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Emerging evidence supports the idea that the c-Jun N-terminal kinases (JNKs) possess overlapping but
distinct functions. The potential roles of the ubiquitously expressed JNK1 and JNK2 in regulating expression
of the central transcription initiation factor, TATA-binding protein (TBP), were examined. Relative to wild-
type fibroblasts, TBP was decreased in Jnk1�/� cells and increased in Jnk2�/� cells. Similarly, reduction of
JNK1 in human hepatoma cells decreased TBP expression, whereas reduction of JNK2 enhanced it. JNK-
mediated regulation of TBP expression occurs at the transcriptional level through their ability to target Elk-1,
which directly regulates the TBP promoter in response to epidermal growth factor stimulation. JNK1 in-
creases, whereas JNK2 decreases, the phosphorylation state of Elk-1, which differentially affects Elk-1 occu-
pancy at a defined site within the TBP promoter. These JNK-mediated alterations in TBP expression, alone,
serve to regulate c-Jun expression and fibroblast proliferation rates. These studies uncovered several new
molecular events that distinguish the functions of JNK1 and JNK2 that are critical for their regulation of
cellular proliferation.

The TATA binding protein (TBP) is a central eukaryotic
transcription component, as it is required by all three cellular
RNA polymerases for transcription initiation. It associates
with additional proteins to form at least three distinct com-
plexes, which specifies its role in RNA polymerase I (pol I)-,
II-, or III-dependent transcription (18). TBP can be a limiting
factor for both RNA pol I- (40, 45) and RNA pol III-depen-
dent promoters (34, 38, 39, 45). Thus, increased expression of
TBP serves to increase production of rRNAs and tRNAs. TBP
is differentially limiting for RNA pol II-dependent promoters,
depending on the nature of the promoter and the composition
and location of regulatory elements (5, 26, 29).

Substantial evidence supports the idea that the activation of
certain oncogenic signaling pathways can induce TBP expres-
sion. Treatment of cells with 12-O-tetradecanoylphorbol-
13-acetate (TPA), a potent activator of protein kinase C,
enhances cellular TBP production (15, 16). Activation of
epidermal growth factor receptor 1 (EGFR1) induces TBP
expression through the activation of Ras (45). In addition to
regulation of cellular concentrations of TBP, its function can
also be regulated. For example, the tumor suppressor p53
binds to TBP and negatively regulates its ability to form func-
tional TFIIIB complexes, producing selective changes in RNA
pol III-dependent transcription (6).

The fact that tumor suppressor and oncogenic signaling
pathways tightly regulate cellular concentrations of TBP or its
function suggested the possibility that alterations in TBP levels
may influence the transformation state of cells. Consistent with

this idea, inhibiting Ras-mediated increases in TBP in NIH
3T3 cells abrogated Ras-induced transformation, while in-
creasing TBP expression in rat 1A fibroblast cells induced
anchorage-independent growth and tumor formation in mice
(20, 21). Heterozygous disruption of the TBP gene in a
chicken B-cell line caused abnormalities in cell growth and
size (37). These studies demonstrate that small changes in
the cellular concentrations of TBP produce substantial phe-
notypic effects on cells. Depending on the cell type, changes
in TBP expression can alter cell growth and/or the transfor-
mation state, suggesting the intriguing idea that TBP plays a
role in oncogenesis. In support of this idea, comparison of
matched normal human colon epithelium and colon tumors
revealed that TBP expression is increased in a subset of
human colon cancers (20, 21).

To further identify the signaling events that regulate TBP
expression, we examined the role of the c-Jun N-terminal ki-
nases (JNKs). The JNKs are a class of mitogen-activated pro-
tein kinases (MAPKs) that are activated by stress, proinflam-
matory stimuli, and mitogenic factors (3, 9). The JNKs are
encoded by three genes, Jnk1, Jnk2, and Jnk3, which give rise to
multiple isoforms generated by alternative splicing (10, 23, 27).
JNK1 and JNK2 are ubiquitously expressed, whereas JNK3
expression is restricted to brain, heart, and testis (27). As JNK1
and JNK2 possess structural and biochemical similarities, they
have many overlapping functions. However, JNK1 and JNK2
have been shown to possess some differences in their substrate
specificities and gene targets (2, 17, 25, 28). Functions unique
to JNK1 include its selective interaction with ATF2 (28), its
regulation of microtubule-associated proteins (2), and its abil-
ity to induce apoptosis in response to tumor necrosis factor
alpha (25). The role of these JNKs in tumor development
remains controversial (12, 24). Depending on the cell type and
stimulus, the JNKs have been implicated in both stimulating
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oncogenic transformation as well as acting as potential tumor
suppressors.

In this study, we identified a new target of the JNKs, the
central transcription initiation factor, TBP. Our results eluci-
date novel functional differences between the ubiquitously ex-
pressed JNK1 and JNK2. Through their opposing effects on
the phosphorylation of Elk-1, which directly regulates TBP
promoter activity, JNK1 increases TBP expression, whereas
JNK2 decreases TBP expression. The different effects these
JNKs have on regulating cellular TBP concentrations serve to
modulate proliferation rates of fibroblasts. Furthermore, we
demonstrate that one mechanism by which TBP affects cell
proliferation is through its regulation of c-Jun expression.
Thus, we further identify a novel mechanism by which the
JNKs regulate c-Jun.

MATERIALS AND METHODS

Plasmids and reagents. The plasmids containing the human TBP promoter,
the �3-integrin promoter, and a hemagglutinin (HA) human TBP (HA-hTBP)
expression plasmid, were described previously (22). The antisense TBP expres-
sion construct contains a 991-bp fragment of the 3� end of the mouse TBP cDNA
as previously described (20, 21). The synthesized human small interfering RNA
(siRNA) oligonucleotide sequences were described previously for JNK1 (8),
JNK2 (7), and Elk-1 (41). The synthesized mouse c-Jun siRNA was obtained
from Santa Cruz (catalog no. SC-29224).

