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REVIEW

Role of Mitogen-Activated Protein Kinases
and Protein Kinase C in Regulating Low-
Density Lipoprotein Receptor Expression

KAMAL D. MEHTA1

Department of Molecular and Cellular Biochemistry, Ohio State University College of Medicine and Public
Health, 1645 Neil Avenue, Columbus, OH 43210

The cell signaling pathways that culminate in induction of low-density lipoprotein (LDL) receptor transcription
in response to a variety of extracellular and intracellular signals are beginning to be defined. Evidence is accumu-
lating that LDL receptor transcription is under complex regulation and that a major pathway of induction by
cytokines, growth factors, anisomycin, and phorbol esters involves the extracellular/mitogen-activated protein
kinase (p42/44MAPK) cascade. In fact, degree of p42/44MAPK activation determines the extent of LDL receptor
induction. The suppression of LDL receptor expression by stress-activated p38MAPK via p42/44MAPK provides a
potential mechanism for stress-induced hypercholesterolemia observed in humans and animals. Moreover, endog-
enous signals such as cholesterol regulate LDL receptor transcription through a different signaling cascade
involving protein kinase Cε isoform (PKCε). The ability of cholesterol to directly bind PKCε in an isoform-
specific manner strongly supports its role in sensing the cellular cholesterol levels. The emerging picture from
the above studies is that regulation of LDL receptor transcription results from the activity of a number of
interlinked regulatory molecules and pathways, rather than from a single linear series of events. These studies
will provide the necessary framework for understanding differential responses within human populations to
atherosclerosis following high-fat/cholesterol diet. This information may also provide new strategies to modulate
specific gene expression with the hope to develop novel therapies for the treatment of hypercholesterolemia.
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CARDIOVASCULAR disease (CVD) is the most pathologic studies in humans and selected animal
models, as well as by primary and secondary preven-frequent cause of death in the United States and in

all developed Western nations. The most common tion trials (9,26,34). The regulation of hepatic recep-
tor that binds to LDL cholesterol, known as LDL re-form of CVD is atherosclerosis, a gradual deposition

of fats and lipids in muscular arteries. Broad popula- ceptor, plays a major role in maintaining the plasma
LDL cholesterol levels (10,29). Recent studies havetion studies have shown that of all known risk factors

that promote atherosclerosis, a high serum low- suggested that multiple endogenous pathways are en-
gaged in restoring cholesterol homeostasis throughdensity lipoprotein (LDL) cholesterol level is the ma-

jor one. Its role in the pathogenesis of atherosclerosis regulation of LDL receptor expression. This particu-
lar review discusses recent advances in our under-is well established, supported by metabolic and
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standing of the signaling pathways that collectively growth factor receptor (24). Adaptor proteins mediate
protein–protein interactions to link activated receptorserve to regulate LDL receptor transcription. In par-

ticular, the involvement of mitogen-activated protein to Ras signaling pathways (16,61). The SH3 domain
of growth factor receptor-bound protein 2 has beenkinases (MAPKs), as well as the role of protein ki-

nase C (PKC), specifically its ε isoform, in regulating shown to recruit guanine-nucleotide exchange factor
Sos (son of sevenless) and to enforce its translocationLDL receptor transcription are discussed. A brief de-

scription on the role of MAPKs and PKC in cellular to the plasma membrane. This translocation is thought
to bring Sos in close proximity with Ras, a smallsignaling is followed by a section describing their

role in regulating LDL receptor transcription in re- GTP binding protein located at the cytoplasmic sur-
face of the plasma membrane (24,44,77). Sos inducessponse to extracellular and intracellular signals. The

description of the nuclear factors that regulate LDL the dissociation of GDP from Ras, allowing the for-
mation of an activated GTP–Ras complex (8).receptor expression and are the possible targets of

signaling pathways described here have recently been Activated Ras binds to the NH2-terminal portion
of the serine-threonine protein kinase Raf-1, therebyreviewed elsewhere and will not be covered in this

short review (11,12,29). recruiting Raf-1 to the plasma membrane. Once at the
membrane, Raf-1 is activated by an unknown mecha-
nism (4,80). Raf-1 exhibits high substrate specificity

