CREB-bcd, and CREB-abcd indicate the
number and position of the deletion for CRE
sites. Renilla (sea pansy) luciferases vector,
pRL-TKluc(R) (Promega), was used as the
internal control. Constitutively active rat
MEKK1 (rMEKK1-TRU) expression vector,
pFc-MEKK1-TRU, and the catalytic subunit of
protein kinase A (PKA) expression vector,
pFcPKA, were originally purchased from
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Stratagene. Expression vectors for nuclear
factor CREB and IkBa, pcDNA3.1/GS/CREB,
and pcDNA3.1/GS/MAD3, were obtained from
Invitrogen. Other expression vectors were con-
structed as following. Human MEK1, MKK6,
MKK7, IKKb, JNK1, p38, and rat Erk1 were
cloned into the pCGN vector [Tanaka and Herr,
1990] equipped with a HA-tag in frame at the N-
terminus. Human MKK3, MKK4, p38, p38b2,
p38d and p38g were cloned into pcDNA3.1
expression vector (Invitrogen) with Flag-tag.
All constitutively active or dominant negative
mutants were generated from the original
clones by using the Quik ChangeTM Site-
directed Mutagenesis Kit (Stratagene). All
constructs were con®rmed by DNA sequencing.
All mutants are named as follows: MEKK1-
TRUKR (K432R), MEK1EE (S218E, S222E),
MKK3EE (S189E, T193E), MKK4ED (S257E,
T261D), MKK7EE (S271E, T275E), JNK1AF
(T183A, Y185F), Erk2AF (T183A, Y185F),
p38AF (T180A, Y182F), p38b2AF (T180A,
Y182F), p38dKM (K54M), p38gAF (T182A,
Y184F), IKKbAA (S177A, S181A), IKKbEE
(S177E, S181E). All clones are human except
for MEKK1 and Erk2 which are both from rat.

Transient DNA Transfection and Luciferase Assays

CHO-K1 or 293 cells in exponential phase
were seeded in 12-well plates at 2� 105 cells/
well and incubated at 378C for 24 h. Before
transfection, the cells were washed with 1 ml of
Opti-MEM I culture medium (Gibco-BRL) and
incubated in 0.4 ml of the same medium for at
least 1 h. Cells were then transfected with
Lipofectamine Plus (Gibco-BRL) according to
the manufacturer's instructions. Transfected
cells were incubated at 378C for 40� 3 h without
changing the medium. Cells were washed with
PBS once before harvesting. Luciferase assays
were carried out with the Dual-Luciferase1

Reporter Assay System (Promega) following
manufacturer's protocols. Experiments were
carried out in triplicate samples and average
values were presented. Luciferase activities
were expressed in the ratio of Fire¯y/Renilla
to normalize the transfection ef®ciency. In some
cases, the values were normalized into the
percentage of controls. Each experiment was
repeated at least twice.

SDS±PAGE and Western Blot

After luciferase activity assays, the triplicate
cell extracts were pooled and centrifuged.

Supernatants were concentrated with Centri-
con 10 (Amicon) and recovered with SDS
loading buffer. Samples were run on 4±20%
gradient SDS Tris-glycine gels (Novex) and
electro-transferred onto nitrocellular mem-
branes. The membranes were then blotted in
5% non-fat milk and probed with primary
antibodies at 0.5±2.0 mg/ml in PBS plus 2%
milk overnight. After rinsed with PBS for 3±4
times (about 5±10 min each time), the mem-
branes were further incubated with second
antibodies coupled to horseradish peroxidase
for 45 min and extensively washed with PBS
plus 0.025% Tween 20 for three times (5±10 min
each time). Speci®c protein bands were detected
with ECL (Amersham Life Science) as sug-
gested by manufacturer.