RT-PCR and PCR analysis. Analysis of TBP, JNK1, JNK2, and �-actin mRNA
by reverse transcription-PCR (RT-PCR) was performed according to the proto-
col of SuperScript One-Step RT-PCR with Platinum tag (Invitrogen). TBP and
�-actin primer sequences for RT-PCR were described previously (20, 21). The
mouse JNK1 primer sequences were as follows: forward primer, 5�-GCCATTC
TGGTAGAGGAAGTTTCTC-3�; and reverse primer, 5�-CGCCAGTCCAAA
ATCAAGAATC-3�. The mouse JNK2 primer sequences were as follows: for-
ward primer, 5�-TTGTGCTGCTTTTGATACAGTTCTTGGG-3�; and reverse
primer, 5�-CTGGAAAGAGCTCTTCAAATTTGAT-3�. The human JNK1 and
JNK2 primer sequences used were described by Uciechowski et al. (36).

Real-time PCR was performed using SYBR green supermix (Bio-Rad) on
an MX3000P system (Strategene). The following TBP primer sequences were
used: �119 forward primer, 5�-GACCTATGCTCACACTTCTCATGG-3�;
�5 reverse primer, 5�-GAACCTGCCCGACCTCACTGAA-3�; �3315 for-
ward primer, 5�-CAGGAGTTGGAGGTTGCAGT-3�; and �3158 reverse
primer, 5�-GGCAACTCAAGACAGCTAGCAA-3�. All CT values were nor-
malized to the PCR efficiency using the calculation 1/(2 · PCR efficiency)�CT.
Normalized CT values for antibody pull-downs were normalized to input
using the calculation antibody immunoprecipitation (IP) · 10/input. Changes
(fold) in promoter occupancy were calculated by setting the level of promoter
occupancy in the cells transfected with mismatch (mm) siRNA and in the
absence of EGF treatment at 1.

Transfection and reporter gene assays. For transient-transfection assays,
mouse embryonic fibroblasts (MEFs) (2 � 105 cells per ml) or Huh-7 cells (1 �
106 cells per ml) were seeded. Fifteen hours later, cells were transfected using 1
�l of Lipofectin/�g of DNA (Invitrogen). Serum-free medium was added to each
dish with Lipofectin-DNA complexes, and cells were further incubated at 37°C
for 4 h. The wild-type and Jnk2�/� MEF cell lines expressing hTBP or antisense
mTBP were constructed by cotransfecting pLTRe-hTBP gene or pcDNA-anti-
sense mTBP plasmids containing a G418 resistance gene as previously described
(20, 21). Selective medium containing 200 �g of G418/ml was added to propagate
the cells. Huh-7 cells were transfected with 100 nM annealed double-stranded
RNA interference, using 2 �l of Lipofectamine 2000 (Invitrogen)/�g of siRNA,
and DNA mix. Two days after transfection, RNA and protein were isolated from
the transfected cells. Total cell lysates were prepared from transfected cells to
determine TBP or c-Jun promoter activity as previously described (45). The
resultant luciferase activities were normalized to the amount of protein in each
lysate. The values shown are the mean � the standard error of the mean (SEM).
The change (fold) in promoter activity was calculated by setting the level of
luciferase activity in the absence of EGF or anisomycin at 1. For experiments
comparing promoter activities in the presence or absence of TBP expression
plasmid, the level of luciferase activity in the presence of empty vector was set at
1. Differences in promoter activity are expressed as the mean � SEM.

Immunoblot analysis. Mouse embryo fibroblasts and Huh-7 cells were grown
to subconfluence (approximately 80%) in 5% fetal bovine serum in Dulbecco’s
modified Eagle’s medium and then in 0.1% fetal bovine serum in Dulbecco’s
modified Eagle’s medium for 12 h. Cells were incubated with either 12.5 ng/ml
EGF or 25 ng/mg anisomycin for 30 min at 37°C unless otherwise indicated.
Lysates (100 �g of protein) were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and immunoblot analysis. Membranes were probed
with specific polyclonal antibodies directed against TBP (Upstate Biotechnol-
ogy), Elk-1 (Santa Cruz), c-Jun, and phosphorylated JNKs (catalog no. 9251S;
Cell Signaling). Mouse monoclonal antibodies directed against �-actin or JNK1
(Santa Cruz) were used as indicated. Bound primary antibody was visualized
using horseradish peroxidase-conjugated secondary antibody (Vector Laborato-
ries) and enhanced chemiluminescence reagents (Pierce).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
as described previously (44). Cells were treated with 50 ng/ml EGF for 5 min
prior to cross-linking with formaldehyde. Briefly, chromatin was precleared with
protein A/G plus agarose beads for 30 min at 4°C prior to addition of Elk-1 or
control antibody overnight. Protein A/G plus agarose beads were added for 3 h,
and the immunocomplex was isolated. The cross-links were reverse by incubating
the mixture with 0.3 M NaCl at 65°C overnight. Eluents were desalted and
concentrated following the Qiaex II (QIAGEN) protocol. The DNA was then
subjected to PCR.

Cell proliferation and apoptosis assays. Approximately 2 � 103 cells per ml of
the MEFs were seeded in six-well plates in triplicate. The degree of confluence
of the cells over a 6-day period was between 2 and 70%. Cells were assayed for
viability and counted each day for 6 days using a Coulter counter. Bromode-
oxyuridine (BrdU) labeling was performed using 100 �M of BrdU (Sigma) for
3 h. The percentage of cells in S phase was determined using anti-BrdU–tetra-
methyl rhodamine isocyanate (TRITC) conjugate according to the manufactur-
er’s instructions (Guava Technologies Inc). The percentage of BrdU-labeled
cells in S phase was measured by DNA profiling determined by flow cytometry.
Cells in early apoptosis were analyzed using an annexin V kit following the
manufacturer’s instructions (Guava Technologies, Inc.), with flow cytometry to
quantify the percentage of annexin V-labeled cells.

