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Induction of low-density lipoprotein (LDL) receptor transcription in response to depletion of cellular sterols
in animal cells is well established. The intracellular signal or signals involved in regulating this process,
however, remain unknown. Using a specific inhibitor of protein kinase C (PKC), calphostin C, we show the
requirement of this kinase in the induction process in human hepatoma HepG2 cells. Overexpression of PKCe,
but not PKCa, -y, -9, or - was found to dramatically induce (approximately 18-fold) LDL receptor promoter
activity. Interestingly, PKCe-mediated induction was found to be sterol resistant. To further establish that
PKCe is involved in the sterol regulation of LDL receptor gene transcription, endogenous PKCe was specif-
ically inhibited by transfection with antisense PKCe phosphorothionate oligonucleotides. Antisense treatment
decreased endogenous PKCe protein levels and completely blocked induction of LDL receptor transcription
following sterol depletion. PKCe-induced LDL receptor transcription is independent of the extracellular
signal-regulated kinase 1 and 2 (p42/44™“P¥) cascade, because the MEK-1/2 inhibitor, PD98059 did not
inhibit, even though it blocked p42/44™AFX activation. Finally, photoaffinity labeling studies showed an
isoform-specific interaction between PKCe and sterols, suggesting that sterols may directly modulate its
function by hampering binding of activators. This was confirmed by PKC activity assays. Altogether, these
results define a novel signaling pathway leading to induction of LDL receptor transcription following sterol
depletion, and a model is proposed to account for a new function for PKCe as part of a sterol-sensitive signal

transduction pathway in hepatic cells.

Protein kinase C (PKC) represents a family of serine/thre-
onine protein kinases that plays a key role in signal transduc-
tion and regulation of gene expression (11, 39, 40, 43). Molec-
ular cloning and biochemical studies have revealed at least 12
PKC subspecies, which can be classified into three groups—
classic (cPKC), novel (nPKC), and atypical (aPKC)—on the
basis of their structures. The PKC family comprises a regula-
tory domain in the amino terminus and a catalytic domain in
the carboxyl terminus. The cPKCs, including PKCa, -BI, -BII,
and -vy, have two common regions, C1 and C2, in the regulatory
domain. The C1 region has two cysteine-rich loops that are the
binding site for diacylglycerol (DAG) and phorbol ester (tet-
radecanoyl phorbol acetate [TPA]). The C2 region binds to
calcium. The nPKCs, including PKCS, -¢, -n, and -0, lack the
C2 region. The aPKCs, including PKC{ and -v/\, lack the C2
region and have only one cysteine-rich loop in the C1 region.
Key lipid cofactors of PKCs are DAG, phosphatidylserine
(PS), and calcium. All of these are required to activate cPKCs,
whereas calcium is not required to activate nPKCs. aPKCs are
insensitive to both DAG and calcium. Other lipid species, such
as cholesterol sulfate, fatty acids, lysophospholipids, and phos-
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phatidylinositols, also modulate the activity of certain PKC
isoforms (3, 12, 24, 41). Several PKC family members display-
ing responsiveness to calcium, DAG, and fatty acids are ex-
pressed in hepatic cells (16, 26), but their precise functional
roles in cholesterol uptake and biosynthesis are not yet clearly
defined.

Animal cells regulate their cholesterol content by fine-tuning
of the supply of exogenous and endogenous cholesterol (5).
Both cholesterol and fatty acids have been demonstrated to be
important regulators of plasma low-density lipoprotein (LDL)
cholesterol levels due to alterations in LDL receptor activity
(6, 7, 20). The mechanism by which sterols modulate LDL
receptor gene transcription has been examined in great detail.
Involved in this pathway are a family of proteins, designated
sterol regulatory element binding proteins (SREBPs), that play
an integral role in the feedback pathway by which cholesterol
suppresses transcription of LDL receptor gene. The SREBPs
are transcription factors that are bound to the endoplasmic
reticulum and nuclear envelope by virtue of two membrane-
spanning regions. When these membranes are depleted of ste-
rols, a two-step proteolytic process releases the amino terminal
of SREBPs, which then travel to the nucleus and activate LDL
receptor transcription via interaction with multiple nuclear
factors and coactivators (7, 42). When cells are overloaded
with sterols, cleavage of SREBPs is inhibited, resulting in sup-
pression of the LDL receptor gene. A similar mechanism has
been shown for the regulation of other sterol-responsive genes
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and genes involved in fatty acid biosynthesis. Three isoforms of
SREBPs have been identified. Interestingly, expression and
proteolytic processing of two of these proteins, designated
SREBP-1a and -1c, are more sensitive to feedback control by
fatty acids, whereas expression and processing of SREBP-2 are
under feedback control by cholesterol. Because cholesterol
does not directly bind to purified SREBPs or to any component
involved in its processing, considerable uncertainty remains
concerning the precise mechanisms by which cellular choles-
terol or fatty acids communicate with the SREBP processing
machinery. Activation of transcription factors is usually regu-
lated by signaling pathways, and recent studies from our lab-
oratory as well as by others have focused on the roles of
mitogen-activated protein kinase (MAPK) signaling cascades
in the regulation of LDL receptor transcription in human hep-
atoma HepG2 cells by cytokines, growth factors, TPA, and
insulin (14, 25, 31, 34, 55). Recently, insulin-induced LDL
receptor induction has been linked to extracellular signal-reg-
ulated kinase 1 and 2 (p42/44MAF¥)_mediated phosphorylation
of SREBP-1c (49).

There is virtually no information available on the underlying
signaling kinase(s) initiated by the alterations in cellular cho-
lesterol leading to the regulation of the LDL receptor gene.
Previous studies have shown that LDL induces a rapid but
transient cytosol-to-membrane translocation of TPA-sensitive
PKC isoforms in human vascular smooth muscle cells or skin
fibroblasts (37, 52). Furthermore, suppression of TPA-sensi-
tive PKC activity in fibroblasts from Nieman-Pick C patients
has been linked to accumulation of naturally occurring PKC
modulators, such as sterols and sphingosine (35, 48). In view of
these observations, we investigated the role of PKC in the
induction of LDL receptor transcription following depletion of
sterols in HepG2 cells. We show that the PKC signaling mech-
anism controls LDL receptor transcription and specifically de-
fine PKCe as the single isoform responsible for LDL receptor
induction in response to depletion of sterols. We propose that
PKCe is a candidate physiologic modulator of LDL receptor
gene expression in response to the depletion of sterols and may
play an important role in mediating specific effects of other
lipids on expression of this receptor gene.