MAMMALIAN MITOGEN-ACTIVATED towards MAPKK isoforms, MEK-1 and MEK-2, and
PROTEIN KINASES activates them by phosphorylation of specific regula-

tory serine and threonine residues (2,90,94). MEKsMAPKs are important mediators involved in the
intracellular network of interacting proteins that trans- belong to the small group of dual specificity kinases

that catalyze both serine/threonine as well as tyrosineduce extracellular cues to intracellular responses (15,45,
69,72,73,88). The MAPK signaling cascade is evolu- phosphorylation. MEKs are highly selective activa-

tors of the MAPK p44MAPK and p42MAPK (also referredtionarily well conserved in cells from yeast to hu-
mans and is typically composed of three hierarchical to as ERK1 and ERK2, respectively) by phosphoryla-

tion of both threonine and tyrosine regulatory sites.protein kinases including MAPK, MAPK kinase
(MAPKK), and MAPKK kinase (MAPKKK). Both p42MAPK and p44MAPK are proline-directed protein

kinases that phosphorylate Ser/Thr-Pro motifs and areMAPKKK phosphorylates and thereby activates
MAPKK, which in turn phosphorylates and activates usually considered to be functionally redundant. The

three-dimensional structure of p42MAPK suggests thatMAPK. Generally, MAPKs are activated in the cyto-
plasm and translocate into the nucleus and either conformational changes are responsible for its ac-

tivation in response to phosphorylation of the regula-directly or indirectly (through downstream kinases)
induce phosphorylation of transcription factors, co- tory motif (15,92). After mitogenic stimulation, p42/

44MAPK is capable of translocation to the nucleus.activators, thereby controlling gene expression and
cellular functions (30,31,84,85). Therefore, not only cytolplasmic but also nuclear pro-

teins can be phosphorylated by p42/44MAPK. PutativeIn mammalian systems, at least six independent
MAPK signaling units appear to function (69,88); nuclear targets are several transcription factors indi-

cating the importance of this kinase in the regulationamong them, the biochemical properties of p42/
44MAPK cascade have been characterized in greater de- of transcriptional activity (31,73). Phosphorylation of

Elk-1 by p42/44MAPK has been shown to increase itstail and it is considered as the archetypal MAP kinase
cascade. p42/44MAPK belongs to the group of serine/ transcriptional activity (31). Other transcription fac-

tors implicated as substrates of p42/44MAPK are c-Mycthreonine kinases that phosphorylates -Ser/Thr-Pro-
motifs. Protein-tyrosine kinase receptors (27), G-pro- (78), ATF-2 (1), NF-IL6 (55), STATs (18), and

sterol-regulatory element binding protein (SREBP)-tein-coupled receptors (33,63,87), and cytokine re-
ceptors (7) have been shown to activate this kinase 2 (68). Protein kinases are another major group of

substrates for this kinase. 90-kDa ribosomal kinasecascade. Activation of the p42/44MAPK in response to
extracellular stimulation can be schematically divided (pp90RSK) was first identified as a substrate of p42/

44MAPK and is activated by phosphorylation on threo-into membranous and cytoplasmic phases (72). The
membranous phase consists of the receptor sensing nines (81,82,87). Another downstream kinase serving

as a substrate for p42/44MAPK is MAPK-activated pro-the extracellular signal, whereas the cytoplasmic
phase shows activation of protein kinase cascade. In tein kinase-2 (79).

Two other members of the MAPK family are mini-case of growth factors, ligand-induced dimerization
of receptor with intrinsic protein-tyrosine kinase ac- mally activated by classic growth factors but potently

activated by cellular stresses (19,38,39). One familytivity leads to the activation and autophosphorylation
of tyrosine residues in the intracellular domain of has been designated c-Jun N-terminal kinase (JNK),
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also referred to as stress-activated protein kinase. JNK 54JNK and p38MAPK translocate to the nucleus where
they phosphorylate and activate several targets.is activated by cellular stress signals such as proin-

flammatory cytokines, UV light, heat shock, endotox- MAPKs have been found to play an integral role
in the regulation of gene expression of cytokines, theins, ischemia, reversible ATP depletion, and

genotoxic stress. Two isoforms of 46 and 54 kDa were adhesion molecules, E-selectin, c-jun, c-fos, inducible
NO synthase, and proliferating cell nuclear antigennamed p46/54JNK, respectively, and seem to be func-

tionally redundant. Ten different isoforms of this ki- (83). As a result, MAPKs have been implicated not
only in the modulation of inflammatory and adaptivenase have been identified that originate from alterna-

tive splicing of three mammalian genes. p46/54JNK responses but also in the hypertrophic response, initi-
ation and progression of atherosclerotic plaques, andregulates c-jun transcriptional activity by phosphoryla-

tion of the N-terminal activating domain, Ser-63 and postischemic injury in the heart and kidney cells.
-73. N-terminal phosphorylation of c-jun induces the
formation of c-jun/c-Fos heterodimers and c-jun ho-

