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Background: The sterol response element-binding protein-2 (SREBP-2) regulates LDLR gene expression.
Results: Protein phosphatase 2A regulates SREBP-2 binding to an LDLR promoter SRE.
Conclusion: PP2A regulates LDL uptake.
Significance: A novel pathway regulating LDL uptake has been elucidated.

LDL-cholesterol (LDL-C) uptake by Ldlr is regulated at the
transcriptional level by the cleavage-dependent activation of
membrane-associated sterol response element-binding protein
(SREBP-2). Activated SREBP-2 translocates to the nucleus,
where it binds to an LDLR promoter sterol response element
(SRE), increasing LDLR gene expression and LDL-C uptake.
SREBP-2 cleavage and translocation steps are well established.
Several SREBP-2 phosphorylation sites have been mapped and
functionally characterized. The phosphatases dephosphorylat-
ing these sites remain elusive. The phosphatase(s) regulating
SREBP-2 represents a novel pharmacological target for treating
hypercholesterolemia. Here we show that protein phosphatase
2A (PP2A) promotes SREBP-2 LDLR promoter binding in
response to cholesterol depletion. No binding to an LDLR SRE
was observed in the presence of the HMG-CoA reductase inhib-
itor, lovastatin, when PP2A activity was inhibited by okadaic
acid or depleted by siRNA methods. SREBP-2 cleavage and
nuclear translocation were not affected by loss of PP2A. PP2A
activity was required for SREBP-2 DNA binding. In response to
cholesterol depletion, PP2A directly interacted with SREBP-2
and altered its phosphorylation state, causing an increase in
SREBP-2 binding to an LDLR SRE site. Increased binding
resulted in induced LDLR gene expression and increased LDL
uptake. We conclude that PP2A activity regulates cholesterol
homeostasis and LDL-C uptake.

Cholesterol biosynthesis and uptake are important pathways
that are required for cell maintenance because cholesterol is an
essential lipid and is important for maintaining membrane flu-
idity, raft formation, and steroid and bile acid syntheses (1– 4).
Moreover, proper LDL-C3 uptake is essential for maintaining

normal LDL-C blood level. Cholesterol itself is an important
second messenger regulating developmental cell signaling
(5–7). Deregulation of cholesterol metabolism leads to a
chronic increase in blood plasma cholesterol level, which is a
major risk factor for cardiovascular disease and atherosclerosis.

Current drug therapies (statins) have targeted de novo cho-
lesterol biosynthesis as treatment for cardiovascular disease
(8 –10). Although statins are able to reduce blood plasma cho-
lesterol levels by inhibiting HMG-CoA reductase (HMGCR),
�10 –20% of patients are unable to tolerate treatment and have
irrevocable joint pain and, in some cases, liver toxicity (11–15).
Moreover, statins have a threshold as far as how low they can
reduce LDL-C; thus, �55– 65% of patients still remain at risk
for cardiovascular events (16). These patients may go on a
higher dose of statin, which in some cases increases the inci-
dence of side effects (17). Thus, novel therapies treating lipid
disorders are needed to help statin-intolerant individuals. One
such potential biologic therapy that is in clinical trials targets
Pcsk9, which is involved in the degradation of Ldlr (18).

De novo cholesterol biosynthesis requires the induction of
genes regulated by the transcription factor known as SREBP-2,
one of three SREBPs encoded by mammalian cells. SREBP-2,
along with SREBP-1a, activates genes required for cholesterol
biosynthesis and LDL-C uptake, whereas SREBP-1c is impor-
tant for fatty acid synthesis (19).

SREBP-2 is localized in the ER when cholesterol level is high
but is transported to the Golgi and cleaved in response to a
decrease in cholesterol sensed by sterol cleavage-activating
protein (19). Two cleavage events within the Golgi by site 1 and
site 2 protease lead to the generation of a soluble SREBP-2
active fragment transcription factor (SREBP-2af) that is trans-
ported to the nucleus (20). Nuclear SREBP-2af binds SREs in
the promoters of genes required for de novo cholesterol biosyn-
thesis, resulting in increased gene expression. These include* This work was supported by the Genesis Biotechnology Group.
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HMGCR, HMGS1 (HMG-CoA synthase), FDFT1 (squalene
synthase), and the LDLR gene required for LDL-C uptake (21).

PP2A is a heterotrimeric serine/threonine protein phospha-
tase that regulates many cell events, including cell cycle pro-
gression and cell signaling pathways (22). PP2A is composed of
a core enzyme dimer consisting of a catalytic subunit (C) and an
A structural subunit (22). The AC dimer recruits specific B
regulatory subunits that confer substrate specificity and/or
determine cell location. Four gene families consisting of several
genes, many encoding several isoforms, encode for the B regu-
latory subunits (23). There are several reports indicating that
PP2A regulates lipid-dependent events (24 –28). Thus, it seems
that PP2A targets multiple factors regulating lipid metabolism,
lipid trafficking, and lipid-dependent signaling.

We were interested in identifying novel drug targets to treat
cardiovascular disease and atherosclerosis. Here, we uncovered
a novel role for PP2A in regulating LDL-C uptake. PP2A is
required for SREBP-2-dependent activation of LDLR gene
expression in response to cholesterol depletion. PP2A directly
binds to SREBP-2, altering its phosphorylation status, which
causes an enhanced ability to bind an LDLR SRE promoter site.
Increased binding causes increased Ldlr level and increased
LDL-C uptake.