MATERIALS AND METHODS

Materials. Recombinant human PKC isoforms and catalytic subunit were
obtained from Calbiochem. Cholesterol, all-frans-retinoic acid (atRA), PS, his-
tone type III, DAG, and TPA were purchased from Sigma Corp. 25-Hydroxy-
cholesterol was obtained from Steraloids, Inc. TRIzol and tissue culture supplies
were purchased from Life Technologies. Fetal bovine lipoprotein-deficient se-
rum (LPDS) was obtained from PerImmune, Inc. Zeta-Probe blotting membrane
and the protein assay reagent were purchased from Bio-Rad Laboratories. PKCe
peptide substrate and the chemiluminescent reporter gene assay system for the
detection of luciferase were purchased from Tropix, Inc. PD98059, indometha-
cin, nordihydroguaiaretic acid, and phospholipase C (PLC) inhibitors were pur-
chased from Calbiochem-Novabiochem Corp. Antibodies to phosphorylation-
independent and phospho-specific activated forms of p42/44MAPK (Thr202/
Tyr?*¥), as well as antibodies to different PKC isoforms, were purchased from
Cell Signaling Technology, Inc. Antisense or scrambled phosphorothionate oli-
gonucleotides were synthesized by Gibco-BRL (Invitrogen, Calif.). [11,12-*H]all-
trans-retinoic acid ([*H]atRA) was purchased from Perkin-Elmer Life Science.
3'-[a-**P]dCTP (3,000 Ci/mmol) was obtained from DuPont, and 5'-[y-
32P]dATP was obtained from Amersham Pharmacia Biotech. The enhanced
chemiluminescence (ECL) detection kit was obtained from Amersham Pharma-
cia Biotech (Piscataway, N.J.).
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Plasmid. Wild-type and constitutively active PKC isoform constructs were gifts
from Peter Parker (Imperial Cancer Research Fund, London, United Kingdom)
(51). The cDNAs of the constitutive active (CA) PKC mutants carry deletions or
point mutations in the N-terminal pseudosubstrate region. In PKCa, amino acids
22 to 28 are deleted; in PKC3, Ala-147 is exchanged for Glu; PKCe lacks amino
acids 156 to 162; and PKC{ carries a deletion from amino acids 116 to 122. A
dominant-negative (DN) mutant of PKCa containing a mutation in the phos-
phorylation sites (Thr-494, Thr-495, and Thr-497) in the activation loop of the
kinase domain was also obtained from Peter Parker (17). The LDL receptor
promoter-luciferase construct A has been described previously (33). The con-
struction of plasmids containing single point mutations in Sp1 (C to A), SRE-1
(A to C), and FP1 (GG to TT) has been described previously (13). Plasmid DNA
was prepared by purification through columns, as instructed by the manufacturer
(Qiagen, Inc., Valencia, Calif.).

Cell culture. The human hepatoma cell line HepG2 was maintained as mono-
layer cultures in Eagle’s minimum essential medium (BioWhittaker, Inc., Walk-
ersville, Md.) supplemented with 10% fetal calf serum (Life Technologies, Rock-
ville, Md.). Cells were grown at 37°C in a humidified 5% carbon dioxide-95% air
atmosphere. For suppression and induction of LDL receptor expression, the cells
were switched to medium containing 10% LPDS alone (induced) or together
with sterols (10 pg of 25-hydroxycholesterol per ml plus 10 pg of cholesterol per
ml; suppressed) and incubated for an additional 12 to 16 h.

Transient transfection. HepG2 cells were transfected by the Lipofectamine
(Life Technologies) method. For transfection experiments, cells (10°) were
seeded at a density of 2.5 X 10° cells in a six-well plate 1 day in advance.
Transfections were performed in duplicate with 0.6 pg of DNA for the LDL
receptor promoter-luciferase construct containing the bp —173/+35 sequences
of the human LDL receptor promoter (plasmid A) (13, 33) and with the indi-
cated amounts of the relevant expression vector or the corresponding empty
vector (14, 55). After 5 h, the cells were washed with basic medium and refed
with Eagle’s minimum essential medium containing 10% fetal calf serum. Ap-
proximately 12 to 16 h later, transfected cells were switched to medium supple-
mented with either 10% LPDS or 10% LPDS plus 25-hydroxycholesterol/cho-
lesterol and were incubated for an additional 16 to 20 h. Finally, dishes were
washed with phosphate-buffered saline and lysed with luciferase lysis buffer (100
mM potassium phosphate [pH 7.8], 0.2% Triton X-100 X, 0.5 mM dithiothreitol).
Luciferase activity was measured according to the Tropix protocol. Data are
representative of at least four independent experiments performed in duplicate
and are expressed as X-fold increases in luciferase activity, which was calculated
relative to the basal level of LDL receptor promoter activity (set to 1 U) and
corrected for empty vector effects for each expression vector.

Treatment of cells with phosphorothionate-modified oligonucleotides. HepG2
cells were seeded at 2 X 10° cells per well in six-well plates and transfected with
10 g of oligonucleotides with the use of 40 wl of Lipofectamine according to the
manufacturer’s protocol. Cells were left to incubate for 24 h and then switched
to medium containing 10% LPDS and the indicated concentrations of oligonu-
cleotides. After 12 h, transfected cells were harvested to determine luciferase
expression levels. Antisense oligonucleotides to PKC isoforms were complemen-
tary to the translation initiation region of mRNA specific for humans. The
antisense sequences used for PKCe were 5'-GAACACTACCATGGTCGG-3'.
Sense oligonucleotide for PKCe (5'-CCGACCATGGTAGTGTTC-3") was used
as a control. Sequences were complementary to the translation initiation region,
nucleotides —6 to 12 for PKCe (29). Oligonucleotides were dissolved in sterile
deionized water to a final concentration of 1 mM, aliquoted, and stored at —20°C
until ready for use.