PROTEIN KINASE Cmodimers that increase the transcriptional activity of
many genes by binding to the AP-1 sites in their pro- PKC comprises a large family of serine/threonine

protein kinases that play a critical role in many sig-moter region (63). Other nuclear targets of p46/54JNK

are the transcription factors ATF2 and Elk-1 (1,19). nal-transducing pathways in the cell (50,56). PKCs
are activated by many extracellular and intracellularThe second family includes isoforms of p38MAPK, the

mammalian homolog of HOG-1, a yeast kinase in- signals and are considered as “classical” mediators of
many extracellular agonists that elicit the productionvolved in response to osmolar stress (38,39). Like p42/

44MAPK, p46/54JNK and p38MAPK are proline directed and of multiple lipid second messengers (57). They have
been implicated in a multitude of physiological func-require phosphorylation on both tyrosine and threonine

residues for activation. Unlike Thr-Asp-Tyr motif of tions in the cell. Considerable evidence exists
suggesting that PKC plays a fundamental role in sig-p42/44MAPK, p46/54JNK contain a Thr-Pro-Tyr motif and

p38MAPK a Thr-Gly-Tyr motif within kinase subdomain naling mechanisms leading to mitogenesis and prolif-
eration of cells, apoptosis, platelet activation, remod-VIII that, when phosphorylated, activates the kinases.

Several isoforms of p38MAPK have also been described: eling of the cytoskeleton, modulation of ion channels,
and secretion. cDNA cloning efforts over the past de-p38MAPKα, also named CSBP2 or stress-activated pro-

tein kinase 2a; p38MAPKβ, also named stress-activated cade have revealed that, like many other signaling
molecules, PKC also comprises a large family of iso-protein kinase 2β and its splice isoform βII; p38MAPKγ,

also termed stress-activated protein kinase 3 or Erk6; forms each with distinct properties (21). Twelve dis-
tinct members have been discovered to date in mam-and p38MAPKδ, otherwise known as stress-activated pro-

tein kinase 4. malian cells, and have been subdivided into three
distinct subfamilies as follows: conventional PKCsExperiments have demonstrated that p38MAPK lies

downstream of the Ras-related GTP binding proteins (cPKC) including α, βI and the splice variant βII, and
γ; novel PKCs (nPKC), δ, ε, η, and θ; and atypicalRac and Cdc42 and is directly activated by the

MAPK kinases, MKK3, MKK4, and MKK6, with PKCs (aPKC) comprising ζ and ι/λ (also known as
iota). An additional family may be considered by thesome preference for individual isoforms (25).

p38MAPKα and β are the most homologous isoforms more recently discovered PKCµ (also known as pro-
tein kinase D). These PKC isoforms are unique, notand are inhibited by pyridine-imidazoles SB202190

and SB203580, whereas γ and δ isoforms are insensi- only with respect to primary structure, but also on the
basis of expression patterns, subcellular localization,tive to these compounds (17,40). Both of these com-

pounds are highly specific inhibitors of p38MAPK and activation in vitro, and responsiveness to extracellular
signals. Most importantly, these isoforms show dif-are widely utilized as tools to probe p38MAPK function

in vitro and in vivo. They are extremely specific as ferences in cofactor dependence and responsiveness
to calcium and phospholipid metabolites due to theSB202190 has no inhibitory activity on any of the

kinases tested in vitro, including other MAPKs, at presence of specific homology domains. Both cPKC
and nPKC contain one C1 domain that is defined byconcentrations greater than 10-fold the usual treat-

ment concentrations. the presence of two repeated zinc-finger motifs, C1a
and C1b (H-X12-C-X2-C-X13/14-C-X2-C-X4-H-X2-C-The signaling cascades resulting in p46/54JNK and

p38MAPK activation have direct parallels with the p42/ X7-C). In addition, cPKC has a C2 domain that appar-
ently confers calcium responsiveness to these iso-44MAPK cascade, but are relatively insulated from one

another as the MEKs that activate one MAPK are forms. cPKCs α, βI/II, and γ were the first described
and are activated by phosphatidylserine (PS) in a cal-much less effective in activating others. Like p42/

44MAPK, after phosphorylation and activation, the p46/ cium-dependent manner. In addition, they bind to and
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are activated by sn-1,2-diacylglycerol (DAG), which cellular uptake and catabolic rate of LDL and its pre-
cursors, intermediate and very low-density lipopro-increases the specificity of the enzyme for PS and also

increases the affinity of the enzyme for calcium. nPKCs teins (10). Hepatic regulation of the receptor gene ex-
pression provides a mechanism by which dietary andare also activated by DAG and require PS as a cofactor,

but have lost the requirement of calcium. Both aPKCs hormonal agents alter plasma LDL levels. LDL re-
ceptor gene is induced primarily at the transcriptionaland PKCµ do not respond to either DAG or calcium,

though apparently still require PS as a cofactor. level in hepatic cells by a variety of physiologic and
pathophysiologic stimuli such as cytokines, growthThere has been considerable interest in determin-

ing roles of these specific isoforms in signaling path- factors, PKC modulators, and low intracellular cho-
lesterol levels. When cells are depleted of cholesterol,ways in the cell (21,28,52,70). The current review

describes only the recent exciting observations con- they synthesize large amounts of transcript for the
LDL receptor, which facilitates the uptake of exoge-cerning the role of PKCε, as this isoform has also

been found to participate in the sterol regulation of nous cholesterol by receptor-mediated endocytosis.
When cholesterol builds up within the cell, transcrip-LDL receptor expression in hepatic cells (49).