EXPERIMENTAL PROCEDURES

Cell Lines, Plasmids, and siRNA Treatment—HepG2 cells
were grown in minimum Eagle’s medium supplemented with
10% FBS, 1% sodium pyruvate, 1% non-essential amino acids,
and 0.1% gentamycin (Invitrogen). THLE-3 cells were grown in
BEGM (Clonetics) supplemented with 10% FBS, 5 ng/ml EGF,
and 70 ng/ml phosphoethanolamine (Sigma). Rat primary
hepatocytes were isolated as described (29). Rats were anesthe-
tized with 60 mg of ketamine/kg of rat and 7.5 mg of xylazine/
kg. 50 kilounits/ml of heparin was injected into the femoral
vein, and the primary hepatocytes were seeded at a density of
1 � 106 cells in growth medium (Williams E medium supple-
mented with 1% sodium pyruvate, 2 mM glutamine, 4 �l/ml ITS
medium supplement (1 mg/ml recombinant human insulin;
0.55 mg/ml human transferrin (iron-free), 0.5 �g/ml sodium
selenite), 5 �g/ml hydrocortisone, 0.01 �g/ml EGF, and 25
�g/ml gentamicin). After the initial 3-h incubation, the
medium was removed and replaced with growth medium (as
above, without gentamycin and with 0.1% DMSO). All cells
were plated on collagen-coated plates and were incubated at
37 °C, 5% CO2. Depending on the statin and cell line used, the
concentration of statin ranged from 25 to 75 �M. 10 nM okadaic
acid (OA; Calbiochem) was used for inhibition of PP2A activity.
All animal procedures were reviewed and approved by the
Drexel University College of Medicine institutional animal care
and use committee.

For HepG2 and THLE-3 cells, 100 nM Csi or PPP2CAsi
siRNA (Dharmacon) was transfected at 48 and 24 h prior to
statin treatment using dharmafect 4 transfection reagent. Cells
were then treated with lovastatin (Sigma), atorvastatin, or sim-
vastatin for 24 h. Cells were harvested, washed in 1� PBS (Invit-
rogen), and stored at �80 °C until processing. Rat primary
hepatocytes were treated with Csi or 150 nM PPP2CAsi siRNA
after the initial 3-h incubation and again the next morning,

prior to the addition of 75 �M lovastatin after 8 h. Cells were
harvested 24 h later (30, 31).

The full-length SREBP-2 was cloned into pEGFP-C1 plasmid
(Clontech) via XhoI and SacII restriction enzyme sites. The
EGFP is linked to the N terminus of SREBP-2. The construct
(EGFP-SREBP-2) was confirmed by sequencing.

Lentivirus Production and Overexpression of PP2CA and
PPME-1—PP2CA and PPME-1 lentiviral ORF plasmid con-
structs were obtained from GeneCoeia. To produce ORF lenti-
virus, 293T packing cells (ATCC) were transfected with second
generation packaging plasmids, including gag, pol, and rev
(pMDL g/p RRE, RSV-REV, and pVSVG) together with
PP2CA-ORF- or PPME-1-ORF-targeting plasmids using Lipo-
fectamine 2000 as indicated (Invitrogen). Lentivirus was har-
vested and filtered at 24 and 48 h post-transfection.

To infect HepG2-targeting cells, freshly harvested lentivirus
was added to virus-containing medium supplemented with
hexadimethrine bromide (Polybrene). 48 h postinfection, the
cells were subjected to puromycin selection, and the medium
was replaced every other day for more than a week. To assay for
the infected cells, control and infected cells were either not
treated or treated with 50 �M lovastatin for 5– 6 h. The cells
were then gently rinsed one time with PBS and pelleted for total
RNA extraction.

RNA Extraction and qRT-PCR—RNA was extracted from
cells using the RNeasy kit (Qiagen) according to the manufac-
turer’s protocol. 50 ng of RNA was used as a template in the
one-step RT-PCR (Quanta) according to the suggested proto-
col. qRT-PCR was completed on an MxPro 3000 (Stratagene),
and data were analyzed using MxPro software. Relative expres-
sion was determined by normalizing the expression of all genes
of interest to GAPDH expression (�Ct), and data are repre-
sented as -fold change compared with the vehicle-treated sam-
ple (��Ct).

The primers used for qRT-PCR were designed using Beacon
Designer software and were ordered from IDT. For the HepG2
and THLE-3 human cell lines, the primers used were as follows:
GAPDH-FOR, 5�-TGGGCTACACTGAGCACCAG-3�; GAPDH-
REV, 5�-GGGTGTCGCTGTTGAAGTCA-3�; LDLR-FOR, 5�-
GCTTGTCTGTCACCTGCAAA-3�; LDLR-REV, 5�-AACTGCC-
GAGAGATGCACTT-3�; PPP2CA-FOR, 5�-TGTCCGAGTCCC-
AGGTCAAG-3�; PPP2CA-REV, 5�-TGCCACCAATTCTAAA-
CAGTTCC-3�.

The primer sets used for rat primary hepatocytes were
RnGAPDH-FOR (5�-GCAAGTTCAACGGCACAGTCAAG-
3�), RnGAPDH-REV (5�-ACATACTCAGCACCAGCATCA-
CC-3�; 5�-CCTTTGGGTTACTGGGTTTGG-3�), RnLDLR-
FOR (5�-AGTGTGAAGATATTGACGAGTG-3�), RnLDLR-
REV (5�-ATGGCGGTTGGTGAAGAG-3�), RnPPP2CA-FOR
(5�-GACTATGTGGACAGAGGATATTAC-3�), and RnPPP2CA-
REV (5�-CAAGGCAGTGAGAGGAAGG-3�).