Western blot analysis. Cell extracts (10 to 20 ng) were resolved on a 10%
acrylamide separating gel by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were transferred to a nitrocellulose membrane.
Membrane blocking, washing, antibody incubation, and detection by ECL were
performed as previously described (55). Quantitative analysis of protein levels
was performed by densitometric scanning of the autoradiograms from three or
more independent experiments. To quantify the signals, membranes were
scanned by a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale,
Calif.), and image and quantification analyses were carried out with ImageQuant
5.0 software (Molecular Dynamics). All values are reported as normalized to that
of the control, which was set to 1.

Northern blot analysis. Total RNA was isolated with TRIzol, and Northern
blotting was done essentially as described earlier (55). Briefly, 10 pg of total
cellular RNA was fractionated on a 1% formaldehyde agarose gel and trans-
ferred to Zeta-Probe membrane by capillary blotting. RNA blots were hybridized
with LDL receptor-specific single-stranded M13 probe labeled with [a->?P]
dCTP. In most cases, the same blot was rehybridized with 3°P-labeled single-
stranded M13 probe specific for B-actin. Hybridized filters were washed and
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exposed to Kodak X-ray film. The relative intensities of specific bands were
determined densitometrically within the linear range of the film on a model 300A
laser densitometer (Molecular Dynamics) with ImageQuant software. LDL re-
ceptor mRNA was normalized to the B-actin mRNA level, and data for each
point were plotted as the percentage of LDL receptor mRNA relative to con-
trols.

Photoaffinity labeling with [*H]atRA. Direct photoaffinity labeling with [°H]
atRA was done with modifications of the method described by Radominska-
Pandya et al. (46). PKCa and PKCe (7 pmol each in 20 mM HEPES at pH 7)
were incubated for 10 min at room temperature with or without increasing
concentrations (0, 5, 50, and 100 uM) of 25-hydroxycholesterol. [*H]atRA (30
Ci/mmol) was added to a final concentration of 1.5 pM (0.03 nmol [1 pn.Ci] in a
final volume of 20 pl). 25-Hydroxycholesterol, atRA, and [*H]atRA were added
in ethanol with a final concentration of 2% ethanol in all samples. Samples were
incubated for 10 min on ice prior to photolabeling with a handheld long-wave
(366 nm) UV lamp (UVP-21; UV Products, San Gabriel, Calif.) for 15 min.
Proteins were denatured by addition of NuPAGE denaturing buffer (Invitrogen),
followed by sonication, boiling for 1 min, and, finally, centrifugation at 13,000
rpm in an Eppendorf microcentrifuge (Brinkman Instruments, Westbury, N.Y.).
Proteins were separated by SDS-PAGE on a NuPAGE mini-gel (1.5 mm).

Following electrophoresis, gels were stained with Coomassie blue, destained,
washed thoroughly with water, treated with Autofluor autoradiography en-
hancer, (National Diagnostics, Manville, N.J.), dried, and subjected to autora-
diography at —80°C for 4 to 7 days. Results were quantitated by densitometric
analysis of the autoradiograms by using an Alphalnnotech IS-100 Digital Imag-
ing System (Alphalnnotech, San Leandro, Calif.).

PKC enzymatic assay. PKCa activity was assayed with Triton X-100 mixed
micelles containing PS and DAG, with histone 1 as the substrate for PKCa
phosphorylation, as described by Radominska-Pandya et al. (46). For PKCe
activity, PKCe peptide substrate was substituted for histone 1. Unless stated
otherwise, the reaction mixture contained 20 mM Tris (pH 7.5), 20 mM MgCl,,
1.0 mM CaCl,, 0.25 mM EGTA, 0.25 mM EDTA, 0.28 mg of PS per ml, 10 uM
phorbol myristate acetate (PMA), 1 mM B-mercaptoethanol, 0.3% Triton X-100,
50 uM histone 1 or PKCe peptide substrate, 20 pM [y-*?P]ATP, and 150 mU of
PKC in a final volume of 25 pl. Mixed micelles were prepared by drying PS (2.5
mg) and PMA (final concentration, 100 uM), dissolved in chloroform in a glass
tube, under a stream of nitrogen. One milliliter of freshly prepared 3% Triton
X-100 (prepared fresh) was added, and the mixture was sonicated.

Seven picomoles each of PKCa or PKCe in 20 mM HEPES (pH 7) was
incubated for 10 min at room temperature with or without increasing concen-
trations of 25-hydroxycholesterol (0, 25, 50, 75, 100, and 200 wM for PKCe and
0, 25, 75, 150, and 250 uM for PKCa). [y-**P]ATP (20 uM) was added, and the
samples were incubated for 10 min at 30°C. The reactions were terminated by
spotting an aliquot of reaction mixture on phosphocellulose disks (P-81, 2.3 cm
in diameter; Whatman, Clifton, N.J.). After washing the disks with 1% phospho-
ric acid, y->?P incorporation into the substrate was determined by liquid scintil-
lation spectrometry. Non-PKC-specific activity (background) was determined in
samples incubated in the absence of the enzyme.

RESULTS

LDL receptor induction in response to sterol depletion
blocked by calphostin C. To assess the role of PKC in the
induction of LDL receptor transcription in response to deple-
tion of sterols, we examined the effects of inhibition of this
kinase by using a specific inhibitor, calphostin C (15). Cells
were pretreated for 30 min with increasing concentrations of
calphostin C and were then switched to medium containing
10% LPDS in the presence or absence of sterols. After 16 h,
total RNA was isolated, and the effects on LDL receptor in-
duction were examined by Northern blotting (Fig. 1). Interest-
ingly, calphostin C suppressed LDL receptor expression in a
dose-dependent manner without significantly affecting expres-
sion of a housekeeping gene coding for the protein actin (Fig.
1). A significant decrease in LDL receptor gene expression was
apparent at 50 nM, and maximal suppression was observed at
350 nM. In fact, the expression levels of LDL receptor seen on
treatment with 350 nM calphostin C were similar to or lower
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FIG. 1. Effect of calphostin C on the endogenous LDL receptor
gene induction in response to sterol depletion. HepG2 cells were
either untreated or pretreated with indicated concentrations of cal-
phostin C and then incubated for 16 h in medium containing 10%
LPDS or 10% LPDS supplemented with 10 g of cholesterol per ml
and 10 pg of 25-hydroxycholesterol per ml. Total cellular RNA was
subjected to Northern blotting to determine the amounts of LDL
receptor, SS, and actin mRNAs. Autoradiographs were quantitated
densitometrically, as described previously (55). LDL receptor mRNA
levels were normalized by comparison with levels of actin mRNA. In
the bottom panel, results are expressed as X-fold induction by 10%
LPDS in the presence of calphostin C compared with untreated cells
incubated in 10% LPDS plus sterols (given an arbitrary value of 1).
Values shown are the averages of two different experiments. The
experiment was repeated two times with similar results.

