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Abstract We have previously shown that different extracel-
lular stimuli require signaling through the Raf/MEK/p42/
44

 

MAPK

 

 cascade to induce LDL receptor expression. The
present studies were designed to delineate the molecular
mechanisms underlying p42/44

 

MAPK

 

-induced LDL receptor
transcription in HepG2-

 

�

 

Raf-1:ER cells, a modified HepG2
cell line in which the Raf-1/MEK/p42/44

 

MAPK

 

 cascade can
be specifically activated by anti-estradiol ICI182,780 in an ag-
onist-specific manner. Using these cells, we show that: 

 

a

 

) LDL
receptor induction was reduced in reporter constructs con-
taining mutation in either Sp1 or sterol-regulatory element-1
(SRE-1) sites, whereas inactivation of both sites abolished the
induction; 

 

b

 

) E1A, which inhibits CREB binding protein
(CBP), a common activator of SRE-1 binding protein and
Sp1, strongly repressed the induction; 

 

c

 

) intracellular inhibi-
tion of the 90 kDa ribosomal S6 kinase (pp90

 

RSK

 

) cascade re-
duced LDL receptor induction; 

 

d

 

) highly selective protein ki-
nase C (PKC) inhibitors effectively abrogated the induction
without affecting activation of pp90

 

RSK

 

; and 

 

e

 

) overexpres-
sion of PKC

 

�

 

 significantly induced LDL receptor promoter
activity.  Taken together, these results demonstrate that
pp90

 

RSK

 

 and PKC

 

�

 

 are downstream effectors and Sp1, SRE-1
binding protein, and CBP are part of the transcriptional com-
plex resulting in induction of LDL receptor expression in re-
sponse to activation of the Raf/MEK/p42/44

 

MAPK

 

 cascade.
These findings identify for the first time a role for PKC

 

�

 

 in
determining the specificity of p42/44

 

MAPK

 

 signaling by partic-
ipating with pp90

 

RSK

 

 in regulating gene expression.—

 

Kapoor,
G. S., C. Golden, B. Atkins, and K. D. Mehta.
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Mitogen-activated protein kinases (MAPKs) are the cen-
tral mediators that propagate extracellular signals from

 

the cell membrane to the nucleus. These serine/threo-
nine kinases are present in all cell types and play a critical
role in regulation of a wide variety of biological response
mechanisms. The p42/44

 

MAPK

 

 group of MAPKs (also
called ERK1/ERK2) is a central component of signal
transduction pathways activated by diverse extracellular
stimuli, including mitogens, growth factors, and cytokines
(1–3). The p42/44

 

MAPK

 

 group itself is activated by phos-
phorylation on both threonine and tyrosine residues by
two dual-specificity MAPK kinases (also known as MEKs).
MEKs are in turn activated by serine phosphorylation cata-
lyzed by a number of MAPK kinase kinases, which include
Raf-1, B-Raf, Mos, and MEK kinase-1. Upon activation by
MEK via the Raf/MEK/p42/44

 

MAPK

 

 cascade, phosphory-
lated p42/44

 

MAPK

 

 induces pleiotropic effects ranging
from phosphorylation of cytoplasmic proteins to activa-
tion of nuclear factors (1–3). Among the first substrates of
p42/44

 

MAPK

 

 is the family of 90 kDa ribosomal S6 kinases
(pp90

 

RSK

 

s, also known as MAPKAP-K1) (4). This kinase
family is activated via phosphorylation, and its members
have been shown to be ubiquitous and versatile mediators
of signal transduction (5–7). Diverse substrates have been
identified, including transcription factors such as the
cAMP response element binding protein (CREB) (8), es-
trogen receptor-

 

�

 

 (9), I

 

�

 

B

 

�

 

/NF-

 

�

 

B, and c-Fos (10); the
transcriptional coactivators CREB binding protein (CBP)

 

Abbreviations: CBP, CREB binding protein; CREB, cAMP response
element binding protein; HepG2-

 

�

 

Raf-1:ER, HepG2 cells stably ex-
pressing 

 

�

 

Raf-1:ER; ICI182,780, (7

 

�

 

-[9-[(4,4,5,5,5,-pentafluoropentyl)
sulfinyl]nonyl]-estra-1,3,5(10)-triene-3,17

 

�

 

-diol; LPDS, lipoprotein-
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and p300 (11, 12); several proteins in the ribosomal com-
plex (13); glycogen synthase kinase-3 (14); the neutral
cell adhesion molecule L1 CAM (15); the Ras GTP-GDP
exchange factor Sos (16); and the p34 cdc2 inhibitory ki-
nase Myt 1 (17). The diversity of these substrates suggests
that pp90

 

RSK

 

 is involved in the regulation of a wide range
of cellular functions (4).