PKCε is a novel PKC family member that responds tion of the gene is suppressed. Other mediators, in-
cluding several growth factors, have been found toto both DAG and PS in vivo. Ohno et al. were the

first to demonstrate that PKCε could be activated by upregulate LDL receptor activity, presumably by
their mitogenic activity. By stimulating cell division,mitogenic stimuli in vivo (58). At about the same

time, two independent studies have demonstrated that mitogens increase cellular demand for cholesterol
(46), a major component in membrane biosynthesis.PKCε can function as an oncogene when overex-

pressed in fibroblasts (13,52,62). Increased PKCε ac- On the other hand, oncostatin M (42), cytokines
(37), and hepatocyte growth factor (60,75) promotetivity in these cells correlated with formation of dense

foci in monolayer cultures, decreased doubling times, LDL receptor transcription without affecting cell
growth.increased cell saturation densities, decreased serum

requirements, growth in soft agar, and tumor forma- Research conducted during the past decade has led
to an understanding of the nuclear factors and thetion in nude mice, all characteristics of neoplastic

transformation. More recent studies have indicated active role they play in its regulation. Numerous tran-
scription factors, including SREBPs (11,12), Sp1that PKCε may function as an oncogene by enhanc-

ing the activity of the Raf-1 kinase, and thus modulat- (20), FP1 binding protein (22,47), sterol-independent
regulatory element, consisting of cAMP-response ele-ing the MAPK pathway (14). Furthermore, PKCε is

required for initiating DNA synthesis in mouse eryth- ment binding protein and CCAAT/enhancer binding
protein (42), and YY1 (5) are known to bind to sev-roleukemia cells stimulated with erythropoetin, lead-

ing to an upregulation of c-Myc (41). eral canonical sequences within the 177-bp fragment
of the LDL receptor promoter. Many of these se-PKCε has also been linked to the expression of

certain transcription factors and the induction of im- quences affect stimulated rather than basal transcrip-
tion under different growth conditions. Only SREBPsmediate-early genes. It has been shown to induce

transcription of c-fos and c-jun genes (65). This may have the essential capability of a regulator of
LDL receptor expression in response to endogenousaccount, at least in part, for its effect on cell growth.

Moreover, PKCε has been shown to regulate the tran- levels of cholesterol. They are membrane-bound
transcription factors whose NH2-terminal domainscription factors NF-AT-1, NF-κB, and AP-1 in acti-

vated T cells, similar to the stimulatory effects of ac- must be released proteolytically to enter the nucleus
in response to depletion of cholesterol. For proteoly-tivated Ras in the same system (28). Several reports

have suggested that stimulation of a variety of cell sis to take place, the SREBPs must be transported
from endoplasmic reticulum to their proteolysistypes with insulin leads to activation and membrane

translocation of PKCε (32,78,91). Insulin has been site in the Golgi complex. This transport is accom-
plished by SREBP-cleavage-activating proteinshown to activate PKCε in fetal chick neurons, and

this activation is concomitant with translocation of (SCAP), a polytopic membrane protein that escorts
SREBPs to the Golgi complex. Here the SREBPs arePKCε from the cytosol to the plasma membrane.
cleaved sequentially by two proteases that release the
NH2-terminal domain into cytosol. The released

CRITICAL ROLE OF p42/44MAPK IN fragment travels to the nucleus, where it binds to
CONTROLLING LDL RECEPTOR INDUCTION sterol regulatory element and interacts synergistically

BY A VARIETY OF TRASCRIPTIONAL with the transcription factors bound to the neigh-
MODULATORS IN HEPATIC CELLS boring sites and stimulates transcription. This proteo-

lytic processing is under feedback control by choles-LDL receptor plays a central role in the regulation
of body cholesterol homeostasis by determining the terol. Thus, when cholesterol accumulates in cells,
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the SREBP–SCAP complex fails to reach to the in these cells induced LDL receptor expression to the
same magnitude as that induced by either cytokinesGolgi, and SREBPs are not processed. The nuclear