than suppressed levels in the presence of sterols. We also
measured expression of another sterol-sensitive gene of the
cholesterol biosynthetic pathway, coding for squalene synthase
(SS). As shown in Fig. 1, unlike the LDL receptor, induction of
SS expression in response to sterol deprivation is slightly re-
duced (approximately twofold) on calphostin C treatment,
showing that LDL receptor expression is much more sensitive
to PKC inhibition than SS. This observation suggests basic
differences in the regulatory mechanisms controlling their ex-
pression either due to the involvement of nuclear factors that
bind adjacent to SREBP or due to the participation of different
SREBP isoforms.

To support the possibility that calphostin C inhibits LDL
receptor transcription, we examined the effects of this inhibitor
on human LDL receptor promoter activity in HepG2 cells.
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FIG. 2. Effect of calphostin C on induction of human LDL receptor
promoter transcription in response to sterol depletion in HepG2 cells.
HepG2 cells were transfected with a human LDL receptor-luciferase
reporter construct A (0.6 pg/plate), as described earlier (33). After
24 h, the indicated concentration of calphostin C was added, and the
cells were incubated for an additional 12 h in 10% LPDS medium
before harvesting. Luciferase activity was determined and normalized
to the protein content of each extract. The X-fold suppression in
luciferase activity by treatment with calphostin C was calculated rela-
tive to the expression level of the untreated cells. Results are expressed
as X-fold induction compared with untreated cells incubated in 10%
LPDS plus sterols (given an arbitrary value of 1). The values obtained
are the mean * standard error of three separate experiments.

LDL receptor transcription was monitored by transfecting
HepG2 cells with a previously cloned fragment of the human
LDL receptor promoter fused to a luciferase reporter gene
(34) in the absence and presence of calphostin C. As shown in
Fig. 2, calphostin C completely blocked induction of LDL
receptor transcription following depletion of sterols, suggest-
ing that PKC activity is required for induction to occur. As a
complementary approach, cells were transfected with a kinase-
inactive mutant of PKCa, which is a DN inhibitor of all the
endogenous PKC isoforms (18). The LDL receptor promoter
luciferase construct was cotransfected with DN PKCq, and the
cells were grown in the absence or presence of sterols. As
shown in Fig. 3, expression of this mutant also inhibited the
induction of the LDL receptor promoter in response to sterol
depletion.

Effects of overexpression of constitutively active PKC iso-
forms on LDL receptor induction and its regulation by sterols.
To further resolve which of the PKC isoforms may be involved
in mediating the induction of the LDL receptor transcription,
we determined the effects of transient overexpression of PKC
isoforms on induction of LDL receptor promoter in response
to depletion of sterols. HepG?2 cells were cotransfected with a
human LDL receptor promoter-luciferase construct and an
expression vector encoding a specific PKC isoform. Trans-
fected cells were then shifted to either 10% LPDS or 10%
LPDS plus sterols for 12 h. As shown in Fig. 4A, overexpres-
sion of either wild-type or a CA mutant of PKCe dramatically
increased LDL receptor promoter activity by approximately
18-fold, whereas overexpression of either wild-type or CA mu-
tants of PKCa, PKCy, PKC3, or PKC{ did not appreciably
alter the level of luciferase expression relative to the level
determined with the control empty vector. The increase in
LDL receptor promoter activity in response to overexpression
of a CA mutant of PKCe was found to be dose dependent (Fig.
4B).
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We next examined the effect of overexpression of the PKCe
isoform on suppression of LDL receptor transcription by ste-
rols. HepG2 cells were cotransfected with the LDL receptor
promoter construct and a CA form of PKCe. After transient
transfection, cells were grown in the absence and presence of
sterols, and luciferase activity was determined as described in
Materials and Methods. The luciferase activity is expressed
relative to the activity in the presence of sterols. Most impor-
tantly, in response to overexpression of CA PKCsg, sterol sup-
pression of LDL receptor promoter activity was significantly
reduced (Fig. 5A), suggesting that sterols may reduce LDL
receptor promoter activity by modulating PKCe function. Sim-
ilar results were obtained with the wild-type PKCe vector (re-
sults not shown).

To evaluate the contribution of already known regulatory
elements in PKCe-induced LDL receptor transcription, tran-
sient transfections were performed with wild-type and different
point-mutated LDL receptor promoter variants described pre-
viously for their responsiveness to PKCe (13). The human LDL
receptor promoter constructs containing wild-type and mutant
promoter sequences fused upstream of the luciferase reporter
gene along with CA PKCe were used for transfection of
HepG2 cells for functional analysis. As shown in Fig. 5B,
coexpression of exogenous PKCe resulted in a dramatic in-
crease in luciferase activity with the wild-type construct. Inter-
estingly, none of the point mutations in FP1 or the Spl site
significantly affected transactivation, whereas mutation in
SRE-1 reduced transactivation, suggesting its role in the in-
duction process.