Protein Extraction, SDS-PAGE, and Western Analysis—Cells
were resuspended in radioimmune precipitation assay buffer
and sonicated at 4 °C on ice using the Diagenode Biorupter, for
10 min, using a 30-s on, 30-s off cycle. Cell debris was pelleted
by centrifugation for 10 min, and cell lysates were collected and
analyzed for protein content using a Bradford assay (Bio-Rad).
50 �g of whole cell extract was boiled at 100 °C for 10 min and
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loaded onto a 10% denaturing gel, and proteins were then trans-
ferred to 0.45-�m nitrocellulose (Whatman). Blots were
blocked in 5% milk/TBST prior to incubation with primary and
secondary antibodies (Amersham Biosciences). Antibodies
were detected with the ECL detection kit from Amersham Bio-
sciences. Primary antibodies for SREBP-2, LDLR, FDFT1,
PPP2CA (protein phosphatase 2A � catalytic subunit), and
GAPDH were purchased from Abcam and were diluted to the
suggested concentrations for Western blotting.

Subcellular Fractionation—HepG2 cells were harvested, and
pellets were washed in 1� PBS prior to resuspension in Dignam
Buffer A (10 mM Tris, pH 7.6, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM

DTT) and incubation on ice for 15 min. Cells were lysed by
passage through a 25-gauge needle and centrifuged. The clear
lysate was collected as the non-nuclear fraction (cytoplasm),
and the pellet was resuspended in radioimmune precipitation
assay buffer � propidium iodide and sonicated. Debris was pel-
leted by centrifugation and clear supernatant was collected as
the nuclear fraction. 25 �g of protein lysates was loaded onto
10% SDS-polyacrylamide gels and separated by electrophoresis.
SREBP-2, PPP2CA, and GAPDH antibodies were used as
described above, and anti-Lamin B (Santa Cruz Biotechnology,
Inc.) was used as a nuclear marker. Anti-GAPDH (Rockland)
was used as a cytosolic marker.

Immunocytochemistry Staining— 48 h after HepG2 cells were
transfected with control siRNA or PPP2CA siRNA, they were
treated with 60 �M lovastatin or DMSO for 6 h. They were then
fixed and labeled with rabbit anti-LDLR antibody (Cayman
Chemicals, Ann Arbor, MI), followed by incubation of Alexa
Fluor 488-conjugated anti-rabbit secondary antibody (Invitro-
gen). After antibody incubation, cells were mounted with fluo-
rescent mounting medium containing DAPI (Invitrogen) for
counterstaining. Fluorescence microscopy was performed
using a 20� objective on a Leica DMI6000 confocal micro-
scope, and images were processed using LAS AF software.

GFP-SREBP-2 Fluorescence Microscopy—HepG2 cells were
transfected with control siRNA or PPP2CA siRNA, and 24 h
later, EGFP-SREBP-2 was transfected into the cells by Lipo-
fectamine 2000 (Invitrogen). The next day, the cells were
treated with 40 �M lovastatin or DMSO for 1 h. The cells were
then fixed and mounted with DAPI-containing mounting
buffer to visualize nuclei. The translocation of the SREBP-2 N
terminus was examined by fluorescence microscopy (Leica
DMI6000B).

LDL Uptake Assay—24 h after HepG2 cells were transfected
with control siRNA or PPP2CA siRNA, they were washed with
PBS and incubated overnight in lipoprotein-deficient medium
to induce the expression of LDLR. The next day, cells were
treated with 60 �M lovastatin or DMSO for 6 h. LDL uptake was
initiated by incubating cells grown in serum-deficient medium
with 5 �g/ml BODIPY-LDL (Invitrogen). Uptake of BODIPY-
LDL was measured after a 30-min incubation at 37 °C. Cells
were fixed and mounted with fluorescent mounting medium
containing DAPI (Invitrogen) for counterstaining. Intercellular
BODIPY-LDL was visualized using fluorescence microscopy.

Phosphatase Assays and Immunoprecipitation—Cells were
trypsinized (Invitrogen) and immediately processed as follows.
Cells were counted and resuspended in 1 ml of lysis buffer (50

mM Hepes, 0.1 mM EGTA, 0.1 mM EDTA, 120 mM NaCl, 0.5%
Nonidet P-40, pH 7.5, 25 �g/ml leupeptin, 25 �g/ml pepstatin,
2 �g/ml aprotinin, 1 mM PMSF) per 1 � 107 cells, as detailed in
the DuoIC set PP2A phosphatase activity kit (R&D Systems).

In order to IP PP2A, protein was quantified with the Bradford
Assay (Bio-Rad), and 1 mg of whole cell extract was precleared
with 40 �l of a 50% protein G-agarose slurry (Millipore) for 2 h
at 4 °C. PP2A was immunoprecipitated overnight with 5 �g of
rat anti-PP2A (R&D Systems) at 4 °C. Immunocomplexes were
collected with 20 �l of protein G-agarose for 1 h at 4 °C. The
protein G-agarose was washed two times with 1 ml of wash
solution (0.05% Tween 20 in 1� PBS, pH 7.2) at 4 °C for 5 min.
Proteins were boiled off of the agarose in 2� SDS-PAGE load-
ing buffer at 100 °C for 10 min, and total IP lysate was loaded
onto 10% polyacrylamide gels for Western analysis. Blots were
probed for with anti-PPP2CA, anti-SREBP-2, and anti-GAPDH
(Abcam). SREBP-2 was immunoprecipitated using 5 �g of a
SREBP-2 monoclonal antibody from Millipore. For nuclear co-
immunoprecipitation, the nuclear IP kit from Active Motif was
used according to the manufacturer’s instructions.