RESULTS

Activation of JNK1 increases TBP expression, whereas
JNK2 reduces TBP expression in mouse embryo fibroblasts.
The potential roles of JNK1 and JNK2 in regulating TBP
expression were first examined using MEFs with homozygous
deletions in Jnk1 or Jnk2. RT-PCR analysis confirmed that
JNK1 was expressed only in wild-type and Jnk2�/� cells,
whereas JNK2 was expressed only in wild-type and Jnk1�/�

cells (Fig. 1A). The relative levels of TBP mRNA were deter-
mined by RT-PCR. Compared to nonstimulated wild-type
cells, TBP mRNA expression was decreased in Jnk1�/� cells,
whereas TBP mRNA levels were increased in Jnk2�/� cells
(Fig. 1B). We next determined how TBP expression would be
affected upon EGF treatment, previously shown to induce TBP
expression (45). EGF enhanced TBP mRNA levels in wild-
type and Jnk2�/� cells, while no significant increase in TBP
mRNA was observed upon EGF treatment of Jnk1�/� cells
(Fig. 1B).

To further examine the role of activated JNKs in TBP ex-
pression, the MEFs were treated with anisomycin, a potent
activator of JNK1 and JNK2, and immunoblot analysis was
used to determine the amount of TBP (Fig. 1C). In nonstimu-
lated cells, TBP levels were reduced in Jnk1�/� cells but in-
creased in Jnk2�/� cells compared to wild-type cells. Anisomy-
cin treatment produced an increase in TBP in both wild-type
and Jnk2�/� cells, but not in Jnk1�/� cells. However, no
changes in the amounts of JNK1 or JNK2 were observed.
Together, these results support the idea that TBP expression is
differentially regulated by JNK1 and JNK2. JNK1 is required
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for EGF- or anisomycin-induced TBP expression. In contrast,
JNK2 represses TBP expression, even in nonstimulated cells.

JNKs regulate TBP expression at the transcriptional level.
Changes in TBP mRNA levels in the MEFs suggested that
JNK1 and JNK2 could regulate TBP expression at the tran-
scriptional level. To test this possibility, a 4,500-bp genomic
fragment containing the human TBP promoter linked to a
luciferase reporter was transiently expressed in the MEFs.
Cells were treated with either EGF or anisomycin. Consistent
with the relative amounts of TBP mRNA and protein ex-
pressed in these cells, TBP promoter activity was induced by
EGF or anisomycin in wild-type and Jnk2�/� cells, but not in
Jnk1�/� cells (Fig. 1D). To confirm that these results were
specifically due to the JNK status of these cells, JNK1 and
JNK2 expression was restored in Jnk1�/� and Jnk2�/� cells,
respectively. Expression of JNK1 in Jnk1�/� cells reestablished
TBP promoter induction by EGF and anisomycin, whereas
expression of JNK2 in Jnk2�/� cells resulted in an overall
decrease in TBP promoter activity (Fig. 1D). Immunoblot
analysis of the lysates prepared from the transfected cells
showed that the ectopically expressed HA-tagged JNK1 and
HA-JNK2 were expressed at comparable levels (Fig. 1E).
Given the approximate 30% transfection efficiency, reintroduc-

tion of JNK1 into JNK1-deficient cells still resulted in a small
increase in cellular TBP concentrations, whereas expression of
JNK2 in JNK2-deficient cells reduced TBP levels. Together,
these results demonstrate that at least one mechanism by
which the JNKs regulate cellular TBP concentrations is
through their ability to regulate TBP promoter activity. JNK1,
but not JNK2, is required for EGF- and anisomycin-mediated
TBP promoter induction, while JNK2 produces an overall re-
duction in TBP promoter activity.

JNK1 and JNK2 differentially regulate TBP expression in
human hepatoma cells. To further determine whether JNK-
mediated regulation of TBP was cell type or species specific,
we examined the functions of JNK1 and JNK2 in regulating
TBP expression in the human Huh-7 cell line, derived from a
hepatocellular carcinoma. Synthesized siRNAs selective for
either JNK1 or JNK2 were transiently expressed in these cells.
Compared to a 3-bp-mismatch (mm) siRNA, transfection of
either the JNK1-specific or the JNK2-specific siRNAs into
Huh-7 cells produced an approximately four- to fivefold de-
crease in JNK mRNA expression (Fig. 2A) as well as a selec-
tive decrease in the levels of these proteins (Fig. 2B, left
panel). Changes in TBP expression upon the reduction of
amounts of cellular JNK1 or JNK2 were further examined.

FIG. 1. TBP expression is differentially regulated in mouse embryo fibroblasts deficient for JNK1 or JNK2 (A) JNK1 and JNK2 expression in
MEFs. RT-PCR was performed using RNA isolated from each of the MEFs and specific primers for JNK1 and JNK2. (B) TBP mRNA expression
in MEFs. Serum-starved cells were treated with or without EGF, and RT-PCR was performed using total RNA and specific primers for TBP or
�-actin as indicated. (C) TBP levels in MEFs. Cells were treated with or without anisomycin. Protein lysates from each cell line were isolated, and
immunoblot analysis was performed to detect the two phosphorylated isoforms each of JNK1 (p-JNK1) and JNK2 (p-JNK2), total JNK1 and JNK2,
or �-actin antibodies as designated. A representative result of at least three independent determinations is shown. (D) Induction of TBP promoter
activity requires JNK1. Wild-type, Jnk1�/�, or Jnk2�/� MEFs were transfected with a human TBP promoter-luciferase construct (p�4500/
�66hTBP-Luc) alone or together with either JNK1 or JNK2 expression plasmids as indicated. Cells were treated with or without EGF (top panel)
or anisomycin (bottom panel). Protein lysates were prepared, and luciferase activity was measured. The change in TBP promoter activity was
calculated relative to that in nontreated cells. (E) Expression of HA-JNK1, HA-JNK2, TBP, and �-actin in cells deficient for JNK1 or JNK2.
Jnk1�/� or Jnk2�/� MEFs were transfected with expression plasmids for HA-JNK1 or HA-JNK2. Protein lysates were isolated, and immunoblot
analysis was used to detect HA-JNKs using antibodies against HA. The membranes were stripped and reprobed with antibodies against TBP or
�-actin.
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Reduction in JNK1 produced a decrease in TBP mRNA,
whereas reduction in JNK2 produced an increase in TBP
mRNA (Fig. 2A), corresponding with changes in the amounts
of TBP (Fig. 2B, right panel). Together, these results indicate
that JNK1 positively regulates TBP expression in Huh-7 cells,
whereas JNK2 negatively regulates TBP expression. Given that
these results are observed in two distinct cell types, this indi-
cates that the functions of the JNKs in regulating TBP expres-
sion are not likely to be cell type specific.