Effect of PKCe-specific antisense oligonucleotides on LDL
receptor induction. To further support the finding that PKCe is
indeed the isoform involved in mediating LDL receptor induc-
tion by sterol depletion, studies were carried out with PKCe-
selective antisense oligonucleotides to specifically inhibit the
endogenous isoform in the cell. Cells were cultured in the
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FIG. 3. Effects of a DN mutant of PKCa on the induction of hu-
man LDL receptor promoter transcription in response to sterol deple-
tion. HepG2 cells were cotransfected with a human LDL receptor-
luciferase reporter plasmid (0.6 pg/plate) with or without the indicated
concentrations of PKCa mutant plasmid or empty vector. After 24 h,
cells were incubated for an additional 12 h in medium containing 10%
LPDS. Cells were harvested, and luciferase activity was determined
and normalized to the protein content of each extract. The X-fold
induction in luciferase activity was calculated relative to the maximal
expression level of the control vector-transfected cells. Luciferase ac-
tivity expressed by cells transfected with empty vector in the presence
of sterols was given an arbitrary value of 1. Values shown are the mean
+ standard error of three separate experiments.
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FIG. 4. Effects of overexpression of different PKC isoforms on the
induction of human LDL receptor promoter transcription. (A) HepG2
cells were grown as described and cotransfected with LDL receptor-
luciferase reporter (14, 33) and a vector control plasmid or each of the
PKC isoform wild-type or CA cDNA expression vectors. After 24 h,
cells were incubated in medium containing 10% LPDS, as described in
the legend to Fig. 2. After 12 h, cells were harvested, and luciferase
activity was determined and normalized to the protein content of each
extract. Luciferase activity expressed by cells transfected with empty
vector was given an arbitrary value of 1. The amounts of DNA used
were as follows: LDL receptor-luciferase reporter, 0.6 ng per well; and
expression vector, 0.3 pg per well. The results are presented as means
+ standard error and represent at least four individual experiments.
(B) HepG2 cells were cotransfected with LDL receptor-luciferase re-
porter plasmid (0.6 g per well) and the indicated amounts of expres-
sion vector encoding CA PKCe. Transfected cells were incubated in
10% LPDS, as mentioned above, and luciferase activity and protein
contents were measured after 12 h. Each column represents the mean
+ standard error of three independent experiments performed in
duplicate.

presence of antisense oligonucleotides to PKCe for 24 h. Op-
timal concentrations of oligonucleotides and Lipofectamine
were determined from dose-response curves. Transfected cells
were grown for an additional 12 h in 10% LPDS medium
containing 10 wM oligonucleotides, and luciferase activity was
measured to monitor LDL receptor promoter activity. As
shown in Fig. 6, sense-strand control oligonucleotides to PKCe
did not affect the induction process. On the other hand, anti-
sense oligonucleotides to PKCe abolished induction of the
LDL receptor promoter. We also confirmed the action of an-
tisense PKCe oligonucleotides by demonstrating a decrease in
PKCe protein on Western blot analysis of cell lysates obtained
from the same experiment. PKCe protein was reduced by 77%
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(to 23% of the control level) in cells treated with antisense
PKCe oligonucleotides (Fig. 6B). We confirmed by immuno-
blotting with isoform-specific antibodies (data not shown) that
antisense PKCe oligonucleotides did not decrease expression
of other PKC isoforms. Furthermore, to examine the effects of
inhibition of PKCe on the induction of endogenous LDL re-
ceptor expression, HepG2 cells were transfected with antisense
oligonucleotides to PKCe, and LDL receptor expression was
determined in the absence and presence of sterols. As shown in
Fig. 6A, reduced stimulation of LDL receptor expression in
response to depletion of sterols was observed in cells trans-
fected with PKCe antisense oligonucleotides, compared to that
in cells treated with sense oligonucleotides.

Additional evidence for the involvement of PKCe was ob-
tained by using HepG2 cells in which PKC isoforms (a and €)
have been depleted by chronic treatment with a high concen-
tration (1 uM) of TPA for 24 h (Fig. 7). There was no reduc-
tion observed under these conditions in the TPA-insensitive,
atypical PKCN isoform. Considering that transfection of PKCa
c¢DNA had no dramatic effect on LDL receptor transcription,
a decrease in PKCe protein (Fig. 7A) probably correlates with
reduced induction of the endogenous LDL receptor expression
(Fig. 7B). Thus, depletion of PKCe caused a significant reduc-
tion in the stimulation of LDL receptor expression by low
cellular levels of sterols. In short, the results presented above
strongly support a role for PKCe in regulating LDL receptor
expression in HepG2 cells.

Independence of PKCe-mediated induction from p42/
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FIG. 5. Possible involvement of SRE-1 in PKCe-induced LDL re-
ceptor transcription. (A) Overexpression of a CA PKCe imparts resis-
tance to suppression of LDL receptor transcription by sterols in
HepG2 cells. HepG2 cells were cotransfected with LDL receptor-
luciferase reporter plasmid (0.6 pg per plate) and CA PKCe vector (0.3
wg per plate). After 24 h, transfected cells were further incubated with
either 10% LPDS or 10% LPDS supplemented with 10 pg of choles-
terol per ml plus 10 g of 25-hydroxycholesterol per ml. After 12 h,
cells were harvested, and luciferase activity was determined and nor-
malized to the protein content of each extract. Corrected luciferase
activities were calculated as described for Fig. 2. Luciferase activity
expressed by untransfected cells incubated in the presence of 10%
LPDS supplemented with sterols was given an arbitrary value of 1.
(B) HepG2 cells were cotransfected with the indicated reporter con-
struct (0.5 pg per well) and CA PKCe (0.3 mg per well). After trans-
fection, cells were cultured in medium containing 10% LPDS for 20 h
prior to lysis. The relative fold induction represents the increase in
luciferase activity of constructs stimulated by PKCe relative to the
construct transfected with the control vector.
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FIG. 6. Effect of PKCe-specific antisense oligonucleotide treat-
ment of HepG2 cells on induction of LDL receptor transcription in
response to sterol depletion. (A) Treatment of HepG2 cells with
PKCe-specific antisense oligonucleotides inhibited induction of the
LDL receptor promoter plasmid following depletion of sterols. HepG2
cells were cotransfected with LDL receptor-luciferase reporter plas-
mid (0.6 pg) and either PKCe-specific sense (S) or PKCe-specific
antisense (AS) oligonucleotides at the indicated concentrations. After
24 h, cells were grown for an additional 12 h in the presence of the
introduced oligonucleotides in 10% LPDS. Data are presented to show
loss of induction in the presence of oligonucleotides in response to
sterol depletion. Results are given as the average = standard error of
three separate experiments performed in duplicate. (B) Effect of an-
tisense PKCe oligonucleotides on the induction of endogenous LDL
receptor expression in response to depletion of sterols. Cells pre-
treated with the indicated concentration of antisense PKCe oligonu-
cleotides for 24 h were incubated in the absence or presence of sterols
for 12 h. Total cellular RNA was prepared and subjected to Northern
blot analysis with radiolabeled cDNA probe for LDL receptor. (C) Se-
lective decrease in PKCe protein levels with treatment of cells with
PKCe-specific antisense oligonucleotide. Cells treated with the indi-
cated concentrations of PKCe-specific antisense or sense control oli-
gonucleotides for 24 h were incubated in the absence of sterols for an
additional 12 h and in the continuous presence of the oligonucleotides.
Cells were harvested by scraping into lysis buffer. Aliquots of the cell
lysates containing 50 pg of total protein were analyzed for changes in
the levels of specific PKC isoforms by Western blotting.