Phosphorylation Analysis of SREBP-2—Cells were incubated
in the absence or presence of lovastatin and either Csi or
PPP2CAsi. Cell-free lysates were obtained, and total phospho-
threonine-, phosphoserine-, or phosphotyrosine-phosphory-
lated proteins were immunoprecipitated using polyclonal
antibodies against phosphothreonine, phosphoserine, or phos-
photyrosine (1:1,000 dilutions) (Sigma). Immunoprecipitates
were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. The degree of phosphorylated SREBP-2 present
was determined by Western analysis, using anti-SREBP-2 poly-
clonal antibodies (1:250 dilution). For the corollary experiment,
SREBP-2 was immunoprecipitated using anti-SREBP-2 anti-
bodies, and the degree of phosphorylation was determined
using anti-phosphoantibodies and Western analysis. Densi-
tometry was performed using ImageQuant software.

Chromatin Immunoprecipitation Analysis of the DNA Bind-
ing Activity of SREBP-2—Cells grown in the absence or pres-
ence of statin were treated with 1% formaldehyde for 15 min at
room temperature. Cross-linking was stopped by the addition
of 125 mM glycine. Cells were washed, pelleted, and washed
with PBS. Cells were then lysed using lysis buffer (50 mM

HEPES, pH 7.5, containing 140 mM NaCl, 0.1% Triton X-100,
0.1% sodium deoxycholate, and a protease mixture) and spun
down to remove cellular debris. 1 mg of the resulting superna-
tant was used for immunoprecipitating SREBP-2-bound DNA
for 1 day at 4 °C, using 5 �g of anti-SREBP-2 polyclonal
antibodies.

Immunoprecipitated complexes were isolated after 1 h at
4 °C using protein A-agarose beads with salmon sperm DNA
(Millipore). The beads were washed with lysis buffer containing
500 mM NaCl, and finally with 10 mM Tris-HCl, pH 8.0, con-
taining 0.25 M LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxy-
cholate, followed by a wash with Tris-EDTA, pH 8.0. SREBP-
2�DNA complexes were eluted from beads using 50 mM

Tris-HCl, pH 8.0, containing 10 mM EDTA, and 1% SDS. Cross-
linking was reversed using 5 M NaCl at 65 °C for 6 h. Samples
were then diluted using 500 mM Tris-HCl, pH 8.0, containing
10 mM EDTA and 0.67% SDS. Samples were treated with 250 �g
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of Proteinase K for 1 h at 37 °C. DNA was eluted from samples
using the DNA Easy kit (Qiagen). Purified DNA was used to
PCR-amplify bound DNA. PCR products were resolved by 1.5%
agarose gel electrophoresis.

Cyclohexamide Protein Stability Assay—HepG2 cells were
grown in minimum Eagle’s medium supplemented with 10%
FBS, 1% sodium pyruvate, 1% L-glutamine, and 1% non-essen-
tial amino acids. All cells were plated on collagen-coated plates
and incubated at 37 °C, 5% CO2. 100 nM Csi or PPP2CAsi (Dhar-
macon) was transfected at 48 and 24 h prior to statin treatment
using dharmafect 4 transfection reagent. Cells were then
treated with 75 �M lovastatin (Sigma) for 24 h. Cells were then
treated with 5 �g/ml cyclohexamide for 0, 1, 2, 4, and 8 h. Cells
were harvested, washed in 1� PBS (Sigma), and stored at
�80 °C until processing.

Cells were resuspended in 1� radioimmune precipitation
assay buffer and sonicated at 4 °C on ice for 10 min (30-s on,
30-s off cycle). Cell debris was pelleted by centrifugation for 10
min, and cell lysates were collected and analyzed for protein
content using the Bradford assay. Whole cell extract was boiled
at 100 °C for 10 min and loaded onto a 15% denaturing gel and
run at 100 V for 90 min. Proteins were then transferred to nitro-
cellulose using the iBlot transfer device (Invitrogen). Blots were
blocked in 5% milk-TBST prior to incubation with anti-
SREBP-2 (Abcam) and secondary anti-mouse HRP. Antibodies
were detected using an ECL detection kit from Millipore and a
charge-coupled device camera (GE ImageQuant LAS 4000).

Electrophoretic Mobility Shift Assay—Nuclear extracts were
prepared from HepG2 cells using the nuclear extract kit (Active
Motif, Carlsbad, CA) as described by the manufacturer. Wild
type (WT) and mutant probes were synthesized as single-
stranded oligonucleotides with Biotin 3�-end labeling (Inte-
grated DNA Technology). The sequences of the probes used
were as follows: LDLR SRE, WT forward (5�-GGTGAAGACA-
TTTGAAAATCACCCCACTGCAAACTCCTCCCCCTGC-
TAGAA-3�) and reverse (5�-TTCTAGCAGGGGGAGGAGT
TTGCAGTGGGGTGATTTTCAAATGTCTTCACC-3�);
mutant forward (5�-GGTGAAGACATTTGAAAATGAGGG-
GAGTGCAAACTCCTCTTCCTGCTAGAA-3�) and reverse
(5�-TTCTAGCAGGAAGAGGAGTTTGCACTCCCCTCAT-
TTTCAAATGTCTTCACC-3�).