For the past several years, our laboratory has focused on
the molecular mechanisms underlying regulation of LDL
receptor induction by a variety of transcriptional modula-
tors. To investigate the role of the p42/44

 

MAPK

 

 signaling
cascade in regulating LDL receptor expression, we have
previously utilized a specific cell-permeable noncompetitive
inhibitor of MEK-1/2, PD98059 (2-(2

 

�

 

-amino-3

 

�

 

-methoxy-
phenyl)-oxanaphthalene-4-one). Our studies demonstrated
for the first time requirement of the Raf-1/MEK/p42/
44

 

MAPK

 

 cascade for the induction of LDL receptor tran-
scription in human hepatoma HepG2 cells by a variety of
agents, including phorbol esters, hepatocyte growth fac-
tor, interleukin-1

 

�

 

, and anisomycin (reviewed in ref. 18).
Investigations by other laboratories also supported the re-
quirement of this signaling cascade for insulin- and onco-
statin-induced LDL receptor expression (19, 20). Taken
together, these studies showed that different extracellular
stimuli require signaling through p42/44

 

MAPK

 

 to induce
LDL receptor expression in hepatic cells. Recently, insu-
lin- and oncostatin-induced LDL receptor transcription
have been related to phosphorylation of two different nu-
clear factors via p42/44

 

MAPK

 

. Kotzka et al. (19) showed
that modification of SRE binding protein (SREBP) is re-
sponsible for insulin-induced LDL receptor transcription,
whereas Liu et al. (20) have shown data supporting the in-
volvement of a novel nuclear factor interacting within the
TATA box region to induce LDL receptor expression.
Given the complexities of insulin and oncostatin signaling
resulting in the activation of multiple pathways, it is not
possible to define the sole contribution of the p42/44

 

MAPK

 

signaling cascade in the induction of LDL receptor pro-
moter activity.

To determine the mechanism responsible for p42/
44

 

MAPK

 

-induced LDL receptor transcription, we have gen-
erated a HepG2-derived cell line (designated HepG2-

 

�

 

Raf-1:ER) that stably expresses an inducible form of

 

�

 

Raf-1:ER, a fusion protein consisting of an oncogenic
form of human Raf-1 kinase linked to the hormone bind-
ing domain of the human estrogen receptor (21). These
cells were used to demonstrate that activation of the Raf-1/
MEK/p42/44

 

MAPK

 

 cascade alone by anti-estradiol ICI182,780
(7

 

�

 

-[9-[(4,4,5,5,5,-pentafluoropentyl) sulfinyl]nonyl]-estra-1,
3,5(10)-triene-3,17

 

�

 

-diol) is sufficient to induce LDL re-
ceptor transcription to levels observed using cytokines or
growth factors in HepG2 cells (22).

In the present work, we explored how the multirespon-
sive LDL receptor promoter may be upregulated by activa-
tion of p42/44

 

MAPK

 

 and determined the underlying mech-
anism for promoter stimulation at the transcription factor
and cofactor levels. Using HepG2-

 

�

 

Raf-1:ER cells, we
showed involvement of sterol regulatory element-1 (SRE-1)
and an adjacent Sp1 site, together with the requirement

of CBP for transactivation of LDL receptor promoter in
response to p42/44

 

MAPK

 

 activation. Further examination
demonstrated that inhibition of protein kinase C (PKC)
blocks p42/44

 

MAPK

 

-induced LDL receptor transcription
without affecting activation of p42/44

 

MAPK

 

 or pp90

 

RSK

 

,
suggesting the requirement of a Raf-1-dependent and
PKC-mediated pathway in the induction process. Transfec-
tion and biochemical studies support requirement of the
PKC

 

�

 

 isoform in the induction process. The above results
predict the likely existence of multiple signaling cascades
that are differentially coupled to the pp90

 

RSK

 

 signaling
pathway to regulate specific gene expression in human cells.

MATERIALS AND METHODS

 

Materials

 

TRIzol and tissue culture supplies were purchased from Life
Technologies (Invitrogen Corp.). Fetal bovine lipoprotein-defi-
cient serum (LPDS) was obtained from PerImmune, Inc. Zeta-
Probe blotting membrane and the protein assay reagent were
purchased from Bio-Rad Laboratories. PD98059, calphostin C,
bisindolylmaleimide I, and Go6976 were purchased from Calbio-
chem-Novabiochem Corp. ICI182,780 was purchased from Toc-
ris. The enhanced chemiluminescence (ECL) detection kit was
obtained from Amersham-Pharmacia Biotech. Purified recombi-
nant human PKC isoforms were obtained from Calbiochem.

 

Antibodies and plasmids

 

Phospho-specific antibodies to the activated forms of p42/
44

 

MAPK

 

 (Thr202/Tyr204), and phospho-pp90

 

RSK

 

 (Ser259) were
purchased from New England Biolabs. Antibodies to Raf-1 ki-
nase, p42/44

 

MAPK

 

 and MAPK phosphatase-1 (MKP-1) were ob-
tained from Santa Cruz Biotechnology, Inc. 

 

�

 

Raf-1:ER plasmid,
which expresses a fusion protein consisting of an oncogenic
form of human Raf-1 kinase (amino acids 305 to 648, which en-
code all of the kinase domain contained in conserved region 3
but none of conserved regions 1 or 2) and the hormone binding
domain of the human estrogen receptor, was kindly provided by
Dr. Martin McMahon (University of California, San Francisco)
(21). The human wild-type (WT) LDL receptor promoter-lucif-
erase reporter construct B (

 

�

 

173/

 

�

 

35) and the pSV-

 

�

 

-galac-
tosidase (pSV-

 

�

 

-Gal) vectors have been described previously
(23). The pp90

 

RSK

 

 WT cDNA was graciously provided by Dr. J. L.
Maller (University of Colorado School of Medicine) (24). The
Gal4-CBP chimera constructs have been described previously;
Gal4 (1-147), Gal4-CBP (full-length), and a reporter plasmid,
5 