JNK1- and JNK2-mediated regulation of the TBP promoter
requires a putative Ets binding site. To determine the mech-
anism by which the JNKs differentially regulate TBP promoter
activity, sequences within the TBP promoter required for JNK-
mediated effects on TBP transcription were identified. When
5� flanking sequences were deleted, 736 bp upstream from the
transcription start site was found to be sufficient to confer both
JNK1 and JNK2 responsiveness in MEFs (data not shown) and
Huh-7 cells (Fig. 3A). As our previous studies revealed that a
putative Ets transcription factor binding site between �50 and
�41 bp, relative to the transcription start site, was required for
EGF-mediated TBP promoter induction (45), we tested
whether this site was also required for JNK1- and JNK2-me-
diated effects on TBP promoter activity. Huh-7 cells were co-
transfected with �736/�66-hTBP or �736/�66mutEts-hTBP
promoter constructs together with either mismatch siRNA or
siRNAs specific for either JNK1 or JNK2 (Fig. 3A). Reduction

in JNK1 expression or mutation of the putative Ets site abol-
ished EGF-induced TBP promoter activity (Fig. 3A, left
panel). Furthermore, in the absence of EGF treatment, de-
creased expression of JNK1 had no effect on TBP promoter
activity. In contrast, decreased expression of JNK2 induced
TBP promoter activity even in the absence of EGF stimulation,
and this induction required the putative Ets binding site (Fig.
3A, right panel). Together, these results indicate that both
JNK1 and JNK2 target the same site within the TBP promoter
to regulate its activity.

JNK1 and JNK2 differentially regulate the phosphorylation
state of Elk-1 and its binding to the TBP promoter. To identify
the specific Ets protein that regulates TBP promoter activity,
we considered Elk-1. Elk-1 is ubiquitously expressed and it is a
direct target of all three classes of MAPKs (reviewed in refer-
ence 33). Transient expression of an siRNA selective for Elk-1
reduced both Elk-1 and TBP levels in Huh-7 cells (Fig. 3B,
left). In addition, reduction of Elk-1 expression inhibited EGF-
mediated TBP promoter induction (Fig. 3B, right). However,
no effect on promoter activity was produced when Elk-1 ex-
pression was repressed if the Ets binding site was mutated. To
determine whether Elk-1 directly targeted the TBP promoter,
ChIP assays were used. Two sets of primers were used to
amplify different regions flanking the 5� region of the human
TBP gene (Fig. 3C). Elk-1 was not significantly bound to the
TBP promoter in the absence of EGF. However, as early as 5
min after EGF treatment, the occupancy of Elk-1 was strongly
enhanced at sequences amplified between �119 and �5 con-
taining the Ets binding site, but not at the region between
�3315 and �3158 (Fig. 3D). Together, these results identify
Elk-1 as a transcription factor responsible for directly inducing
TBP promoter activity through EGF.

To determine if JNK1 and JNK2 regulate the binding of
Elk-1 to the TBP promoter, Huh-7 cells were transfected with
either mismatched siRNA or siRNAs specific for JNK1 or
JNK2 to inhibit their expression. Reduction in either JNK1 or
JNK2 expression did not change Elk-1 protein levels in these
cells (Fig. 3E, right). ChIP analysis and real-time RT-PCR
were used to quantify Elk-1 interactions with the TBP pro-
moter. EGF-mediated increases in Elk-1 occupancy were
abrogated when JNK1 expression was reduced (Fig. 3E, left).
However, decreases in JNK1 expression did not significantly
alter Elk-1 occupancy in nonstimulated cells. In contrast, re-
duction of JNK2 expression increased the occupancy of Elk-1
on the TBP promoter in the absence of EGF stimulation.

To further determine how the JNKs might regulate Elk-1
binding to the promoter, we examined the levels of Elk-1 and
its phosphorylation state in the JNK-deficient MEFs. Elk-1
levels were comparable in wild-type, Jnk1�/�, and Jnk2�/�

cells (Fig. 4A). To determine the relative phosphorylation state
of Elk-1, cells were labeled with 32P and Elk-1 was immuno-
precipitated from the resultant lysates. The total phosphoryla-
tion state of Elk-1 was significantly decreased in JNK1-defi-
cient MEFs but increased in JNK2-deficient MEFs compared
to wild-type cells (Fig. 4B). Upon EGF treatment, the phos-
phorylation state of Elk-1 was increased in only wild-type and
JNK2-deficient cells. Together, these results support the idea
that JNK1 and JNK2 have antagonizing functions in regulating
the overall phosphorylation state of Elk-1, thereby mediating
its interaction with the TBP promoter.