44MAPK PI.C, and eicosanoid pathways. In addition to Ras,
PKCe is a known activator of Raf-1 kinase (9) and thus has the
potential to induce LDL receptor transcription via p42/44™MAPK
activation. In view of our earlier observation that activation of
the p42/44MAPK cascade alone is sufficient to induce LDL
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receptor transcription (14, 55), we evaluated the role of this
pathway by examining the effects of the MEK-1/2 inhibitor,
PD9Y8059, on the induction process. As shown in Fig. 8, PKCe
can induce LDL receptor promoter activity in the presence of
this inhibitor, even though p42/44MAPX phosphorylation is
blocked, suggesting that PKCe mediates induction of LDL
receptor expression independently of p42/44MAFPX_dependent
mechanisms.

In view of earlier studies showing that PKC regulates PLC
activity (45) and cholesterol can directly modulate PLC activity
(50), we examined whether the PLC cascade is directly in-
volved in regulating sterol-sensitive LDL receptor expression.
Transfected cells pretreated with a PLC inhibitor were sub-
jected to growth in the absence or presence of sterols, and
induction of LDL receptor expression in response to depletion
of sterols was measured. As shown in Fig. 8, pretreatment with
either the phosphatidylcholine-specific PLC inhibitor D609
(tricyclodecan-9-yl-xanthogenate) or the phosphatidylinositol-
specific PLC inhibitor Et-18 (1-O-octadecyl-2-O-methyl-rac-
glycero-3-phosphorylcholine) did not affect induction of LDL
receptor expression in response to depletion of sterols, sug-
gesting that the PLC cascade is also not involved in the signal-
ing pathway controlling PKCe-mediated LDL receptor induc-
tion.

We also examined the involvement of cyclooxygenase me-
tabolites in sterol regulation of LDL receptor expression be-
cause 25-hydroxycholesterol has been shown to increase ex-
pression of prostaglandin G/H synthase 2 (57). Inhibition of
this enzyme by indomethacin or of lipoxygenase by nordihy-
droguaiaretic acid had no effect on induction of LDL receptor
expression by depletion of sterols (results not shown), thus
ruling out their involvement in the induction process.

Sterols interact with PKCe in an isoform-specific manner.
In order to get some insight into the possible mechanism of
interaction between sterols and PKCg, we employed a photoaf-
finity labeling assay with [11,12-*H]JatRA as a photoprobe as
described previously (46). The purpose of this experiment was
to check whether there is a direct interaction between the PKC
and sterols. We have demonstrated previously that atRA binds
directly to a PS-binding site localized in the C2 domains of
several PKCs and modulates their catalytic activity. We have
also shown that for PKCs that lack the C2 domain, atRA may
bind to the C1 domain either in or in close proximity to the
fatty acid binding site. Based on this information, we examined
the ability of 25-hydroxycholesterol, the most active cholesterol
derivative in suppressing LDL receptor transcription, to com-
pete with [*H]atRA for binding to PKCe (C1 domain) and
PKCa (C2 domain). Direct comparison of the photoaffinity
labeling of PKCe and PKCa by atRA and protection by various
concentrations of 25-hydroxycholesterol is presented in Fig. 9.
Both the PKCs were photolabeled by atRA to an equal effi-
ciency, and the labeling was not only light sensitive (Fig. 9, lane
2), but also showed protection by unlabeled atRA (data not
shown), demonstrating that atRA binding to both isoforms is
specific. Interestingly, as shown in Fig. 9, in contrast to PKCa,
there was a strong competition between 25-hydroxycholesterol
and atRA for binding to PKCe. These results indicate that
sterols do not interact with PKCa and supported the possibility
that sterols bind specifically to PKCe in the C1 domain, most
likely at the PS/fatty acid-binding site.
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FIG. 7. Effects of high-dose TPA treatment on the time-dependent degradation of selective PKC isoforms and on the level of induction of
endogenous LDL receptor expression in response to depletion of sterols. HepG2 cells were grown in either 10% LPDS or 10% LPDS plus sterols
in the continued presence of 1 uM TPA. Expression of PKC isoforms was detected at the indicated time periods by Western blot analysis of HepG2
cell lysates. Total RNA was isolated after 24 h of treatment and subjected to Northern blotting to determine amounts of LDL receptor and actin
mRNAs. Autoradiographs obtained after longer exposures were quantitated densitometrically. LDL receptor mRNA levels were normalized to
actin mRNA levels. Results are expressed as X-fold induction by depletion of sterols as compared with cells grown in the presence of sterols (10%
LPDS plus sterols).

To further examine whether sterols directly affect PKC cat-
alytic activity, the activities of purified recombinant PKCe and
PKCa were determined in the presence or absence of various
concentrations of 25-hydroxycholesterol. Preincubation of ei-
ther PKCa or PKCe with increasing concentrations of 25-

cholesterol on PKCa activity further validates the specificity of
our transfection studies.