 

	

 

 Gal4-luciferase, were obtained from Dr. John C. Chrivia (St.
Louis University School of Medicine) (25). The expression vec-
tors for WT E1A, and a deletion mutant (

 

�

 

2-45) were obtained
from Dr. Robert J. Rooney (Duke University Medical Center)
(26). The human LDL receptor promoter reporter plasmid con-
taining C/EBP and cAMP response element (CREB) mutants,
designated CREMU1 and TATA2a (20), respectively, were con-
structed by standard PCR-based mutagenesis and confirmed by
DNA sequence analysis. The construction of plasmids containing
single-point mutations in Sp1 (C to A), SRE-1 (A to C), and FP1
(G to T) have been described earlier (27). Plasmid DNA was pre-
pared by purification through columns, as instructed by the
manufacturer (Qiagen, Inc.). The constitutively active PKC iso-
forms constructs were a gift from Dr. Peter Parker (Imperial Can-
cer Research Fund, London) (28).
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Cell culture

 

The human hepatoma cell line HepG2 and its derivative
HepG2-

 

�

 

Raf-1:ER cell line that stably expresses the 

 

�

 

Raf-1:ER
chimera were maintained as monolayer cultures in Eagle’s mini-
mum essential medium (MEM) (BioWhittaker, Inc.) supple-
mented with 10% FBS (Life Technologies). Cells were grown at
37

 




 

C in a humidified 5% carbon dioxide-95% air atmosphere.

 

Transient transfection

 

Transient transfections were performed by cationic lipid-medi-
ated DNA transfection using LipofectAMINE (GIBCO-BRL,
Inc). In brief, 3 

 

	

 

 10

 

5

 

 HepG2-

 

�

 

Raf-1:ER cells were seeded in a
35 mm dish and cultured for about 48 h, when the cells reached
50–70% confluency. The cells were washed with serum/antibiot-
ics-free MEM medium prior to transfection. A total of 1.0 

 

�

 

g of
plasmid DNA and 3 

 

�

 

l of LipofectAMINE reagent diluted in 100

 

�

 

l of serum/antibiotic-free DMEM medium was placed onto the
cells. The transfection was performed at 37

 




 

C in the incubator
with 5% CO

 

2

 

 for 5 h. After transfection, the lipid-DNA complex
was replaced with fresh culture medium with or without the re-
agents, as indicated for designed treatments to the cells. The
cells were then cultured for another 12 h in the absence or pres-
ence of 1 

 

�

 

M ICI182,780, harvested, and assayed for luciferase
activity as described previously (29). Luciferase activity was nor-
malized by the protein content of the lysate, determined by Brad-
ford assay using 

 

�

 

-globulin as a standard. To measure the effect
of sterols on LDL receptor promoter activity, constitutively active

 

�

 

-galactosidase expression vector pSV-

 

�

 

-Gal (0.2 

 

�

 

g) was in-
cluded in each transfection reaction, so that luciferase activity
could be normalized for differences in transfection efficiency.

 

�

 

-Galactosidase activity was assayed with a luminescent substrate
(Galacton Plus) according to the manufacturer’s instructions
(TROPIX, Inc.).

 

Western blot analysis

 

Cells were lysed in 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM 

 

�

 

-glycerol phosphate, 1 mM sodium vanadate, and
10 mM sodium fluoride. Cell extracts (10–20 

 

�

 

g) were resolved
on a 10% acrylamide separating gel by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Proteins were transferred to
a nitrocellulose membrane. Membrane blocking, washing, anti-
body incubation, and detection by ECL were performed as previ-
ously described (29). Quantitative analysis of protein levels was
performed by densitometric scanning of the autoradiograms and
represented three or more independent experiments. To quan-
tify the signals, membranes were scanned by a Storm 860 phos-
phoimager (Molecular Dynamics), and image and quantification
analyses were carried out with ImageQuant 5.0 software (Molecu-
lar Dynamics). All values are reported as normalized to control,
which was set to 1.

 

RNA isolation and Northern blot analysis

 

Total cellular RNA was isolated from treated and untreated
HepG2-

 

�

 

Raf-1:ER cells using TRIzol Reagent (Life Technolo-
gies) as described earlier (29). A total of 10 

 

�

 

g of RNA was frac-
tionated on a 1% formaldehyde agarose gel and transferred onto
Zeta-Probe membrane by capillary blotting. RNA blots were hy-
bridized in 7% SDS, 1% BSA, 100 

 

�

 

g/ml salmon sperm DNA,
and 0.25 M sodium phosphate (pH 7.2), with human LDL recep-
tor- or human squalene synthetase (SS)-specific single-stranded
M13 probe labeled with [

 

�

 

-

 

32

 

P]dCTP. In most cases, the same
blot was rehybridized with 

 

32

 

P-labeled single-stranded M13 probe
specific for 

 

�

 

-actin. After hybridization for 16 h, the membranes

 

were washed twice for 30 min in 1 

 

	

 

 SSC/0.1% SDS at 58

 




 

C.
Hybridized filters were washed and exposed to Kodak X-ray film.
The relative intensities of specific bands were determined densi-
tometrically within the linear range of the film on a Model 300A
laser densitometer (Molecular Dynamics) with ImageQuant soft-
ware. LDL receptor mRNA was normalized to 

 

�

 

-actin mRNA
level, and data for each point were plotted as the percentage of
LDL receptor mRNA compared with controls.