FIG. 2. TBP expression is differentially regulated by reducing
JNK1 or JNK2 expression in Huh-7 cells (A) Analysis of changes in
TBP mRNA expression upon reduction of JNK1 or JNK2. Huh-7 cells
were transfected with an siRNA selective for JNK1, JNK2, or mis-
match siRNAs. RT-PCR was performed using RNA isolated from the
Huh-7 cells and specific primers for JNK1, JNK2, TBP, or �-actin.
(B) Reduction of JNK1 or JNK2 has opposing effects on TBP levels.
Protein lysates derived from the siRNA-transfected cells were sub-
jected to immunoblot analysis using antibodies against JNKs and �-ac-
tin (left) or TBP and �-actin (right) as indicated.
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FIG. 3. Elk-1 directly modulates EGF-induced TBP promoter activity and is differentially regulated by JNK1 and JNK2. (A) JNK1 and JNK2 regulate TBP
promoter activity through a common Ets transcription factor binding site. Huh-7 cells were transfected with either a p�736/�66hTBP-Luc or p�736/
�66hEtsmutTBP-Luc construct. In addition, cells were transfected with mismatch siRNA (�) or JNK1 siRNA (�) (left panel) or mismatch siRNA (�) or JNK2
siRNA (�) (right panel). Where designated, cells were additionally treated with EGF. Protein lysates were prepared, and luciferase activity was measured.
Changes (fold) were calculated based on the control (TBP promoter plus mm siRNA) and normalized to total protein. (B) Elk-1 regulates TBP expression. Huh7
cells were transfected with either mismatch siRNA or Elk-1 siRNA. Immunoblot analysis was performed using lysates prepared from transfected cells using
antibodies against Elk-1, TBP, and �-actin (left panel). Cells were additionally transfected with either p�736/�66hTBP-Luc or p�736/�66hEtsmutTBP-Luc
(right panel), and TBP promoter activity was measured as described for panel A. (C) Schematic diagram of a genomic fragment containing the human TBP
promoter. The boxed Ets motif designates the Ets binding site that is mutated in the p�736/�66hEtsmutTBP-Luc construct used. The arrows depict the relative
location of the PCR primers used for the ChIP analysis. (D) Elk-1 binds to the TBP promoter upon EGF stimulation. ChIP assays were performed as described
in Materials and Methods. The resultant chromatin was immunoprecipitated with Elk-1 antibody or a control antibody. Specific DNA fragments were quantified
by PCR using primers targeting the regions within the TBP promoter specified in panel C. “Input” represents primer-specific amplification of 10% of total
chromatin isolated for each sample. “NTC” designates reactions performed without added template. IgG, immunoglobulin G. (E) JNK1 increases, whereas
JNK2 decreases, Elk-1 occupancy on the TBP promoter. Huh-7 cells were transfected with mismatch, JNK1, or JNK2 siRNAs. Where designated, cells were
additionally treated with EGF. Immunoblot analysis was performed using lysates derived from the transfected cells (right panel). ChIP assays were performed
using the transfected cells, and real-time PCR was used to quantify the amplified DNA. The change (fold) in TBP occupancy was calculated based on the control
(TBP promoter plus mm siRNA). The results shown were derived from three independent chromatin preparations.

58



Cellular TBP concentrations regulate cell proliferation
rates of mouse embryo fibroblasts. We next determined
whether JNK-mediated regulation of TBP levels, alone, could
alter the proliferation rates of the MEFs. Comparison of these
cells revealed that the absence of JNK1 resulted in decreased
accumulation of the cells, whereas JNK2-deficient cells exhib-
ited an increase in the number of cells as compared to wild-
type cells (Fig. 5A, left panel), consistent with previous studies
(28, 32). As the accumulation rate of these cells correlated with
the levels of TBP (Fig. 5A, right panel), we directly altered
TBP expression in these cells and assessed potential changes.
As we were unsuccessful at generating stable Jnk1�/� cell lines,
and to complement our TBP loss of function effects in the
Jnk2�/� cells, we constructed wild-type MEFs that were stably
transfected with a TBP expression plasmid and pooled popu-
lations of selected cells were analyzed. Immunoblot analysis of
lysates derived from these cells showed that the ectopically
introduced HA-tagged TBP was expressed in these cells with-
out altering the levels of endogenous TBP (Fig. 5B, right
panel). The stable cell lines engineered to express increased
amounts of TBP accumulated at a faster rate relative to wild-
type cells (Fig. 5B, left panel). We next determined whether
reducing expression of TBP would decrease the accumulation
rate of Jnk2�/� cells, which contain higher levels of TBP rel-
ative to wild-type cells. The Jnk2�/� cells were stably trans-
fected with an antisense TBP expression vector, and pooled
populations of cells were analyzed. An approximately twofold
decrease in TBP was observed in the antisense TBP-expressing
Jnk2�/� cells (Fig. 5C, right panel). This reduction in TBP

resulted in a decrease in the accumulation rate of these cells
(Fig. 5C, left panel). These results support the idea that alter-
ations in the cellular concentrations of TBP produce corre-
sponding changes in the rate at which MEFs accumulate in
culture.

To distinguish whether the TBP-mediated changes in the
accumulation rates of these cells were due to alterations in
proliferation rates or apoptotic rates, the MEFs were labeled
with BrdU and annexin V, respectively. Flow cytometry was
used to quantify the number of labeled cells. No significant
differences in the spontaneous cell death rates were observed
between the various cells (Fig. 5D). However, wild-type cells
expressing increased amounts of TBP incorporated 11% more
BrdU compared to the parental wild-type cells, whereas
Jnk2�/� cells expressing the antisense TBP construct incorpo-
rated 24% less BrdU than the parental Jnk2�/� cells (Fig. 5E).
These results indicate that the cellular levels of TBP determine
the rate at which MEFs proliferate.

TBP regulates c-Jun expression and AP-1-dependent pro-
moter activity. To determine how TBP regulates the prolifer-
ation rates of these cells, we considered the possibility that
TBP might regulate c-Jun expression, as previous studies
showed that the levels of c-Jun dictate MEF proliferation rates
(28). Immunoblot analysis was used to compare the levels of
c-Jun in the MEFs. In accordance with the amounts of TBP in
these cells, Jnk1�/� cells express reduced amounts of c-Jun,
whereas Jnk2�/� cells express increased amounts of c-Jun,
compared to wild-type cells (Fig. 5A, right panel). In addition,
wild-type stably transfected MEFs expressing increased
amounts of TBP also contained increased amounts of c-Jun
(Fig. 5B, right panel). In contrast, Jnk2�/� cells expressing the
antisense TBP construct and reduced TBP levels displayed a
corresponding decrease in c-Jun amounts (Fig. 5C, right
panel). These results indicate that alterations in TBP expres-
sion produce corresponding changes in c-Jun expression.