RESULTS

Activation of HCMV-IE Enhancer/Promoter
by MEKK1-TRU

The HCMV-IE enhancer region contains AP1
and ATF/CREB consensus binding sites (CRE
sites) [Sambucetti et al., 1989]. The CRE sites
have been shown to play an important role in
maintaining the basal activity of the IE promo-
ter [Hunninghake et al., 1989; Chang et al.,
1990; Niller and Hennighausen, 1990]. The ATF
family is targeted by p38 and, in some cases, by
JNK for phosphorylation and regulation
[Schaeffer and Weber, 1999]. Recently, it has
been suggested that MEKK1 might activate
HCMV-IE enhancer through the stress-acti-
vated MAPKs, p38, and JNK [Bruening et al.,
1998]. In addition, it was observed that HCMV
infection could induce phosphorylation of p38
but not JNK [Johnson et al., 1999]. Also, it was
found that there is sustained Erk activity early
during HCMV infection [Rodems and Spector,
1998]. Since MEKK1-TRU can activate more
than one pathway [Schlesinger et al., 1998], we
expressed different constitutively active MAPK
kinases to further characterize different MAPK
pathways in the regulation of the HCMV-IE
enhancer/promoter. In CHO-K1 cells, only
MEKK1-TRU and the constitutively active
MEK1 (MEK1EE) showed 9- and 6-fold activa-
tion of Fire¯y Luciferase, respectively, com-
pared with the control (Fig. 1A). The
constitutively active MKK3, MKK4, and
MKK7 (MKK3EE, MKK4EE, and MKK7EE)
constructs demonstrated either no signi®cant
activation or a slight repression of the enhancer/
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promoter activity, despite the comparable
expression of the proteins indicated by Western
blotting analysis (Fig. 1A). To ensure that the
activation signal by MEKK1-TRU is through
the HCMV-IE enhancer/promoter, control reac-
tions were carried out under the same condi-
tions with SV40 pGL3control or a HCMV-IE
minimal promoter (ÿ 33 to� 3) reporter vectors.
As shown in Figure 1B, there was no activation
for the control vectors (data for HCMV-IE
minimal promoter reporter vector not shown)
following the over-expression of MEKK1-TRU
and MEK1EE. Furthermore, the kinase activ-
ity-reduced mutant (MEKK1-TRUKR) had a
reduced effect under the same conditions. The
same experiments were performed in 293 cells
and similar results were obtained except that
the activation by MEKK1-TRU was less (about
4±8 fold) and there was no signi®cant activation
by MEK1EE (data not shown).

Repression of the MEKK1-TRU Dependent
HCMV-IE Enhancer Activity by JNK, p38a,

and Erk MAPKs

To further characterize the activation of
HCMV-IE enhancer/promoter by MEKK1-
TRU, we co-expressed human JNK1, p38a,
and rat Erk2, and their dominant negative
mutants with MEKK1-TRU. Failure to activate
the HCMV-IE enhancer/promoter by MKK4
and MKK7 indicates that MEKK1-TRU may
not function through the JNK pathway. Indeed,
when expressed alone, none of the MAP kinases
had any effects on the transcriptional activity of
the HCMV-IE promoter (data not shown). When
co-expressed with MEKK1-TRU, unexpectedly,
JNK1 almost completely suppressed the activa-
tion of the enhancer by MEKK1-TRU whereas
the dominant negative mutant greatly
enhanced the activation (Fig. 2A). Similar
results were observed with p38a and Erk2
although the repression was somewhat less
profound. Their dominant negative mutants
also potentiated the activation by MEKK1
(Fig. 2A). Since MEK1-EE was shown to
activate the transcription of HCMV-IE promo-
ter as well (Fig. 1A), to further clarify the role of
Erk MAPK in the activation of HCMV-IE
promoter, we co-expressed Erk2 with MEK1EE
in CHO-K1 cells. Similarly, the co-expression of
Erk2 resulted in reduction of the activation of
HCMV-IE enhancer/promoter by MEK1EE
(Fig. 2B). Its dominant negative mutant had
slightly positive effects. The results suggest