 

RESULTS

 

Induction of LDL receptor expression follows pp90

 

RSK

 

activation in HepG2-

 

�

 

Raf-1:ER cells
We wished to assess the rapidity of ICI182,780-mediated

activation of Raf-1 kinase, p42/44MAPK, and pp90RSK, as
well as induction of LDL receptor transcription in HepG2-
�Raf-1:ER cells. Cells were stimulated with 1 �M ICI182,780
for varying periods from 1 to 16 h, and changes in the
phosphorylation levels of Raf-1 kinase, p42/44MAPK, and
pp90RSK, and expression of LDL receptor gene were mea-
sured before and after the treatment. As shown in Fig. 1A,
phosphorylation of Raf-1 kinase, p42/44MAPK, and pp90RSK

were clearly detected after 1 h of ICI182,780 treatment,
with maximal responses achieved between 2 h and 4 h.
The increase in p42/44MAPK phosphorylation was not ac-
companied by any changes in the expression of either
p42/44MAPK or MAP kinase phosphatase-1 after ICI182,780
treatment of HepG2-�Raf-1:ER cells. It is important to note
that phosphorylation of the above kinases is followed by
full (approximately 8-fold) induction of LDL receptor ex-
pression within 3 to 4 h of ICI182,780 treatment. On the
other hand, expression of SS, another gene of the choles-
terol biosynthetic pathway, was slightly induced (approxi-
mately 2-fold), and no significant effect on actin gene ex-
pression was observed under identical conditions (Fig.
1B). Comparison of the kinetics of activation of MAPKs
with LDL receptor induction suggests that the induction
of receptor expression possibly follows sequential activa-
tion of the Raf-1-p42/44MAPK-pp90RSK cascade (Fig. 1C).

If the sequential Raf-1-p42/44MAPK-pp90RSK pathway
plays a role in ICI182,780-induced LDL receptor expres-
sion, pretreatment with PD98059, a specific inhibitor of
MEK that prevents the activation of p42/44MAPK and, sub-
sequently, the activation of pp90RSK, would lead to preven-
tion of the above pathway and subsequent induction of
LDL receptor expression. When ICI182,780-stimulated ac-
tivation of pp90RSK was prevented by pretreatment with
PD98059, ICI182,780-dependent induction of LDL recep-
tor expression was also blocked (22; also shown later in
Fig. 5), indicating that the activation of protein kinases
that are downstream of MEK-1/2 mediates ICI182,780-
induced LDL receptor expression.

Mutation of either the Sp1 site or the SRE-1 site reduced 
p42/44MAPK-induced LDL receptor transcription

To evaluate the contribution of already known regula-
tory elements in ICI182,780-induced LDL receptor tran-
scription, transient transfections were performed with WT
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Fig. 1. Time-dependent phosphorylation of Raf-1 kinase, p42/
44MAPK, and 90 kDa ribosomal S6 kinase (pp90RSK), and induction
of LDL receptor expression by ICI182,780 in HepG2-�Raf-1:ER
cells. A: HepG2-�Raf-1:ER cells (5 	 105) were seeded into 100 mm
dishes. After culturing for 24 h, the media were replaced with 0.5%
FBS/MEM 4 h before exposure to ICI182,780 (1 �M). At the indi-
cated times, the treated cells were lysed in SDS sample buffer, and
Raf-1 kinase, p42/44MAPK, and pp90RSK phosphorylation levels were
determined by immunoblotting with phosphorylation-specific anti-
bodies. MKP-1- and phosphorylation-independent p42/44MAPK-spe-
cific antibodies were used to examine their expression levels in the
above extracts. Results shown are indicative of four different exper-
iments. B: On day 0, 1 	 106 cells were plated. On day 2, cells were
re-fed with fresh medium. On day 4, cells were either left untreated
(0) or treated for the indicated times with ICI182,780 (1 �M) in
medium containing 0.5% FBS. Total RNA was isolated at the indi-
cated times and subjected to Northern blotting to determine
amounts of LDL receptor, squalene synthetase (SS), and actin
mRNAs. Results shown are indicative of three separate experi-
ments. C: Results are expressed as the relative-fold induction by
ICI182,780 compared with untreated cells (given an arbitrary value
of 1). Autoradiographs were quantitated densitometrically. LDL re-
ceptor and SS mRNA levels were normalized by comparison with
levels of actin. The numbers for relative-fold induction of p42/
44MAPK and pp90RSK were derived by quantitating intensity of bands
and are approximate representations. Values shown are the mean
of two different experiments.