SREBPs are rapidly degraded by a proteosomal or hepatocyte growth factor in HepG2 cells. Further-
more, by using different doses of ICI182,780, itprocess, and the synthesis of SRE-containing

genes in their promoter declines. It is thus evident was demonstrated that the degree of p42/44MAPK

activation dictates the level of LDL receptorthat the different components involved in regulating
LDL receptor transcription have been studied ex- induction in these cells. Interestingly, expression of

the squalene synthase gene, another sterol-sensitivetensively. However, the signaling pathways that
impinge on the above transcription factors are begin- gene of the cholesterol biosynthetic pathway, was

unaffected upon ICI182,780 treatment of HepG2-ning to emerge from the recent studies described
below. ∆Raf-1:ER cells, thus revealing basic differences in

the regulatory mechanisms controlling their expres-As a first step towards identifying signaling path-
ways that impinge on nuclear factors regulating LDL sion.

It has been shown earlier that the low levels ofreceptor expression, we utilized specific inhibitors of
MAPKs cascade and PKC in our studies. We showed Raf-1 kinase activity elicit a mitogenic response,

whereas high levels of this kinase activity cause cellfor the first time that phorbol-esters (TPA) could not
activate LDL receptor expression in the presence of cycle arrest (74,89). A relationship between cell

growth and LDL receptor expression has also beeneither MEK-1/2 inhibitor PD98059, or specific PKC
inhibitor calphostin C in human hepatoma HepG2 suggested (46), because an increase in LDL receptor

expression stimulated by cell growth is meant to pro-cells, suggesting roles for these kinases in the induc-
tion process (36). Our observation that inhibition of vide proliferating cells with an additional cholesterol

for the synthesis of new membranes. In order to un-PKC also abolished TPA-induced p42/44MAPK activa-
tion supported the involvement of a PKC-dependent derstand the molecular mechanisms governing this

phenomenon, the relationship between Raf-1 kinasep42/44MAPK activation pathway in the induction of
LDL receptor transcription. Subsequently, we ob- activation, cell growth, and LDL receptor expression

was investigated using HepG2-∆Raf-1:ER cells.served that interleukin (IL)-1β-induced LDL receptor
expression also requires p42/44MAPK, as inhibition of Effects of activated p42/44MAPK cascade on cell

growth were measured by several parameters. ItMEK-1/2 by PD98059 completely blocked the induc-
tion process (37). Similarly, requirement of the was observed that ICI182,780 treatment arrested the

growth of these cells, whereas no growth arrest wasp42/44MAPK cascade was found for LDL receptor in-
duction in response to a variety of extracellular sig- seen in the untreated cells. Moreover, inhibition of

DNA synthesis tightly correlated with increases innals, including hepatocyte growth factor, anisomycin,
oncostatin, and insulin (23,42,68). In summary, the p42/44MAPK activity. Comparison of the cell cycle

phase distribution of exponentially growing HepG2-above studies led to the conclusion that induction
of LDL receptor expression by a variety of extracel- ∆Raf-1:ER cells in the presence of ICI182,780 re-

vealed a modest increase in the fraction of cells inlular signals requires at least p42/44MAPK signaling
cascade (Fig. 1). the G2/M phase with a concomitant decrease in S

phase of the cell cycle. Side-scatter analyses ofActivation of multiple pathways by the above fac-
tors, however, complicates determining the sole con- treated cells also revealed a shift of the cell popula-

tion to higher scatter values, indicating much largertribution of the p42/44MAPK pathway in the induction
process. Due to the complexities of cytokine/growth cell size of the growth-arrested cells. Finally, consis-

tent with the antiproliferative character of the high-factor signaling, specific contribution of this kinase
cascade alone was studied by generating HepG2- intensity Raf-1 kinase signal, a strong decrease in

cyclin A expression was observed. It is thus safe toderived cell lines that stably express inducible form
of human ∆Raf-1:ER, a fusion protein consisting of conclude that activation of the Raf-1/MEK-1/2/p42/

44MAPK cascade alone is sufficient to uncouple LDLan oncogenic form of human Raf-1 kinase (amino
acids 305 to 648 that encodes all of the kinase do- receptor expression from cell growth. Thus, despite

the apparent relationship between cell growth andmain contained in the conserved region 3 but none of
conserved regions 1 or 2) and the hormone binding LDL receptor expression, the processes of DNA syn-

thesis and modulation of LDL receptor expressiondomain of the human estrogen receptor (35,89). This
cell line provided a valuable tool to specifically acti- can occur independently of each other through p42/