To further examine whether TBP regulates c-Jun at the
transcription level, a c-Jun promoter-reporter construct was
transiently transfected in the MEFs with a TBP expression
plasmid or empty vector (Fig. 6A). Increased expression of
TBP into wild-type MEFs resulted in a modest stimulation of
the c-Jun promoter. However, in Jnk1�/� cells, increased ex-
pression of TBP strongly induced the c-Jun promoter. In con-
trast, increased expression of TBP did not induce the c-Jun
promoter in Jnk2�/� cells. These results indicate that the c-Jun
promoter is differentially sensitive to increases in TBP in the
MEFs based on their endogenous levels of TBP. In Huh-7
cells, the c-Jun promoter is strongly stimulated by increased
expression of TBP in the Huh-7 cells (Fig. 6B). This can be
compared to the activity of the �3-integrin promoter, which is
not affected by increased expression of TBP. To further deter-
mine whether the TBP-mediated increase in c-Jun could en-
hance c-Jun function, AP-1-dependent promoter activity was
measured in cells expressing increased amounts of TBP. Tran-
scription of an AP-1-responsive promoter was induced upon
increased TBP expression in MEFs and Huh-7 cells, whereas
mutation of the AP-1 binding site eliminated TBP-mediated
induction (Fig. 6C). These results indicate that alterations in
the cellular concentrations of TBP serve to regulate c-Jun
expression and AP-1-dependent promoter activity.

Since these results revealed that TBP concentrations regu-

FIG. 4. JNK1 and JNK2 differentially regulate Elk-1 phosphoryla-
tion (A) JNK1 and JNK2 do not change Elk-1 protein levels. Wild-
type, Jnk1�/�, and Jnk2�/� MEFs were serum starved overnight and
then incubated with or without EGF. Protein lysates were isolated, and
immunoblot analysis was performed using Elk-1 or �-actin antibodies.
(B) JNK1 increases, whereas JNK2 decreases, the total phosphoryla-
tion state of Elk-1. MEFs were cultured as described for panel A. In
addition, cells were incubated with 32Pi (0.5 mCi/ml) for 3 h prior to
EGF treatment. The resultant cell lysates were immunoprecipitated
with Elk-1 antibody and subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Autoradiography was used to examine the
amount of 32P-incorporated Elk-1. The values shown are the means �
SEM of three independent experiments where the values were nor-
malized to the total amount of Elk-1 protein.
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late c-Jun levels, we further assessed whether c-Jun might also
regulate TBP. We tested whether reducing expression of c-Jun
would decrease expression of TBP. Wild-type and Jnk2�/�

MEFs were transfected with either c-Jun siRNAs or mis-
matched siRNAs, and immunoblot analysis was performed
using the derived cell lysates (Fig. 7A and B, right). An ap-
proximately twofold reduction in c-Jun in either the wild-type
or Jnk2�/� cells did not affect the amount of TBP expressed.
These results are consistent with results demonstrating that
increased expression of c-Jun in either MEFs or Huh-7 cells
does not result in TBP promoter stimulation. However, under
these conditions, AP-1-dependent promoter activity was
strongly induced (data not shown). We further determined
how this reduction in c-Jun might affect the accumulation rate
of these cells. Decreased expression of c-Jun in both the wild-
type and Jnk2�/� cells diminished the accumulation rates of
these cells. Together, these results demonstrate that JNK-me-
diated regulation of TBP expression serves to regulate c-Jun
expression, but that c-Jun expression does not regulate TBP
expression. Furthermore, these results provide evidence that
TBP-induced changes in cellular proliferation occur through
its ability to regulate c-Jun levels.

DISCUSSION

The JNKs play an important role in regulating the stability
and activity of certain transcription activators. Once activated,
these proteins phosphorylate a variety of cellular targets, in-
cluding transcription factors such as c-Jun, JunD, ATF2, and
Elk-1, resulting in their activation and subsequent alterations
in cellular gene activity (30). In the absence of external stimuli,
however, the JNKs may enhance the degradation of their sub-
strates (13). Our results have uncovered new functions and
roles for the JNKs in regulating the expression of the tran-
scription initiation factor, TBP. TBP is a central transcription
initiation factor and changes in its levels produce pleiotropic

FIG. 5. JNK-mediated changes in TBP levels alter the accumula-
tion rates of MEFs (A) The accumulation rates of wild-type, Jnk1�/�,
and Jnk�/� MEFs correlate with c-Jun and TBP levels. Wild-type,
Jnk1�/�, and Jnk2�/� MEFs were plated in triplicate, and cell viability
and total cell numbers were measured daily for 6 days (left panel). The
results represent three independent experiments. Protein lysates de-
rived from each of the cell lines were subjected to immunoblot analysis
using antibodies against TBP, c-Jun, or �-actin as indicated (right
panel). (B) Increased TBP expression enhances c-Jun expression and