DISCUSSION

hydroxycholesterol followed by the addition of two PKC acti-
vators, PS and TPA, had no significant effects on PKCa
activity, whereas PKCe activity was significantly reduced by
25-hydroxycholesterol in a concentration-dependent manner.
These results directly support specific modulation of PKCe
function by sterols (Fig. 10). The lack of effect of 25-hydroxy-

The present study defines for the first time a component of
the signaling pathway that is required for sterol-regulated LDL
receptor transcription and implicates PKCe as a critical kinase
in the induction process. The major finding of this study is that
this pathway is specific for PKCg, because PKCa, -y, -{, and -3
are not required for the induction of LDL receptor transcrip-
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FIG. 8. PKCe-mediated induction of LDL receptor transcription does not require p42/44MAFPK PLC, and eicosanoid signaling cascades.
(A) HepG2 cells were transiently cotransfected with LDL receptor-luciferase reporter plasmid (0.6 pg) and CA PKCe (0.3 pg) as described in the
Materials and Methods. Following transfection, transiently transfected cells were grown in the absence or presence of either PD98059 (50 p.g/ml),
calphostin C (250 nM), or Et-18 (15 pM) in 10% LPDS medium. After 12 h, cells were harvested, and luciferase activity was determined and
normalized to the protein content of each extract. Luciferase activity expressed by cells transfected with empty vector was given an arbitrary value
of 1. The results are presented as means = standard error and represent at least four individual experiments. (B) Western blot analysis of
transfected HepG2 cells grown under the conditions described above with either phospho-specific or phosphorylation-independent p42/44MAPK
antibodies.
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FIG. 9. Photoaffinity labeling of PKC« and PKCe by [*H]atRA and
specific protection of PKCe labeling by 25-hydroxycholesterol. Purified
PKCa and PKCe were photolabeled with [PH]atRA in the absence and
presence of increasing concentrations (0, 5, 25, and 50 uM) of 25-
hydroxycholesterol (lanes 3 to 6); lane 2, control with no UV exposure.
The photoaffinity labeling was performed as described in the Materials
and Methods. The relative photoincorporation of [*H]JatRA into the
PKC isoforms was determined by densitometry and is shown in the
bottom panel. Incorporation in the absence of unlabeled atRA or
25-hydroxycholesterol was assigned a value of 100%. The graph shows
the result of quantitation of the protection experiments by densitom-

etry.

tion in response to depletion of sterols. These results, com-
bined with earlier observations from other investigators that
sterol depletion stimulates changes in cellular signaling cas-
cades (17, 23), provide direct evidence that low cholesterol
levels can activate signal transduction pathways that affect gene
expression in a manner similar to that of conventional agonist-
receptor-initiated signaling events.

PKC isoforms are a family of serine/threonine kinases with
different cofactors and substrate specificities. The tissue distri-
bution of PKC isoforms varies considerably, with PKCa, -3,
and -{ being widespread, while others are localized in a tissue-
or cell-specific manner. Earlier studies have shown that HepG2
cells express at least six PKC isoforms representative of three
major isoform types (16, 26). The classic PKC isoforms PKCa
and -B; the novel isoforms PKCg, -p, and -8; and the atypical
isoform PKCN were identified by immunoblotting. Among six
PKC isoforms reported, PKCe seems to play the most crucial
role in the induction of LDL receptor transcription following
depletion of sterols. We employed multiple approaches to es-
tablish the role of PKCe in the mechanism of sterol-mediated
regulation of LDL receptor promoter activity. First, a highly
selective PKC inhibitor, calphostin C, prevented induction of
LDL receptor expression in response to depletion of sterols. It
has previously been shown that calphostin C inhibits TPA
binding to the DAG/TPA-binding region in the regulatory
domain (15). Thus, calphostin C preferentially inhibits novel
PKCs, including PKCg, rather than the DAG-independent

MoL. CELL. BIOL.

PKCs, such as PKCA. Second, we also found that overexpres-
sion of either the wild-type or CA mutant of PKCe alone
dramatically induced LDL receptor transcription following de-
pletion of sterols. Third, PKCe induces LDL receptor tran-
scription in a sterol-resistant manner. Inactivation of SRE-1
reduced PKCe-mediated LDL receptor induction. Fourth, spe-
cific downregulation of endogenous PKCe by an antisense ap-
proach inhibited the induction process. Using this approach,
various laboratories have established a specific role for PKC
isoforms in various cellular processes (28, 29, 44, 56). Fifth,
depletion of PKCe upon chronic treatment with TPA corre-
lated with reduced expression of the endogenous LDL recep-
tor. Finally, a specific direct physical interaction between 25-
hydroxycholesterol and PKCe, but not PKCa, was observed.
Our photoaffinity labeling experiments demonstrated that 25-
hydroxycholesterol binds to the PS/fatty acid-binding site. As is
evident from Fig. 10, a significant effect of 25-hydroxycholes-
terol on PKCe catalytic activity was observed under in vitro
conditions. This indicates that direct binding of cholesterol to
the PS/fatty acid-binding site modulates PKCe catalytic activ-
ity. Taken together, these results indicate that PKCe directly
participates in the signaling cascade, leading to induction of
LDL receptor transcription in response to cholesterol deple-
tion in hepatic cells. In view of earlier demonstrations that
PKC function is modulated in Niemann-Pick C disease due to
accumulation of naturally occurring transcriptional modula-
tors, such as cholesterol and sphingosine (48), our study raises
an interesting possibility of the involvement of PKCe in the
pathophysiology of this disease.