Fig. 2. The p42/44MAPK-dependent increase in human LDL re-
ceptor expression is mediated at the transcriptional levels through
sterol regulatory element-1 (SRE-1) and the neighboring Sp1 site.
A: HepG2-�Raf-1:ER cells were transfected with the indicated re-
porter constructs (0.5 �g/well). After transfection, cells were cul-
tured in medium containing 0.5% FBS/MEM for 20 h and then
stimulated with 1 �M ICI182,780 for 12 h prior to lysis. The relative-
fold induction represents an increase in luciferase activity of con-
structs stimulated by ICI182,780 relative to unstimulated constructs.
The results for each of the mutants are averages of at least five inde-
pendent experiments and are presented as means  SE; each trans-
fection was performed in duplicate. B: Schematic representation of
the effects of sterols on p42/44MAPK-induced LDL receptor pro-
moter activity in HepG2-�Raf-1:ER cells. Cells were transiently
transfected with the human LDL receptor promoter reporter (0.5
�g/well) together with pSV-�-Gal (0.2 �g/well). After treatment
for 12 h with 1 �M ICI182,780 in the absence [10% lipoprotein-
deficient serum (LPDS)] or presence of sterols (10% LPDS plus 10
�g/ ml cholesterol and 2 �g/ml 25-hydroxycholesterol), the cells
were harvested for duplicate measurements of luciferase and
�-galactosidase activities. Corrected luciferase activities were calcu-
lated as described earlier (23). Relative-fold induction is the ratio of
corrected luciferase activity in the presence of ICI182,780 divided
by the corrected luciferase activity in the absence of ICI182,780 and
is indicated on the top of each bar. C: ICI182,780 induces endoge-
nous LDL receptor expression even in the presence of sterols.
HepG2-�Raf-1:ER cells were either untreated or treated with
ICI182,780 (1 �M) in the absence or presence of sterols. Sterols
were added 4 h prior to the addition of ICI182,780. After an addi-
tional 4 h, total RNA was isolated and subjected to Northern blot-
ting. Similar results were obtained in three different experiments.
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and different point-mutated LDL receptor promoter vari-
ants described previously for their responsivity to p42/
44MAPK activation (20, 27). The human LDL receptor pro-
moter constructs containing the WT and mutant �173/
�35 bp sequences fused upstream of the luciferase re-
porter gene were used for transfecting HepG2-�Raf-1:ER
cells for functional analyses. As shown in Fig. 2A, the pres-
ence of exogenous ICI182,780 resulted in a dramatic in-
crease of luciferase activity with the WT construct. None
of the point mutations in FP1, CRE, and C/EBP sites sig-
nificantly affected ICI182,780-dependent transactivation,
whereas mutation of either SRE-1 or Sp1 significantly re-
duced transactivation, thus suggesting their role in the in-
duction process. Importantly, the construct with the dou-
ble mutation of both Sp1 and SRE-1 sites abolished the
ICI182,780-stimulated transactivation to activities compa-
rable to that of empty vector. The above data suggest in-
volvement of both Sp1 and SRE-1 sites for ICI182,780-
dependent increases in LDL receptor promoter activity.

We also used a different approach to investigate the
role of SRE-1 in the induction process. Considering that
SRE-1 does not contribute to LDL receptor expression in
the presence of sterols, we performed induction experi-
ments in their presence. We observed reduced induction
of LDL receptor promoter activity (3-fold) (Fig. 2B) and

of endogenous LDL receptor gene (2-fold) (Fig. 2C) even
when sterols were present. Since SRE-1 is nonfunctional at
high concentrations of sterols due to lack of SREBPs in
the nucleus, LDL receptor induction under these condi-
tions could be attributed to Sp1.

Requirement of an E1A-sensitive factor (CBP) in
p42/44MAPK-induced LDL receptor transcription

It is possible that the requirement of these sites is indi-
rect. Factor(s) binding to both Sp1 and SREBP-2 may be
critical for transactivation, and therefore recruitment of
CBP is important for induction by the p42/44MAPK cas-
cade (30–32). To test the functional significance of CBP in
the induction process, we used adenoviral E1A protein, an
inhibitor of CBP (33), in the transient transfection assays.
As shown in Fig. 3A, when a DNA construct expressing the
WT E1A 12S RNA was cotransfected with the human LDL
receptor promoter-driven reporter gene into HepG2-
�Raf-1:ER cells, induction of the LDL receptor promoter
was inhibited in a concentration- (Fig. 3A) and time-
dependent manner (Fig. 3B). Thus, it is very likely that
the inhibitory effect of E1A on LDL receptor induction is
due to the inhibition of CBP.

Although E1A is known to inhibit CBP, it can have mul-
tiple effects on cell function that are independent of CBP

Fig. 3. Transactivation mediated by p42/44MAPK is strongly
inhibited by E1A, demonstrating the requirement of CREB
binding protein (CBP). A: Human LDL receptor promoter
reporter was transiently transfected into HepG2-�Raf-1:ER
cells with or without expression plasmid encoding E1A or
the blank vector pcDNA3. The graph shows the relative lu-
ciferase activities, where the luciferase activity of reporter
construct transfected without the E1A expression vector was
set at 1. Luciferase activity was normalized by the protein
concentration of the lysate. Normalized luciferase activities
are given from six different experiments and are presented
as means  SE. Open rectangle, absence of ICI182,780; filled
rectangle, presence of ICI182,780. B: Time-dependent in-
duction of human LDL receptor promoter reporter by
ICI182,780 in HepG2-�Raf-1:ER cells in the absence or pres-
ence of E1A expression plasmid. The human LDL receptor
promoter reporter (0.5 �g) was transiently transfected into
HepG2-�Raf-1:ER cells with or without expression plasmid
encoding E1A (10 ng), and luciferase activity was measured
at the indicated times. Luciferase activities were normalized
by the protein concentration of the lysates. Values are ex-
pressed relative to unstimulated HepG2-�Raf-1:ER cells (set
at 1) and are the means of two different experiments; each
transfection was performed in triplicate.
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inhibition (34). To rule out involvement of other interac-
tions, we tested E1A mutants defective in CBP binding to
assess the importance of this interaction for inhibition of
LDL receptor promoter activity. An N-terminal truncation
mutant, E1A�2-36, has been shown previously to be defec-
tive in CBP binding (35, 36). Expression of this mutant in
HepG2-�Raf-1:ER cells had little effect under conditions
in which WT E1A nearly abolished LDL receptor induc-
tion (Fig. 3A). Taken together, these results support a
model in which CBP is crucial for ICI182,780-mediated
transactivation of the LDL receptor promoter.