Fig. 1. Activation of HCMV-IE enhancer by MEKK1 and MKK.
A: CHO-K1 cells in 12-well plates were transfected with 0.02 mg
of pGL3CMVlucF, 0.008 mg of pRL-TKlucR, and 1.4 mg of vector
or kinase DNA per well. Since two different cloning vectors
(pCGN and pcDNA3.1) were used here, each kinase was further
normalized to the percentage of the control vectors
(vector� 100%). Each point of the luciferase activity is the
average of a triplicate assay. After the assay, the three extracts
were pooled. Western blot was run as described in the method
section. Protein expression was con®rmed with a mixture of
primary antibodies including rabbit anti-human MEKK1 (Phar-
Mingen), mouse anti-human MEK1 (Transduction Laboratories),
rabbit anti-Flag Tag (Sigma), and goat anti-mouse MKK7 (Santa
Cruz Biotechnology). MKK3 and MKK4 were tagged with Flag-
peptide at N-terminals and recognized by anti-Flag antibody.
The af®nity of anti-MEKK1 is relatively low and can only be
detected when other bands are over exposed. B: CHO-K1 cells
in 12-well plates were transfected with 0.02 mg of
pGL3CMVlucF (lightly dotted bars) or pGL3-Control (densely
dotted bars), 0.01 mg of pRL-TKlucR, and 1.4 mg of vector or
kinase DNA per well. Cells were harvested 40 h after
transfection and luciferase signals were detected by using
Dual-Luciferase1 Reporter Assay System from Promega as
described in the experimental section. Luciferase activities were
expressed in the ratio of Fire¯y/Renilla to normalize the
transfection ef®ciency.
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that MEK1 may contribute to the activation of
HCMV-IE in CHO-K1 cells through some
mechanism other than the Erk pathway.
Furthermore, MEK1EE does not increase the
transcriptional signals of luciferase in 293 cells
signi®cantly (data not shown).

Effects of Expression of p38 MAPK Isoforms on
the Up-Regulation of HCMV-IE Enhancer

by MEKK1-TRU

Stress activated-MAPKs, p38 and JNK, were
showed to up-regulate the activity of HCMV-IE
promoter [Bruening et al., 1998]. It was also

observed that HCMV infection could induce
phosphorylation of p38 and that the p38
inhibitor, SB202190 (FHPI), could retard
HCMV permissive infection of HEL cells [John-
son et al., 1999]. However, we found that
expressing MKK3EE had no effect on the
transcription activity of HCMV-IE promoter
(Fig. 1A). To further examine the effects of
p38 kinases on the up-regulation of HCMV-IE
enhancer by MEKK1-TRU, we co-expressed
four p38 kinase isoforms and their dominant
negative mutants with both MKK3 and
MEKK1-TRU. Co-expression of p38, p38b2,
p38d, or p38g or their dominant negative
mutants in CHO-K1 with MEKK1-TRU and
MKK3 resulted in suppression of the HCMV-IE
enhancer activity by the wild-type enzymes
except for p38b2 (Fig. 3). The Western blot
analysis showed similar expression levels for

Fig. 2. Repression of MEKK1 mediated activation of HCMV-IE
enhancer by MAPK. CHO-K1 cells in 12-well plates were
transfected with 0.02 mg of pGL3CMVlucF, 0.008 mg of pRL-
TKlucR, and 1.4 mg of vector or kinase DNA per well. Of the 1.4
mg kinase DNA are 0.7 mg MEKK1-TRU plus 0.7 mg of MAPKs or
their dominant negative mutants. Transfection and luciferase
activity determination are described as in Methods. Luciferase
activities were expressed in the ratio of Fire¯y/Renilla to
normalize the transfection ef®ciency. Extracts were pooled
and subjected to Western analysis as described in Methods. The
blot was analyzed with a primary antibody mixture of mouse
anti-human JNK1/JNK2 (PharMingen), mouse anti-rat Erk2, and
mouse anti-human p38 (Transduction Laboratories).