44MAPK cascade. The growth-independent regulationvate Raf-1/MEK/p42/44MAPK cascade on treatment of
cells with antiestradiol ICI182,780 {7α-[9-[(4,4,5, of LDL receptor expression may also explain cyto-

kine- and hepatocyte growth factor-induced LDL re-5,5-pentafluoropentyl)sulfinyl]nonyl]-estra-1,3,5(10)-
triene-3,17β-diol} (35). It was observed that exclu- ceptor induction via p42/44MAPK without affecting cell

growth (23,37,60).sive activation of Raf-1/MEK-1/2/p42/44MAPK cascade
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ONE-WAY CROSS-TALK BETWEEN p42/44MAPK cholesterolemia observed in humans and animals
(Fig. 1) (6,59,67). Subsequently, other groups haveAND p38MAPK: IMPLICATION FOR STRESS-

INDUCED HYPERCHOLESTEROLEMIA also found the existence of a one-way cross-talk be-
tween these kinases in Kaposi’s sarcoma cells and in
rat pinealocytes (43,54).The possible involvement of p38MAPK cascade in

regulating LDL receptor expression was observed Furthermore, consistent with the above suggested
one-way cross-talk between p38MAPK and p42/44MAPK,while investigating the role of MAPKs in IL-1β- and

tumor necrosis factor-α-induced LDL receptor ex- Zhang et al. (93) recently reported direct physical in-
teractions between p38MAPK α isoform and p42/44MAPKpression in hepatic cells (37). It was observed that

specific inhibition of p38MAPK with SB202190 or by using affinity chromatography and coimmuno-
precipitation studies. Importantly, they showed thatSB203580 increased IL-1β-induced LDL receptor ex-

pression in HepG2 and HeLa cell types, which raised increased activation (phosphorylation) of this isoform
resulted in enhanced interaction with p42/44MAPK, andan interesting possibility of the regulation of LDL re-

ceptor expression by p38MAPK. This relationship was the degree of this interaction correlated with the ex-
tent of inhibition of p42/44MAPK activity. On the basisexplored further by examining the effects of p38MAPK

inhibition on LDL receptor expression (76). of these results, it was suggested that possible mecha-
nism for one-way cross-talk between these MAPKsSB202190 treatments of HepG2 cells induced LDL

receptor expression in a time- and dose-dependent may involve sequestration of p42/44MAPK by p38MAPK

and thus sterically blocking their phosphorylation bymanner, strongly supporting the above observations.
The involvement of p38MAPK was verified by deter- upstream kinases, MEK-1/2.
mining the effect of a constitutively active mutant of
p38MAPK kinase (MKK6b) on human LDL receptor
promoter activity in transfection studies. We showed ROLE OF DIACYLGLYCEROL- AND
that cotransfection of MKK6b together with p38MAPK

PHOSPHOLIPID-REGULATED PKCε IN LDL
α isoform effectively suppressed LDL receptor activ- RECEPTOR INDUCTION IN RESPONSE TO
ity. However, cotransfection of p38MAPK β isoform DEPLETION OF CELLULAR CHOLESTEROL
with MKK6b had no effect, suggesting an isoform-
specific interaction between p38MAPK cascade and There is virtually no information available on the

underlying signaling kinase(s) initiated by alterationsLDL receptor expression.
A clue regarding the mechanism of SB202190- in cellular cholesterol levels leading to the regulation

of LDL receptor gene promoter in any cell type. Ainduced LDL receptor expression came upon observ-
ing that p42/44MAPK was also activated under these clue regarding the role of PKC in the LDL receptor

induction process came from earlier studies showingconditions. Consistent with its role, pretreatment with
PD98059 blocked increase in p42/44MAPK activation that LDL itself induces a rapid and transient cytosol-

to-membrane translocation of TPA-sensitive PKCand concomitantly LDL receptor induction, suggest-
ing that p38MAPK is indeed negatively regulating LDL isoforms in human smooth muscle cells or skin fibro-

blasts (53,71). In addition, suppression of TPA-sensi-receptor expression via suppression of p42/44MAPK. To
explore the nature of this communication in detail, tive PKC activity in fibroblasts from Nieman-Pick

type C patients has been linked to accumulation ofHepG2-∆Raf-1:ER cells were again utilized. It was
observed that ICI182,780 treatment resulted in rapid naturally occurring PKC modulators, such as sterols

and sphingosine (51,66). These observations promptedp42/44MAPK activation and the activity was increased
for up to 1 h that remained elevated in the presence of us to investigate the role of PKC during LDL recep-

tor induction in response to depletion of sterol (49).ICI182,780. Effects of p42/44MAPK activation on the
induction of p38MAPK activity by a variety of stress To assess the role of this kinase in the induction pro-

cess, effects of inhibition of this kinase by using ainducers were measured. No significant effect of p42/
44MAPK activation on p38MAPK activation by IL-1β or specific inhibitor, calphostin C, were examined in

HepG2 cells. Interestingly, suppression of LDL re-anisomycin was observed. Likewise, inhibition of
p42/44MAPK with PD98059 had no effect on p38MAPK ceptor expression was observed in a dose-dependent

manner. Calphostin C also blocked induction of LDLactivation by cytokines. These observations sug-
gested that p42/44MAPK cascade does not regulate ac- receptor promoter activity following depletion of ste-

rols, suggesting that this inhibitor exerts its effect attivity of the p38MAPK cascade. Based on the above
findings, it was proposed that there exists a one-way the transcription level.