Involvement of pp90RSK in p42/44MAPK-induced LDL
receptor expression

If pp90RSK mediates LDL receptor induction, then inhi-
bition of pp90RSK should lead to blocking of LDL receptor
induction. To address this point, we performed cotrans-
fection experiments using the human LDL receptor pro-
moter reporter (WT) together with the expression vector
for a kinase-defective pp90RSK (D205N), or the empty vec-
tor control pcDNA3. Consistent with the role of pp90RSK,
inhibition of the endogenous pp90RSK activity by transfect-
ing kinase-negative pp90RSK (D205N) mutant, or treat-
ment with PD98059 to inhibit endogenous MEK-1/2, re-
sulted in reduction of the human LDL receptor promoter
activity (Fig. 4). Unlike PD98059, we cannot expect to see
dramatic differences in luciferase expression levels by
pp90RSK (D205N) mutant because of low transfection effi-
ciency (10% to 30%) in transient transfections. There-

fore, pp90RSK is most likely a critical kinase responsible for
activating LDL receptor promoter activity. From these re-
sults, it can be concluded that sequential activation of the
Raf/MEK/p42/44MAPK/pp90RSK cascade possibly medi-
ates LDL receptor induction.

Requirement of a second PKC-dependent signaling pathway 
for p42/44MAPK-induced LDL receptor expression

Inhibition of p42/44MAPK-induced LDL receptor pro-
moter activity by calphostin C (Fig. 4) prompted us to in-
vestigate the role of PKC in the induction process. In or-
der to examine the role of this kinase, HepG2-�Raf-1:ER
cells were incubated for 30 min with various selective PKC
inhibitors before the addition of ICI182,780. After 4 h,
changes in the phosphorylation levels of p42/44MAPK and
pp90RSK as well as LDL receptor expression were exam-
ined. As shown in Fig. 5, none of the PKC inhibitors used
in this study had any effect on activation of either p42/
44MAPK or pp90RSK in response to ICI182,780. Neverthe-
less, all these PKC inhibitors significantly suppressed
ICI182780-dependent LDL receptor expression. Unlike
bisindolylmaleimide I, both calphostin C and Go6976
were most effective in blocking ICI182,780-induced LDL
receptor expression (Fig. 5A). The above results suggest
that pp90RSK activation by ICI182780 occurs by a PKC-
independent mechanism and that both PKC and pp90RSK

signaling pathways are essential for ICI182780-induced
LDL receptor expression.

To test the effects of inhibiting both PKC and pp90RSK

at the same time, HepG2-�Raf-1:ER cells were pretreated
with Ro-31-8220, and LDL receptor expression was exam-
ined after ICI182,780 treatment. Interestingly, Ro-31-8220,
which specifically inhibits both PKC and pp90RSK at the
concentrations employed (37), not only completely
blocked ICI182,780-induced LDL receptor expression but
also reduced receptor levels below the basal levels (Fig.
5C). These results further reinforce the requirement of
both PKC and pp90RSK signaling cascades for maximal in-
duction of LDL receptor expression by ICI182,780.

Effects of overexpression of PKC� on p42/44MAPK-induced 
LDL receptor expression: PKC� is sensitive to inhibition 
by sterols

Because of specific inhibition of classical PKC isoforms
by Go6976, the potential candidates involved in the induc-
tion process could be PKC� and PKC�, as PKC� is not
present in HepG2 cells. To resolve which of the PKC iso-
forms may be involved in mediating induction of the LDL
receptor induction, we selectively overexpressed PKC� or
PKC� in HepG2 cells and measured the effect on LDL re-
ceptor promoter activity. Interestingly, overexpression of
constitutively active PKC� significantly increased LDL re-
ceptor promoter activity (approximately 5- to 6-fold),
whereas under similar conditions, constitutively active
PKC� did not appreciably alter luciferase expression rela-
tive to the level determined with the control empty vector
(Fig. 6). To further examine the role of this isoform, we
depleted the endogenous PKC� isoform by using the anti-
sense oligonucleotides, and found that, unlike sense-

Fig. 4. Inhibition of pp90RSK reduced p42/44MAPK-induced trans-
activation of LDL receptor promoter activity. Expression of a ki-
nase-defective pp90RSK (D205N) mutant, and treatment with
PD98059 or calphostin C significantly reduced increase in LDL re-
ceptor promoter activity upon ICI182,780 treatment. Human LDL
receptor promoter reporter plasmid was cotransfected with or with-
out the indicated amounts/well of control plasmid pcDNA3 or ex-
pression plasmid encoding pp90RSK (D205N) kinase-defective mu-
tant into HepG2-�Raf-1:ER cells. Transfected cells were assayed for
luciferase activity after treatment for 12 h with 1 �M ICI182,780.
Luciferase activities were normalized by the protein concentration
of the lysate. Values are expressed relative to luciferase activity ob-
tained with wild-type (WT) human LDL receptor promoter re-
porter alone upon ICI182,780 treatment (100%). Results are pre-
sented as means  SE. Calphostin C (0.25 �M) and 50 �M
PD98059 were used in the above studies.
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strand control oligonucleotides, antisense oligonucleo-
tides to PKC� partially reduced the induction process (re-
sults not shown). Taken together, the above studies
strongly support the involvement of PKC� in p42/44MAPK-
induced LDL receptor transcription.