Fig. 3. Effects of expressing p38 MAPK isoforms on the up-
regulation of HCMV-IE enhancer by MEKK1-TRU. CHO-K1
cells in 12-well plates were transfected with 0.02 mg of
pGL3CMVlucF, 0.008 mg of pRL-TKlucR, and 1.4 mg of vector
or kinase DNA per well. The 1.4 mg of kinase DNA was
composed of 0.4 mg of MEKK1-TRU, 0.2 mg of MKK3EE, and 0.8
mg of p38 isoform. For controls, empty cloning vectors were
used to replace the kinases. Cells were cultured, harvested, and
lysed and luciferase activities were determined as described in
Methods. The values were normalized with Renilla luciferase
activities. Extracts were pooled and subjected to Western
analysis as described in Methods. The blot was ®rst analyzed
with rabbit anti-human MEKK1 (PharMingen) and then with
anti-Flag antibody. All p38 isoform and MEK3 constructs were
tagged with Flag peptide at N-terminals.
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most proteins (Fig. 3). All dominant negative
mutants had no signi®cant effects. Both kinase
active and inactive forms of p38b2 were also
found to have no signi®cant effects on the
HCMV-IE enhancer activity in CHO-K1 cells.
This is consistent with the reports that p38b
family is only activated by MKK6, and not by
MKK3 [Enslen et al., 1998; Keesler et al., 1998].
Replacement of MKK3 with MKK6 in a similar
experiment resulted in 64% inhibition of the
MEKK1-TRU mediated luciferase signal by
p38b2 (data not shown). This con®rms that
repression of the MEKK1-TRU mediated acti-
vation of HCMV-IE promoter requires activated
p38.

Effects of IkB Kinase b (IKKb) and
IkBa on the Activation of HCMV-IE Promoter

by MEKK1-TRU

Human CMV-IE enhancer/promoter contains
NF-kB/rel consensus binding sites and responds
to in¯ammatory factors. MEKK1 has been
shown to phosphorylate and activate both IKKa
and IKKb [Lee et al., 1997]. It is possible that
MEKK1-TRU may activate the HCMV-IE
enhancer through the activation of IkB kinases.
To investigate this possibility, we over
expressed human IKKb, IKKbAL (truncation
of the ATP binding domain and thus a kinase
inactive form), and IKKbEE (mutation of
Ser177 and Ser181 to glutamic acid and thus a
constitutively active form) in CHO-K1 cells. In
the absence of MEKK1-TRU, no signi®cant
activation of HCMV-IE enhancer by IKKb and
IKKbAL can be detected (Fig. 4A). The consti-

tutively active form, IKKbEE, stimulated the
basal activity about 0.5±2 folds depending on
the individual experiment and cell type used.
Under similar conditions, MEKK1-TRU usually
stimulated the activity by about 9±12-fold.
However, when co-expressed with MEKK1-
TRU, IKKbEE additionally potentiated the
enhancer activation by MEKK1-TRU (Fig. 4B).

Fig. 4. Effects of IKKb expression on the transcriptional activity
of HCMV-IE enhancer. CHO-K1 cells in 12-well plates were
transfected with 0.02 mg of pGL3CMVlucF, 0.008 mg of pRL-
TKlucR, and 0.4 mg of pCMV vector or MEKK1-TRU DNA per
well. Also included in individual transfection is 1.0 mg of IKKb,
IKKbAL, IKKbEE or pCGN vector. Transfection conditions and
luciferase activity determination are the same as in Figure 1A.
Cells were cultured, harvested, and lysed, and luciferase
activities were determined as described in Figure 1A. The
values were normalized with Renilla luciferase activities. The
extracts were subjected to Western analysis using rabbit anti-
human IKKb (PharMingen). A: Co-expressed with pCMV vector.
B: Co-expressed with MEKK1-TRU. C: CHO-K1 cells in 12-well
plates were transfected as following. Transfection medium for
each well contained 0.02 mg of pGL3CMVlucF, 0.008 mg of
pRL-TKlucR, and 1.4 mg of DNA, which consisted of 1.4 mg
vector, 1.0 mg vector plus 0.4 mg MEKK1-TRU or 0.2 mg vector
plus 0.4 MEKK1-TRU and 0.8 mg IkBa. Cells were cultured,
harvested, and lysed, and luciferase activities were determined
as described in Methods. The values were normalized with
Renilla luciferase activities.
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An unusual observation is that both of the
inactive forms of IKKb, the ATP-domain trun-
cation and the Ser177Ala/Ser181Ala double
mutation (data not shown), did not inhibit the
activation of HCMV-IE enhancer by MEKK1-
TRU and, instead, activated the enhancer
activity similar to the wild-type enzyme and
the constitutively active mutant. This indicates
that the additional activation of the HCMV-IE
enhancer by IKKb in the presence of MEKK1-
TRU might not involve its kinase activity.