the accumulation of wild-type MEFs. Wild-type MEFs were stably
transfected with an HA-tagged human TBP expression vector (Wild
type � TBP) or empty vector (Wild type � vector). The accumulation
rates of these cells were measured as described for panel A (left
panel). The results represent two independent experiments resulting
from two nonclonally selected populations of each stable cell line.
Protein lysates derived from these cells were subjected to immunoblot
analysis using antibodies against TBP, c-Jun, hemagglutinin, or �-actin
as designated (right panel). (C) Reduced expression of TBP decreases
the c-Jun expression and accumulation rate of Jnk2�/� MEFs. Stable
cell lines were established by transfecting Jnk2�/� MEFs with an an-
tisense TBP expression construct (Jnk2�/� � Antisense TBP) or vector
alone (Jnk2�/� � Vector). The accumulation rates of these cells were
measured as described for panel A (left panel). TBP, c-Jun, and �-ac-
tin protein levels were determined by immunoblot analysis (right
panel). (D) Alterations in TBP levels do not affect apoptotic rates
of MEFs. Stable cells of the wild-type-plus-TBP (left panel) and
Jnk2�/�-plus-antisense TBP cell lines (right panel) were stained with
annexin V, and rates of apoptosis were assessed as described in Ma-
terials and Methods. (E) Alterations in TBP levels change cellular
proliferation rates of MEFs. Stable cells of the wild-type-plus-TBP
(left panel) and Jnk2�/�-plus-antisense TBP cell lines (right panel)
were labeled with BrdU, and S-phase-labeled cells were quantified by
flow cytometry. The values shown are the means � SEM of three
independent experiments.
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but selective effects on transcription by all three nuclear RNA
polymerases. Increases in TBP induce the transcription of
genes encoding tRNAs and rRNAs (34, 38–40, 45), while pro-
tein-encoding genes are differentially regulated (5, 26, 29).
Since TBP levels influence the activities of such a diverse array
of genes, the JNK-mediated regulation of cellular TBP expres-
sion is likely to be a key mechanism by which the JNKs signif-
icantly impact cellular gene expression. Consistent with this
idea, we find that the JNKs regulate RNA polymerase III-
dependent gene activity (S. Zhong and D. L. Johnson, unpub-
lished results).

Our findings further reveal that JNK1 and JNK2 have

opposing roles in regulating TBP expression. The selective
activation of JNK1, but not JNK2, is responsible for inducing
TBP mRNA and protein expression in both mouse and human
cell lines. Furthermore, JNK2 negatively regulates TBP expres-
sion in nonstimulated cells. This is consistent with previous
studies demonstrating that JNK2, but not JNK1, undergoes
autophosphorylation in the absence of upstream-activated ki-
nases (35). While previous work has demonstrated that TBP
expression can be induced by the activation of select signaling
molecules, our results are the first to demonstrate that TBP
expression can be negatively regulated. Together, these results
support the idea that the balance between JNK1 and JNK2 is
an important mechanism responsible for exquisitely regulating
cellular TBP amounts.

Our results demonstrate that JNK1 and JNK2 mediate their
effects on TBP expression by transcriptional regulation of the
TBP promoter through a common Elk-1 binding site. Elk-1
does not appreciably bind to this site in nonstimulated cells,
but upon EGF stimulation, Elk-1 is recruited to the promoter,
correlating with its induction. Thus, we have identified a new
Elk-1-targeted promoter. Interestingly, our results reveal that
the JNKs have antagonizing functions in regulating Elk-1 phos-
phorylation and Elk-1 binding to the TBP promoter. Consis-
tent with these results, JNK1 can directly phosphorylate Elk-1
(1, 40a), and increased phosphorylation of Elk-1 enhances its
DNA binding function (42) and its binding to the coactivator
p300 (24a). Surprisingly, in contrast to previous studies dem-

FIG. 6. Cellular TBP amounts regulate c-Jun and AP-1 promoter
activities in Huh-7 cells and MEFs (A) c-Jun promoter activity is
differentially responsive to increases in TBP in wild-type and Jnk1- and
Jnk2-deficient cells. MEFs were transiently cotransfected with human
c-jun promoter–luciferase and human TBP expression plasmids, and
luciferase activity was measured. The values shown are the means �
SEM of at least four independent experiments. (B) Increasing TBP
expression enhances c-Jun promoter activity in Huh-7 cells. Human
hepatoma Huh-7 cells were transiently cotransfected with the c-jun
promoter–luciferase construct or a �3-integrin–luciferase construct to-
gether with the human TBP expression plasmid or empty vector. The
change in c-jun promoter activity was calculated relative to that with
vector alone. (C) Increasing TBP expression enhances AP-1-depen-
dent promoter activity in wild-type MEFs and Huh-7 cells. Wild-type
MEFs or Huh-7 cells were transiently cotransfected with a human
AP-1-dependent promoter–luciferase construct, or the same promoter
containing a mutated AP-1 site and the human TBP expression plas-
mid. The change in AP-1-dependent promoter activity was calculated
relative to that with vector alone. The values shown are the means �
SEM of three independent experiments.

FIG. 7. Decreased expression of c-Jun in MEFs reduces accumu-
lation rates but does not affect TBP expression. Wild-type (A) or
Jnk2�/� (B) MEFs were transfected with either c-Jun siRNA or an mm
siRNA. MEFs were plated in triplicate, and cell viability and total cell
numbers were measured daily for 6 days (left panel). The results
represent three independent experiments. Protein lysates derived from
each of the cell lines 72 h after transfection with the siRNAs were
subjected to immunoblot analysis using antibodies against TBP and
c-Jun. The changes in c-Jun levels were normalized to the total amount
of TBP.
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onstrating that JNK2 directly phosphorylates Elk-1 in vitro
(43), cells deficient for JNK2 display an increase in the phos-
phorylation state of Elk-1, which can be further augmented
upon EGF stimulation. Together, these results demonstrate
that these JNK-mediated effects on Elk-1 are critical determi-
nants in dictating TBP promoter activity.

Together, our results support the idea that JNK2 does not
phosphorylate Elk-1 in vivo and that it acts to negatively reg-
ulate the phosphorylation state of Elk-1. Elk-1 is a direct sub-
strate for all three classes of MAPKs (33). It is conceivable that
JNK2 specifically inhibits the ability of JNK1, p38, and/or
ERK1/2 to phosphorylate Elk-1. Alternatively, JNK2 may pre-
vent a potential priming kinase from phosphorylating Elk-1,
thereby decreasing subsequent phosphorylation of Elk-1 by the
other MAPKs. However, the fact that JNK2 acts to decrease
the phosphorylation state of Elk-1 in nonstressed cells, sug-
gests the idea that, even in the absence of activation of the
MAPKs, JNK2 is still capable of reducing Elk-1 phosphoryla-
tion. Protein phosphatase 2B has been shown to negatively
regulate Elk-1 by antagonizing the phosphorylation induced by
MAPK activation (31). Therefore, it is also plausible that
JNK2 could function to facilitate dephosphorylation of Elk-1
through its ability to enhance the function of an Elk-1-targeted
phosphatase. In either case, our studies support a novel role
for JNK2 in negatively regulating the phosphorylation state
and function of Elk-1.