DISCUSSION

In the present study, we examined the functional rela-
tionship between p42/44MAPK activation and induction of
LDL receptor transcription in HepG2-�Raf-1:ER cells in
an attempt to identify the underlying mechanisms that
control LDL receptor promoter activity. We found that
PKC� and pp90RSK mediate largely independent signaling
pathways, and that the participation of both pathways is
necessary to achieve maximal p42/44MAPK-induced LDL
receptor transcription.

A role for PKC in the signaling pathway responsible for
p42/44MAPK-induced LDL receptor transcription has been
implicated for the first time by our studies. Four lines of
evidence support a functional role of PKC� in the induc-
tion process. First, inhibition of ICI182,780-induced LDL
receptor transcription by calphostin C, a highly selective
PKC inhibitor that interacts with the regulatory domain of
PKC and competes with the phorbolester binding site lo-
cated in the C1 domain (38), indicates possible involve-
ment of conventional PKC isoforms in the induction pro-
cess. Second, another highly selective PKC inhibitor,
Go6976 (39), which preferentially inhibits PKC�, PKC�,
and PKC�, profoundly blocked the induction, further sup-
porting involvement of these isoforms in the p42/44MAPK-
induced LDL receptor transcription. Third, overexpres-
sion of PKC�, and not of PKC�, dramatically induced
LDL receptor promoter activity. Finally, depletion of en-
dogenous PKC� using an antisense approach partially in-

Fig. 5. P42/44MAPK-induced LDL receptor transcription requires a protein kinase C (PKC)-dependent pathway, and the requirement is in-
dependent of pp90RSK activation. A: The induction of endogenous LDL receptor expression is blocked by PKC inhibitors. HepG2-�Raf-1:ER
cells were treated with 1 �M ICI182,780 for 4 h as described in Fig. 1 after pretreatment with indicated concentrations of PKC inhibitors for
30 min. Total RNA was subjected to Northern blot analyses, and the filter was hybridized with a 32P-labeled LDL receptor probe. Shown is
an ethidium bromide-stained RNA gel before blotting onto nitrocellulose to demonstrate approximately equal loading of RNA in all
lanes. A representative autoradiogram is shown on the left side, and the results of the densitometric analysis of LDL receptor mRNA lev-
els normalized to the stained RNA gel are shown in the side panel [fold induction over untreated cells (zero time point)]. B: Typical
Western blot showing that the ICI182,780-dependent increase in phosphorylation of p42/44MAPK or pp90RSK is independent of PKC inhi-
bition. Total cellular protein extracts were prepared under parallel conditions, and Western blot analyses were performed with 30 �g of
protein using the antibodies specific for total protein or activated phosphorylated forms of p42/44MAPK or pp90RSK. The figure shown is
representative of at least six different experiments. C: Pretreatment with Ro-31-8220 completely blocked ICI182,780-dependent induc-
tion of endogenous LDL receptor expression in HepG2-�Raf-1:ER cells. Cells were either untreated or treated with ICI182,780 (1 �M)
for 4 h in the absence or presence of indicated concentrations of Ro-31-8220 added 30 min prior to the ICI182,780 addition. Total RNA
was subjected to Northern blot analyses, and the filter was hybridized with a 32P-labeled LDL receptor probe. Shown is an ethidium bro-
mide-stained RNA gel before blotting onto nitrocellulose to demonstrate equal loading of RNA in all lanes. Results shown are indicative
of three separate experiments.
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hibited the induction process. Using this approach, vari-
ous laboratories have earlier established a specific role
for PKC isoforms in various cellular processes (40–42).
Taken together, these results support involvement of a
PKC�-dependent pathway in the induction of LDL re-
ceptor transcription by p42/44MAPK. The common ability
of calphostin C and PD98059 to block LDL receptor in-
duction may suggest that PKC and the p42/44MAPK cas-
cade are proximal and distal components, respectively,
of a contiguous LDL receptor-regulatory signaling path-
way. Earlier work in HepG2 cells has shown that PKC and
pp42/44MAPK may participate in such a contiguous path-
way in response to activation of LDL receptor expression
by phorbolesters (43). However, our present observation
that PKC inhibitors could not prevent pp90RSK activation
by ICI182,780 indicates that the PKC-mediated mecha-
nism is not responsible for the activation of pp90RSK.