Since the above results indicate that the
activation of all three MAPK pathways may
actually have inhibitory effects, it seems unli-
kely that MEKK1-TRU activates the HCMV-IE
enhancer through the CRE or AP-1 sites.
Although the dominant negative mutants of
IKKb could not inhibit the MEKK1-TRU
mediated activation of the HCMV-IE enhancer,
it is still possible that the enzyme may function
through the NF-kB/rel sites by other mechan-
isms. To determine whether the NF-kB/rel sites
are essential for the MEKK1-TRU mediated
activation of HCMV-IE enhancer, we tried to
block the activity by over expression of IkBa. In
cells, IkBa functions to retain NF-kB in the
cytoplasm and thus inhibits its DNA binding
activity [Whiteside and IsraeÈl, 1997]. Despite
the dominant negative mutants of IKKb having
the opposite effects on the MEKK1-TRU
mediated activation of HCMV-IE enhancer,
over expression of IkBa blocked the activation
by about 65±75% (Fig. 4C). These results
suggest that the up-regulation of HCMV-IE
enhancer activity by MEKK1-TRU may be
associated with the NF-kB/rel sites.

Deletion of NFkB/rel and ATF/CREB Sites on
the HCMV-IE Enhancer and its Effects on the

Transcriptional Activation by MEKK1-TRU

To further clarify the roles of NFkB/rel and
ATF/CREB binding sites (CRE sites) on the
MEKK1-TRU mediated HCMV-IE promoter
activation, we generated a series of mutants
that have some or all of NFkB/rel or CRE sites
deleted. HCMV-IE enhancer contains four
NFkB/rel sites and ®ve CRE sites [Fortunato
and Spector, 1999]. Of ®ve CRE sites, one of
them (ÿ 67 to ÿ 60) is only 85% conserved and
not removed in our studies. Figure 5A shows
that decrease of NFkB/rel sites on HCMV-IE
enhancer region reduces the potential of the
construct to be activated by MEKK1-TRU. For
some unknown reason, the HCMV-IE enhancer

activity was completely abolished when three
NFkB/rel sites were deleted. Further deletion of
the last NFkB site on the construct at ÿ 422 to
ÿ 413 recovered some activity instead. On the
other hand, deletion of up to four CRE sites had
no signi®cant effects on the MEKK1-TRU
mediated HCMV-IE promoter activation
(Fig. 5B). The results are consistent with that
of the above experiments. MEKK1-TRU
requires the NFkB/rel and not the CRE sites to
activate the HCMV-IE promoter.

Characterization of NFkB/rel and ATF/CREB
Binding Site Deletion Mutants

It has been documented that the CRE sites
play an important role in maintaining the basal