EMSA binding reactions were performed at room tempera-
ture for 30 min and consisted of nuclear extract in 1� binding
buffer (50% glycerol, 100 mM MgCl2, 1 �g/�l poly(dI-dC), 1%
Nonidet P-40, 1 M KCl, 100 mM EDTA, and 5 �M DNA probe).
The mixture was run on 6% non-denaturing polyacrylamide
gels in 1� Tris borate-EDTA buffer. Protein�DNA complexes
were then transferred to Hybond-N� nylon membrane using
the Trans-Blot semidry method (Bio-Rad) and cross-linked
using the Spectrolinker XL-1000 UC cross-linker (Spectronics
Corp.). Detection of biotin-labeled DNA was performed using
the LightShift chemiluminescent EMSA kit (Thermo Scien-
tific) and visualized by exposure to a charge-coupled device
camera (GE ImageQuant LAS 4000).

For EMSA competition studies, a 10-fold molar excess of WT
non-biotin-labeled forward and reverse oligonucleotides was
added to the EMSA reaction mix. For the supershift assay, 6 �g
of SREBP-2 mouse antibody (Abcam) was added to the reaction

mixture. The mixture was fractionated on a 6% non-denaturing
polyacrylamide gel. Transfer and detection were performed as
described above.

RESULTS

The Protein Phosphatase Inhibitor Okadaic Acid Blocks
SREBP-2-dependent LDLR Gene Expression—To determine
whether PP2A was required for LDLR gene expression, PP2A
activity was chemically reduced using 10 nM OA, and SREBP-2
was indirectly activated using the HMGCR inhibitor, lova-
statin. The relative levels of LDLR gene expression and protein
were determined. PP2A phosphatase activity was decreased by
�85% at this OA concentration (data not shown). The level of
cell cholesterol was decreased by 30% (data not shown).

OA treatment had little effect on basal LDLR expression as
determined by qRT-PCR (Fig. 1A, Control versus OA). In the
presence of lovastatin, LDLR gene expression increased by

FIGURE 1. Okadaic acid inhibits lovastatin-induced gene expression.
HepG2 cells were grown as described under “Experimental Procedures,” in
the absence or presence of lovastatin (Lov), okadaic acid (OA), or lovastatin
and okadaic acid (Lov OA) for 24 h. The PP2A inhibitor okadaic acid (10 nM) was
added for the final 8 h, mRNA expression was determined using qRT-PCR, and
protein level was determined by Western analysis using polyclonal antibod-
ies. A, relative level of LDLR expression. B, relative level of SREBP-2 expression.
C, relative level of HMGCR expression. D, Ldlr protein levels. E, relative densi-
tometry units calculated using Ldlr protein levels in D. **, p 	 0.001. Error bars,
S.E.
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�2.5-fold (Fig. 1A, Control versus Lov). This -fold increase is in
good agreement with previous data (32, 33). No increase in
expression was seen in cells treated with lovastatin and OA (Fig.
1A, Lov versus Lov OA). OA treatment had no effect on lova-
statin-induced expressions of HMGCR and SREBP-2 (Fig. 1, B
and C). Ldlr protein level increased �3.0-fold in response to
lovastatin treatment, whereas there was no increase when
PP2A activity was abolished (Fig. 1, B and C). Treatment with
the cholesterol-depleting agent hydroxypropyl-�-cyclodextrin
or simvastatin/atorvastatin gave similar results (not shown).

PP2A Is Required for SREBP-2-dependent Sterol Gene
Expression—Because OA (�10 nM) can inhibit other protein
phosphatases, PP2A activity was reduced using siRNA meth-
ods. siRNA against the � catalytic subunit of PP2A was used to
reduce activity (PPP2CAsi).

PPP2CAsi treatment decreased PPP2CA gene expression
and protein by �90% (Fig. 2, A and B, Csi versus PPP2CAsi).
Control cells had a 2.5-fold increase in LDLR expression in
response to lovastatin (Fig. 2C, Csi versus Csi Lov). Ppp2ca
depletion abolished this increase (Fig. 2C, PPP2CAsi versus
PPP2CAsi Lov). The depletion of Ppp2ca had no effect on the
expressions of SREBP-1c-dependent genes, including acetyl
carboxylase (ACC1), fatty acid synthase (FAS1), and PPAR�
(PPARG) (Fig. 2, D–F, PPP2CAsi versus PPP2CAsi Lov). Ldlr
protein increased 2.0-fold in control cells in response to lova-
statin (Fig. 2, G and H, Csi, Con versus Lov) but not in Ppp2ca-
depleted cells (Fig. 2, G and H, PPP2CAsi, Con versus Lov).
Similar results were obtained using THLE-3 cells and rat pri-
mary hepatocytes (not shown).

Overexpression of the Protein Phosphatase 2A Methylesterase
Results in the Loss of PP2A-dependent LDLR Gene Expression—
The catalytic subunit of PP2A is demethylated on Lys-309 by
the Pme-1 demethylase (PPME1), causing a reduction in phos-
phatase activity (34).

FIGURE 3. Altering the methylation status of Ppp2ca results in decreased
SREBP-2 activity. HepG2 cells were transiently transfected with overexpres-
sion plasmids pCMV-PPME1 or pCMV-PPP2CA and were grown in the pres-
ence of 75 �M lovastatin for 24 h. Cells were harvested, and protein levels
were determined by Western analysis. A, protein levels of Pme-1 and Ldlr. B,
protein levels of Ppp2ca and Ldlr. **, p 	 0.001. Actin, loading control.