To further resolve which of the PKC isoforms maycross-talk between p38MAPK and p42/44MAPK in hepatic
cells (48), and suppression of LDL receptor expres- be involved in mediating induction of LDL receptor

transcription, effects of transient overexpression ofsion by p38MAPK may explain stress-induced hyper-
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PKC isoforms on LDL receptor induction were cholesterol and atRA for binding to the PKCε iso-
form, thus supporting the possibility of a direct inter-examined. Surprisingly, overexpression of either

wild-type or a constitutively active mutant of PKCε action with PKCε in the C1 domain, most likely at
the PS/fatty acid binding site.dramatically increased (approximately 18-fold) LDL

receptor promoter activity in a dose-dependent man- The role of interaction of 25-hydroxycholesterol
with PKCε was further evaluated by measuring thener, whereas isoforms PKCα, PKCγ, PKCδ, or PKCζ

did not appreciably alter the induction levels under effects of sterols on enzymatic activity of the above
isoforms. It was observed that 25-hydroxycholesterolparallel conditions. Consistent with the role of PKCε,

antisense inhibition of the endogenous isoform abol- did not affect the activity of PKCα, whereas PKCε
activity was significantly reduced in a dose-depen-ished the induction of LDL receptor promoter in re-

sponse to depletion of sterols. Furthermore, sterols dent manner. These results support the notion that
sterols can directly modulate PKCε function.were unable to suppress LDL receptor promoter ac-

tivity in cells overexpressing constitutively active On the basis of above results, a hypothetical model
has been proposed that accounts for direct interactionPKCε mutant, suggesting that sterols may reduce

LDL receptor promoter activity by modulating PKCε between 25-hydroxycholesterol and PKCε in order to
explain the role of this isoform in sterol-mediatedfunction. An additional evidence for the involvement

of PKCε was obtained by using HepG2 cells in which regulation of the LDL receptor transcription (Fig. 1)
(49). The central hypothesis of this model is thatPKCε was depleted by chronic treatment with a high

concentration (1 µM) of TPA for 24 h, which caused PKCε may act to coordinate the interaction of sterols
with a variety of downstream signal-transducing mol-loss of stimulation of LDL receptor expression in re-

sponse to low level of sterol. ecules and senses steady-state membrane cholesterol
levels through direct binding at the PS/fatty acidAs stated earlier, PKCε is a known activator of

Raf-1 kinase (14) and thus has the potential to induce binding site. High endogenous cholesterol level re-
sults in an increased binding of sterol to the C1 do-LDL receptor transcription via p42/44MAPK activation.

In view of earlier findings that activation of p42/ main of PKCε, thus hampering binding of PKC acti-
vators and causing inhibition of its activity, whereas44MAPK cascade alone is sufficient to induce LDL re-

ceptor transcription (35), a possible role of this path- depletion of endogenous sterol levels results in an in-
creased binding of activators, thus modulating itsway was examined by determining the effect of

blocking MEK-1/2 on the induction process. It was function with a significant effect on catalytic activity.
Considering that the formation of an active transcrip-observed that PKCε can induce LDL receptor pro-

moter activity even in the presence of this inhibitor, tional complex at the LDL receptor promoter is a
highly regulated process, the modified PKCε may tar-even though p42/44MAPK phosphorylation is blocked,

suggesting that PKCε induces LDL receptor expres- get the transcriptional machinery in an SREBP-
dependent manner to modulate its expression in a ste-sion in a p42/44MAPK-independent manner.

In order to get insight of the mechanism of interac- rol-dependent manner.
tion between sterols and PKCε, the possibility of a
direct interaction between PKCε and 25-hydroxy-
cholesterol was explored. The photoaffinity labeling SUMMARY AND FUTURE GOALS
assays using [11,12-3H]all-trans-retinoic acid (atRA)
as a photoprobe was employed (64). atRA has been In the past decade, considerable efforts have gone

into understanding the precise mechanisms of activa-shown to bind directly to the PS binding site in the
C2 domains of several PKCs and as a result can mod- tion of LDL receptor transcription by both sterol and

nonsterol mediators. The nature of the nuclear factorsulate their catalytic activity. For PKCs lacking the
C2 domain, atRA binds to the C1 domain in close and the possible protein–DNA and protein–protein

interactions involved are now largely understood atproximity to the fatty acid binding site. The ability
of 25-hydroxycholesterol, the most active cholesterol the molecular level, so the impetus to understand how

these nuclear factors are regulated by upstream sig-derivative in suppressing LDL receptor transcription,
to compete with [3H]atRA for binding to PKCε (C1 naling cascades to give rise to extraordinary com-

plexity to LDL receptor regulation has never beendomain) and PKCα (C2 domain) was examined. Both
PKCs were found to be photolabeled by atRA to an stronger.