Another important finding of these studies is the inte-
gration of the Raf-1/MEK/p42/44MAPK/pp90RSK cascade,
possibly through CBP, in the induction of LDL receptor
transcription. The parallel changes observed in the phos-
phorylation of pp90RSK and LDL receptor expression in
response to ICI182,780 stimulation, in the absence or
presence of MEK-1/2 and PKC inhibitors, are consistent
with an effector role for pp90RSK in the ICI182,780-medi-
ated regulation of LDL receptor transcription. Further-
more, expression of the CBP inhibitor E1A completely
blocked ICI182,780-induced LDL receptor transcription,
thus mimicking the effect of deleting both Sp1 and SRE-1
sites, whereas expression of an E1A mutant (�2-36) defec-
tive in CBP binding had little effect on the induction of
transcription. The addition of exogenous CBP to HepG2-
�Raf-1:ER cells stimulated LDL receptor promoter activity
in the absence or presence of E1A (Fig. 3A). Although the
potentiation of LDL receptor expression by CBP was con-

sistently greater, the stimulation was only moderate. Two
considerations are relevant at this point: (1) HepG2 cells
already express high levels of CBP (33, 36); thus, CBP may
not be limiting in this system; and (2) CBP is likely to
function in a large heteromeric complex, and the tran-
sient expression of a single component may not effectively
generate functional complexes. This may also explain the
requirement for an additional signaling cascade, as sup-
ported by our present study, to control the induction pro-
cess. In this regard, it is interesting to note that the acti-
vated forms of pp90RSK have already been implicated in
the regulation of various nuclear transcriptions, and a
functionally relevant pp90RSK-CBP complex has been
shown to be required for the induction of growth fac-
tor-responsive genes (4, 11, 12). Thus, it is possible that
the Raf-1 kinase cascade regulates CBP activity, possibly
through stimulating its transactivation by activated pp90RSK

in these cells. In fact, targeting of CBP by the Raf-1 ki-
nase cascade could potentially explain the involvement
of its interacting partners, the SREBP and CREB nu-
clear factors, in insulin-induced and oncostatin-induced
LDL receptor expression (19, 20), respectively, via the
Raf-1/MEK/p42/44MAPK cascade.

How is the induction of LDL receptor transcription me-
diated through pp90RSK and PKC�? It is reasonable to as-
sume, on the basis of earlier studies (30–32), that CBP
regulates LDL receptor transcription via interaction with
Sp1 and SREBP-2 proteins (Figs. 2 and 3). It is possible
that both nuclear factors interact with distinct domains of
CBP, resulting in a positive cross-talk. This scenario may
be analogous to the situation in which thyroid hormone
receptor and NF-E2 interact with different domains of
CBP to increase transactivation (44). Similarly, it has been
shown that NF-E2 interacts with the N-terminal domain of
CBP while GATA-1 interacts with its carboxy-terminal do-
main (45). We speculate that modification of CBP may
trigger induction by facilitating protein-protein inter-
actions between Sp1, SREBP-1, and other transcription
factors. Thus, CBP-Sp1-SREBP-1 interaction not only is
crucial to holding together the functional coactivation
complex, but also can serve as a platform for the assembly
of further cofactors, resulting in the formation of higher-
order hetero-oligomers that generate unique surfaces pos-
sibly required for protein-protein interactions with addi-
tional transcriptional factors. E1A binding to CBP alters
the interaction between the components of the transcrip-
tional complex in such a way that it prevents the recruit-
ment of the coactivation complex. Targeting of CBP by
pp90RSK and PKC� pathways could occur by two distinct
but not necessarily exclusive mechanisms. Although un-
proven, it is intriguing to consider the possibility that
phosphorylation of CBP at one site by PKC� is essential to
facilitate sequential modification by pp90RSK. Alterna-
tively, PKC� is not involved in CBP phosphorylation, and
phosphorylation of Sp1, SREBP, or some other nuclear
factor is required for the assembly of larger complexes
consisting of additional transcriptional cofactors. Compat-
ible with this possibility is our earlier demonstration that
PKC partially regulates SREBP-dependent transcription of

Fig. 6. Overexpression of PKC� induces LDL receptor transcrip-
tion. HepG2-�Raf-1:ER cells were cotransfected with the human
LDL receptor promoter reporter and a vector control plasmid or
expression vector for each of the constitutively active PKC isoforms
tested. After 24 h, cells were incubated in medium containing 0.5%
FBS, and cells were harvested after further incubation for 12 h. Lu-
ciferase activity was determined and normalized to the protein con-
tent of each extract (29). Luciferase activity expressed by cells trans-
fected with empty vector was given an arbitrary value of 1. The
amounts of DNA used were as follows: LDL receptor-luciferase re-
porter, 0.6 �g/well; and expression vector, 0.3 �g/well. The results
shown are means  SE of three independent experiments.
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LDL receptor gene (46). It remains to be seen whether
the convergence of these protein kinases on the same or
different nuclear factors promotes formation of a compe-
tent transcriptional complex to allow maximal induction
of the LDL receptor promoter in response to p42/44MAPK

activation.
In conclusion, pp90RSK and PKC� appear to be impor-

tant downstream effectors of the Raf-1 signaling cascade,
and interaction between these pathways is necessary to
regulate the induction of LDL receptor expression by the
Raf-1/MEK/p42/44MAPK pathway. The involvement of a
PKC�-dependent pathway and its interaction with Raf/
MEK/p42/44MAPK/pp90RSK is novel and provides an addi-
tional step of control in regulating LDL receptor tran-
scription. Considering that the cross-talk between various
signaling pathways involving protein phosphorylation is
an emerging theme in gene regulation, it is very likely that
cooperative interactions of the pp90RSK signaling cascade
with several other pathways may be discovered in the fu-
ture.
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