FIGURE 2. siRNA directed against PP2A inhibits lovastatin-induced gene
expression. HepG2 cells were grown as described under “Experimental Pro-
cedures,” in the absence (�Lov) or presence (�Lov) of lovastatin. Cells were
treated with 100 nM non-targeting siRNA (Csi) or siRNA directed against the �
catalytic subunit of PP2A (PPP2CAsi) at 48 and 24 h prior to lovastatin treat-
ment. 75 �M lovastatin was added for 24 h, and cells were harvested. mRNA
expression was determined using qRT-PCR. A, relative expression of PPP2CA.

B, protein level of Ppp2ca. C, relative level of LDLR expression. D, relative level
of ACC1 expression. E, relative level of FAS1 expression. F, relative level of
PPAR� expression. G, Ldlr protein levels. H, relative densitometry units calcu-
lated using Ldlr protein levels in G. **, p 	 0.001. GAPDH, glyceraldehyde
phosphate dehydrogenase, loading control. Error bars, S.E.
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To further substantiate the requirement of PP2A for LDLR
expression, PPME1 or the PPP2CA catalytic subunit of PP2A
was overexpressed, and LDLR expression and protein were
determined. Ectopic overexpression of PPME1 resulted in
�7-fold overexpression of protein (Fig. 3A), whereas Ppp2ca
was overexpressed by �5-fold (Fig. 3B).

The overexpression of PPME1 decreased lovastatin-induced
LDLR expression by �75%, whereas PPP2CA overexpression
caused an additional 4-fold increase over drug-treated control
cells (not shown). Ldlr protein level was decreased in Pme-1-

overexpressing cells (Fig. 3A), whereas it was increased when
Ppp2ca was overexpressed (Fig. 3B).

PP2A Is Not Required for Lovastatin-induced SREBP-2 Pro-
cessing and Nuclear Translocation—When the level of choles-
terol is high, full-length SREBP-2 localizes to the endoplasmic
reticulum as an inactive protein. When the level of cholesterol
becomes decreased, it traffics to the Golgi (20, 35), where it is
proteolytically cleaved, releasing a soluble active transcription
factor (SREBP-2af) that translocates to the nucleus, where it
induces cholesterol gene expression by binding to SREs.

To begin to determine the step where PP2A regulates
SREBP-2 activity, SREBP-2 proteolytic processing and nuclear
translocation were examined in Ppp2ca-depleted cells. A
nuclear fraction was used for these experiments and was puri-
fied by subcellular fractionation and ultracentrifugation. Frac-
tion purity was assessed by Western analysis using antibodies
directed against nuclear Lamin B and cytosolic Gapdh (Fig. 4).

SREBP-2af accumulated in the nucleus in response to lova-
statin treatment (Fig. 4, Csi, Con versus Lov). Similar results
were seen when Ppp2ca was depleted (Fig. 4, Csi Lov versus
PPP2CAsi Lov). A higher basal level of SREBP-2af was observed
in the nucleus in the absence of Ppp2ca and lovastatin (Fig. 4,
PPP2CAsi versus Csi). Based on this result, we cannot defini-
tively rule out the possibility that PP2A does not have a negative
role in proteolytic processing. However, there was an additional
increase in SREBP-2af nuclear localization in the presence of
lovastatin and absence of Ppp2ca. Moreover, LDLR gene
expression was not increased in the absence of lovastatin in
Ppp2ca-depleted cells (Fig. 2).

To further show that SREBP-2af translocates to the nucleus
in the absence of Ppp2ca, the localization of a N-terminal full-
length GFP-SREBP-2 was visualized by fluorescence micros-
copy, in the absence and presence of Ppp2ca and lovastatin.
SREBP-2 nuclear translocation and function was also assessed
indirectly by determining the degree of LDL-C uptake using
fluorescence microscopy.

FIGURE 4. Loss of Ppp2ca does not affect SREBP-2 cleavage and nuclear
translocation. HepG2 cells were grown in the absence (Con) or presence of
lovastatin (Lov). Cells were treated with 100 nM non-targeting siRNA (Csi) or
siRNA directed against the catalytic subunit of PP2A (PPP2CAsi) at 48 and 24 h
prior to lovastatin treatment. 75 �M lovastatin was added for 24 h, and cells
were harvested. Cells were lysed and centrifuged as described under “Exper-
imental Procedures” in order to obtain nuclear fractions. Cell protein was
resolved by SDS-PAGE, and proteins were detected using Western analysis.
Lamin was used as a nuclear marker. Gapdh was used as a non-nuclear
marker. SREBP-2af, cleaved SREBP-2. A, non-nuclear fraction. B, nuclear
fraction.

FIGURE 5. GFP-SREBP-2 translocates into the nucleus in cells lacking PP2A. HepG2 cells were transfected with no siRNA (Control), control siRNA (Csi), or
siRNA directed against the catalytic subunit of PP2A (PPP2CAsi), in the absence (�Lov) or presence (�Lov) of lovastatin. pEGFP-SREBP-2 was transfected into
cells that were subsequently treated with 40 �M lovastatin or DMSO for 1 h, fixed, and mounted with DAPI-containing mounting buffer to visualize nuclei. The
movement of GFP-SREBP-2 was examined by fluorescence microscopy (Leica DMI6000B).
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In untreated control cells, GFP-SREBP-2 localized to a peri-
nuclear organelle (Fig. 5, control) that co-stained with the ER
marker, PDI (not shown). Upon the addition of lovastatin, full-
length GFP-SREBP-2 was cleaved, and GFP-SREBPaf translo-
cated to the nucleus (Fig. 5, Control � Lov). Similar results were
obtained using cells transfected with a control siRNA (Fig. 5,
Csi versus Csi �Lov). The loss of the Ppp2ca had no effect on
SREBP-2af translocation in the presence of lovastatin (Fig. 5,
PPP2CAsi versus PPP2Asi � Lov). Greater than 90% of trans-
fected cells had the localization patterns shown.