Fig. 5. MEKK1-TRU-mediated activation of HCMV-IE promo-
ter with different NFkB/rel or ATF/CREB binding site deletion.
CHO-K1 cells in 12-well plates were transfected with 0.13 mg of
different reporting vectors and 0.008 mg of pRL-TKlucR plus 1.4
mg of vector or MEKK1-TRU DNA per well. Cells were harvested
for 40 h after transfection and luciferase signals were detected
by using Dual-Luciferase1 Reporter Assay System from Pro-
mega as described in the experimental section. Luciferase
activities were expressed in the ratio of Fire¯y/Renilla to
normalize the transfection ef®ciency. A: Deletion mutants for
NFkB/rel site. B: Deletion mutants for ATF/CREB site.
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activity of the HCMV-IE promoter [Hunnin-
ghake et al., 1989; Chang et al., 1990; Niller and
Hennighausen, 1990] and that the NF-kB/rel
sites respond to factors induced by HCMV
virions, cytokines, and the IE1 protein itself
[Cherrington and Mocarski, 1989; Sambucetti
et al., 1989; Boldogh et al., 1990]. It is interest-
ing to examine the effects of deletion of these
transcription factor binding sites on the non-
induced (basal) transcription activity of HCMV-
IE promoter. To our surprise, only the NFkB/rel
deletion mutant (NFkB-abcd) reduced its tran-
scription activity and no effects were observed
for the CRE deletion mutant (CREB-abcd)
(Fig. 6A). However, it should be born in mind
that there is still a less conserved (�85%) ATF/
CREB binding site not mutated in the CREB-
abcd construct. Since no phenotype was
observed for the CRE mutations, the CREB-
abcd mutant was further characterized for its
response to the activation mediated by PKA.
PKA phosphorylates CREB on Ser-133 and
activates its DNA binding [reviewed by Shay-
witz and Greenberg, 1999]. Because NFkB/rel
deletion affects the basal transcriptional activ-
ity, the induced activation of HCMV-IE promo-
ter needs to be normalized with the respective
basal activity. Figure 6B,C show that MEKK1-
TRU-induced promoter activation was reduced
by deletion of the NFkB/rel sites and PKA-
induced promoter activation was reduced by
deletion of the CRE sites. No effects were
observed vice versa. This suggests that the
CRE sites are only involved in the activation by
PKA and not involved in the activation by
MEKK1-TRU.

Since all three MAPKs were shown to repress
the MEKK1-TRU induced activation of HCMV-
IE promoter (Figs. 2 and 3), the four-CRE-site
deletion mutant (CREB-abcd) was used to
characterize these inhibitory effects. No differ-
ences between wt and CRE deletion mutant
were observed (data not shown) when the
experiments in Figure 2A were repeated using
this construct. This suggests that the repression
of MEKK1 mediated HCMV-IE promoter acti-
vation by MAPKs may not be through the ATF/
CREB transcription factor binding sites.

Comparison of the HCMV-IE Promoter Activation
Mediated by MEKK1-TRU and IKKbEE

Both MEKK1-TRU and IKKbEE were found
to up-regulate HCMV-IE promoter. MEKK1
was reported to activate IKKb [Lee et al., 1997].

However, the activation pattern of HCMV-IE
promoter by MEKK1-TRU and IKKbEE is
very different. Much higher activation was
observed for MEKK1-TRU than for IKKbEE.
Figure 7 shows the normalized activation for

Fig. 6. Effects of deleting NFkB/rel and ATF/CREB binding sites
on pGL3CMVlucF. CHO-K1 cells in 12-well plates were
transfected with 0.02 mg of different reporting vectors and
0.008 mg of pRL-TKlucR plus 0.5 mg of vector or MEKK1-TRU/
PKA DNA per well. Final total DNA is about 1.0 mg/well for all
transfection reactions. Vector DNA was used as the balancing
DNA. A: Non-induced activities. B: Induced with MEKK1-TRU
and normalized with the respective non-induced activity. C:
Induced with PKA and normalized with the respective non-
induced activity. Experiment conditions are described in
Methods.

570 Sun et al.



MEKK1-TRU and IKKbEE with both the wild
type and NFkB/rel deletion promoters under
the same experimental conditions. With the
wild type HCMV-IE promoter, the luciferase
activity was elevated about 17-folds over the
basal level in MEKK1-TRU transfected CHO-
K1 cells while only 2-folds of the elevation was
observed for IKKbEE. When all of the NFkB/rel
sites were deleted, no luciferase activity
increase for IKKbEE transfected cells was
detected. However, there were still about 5.7-
folds of enhancement in luciferase activity for
MEKK1-TRU transfected cells. The results
suggest that about 1/3 of the luciferase tran-
scription under the HCMV-IE promoter stimu-
lated by MEKK1-TRU come from some pathway
other than NFkB/rel.