The recent use of a chemical genetic approach to selectively
inhibit the function of JNK2 in MEFs suggests that the use of
knockout cells is insufficient to derive conclusions regarding
the function of JNK2 (19). This study proposes an alternative
explanation for the observed opposing functions of JNKs in
MEFs and reveals that, contrary to previous studies (28, 32)
and our current studies, JNK2 positively, rather than nega-
tively, regulates c-Jun expression and cellular proliferation.
The explanation proposed for the basis of these observed dif-
ferences was that long-term loss of gene function can lead to an
adaptive response and changes in the functions of other genes
and that there is a compensatory increase in JNK1 function in
Jnk2�/� cells. However, our study has importantly used an
additional approach and another cell line to examine the func-
tions of both JNK1 and JNK2. Transient repression of JNK2
expression by approximately fourfold by an siRNA approach in
the Huh-7 cell line, for less than 2 days, had functional conse-
quences on TBP expression similar to those observed in the
Jnk2�/� MEFs. Interestingly, treatment of the Jnk2�/� MEFs
with the chemical inhibitor of JNK2 was conducted within a
similar time frame (19). This argues against the notion that the
functional differences observed for JNK2 in MEFs are due to
the long-term consequences of gene disruption. Nevertheless,
further work will be needed to examine how long-term loss of
gene function might affect the expression or function of other
genes and the length of time required for these potential com-
pensatory changes in genes to occur.

The present study identifies a new mechanism by which the
JNKs regulate cellular concentrations of c-Jun, through their
ability to regulate TBP expression. These results demonstrate
that small changes in TBP levels, alone, serve to regulate c-Jun
expression, supporting the idea that this is an important mech-
anism by which the JNKs affect c-Jun concentrations. c-Jun has
been extensively shown to be regulated by the JNKs (11).

While both JNK1 and JNK2 bind to and phosphorylate c-Jun,
leading to its activation, the JNKs have also been shown to
target c-Jun for ubiquitination and degradation (14). Further
analysis of the individual roles of the JNKs revealed that JNK1
increases c-Jun activity and stability, whereas JNK2 preferen-
tially binds to c-Jun in nonstimulated cells and targets it for
degradation (25, 28). The tumor suppressor p16INK4a, which
selectively interacts with JNK1 and JNK3, prevents c-Jun phos-
phorylation (4). Thus, these studies, and our current results
demonstrate that the JNKs regulate c-Jun levels and activity
through multiple distinct mechanisms.

The JNKs play essential roles in organogenesis during de-
velopment and regulate a wide range of cellular functions in
mammalian cells, including cell proliferation, survival, and
apoptosis. They also are important mediators in the immune
responses by regulating cytokine gene expression. While we
have so far shown the EGFR1- and anisomycin-mediated ac-
tivation of JNK1 induces TBP expression, it remains to be
tested whether other cellular stress conditions that activate
JNK1, such as hypoxia, also regulate TBP expression. The
ability of the JNKs to regulate TBP expression prompted us to
consider potential phenotypic consequences. The JNKs have
been shown to differentially regulate fibroblast proliferation
(28, 32). As the levels of TBP correlated with the rate of
accumulation of these cells, we examined whether directly al-
tering TBP levels could modulate cellular proliferation. These
results indicate that in MEFs, cellular TBP concentrations
dictate the proliferation rates of these cells. Examining poten-
tial TBP-targeted genes that might contribute to the altered
growth rate, we find that changes in TBP levels regulate c-Jun

FIG. 8. Model for opposing functions of JNK1 and JNK2. JNK1
promotes Elk-1 phosphorylation in response to EGF stimulation,
whereas JNK2 negatively regulates the phosphorylation state of Elk-1
in the absence of stimuli. Phosphorylation of Elk-1 enhances it ability
to be recruited to the TBP promoter, thereby inducing TBP promoter
activity and its expression. Increased TBP levels then modulate c-Jun
promoter activity and expression, ultimately dictating cellular prolif-
eration rates.
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promoter activity and expression and that decreases in c-Jun
result in diminished proliferation of MEFs. Thus, the ability of
the JNKs to regulate TBP expression and thereby modulate
cellular gene expression, including that of c-Jun, is a key mech-
anism for controlling cellular proliferation.

Our results corroborate recent findings that, despite their
structural and biochemical similarities, JNK1 and JNK2 pos-
sess distinct functions. Our results define several new and op-
posing functions of the JNKs that link regulation of Elk-1
phosphorylation and TBP expression with their capacity to
control c-Jun expression (Fig. 8). In MEFs, these events ulti-
mately affect cellular proliferation rates. The JNKs have been
shown to induce apoptosis or enhance cellular proliferation
and/or transformation, depending on the cell type (12, 24). As
small increases in cellular TBP levels have been shown to
promote transformation of rat 1A cells, without changing cel-
lular proliferation rates (20, 21), the cell-type-dependent phe-
notypic effects of the JNKs may be a consequence of their
ability to regulate TBP expression. Together, these results sup-
port the idea that the balance between JNK1 and JNK2 is an
important mechanism that is responsible for tightly regulating
cellular TBP amounts. The opposing functions of JNK1 and
JNK2 in regulating TBP levels suggest that JNK1-mediated
increases in TBP could promote oncogenesis, whereas JNK2-
mediated decreases in TBP could act to suppress oncogenesis.
While the regulation of the JNKs is complex, our study has
discovered a critical function of JNK1 and JNK2 in regulating
the cellular concentrations of TBP, which ultimately contribute
to the growth potential and transformation state of cells.
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