How is the induction of LDL receptor transcription medi-
ated through PKCe in response to sterol depletion? Choles-
terol can modulate the function of PKCe by two distinct mech-
anisms, either by changing membrane fluidity or by a highly
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FIG. 10. Effects of 25-hydroxycholesterol on the activities of PKCa
and PKCe isoforms. To assess the overall effect of 25-hydroxycholes-
terol on PKC activity, prior to the measurement of enzymatic activity,
PKCa or PKCe was incubated at 30°C in the presence of increasing
concentrations of 25-hydroxycholesterol followed by 10 min of incu-
bation with mixed micelles containing Triton X-100, PS, and TPA. The
results are expressed as the percentage of PKC activity in the absence
of 25-hydoxycholesterol and the presence of vehicle (ethanol, 2% final
concentration). The results shown are the average of three indepen-
dent experiments. Similar results were obtained in all of the experi-
ments.
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specific interaction that is not based on the overall physical
state of the plasma membrane. Evidence has accrued that
cholesterol is not evenly distributed within membranes, but is
instead localized into cholesterol-rich and cholesterol-poor do-
mains. Biological membranes have been viewed as a “mosaic of
lipid domains” rather than as a homogenous fluid mosaic.
These specialized microdomains in mammalian cells are com-
monly known as lipid rafts (2, 4, 21, 54). These are enriched in
glycosphingolipids and cholesterol, which form lateral lipid
assemblies in an unsaturated glycerophospholipid environ-
ment. Lipid rafts harbor a number of components of the var-
ious intracellular signal transduction pathways, including G
protein-coupled receptors, heterotrimeric and small G pro-
teins, nonreceptor tyrosine kinases, components of the Ras/
MAPK pathways, PKC isoforms, and glycosylphosphatidyli-
nositol-anchored plasma membrane proteins, which play
pivotal roles in coupling cell surface receptors to intracellular
signaling cascades. It is possible that depletion of sterols
changes the fluidity of membranes, inducing the activation of
multiple membrane receptors. This then leads to the activation
of PLC, resulting in the cleavage of phosphatidylinositol
bisphosphate and generation of inositol 1,4,5-triphosphate and
DAG and thus modulating PKCe activity. This notion is sup-
ported by two studies, one of which shows that sterol depletion
activates phosphorylation of PLCyl (23) and the other of
which shows that cholesterol modulates the activity of several
membrane receptors (8, 10, 19, 27). Alternatively, other mod-
ulators of PKCe, such as phosphatidylinositol 3,4-bisphosphate
and phosphatidylinositol 3,4,5-triphosphate, may be increased
in response to sterol depletion. Reports show that both of
these phosphoinositides generated by phosphatidylinositol
3-kinase activity are potent and selective activators of the novel
PKCs and have little or no effect on classic or atypical PKC
isoforms (30). To date, no studies have been published regard-
ing changes in phosphatidylinositol 3-kinase activity in re-
sponse to sterol depletion. Moriya et al. (38) reported that
both the phosphatidylinositol 3-kinase and the PLC pathways
can activate PKCe in a cell- and stimulus-specific manner.
While the above studies are suggestive, direct physical evi-
dence for the above signaling cascade in response to choles-
terol is lacking. Furthermore, our observation that inhibition of
PLC does not affect LDL receptor induction or its sterol reg-
ulation also argues against the above mechanism. A clue to a
second mechanism by which 25-hydroxycholesterol modulates
PKCe function has been provided by our demonstration that
there is a direct physical interaction between PKCe and 25-
hydroxycholesterol. We have shown that the PS/fatty acid-
binding site in PKCe may function as a site for direct interac-
tion with 25-hydroxycholesterol, and regulation of its activity
strongly supports such modulation. Compatible with this con-
clusion is the finding that PKCe is abundant in membranes,
possibly in lipid rafts, which allows its close proximity to the
cellular structural and kinetic cholesterol pool (26, 36). It re-
mains to be seen whether oxysterol receptors (47) may directly
or indirectly modulate sterol-sensitive gene expression through
interaction with PKCe.

The mechanisms by which PKCe induces LDL receptor tran-
scription in a sterol-resistant manner remain unclear. Our ob-
servation that the overexpression of PKCe alone is sufficient to
induce LDL receptor transcription in a sterol-resistant manner
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may be explained if the substrate involved in sterol regulation
is phosphorylated by endogenous PKCe in response to sterol
depletion, so that its overexpression alters the phosphorylation
state of the substrate. There are at least two potential mech-
anisms by which PKCe may function. First, it may directly
mediate the signal pathway to the LDL receptor promoter
(i.e., may serve a causal role). Modulation of transactivation
potential of Spl, SREBPs, and CREB-binding protein through
phosphorylation by multiple kinases, including PKC and p42/
44MAPK (132 58), strongly supports such a possibility. Our
results demonstrating that the PKC inhibition decreased in-
duction of both LDL receptor and SS expression, and the
inactivation of SRE-1 reduced LDL receptor induction, impli-
cates SREBP-dependent mechanisms in the induction process.
Alternatively, PKCe may be necessary for other reactions and
processes required for efficient transmission of the signal to the
effector molecules, i.e., serve a permissive role. These two
mechanisms may also operate in a synergistic fashion to sustain
transactivation of LDL receptor transcription in a sterol-resis-
tant manner. The locations to which the PKCs translocate
upon depletion of sterols are probably critical to their ultimate
function, but these sites may vary from cell to cell. Shirai et al.
(53) used an overexpressed, green fluorescent protein-linked
PKC construct to show that high concentrations of lipid,
mainly fatty acids, transiently induced translocation of PKCe
from the cytoplasm to the Golgi network in Chinese hamster
ovary cells. It is important to note here that the Golgi network
plays a crucial role in sterol-sensitive processing of SREBPs.
Translocation of PKCe in response to sterol depletion will link
this isoform with the maturation of SREBPs. On the other
hand, studies with cardiac myocytes showed that fatty acids
stimulate specific translocation of PKCe from the cytoplasm to
a filament/nuclear fraction (22). Future experiments have to
address these possibilities.

The suggestion that different PKC isoforms play distinct
functional roles in the cell by phosphorylating either isoform-
specific or subcellular compartment-specific substrates is wide-
ly accepted. Few studies, however, have been reported estab-
lishing that a specific PKC isoform may selectively regulate a
given biological function. The evidence reported here indicates
for the first time that PKCe is involved in mediating primary
regulation of LDL receptor transcription by cellular choles-
terol and hence in controlling plasma cholesterol levels. On the
basis of our results, we propose a hypothetical model that
accounts for direct interaction between 25-hydroxycholesterol
and PKCe in order to explain the role of this isoform in sterol-
mediated regulation of LDL receptor transcription. The cen-
tral hypothesis of our model is that PKCe may act to coordi-
nate the interaction of sterols with a variety of downstream
signal-transducing molecules and sense steady-state membrane
cholesterol levels through direct binding to the PS/fatty acid-
binding site. High endogenous cholesterol levels result in an
increased binding of sterols to the C2 domain of PKCe, thus,
hampering binding of PKC activators and inhibition of its
activity, whereas depletion of endogenous sterol levels results
in increased binding of activators, resulting in modulation of its
function with a significant effect on catalytic activity. Consid-
ering that formation of an active transcriptional complex at the
LDL receptor promoter is a highly regulated process, the mod-
ified PKCe may target the transcriptional machinery in an
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SREBP-dependent manner. The understanding of these mech-
anisms will be the focus of future investigation.

Our findings are potentially relevant for elucidation of novel
approaches to the therapy of hypercholesterolemia. Small mol-
ecules that specifically modulate PKCe function may be useful
for hypercholesterolemia therapy. Furthermore, reduced respon-
siveness and sensitivity of PKCe or components immediately
downstream may explain differential development of athero-
sclerosis within a human population after exposure to high-
cholesterol and/or high-fat diets.
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