DISCUSSION

The MEKK family members respond to a
diverse array of extracellular stimuli ranging
from growth factors to DNA damaging sensors
and, thus, are important for cells to sense
exposure to various environmental signals.
Another important aspect of this family is that
they can transmit the extracellular signals to
more than one downstream pathway. For
example, MEKK1, the best characterized
MEKK member, has been shown to activate
not only the JNK, Erk, and p38 MAPK path-
ways but also both IKKa and IKKb [Schlesinger

et al., 1998]. On the other hand, the human
CMV-IE enhancer/promoter region contains
both CRE and NF-kB/rel sites and either of
these pathways will respond to MEKK1-TRU
activation. Indeed, we as well as others [Bruen-
ing et al., 1998] have shown that over-expres-
sion of constitutively active MEKK1 results in
signi®cant elevation of HCMV-IE enhancer
activity (Fig. 1). However, further exploration
of downstream signal transduction shows that
the enhancer activation by MEKK1-TRU may
not be through the MAPK pathways. First, the
downstream constitutively active kinases
except MEK1 are not able to maintain the
activation of the enhancer (Fig. 1A). Second,
co-expression of JNK1, Erk2 or p38 with
MEKK1-TRU leads to either inhibition by the
MAP kinases or further activation by their
dominant negative mutants or both (Figs. 2
and 3). Third, deletion of CRE sites on the
HCMV-IE enhancer region does not affect the
transcriptional enhancement by MEKK1-TRU
(Fig. 6B). The other possibility is that MEKK1-
TRU activate HCMV-IE enhancer through the
NF-kB pathway. MEKK1 has been shown to
activate both IKKa and IKKb, and therefore
NF-kB [Schlesinger et al., 1998]. Although the
experiments of expressing IKKb and its domi-
nant negative mutant are not conclusive, over-
expression of IkBa did block 65±75% of the
HCMV-IE enhancer activity stimulated by
over-expression of MEKK1-TRU (Fig. 5C).
Furthermore, deletion of NFkB/rel sites on the
HCMV-IE enhancer region proportionally
reduces the transcriptional activation by
MEKK1-TRU (Fig. 6A). However, several lines
of evidence suggest that MEKK1-TRU may not
necessarily activate the enhancer through the
activation of IkB kinases. IKK forms hetero-
dimers in cells [Rothwarf and Karin, 1999].
Activation or inhibition of one component of the
kinases could activate or inhibit the whole
complex. In the absence of MEKK1-TRU,
expression of constitutively activated IKKb
(IKKbEE) does activate HCMV-IE enhancer
transcription (Fig. 5A). However, the activation
is only about 1±2 fold (2-fold maximum
observed). Under similar conditions, MEKK1-
TRU stimulates about 9±25 fold higher activity
above the uninduced level (depending on the
individual experiment). The same results were
obtained in 293 cells (data not shown). Most
importantly, the dominant negative IKKb
(IKKbAL and IKKbAA) does not block the