LDL-C Uptake Requires PP2A—LDL-C uptake was assayed
using the fluorescence-labeled lipid, BODIPY-LDL. In the
absence of lovastatin, control cells had little BODIPY-LDL
staining (Fig. 6, Csi �Lov). Upon the addition of lovastatin, a
drastic increase was seen in intercellular BODIPY-LDL stain-
ing, indicative of increased LDL-C uptake (Fig. 6, Csi �Lov).
Loss of Ppp2ca resulted in loss of BODIPY-LDL uptake in the
presence of lovastatin (Fig. 6, PPP2CAsi �Lov versus PPP2CAsi
�Lov).

PP2A Is Required for SREBP-2 DNA Binding to a LDLR SRE in
Response to Lovastatin Treatment—The fact that SREBP-2af
translocated to the nucleus in the absence of Ppp2ca indicated
that its function was regulated at a point downstream of trans-
port and nuclear entry, quite possibly at the point of promoter
binding. Thus, SREBP-2af SRE promoter binding was assayed
in the absence and presence of Ppp2ca and lovastatin using
ChIP and EMSA.

ChIP analyses revealed that under basal conditions, Ppp2ca
depletion slightly altered SREBP-2af binding to a LDLR pro-
moter SRE in the absence of lovastatin, when compared with
untreated cells (Fig. 7, A and B, Csi �Lov versus PPP2CAsi
�Lov). Whereas a 5-fold increase in binding was seen in the
presence of both lovastatin and Ppp2ca (Fig. 7, A and B, Csi
�Lov versus Csi �Lov), Ppp2ca-depleted cells showed a
decrease in SREBP-2af LDLR promoter binding in the presence
of lovastatin (Fig. 7, A and B, Csi �Lov versus PPP2CAsi �Lov).
Ppp2ca depletion had no effect on lovastatin-induced binding
to a HMGCR SRE (Fig. 7, A and B, Csi �Lov versus PPP2CAsi
�Lov).

EMSA analysis was next performed using wild type and
mutant LDLR SREs. Under cholesterol-rich conditions in the

presence of Ppp2ca, SREBP-2af displayed a low basal level of
binding to the WT SRE (Fig. 8A, Con Ppp2ca, lane 3). Binding
was seen as a doublet. The binding was specific because no

FIGURE 6. LDL-C uptake is defective in cells lacking Ppp2ca. HepG2 cells were transfected with control siRNA (Csi) or siRNA directed against the catalytic
subunit of PP2A (PPP2CAsi) and were incubated for 16 h in lipoprotein-deficient medium to induce the expression of Ldlr. Cells were treated with 60 �M

lovastatin or DMSO for 6 h. LDL-C uptake was initiated by incubating cells with 5 �g/ml BODIPY-LDL. Uptake of BODIPY-LDL was measured after 30 min at 37 °C.
Cells were fixed and mounted with fluorescent mounting medium containing DAPI for counterstaining. Intercellular BODIPY-LDL was visualized using fluo-
rescence microscopy.

FIGURE 7. Loss of Ppp2ca causes a reduction in SREBP-2 LDLR SRE bind-
ing. Cells transfected with control siRNA (Csi) or siRNA directed against the
catalytic subunit of PP2A (PPP2CAsi) were grown for 6 h in the absence (�Lov)
or presence (�Lov) of lovastatin. Cells were then treated with 1% formalde-
hyde to cross-link SREBP-2 to DNA. The cross-linking reaction was terminated,
and SREBP-2�DNA complexes were isolated using anti-SREBP-2 polyclonal
antibodies. SREBP-2�DNA cross-links were disrupted using 5 M NaCl. A,
amount of SREBP-2-bound DNA determined by PCR amplification and aga-
rose gel electrophoresis. B, relative densitometry unit ratio of SREBP-2 SRE
binding versus IgG binding. 10% of input, loading control; IgG, negative con-
trol. Error bars, S.E.
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binding was seen to a mutated SRE (mutant) (Fig. 8A, Con
Ppp2ca, lane 4). The addition of excess unlabeled probe elimi-
nated binding to the wild type SRE (Fig. 8A, Con Ppp2ca, lane
5). The addition of anti-SREBP-2 antibodies to the reaction
caused an increase in band intensity (Fig. 8A, Con Ppp2ca, lane
7). This type of result, where the addition of antibody does not
result in a supershift, still indicates specific binding and has
been previously observed (36, 37). Binding was specific because
no binding was observed to a mutated SRE in the presence of
antibody (Fig. 8A, Con Ppp2ca, lane 8). Finally, the addition of
anti-GAPDH antibodies to the labeled probe did not result in
the appearance of bands (Fig. 8A, Con Ppp2ca, lane 9).

In the presence of lovastatin and Ppp2ca, WT promoter
binding band intensity was increased, compared with that seen
under cholesterol-rich conditions (Fig. 8B, Lov Ppp2ca, lane 3
versus Fig. 8A, Con Ppp2ca, lane 3). Promoter binding was spe-
cific (Fig. 8B, Lov Ppp2ca, lane 5), and the addition of GAPDH
antibodies did not cause the appearance of nonspecific bands
(Fig. 8B, Lov Ppp2ca, lane 9). When Ppp2ca was depleted, pro-
moter binding was eliminated under cholesterol-rich condi-
tions (Fig. 8C, Con ppp2ca�, lanes 3 and 7) and severely
reduced in the presence of lovastatin (Fig. 8D, Lov ppp2ca�,
lanes 3 and 7).