The importance of MAPKs and PKCs in physiol-equal efficiency, and the labeling was not only light
sensitive, but also showed protection by unlabeled ogy and signaling mechanisms is not a novel concept.

The fact that these kinases regulate LDL receptor ex-atRA, demonstrating that atRA binding to both
isoform is specific. However, in contrast to PKCα, pression, which controls plasma LDL levels, under-

scores the essential role played by these kinases instrong competition was observed between 25-hydroxy-
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Figure 1. Schematic representation of the signaling pathways involved in regulating LDL receptor transcription in hepatic cells. Signals
from a variety of extracellular agents converge on p42/44MAPK cascade to induce LDL receptor transcription. Importantly, degree of p42/
44MAPK activation determines the extent of LDL receptor induction. Suppression of LDL receptor receptor transcription by the stress-activated
p38MAPK through modulating p42/44MAPK cascade may explain stress-induced hypercholesterolemia observed in humans and laboratory ani-
mals. Finally, a direct interaction between PKCε and sterols may explain involvement of this kinase in sterol-regulated LDL receptor
expression. One exciting possibility is that PKCε induces LDL receptor transcription via SREBPs. Identification of targeted nuclear factors
should resolve a number of questions of how and why LDL receptor responds to a wide variety of cellular signals in hepatic cells. Activation
is denoted by plus sign, whereas minus sign indicates suppression. CBP, cAMP-response element binding protein.

cholesterol homeostasis. The emerging picture from from PKCε to activation of LDL receptor transcrip-
tion; 2) Examine the mechanism by which inductionthe above studies is that regulation of the LDL recep-

tor transcription results from the activity of a number takes place; and 3) What is the molecular basis of
interaction between PKCε and intracellular choles-of interlinked regulatory molecules and pathways.

The molecular links between these signaling path- terol? It will be interesting to determine whether ste-
rols can influence the subcellular location, in additionways and LDL receptor promoter is not fully under-

stood. Several questions regarding the roles of to the activity of this isoform. Examining the role of
PKCε in sterol regulation of other sterol-sensitiveMAPKs remain elusive, including, how p42/44MAPK is

linked to the LDL receptor promoter, what roles nu- genes is also important. Furthermore, PKC pathway
often converges with other signaling pathways at theclear cofactor(s) play in this regulatory process, and

whether SREBP modification reported earlier (68) point of nuclear factors that are indispensable for
gene transcription (55,86). It remains to be seencan also account for maximal LDL receptor induction

by TPA, cytokines, and growth factors. whether activation of another signaling pathway,
along with PKCε, is required for maximal inductionIt appears that PKCε may act as a sensor localized

in specific regions of the cell to respond to extracellu- of the LDL receptor promoter activity. Although
these and other related questions can be examined inlar and intracellular cholesterol levels to control LDL

receptor expression. Compatible with this conclusion vitro, ultimately the observations made in cultured
cells will need to be confirmed in vivo.is the finding that PKCε is abundant in membranes

(3), possibly in lipid rafts, which allows its close In brief, the outcome of some of the recent studies
reviewed here begs one important question: What areproximity to the cellular structural and kinetic choles-

terol pool. Clearly, the specific function of PKCε in the immediate downstream targets of p42/44MAPK and
PKCε that are critical for the induction of humansterol regulation is a subject of major interest, and

critical issues to be addressed in future are: 1) Deter- LDL receptor transcription? Identification of these
proteins is likely to represent the next major area ofmine what proximal components transduce the signal
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research in this field. Finally, considering that the cell lecular targets for pharmacological intervention in
different human lipid disorders.pathways are regulated by their organization in mac-

romolecular assemblies (69,88), elucidation of the
complete picture will give us the unique opportunity
to begin unraveling the intricacies of how these sig- ACKNOWLEDGMENTS
nals are integrated in space and time to elicit choles-
terol homeostasis. This knowledge may also help us Research in the author’s laboratory was supported

by grants from the National Institutes of Healthto understand how subtle perturbation of the signal-
ing network can result in pathological situations, thus (HL67760) and the Established Investigator grant

(9940163) of the American Heart Association.providing golden opportunities to identify novel mo-
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