Fig. 7. Comparison of activation of HCMV-IE promoter
induced by MEKK1-TRU and IKKbEE. CHO-K1 cells in 12-well
plates were transfected with 0.02 mg of different reporting
vectors and 0.008 mg of pRL-TKlucR plus 1.0 mg of vector,
MEKK1-TRU or IKKbEE DNA per well. Final total DNA is about
1.0 mg/well for all transfection reactions. Cells were transfected
as described in experimental section. Fire¯y luciferase activity
was ®rst normalized with Renilla luciferase activity for
transfection ef®ciency and then normalized again with the
respective non-induced activity for the folds of activation.
Values of about 1.0 represent no activation.
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stimulation of HCMV-IE enhancer activity by
MEKK1-TRU. In contrast, all forms of IKKb
potentiate the enhancer activation by MEKK1-
TRU about 1±2 fold (Fig. 5B). The folds of the
increased activation are the same as that by
IKKbEE in the absence of MEKK1-TRU.
Although the mechanism is unclear, the data
suggest that the activation of the HCMV-IE
enhancer by MEKK1 and IKKb is complemen-
tary. Possibly, IKK pathway only controls the
basic activity of the HCMV-IE promoter and
MEKK1 has more roles. Our results only show
that the NFkB/rel sites are important for
MEKK1 in up-regulation of HCMV-IE tran-
scription. However, it may not be the only
pathway for MEKK1 in regulating the HCMV-
IE promoter. This can be seen in the experiment
results of NFkB/rel site deletion mutant. In the
absence of NFkB/rel sites, the HCMV-IE pro-
moter can no longer be activated by expression
of IKKbEE whereas partial activation can still
be observed for expression of MEKK1-TRU
(Fig. 7). Consistently, expression of mutated
IkBa without the phosphorylation sites did not
improve any inhibition results (data not shown).
Complete suppression of the HCMV-IE enhan-
cer activation by MEKK1-TRU is never
observed for IkBa and the maximal inhibition
is about 75%.

Our results clearly demonstrate that down-
stream activation of Jun, Erk or p38 pathway
actually represses the enhancement effects of
MEKK1 on HCMV-IE promoter. This is in
con¯ict with the earlier observations [Bruening
et al., 1998]. However, the conclusions of the
above report are based on the effects of arsenite,
which activates JNK and p38, and the p38
inhibitor SB203580. The authors never
expressed any active MAPK enzymes in their
studies and assumed that the MEKK1 mediated
activation of HCMV-IE promoter is due to the
activation of MAPKs. Although the authors did
express dominant negative JNK in NIH 3T3
cells, the inhibition effects were not impressive.
Activation of Erk and p38 MAPK during and
post CMV infection [Rodems and Spector, 1998;
Johnson et al., 1999] may actually be the
responses of infected cells. This could be
especially true for p38 family because it
responds to many stress stimuli and CMV
infection certainly causes stress. Many conclu-
sions of p38 involvement are based on the
results from chemical inhibitors. Due to the
nature of chemical inhibitors (non-speci®c and

cross inhibition), we believe that the discre-
pancy between our results and others' are due to
different approach. The repression mechanism
by MAPK activation in the MEKK1 mediated
enhancement of HCMV-IE promoter is not
clear. C-Jun was reported as a negative reg-
ulator of basal and PKA-induced transcription
from the ucp-1 promoter acting through this
proximal CRE region [Yubero et al., 1998].
However, over-expression of CREB did not
relieve the repression in the MEKK1 induced
activation of HCMV-IE enhancer by JNK1 (data
not shown). It seems unlikely that MAP kinases
repress the induced promoter activity by activa-
tion of CREB. Inhibition of HCMV-IE promoter
transcription activity by MAP kinases is only
observed when the enhancer is activated by
MEKK1-TRU. In the absence of MEKK1 activa-
tion, MAPKs have no effects on the basal (un-
induced) transcription of the promoter (data not
shown). Similar phenomenon was observed for
glucocorticoid on the CRE in human glycopro-
tein hormone a-subunit promoter [Akerblom
et al., 1988]. In transfection experiments the
negative effect of glucocorticoid was only
observed with cells in which the CRE were
active. It was suggested that the repression was
caused by overlapping target sites on the
promoter. Although some of the CRE are closely
adjacent to the NFkB/rel sites, this is excluded
by the observation that the same repression was
also observed in the CRE deletion mutant
(CREB-abcd, data not shown). Down-regulation
of NF-kB activity on Fas promoter by p38 was
also observed by Ivanov and Ronai [2000] in
human melanoma cells. Our observation sug-
gests a possibility that the high MAPK activity
in undifferentiated and transformed cells could
be the cause for the latency observed in many
CMV infections. However, the mechanism of the
suppression by MAPK activation remains
unclear. Further studies are being carried out
to identify the downstream targets.
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