Loss of PP2A Does Not Alter the Half-life of SREBP-2—One
possibility to explain the loss of SRE binding is that SREBP-2 is

degraded much faster in the absence of Ppp2ca. To address this
question, the half-lives of nuclear SREBP-2 were determined in
the presence and absence of lovastatin and Ppp2ca. In the
absence of lovastatin and presence of Ppp2ca, SREBP-2af was
degraded over a period of 8 h, with a half-life of �4 h (Fig. 9, A
and B, Con, �Lov). In contrast, SREBP-2 accumulated in the
presence of both lovastatin and Ppp2ca (Fig. 9, A and B, Con, �
Lov). Similar results were observed in the absence of Ppp2ca
(Fig. 9, A and C, PPP2si, 
Lov). Thus, the loss of SRE binding
seen in the ChIP and EMSA studies was not due to increased
degradation of SREBP-2 protein.

PP2A Binds SREBP-2—Co-immunoprecipitation was next
used to determine whether Ppp2ca directly bound to SREBP-
2af. Ppp2ca was immunoprecipitated, interacting proteins
were resolved by SDS-PAGE, and Western analysis was used to
detect SREBP-2af association. 10% inputs used in the co-immu-
noprecipitation experiments are shown in Fig. 9, A and D.

SREBP-2af was efficiently pulled down by Ppp2ca antibodies
(Fig. 10B) but not the IgG antibody control. The Ppp2ca-
SREBP-2af interaction was detected at all time points and in
control and lovastatin-treated samples (not shown). Identical
results were obtained when SREBP-2 antibodies were used to
pull down Ppp2ca (Fig. 10C). SREBP-2af was also able to pull
down the A subunit of PP2A, Ppp2r1a (not shown).

FIGURE 8. Ppp2ca is required for direct binding of SREBP-2 to a LDLR SRE. Nuclear extracts were prepared from HepG2 cells using a nuclear extract kit. WT
and mutant probes were synthesized as single-stranded oligonucleotides. The sequences are given under “Experimental Procedures.” Nuclear extracts (NE)
containing a biotinylated probe (Labeled Probe) were resolved on 6% non-denaturing polyacrylamide gels. Protein�DNA complexes were then transferred to
Hybond-N� nylon membranes and cross-linked. Detection of biotin-labeled DNA was performed using chemiluminescence and visualized by exposure to a
charge-coupled device camera. For competition studies, a 10-fold molar excess of WT non-biotin labeled oligonucleotides (Unlabeled Probe) was used. For
supershift experiments, SREBP-2 antibodies were added to the reaction mixture (SREBP-2 Ab). Gapdh antibodies were used as a negative control (Gapdh Ab). A,
nuclear extracts were obtained from cells containing Ppp2ca in the absence of lovastatin (�Lov Ppp2ca). B, nuclear extracts were obtained from cells containing
Ppp2ca in the presence of lovastatin (Lov Ppp2ca). C, nuclear extracts were obtained from cells lacking Ppp2ca in the absence of lovastatin (�Lov ppp2ca�). D,
nuclear extracts were obtained from cells lacking Ppp2ca in the presence of lovastatin (Lov ppp2ca�).
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If Ppp2ca directly regulates nuclear SREBP-2af DNA bind-
ing, then it should associate with SREBP-2af in the nucleus.
Nuclear SREBP-2af was efficiently co-immunoprecipitated in
the absence or presence of lovastatin using Ppp2ca antibodies
(Fig. 10E). SREBP-2 antibodies were able to pull down nuclear
Ppp2ca (Fig. 10F).

Loss of PP2A Alters the Phosphorylation State of SREBP-
2af—The direct interaction between Ppp2ca and SREBP-2af
suggests that PP2A may modulate SREBP-2af phosphorylation
status, causing changes in DNA binding. If this is the case, then
the phosphorylation status of SREBP-2af should be altered in
cells lacking Ppp2ca. Phosphorylated proteins were immuno-
precipitated using phosphospecific antibodies, and SREBP-2af
phosphorylation was determined by Western analysis using
anti-SREBP-2 antibodies.

For all experiments, 1) an equal level of SREBP-2af was used,
2) PPP2CAsi knockdown efficiency was �90%, 3) IgG immu-
noprecipitation experiments were used to demonstrate speci-
ficity, and 4) the specificity of each phosphoantibody was vali-
dated using phosphospecific blockers.4

In the absence of lovastatin, cells had a basal level of serine
phosphorylation in the absence of lovastatin, which decreased
10-fold upon the addition of drug (Fig. 10A, Csi versus Csi �
Lov). Threonine phosphorylation was absent in untreated cells
but increased 3-fold in lovastatin-treated cells (Fig. 10B, Csi
versus Csi �Lov).

In cells lacking Ppp2ca, the basal levels of SREBP-2af serine
and threonine phosphorylation were increased in the absence
of lovastatin (Fig. 11, A and B, PP2Asi �Lov), whereas both
serine (12-fold) and threonine (7-fold) phosphorylation
increased in Ppp2ca-depleted drug-treated cells (Fig. 11, A and
B, PPP2CAsi, �Lov versus PPP2CAsi �Lov). No tyrosine phos-
phorylation was seen under all conditions (Fig. 11C). Similar
results were obtained when SREBP-2 antibodies were used and
Western analysis was performed using phosphospecific anti-
bodies (not shown). Thus, the loss of Ppp2ca activity resulted in
changes in the phosphorylation status of SREBP-2af that cor-
relate with a loss of DNA binding and reduced LDL uptake.

DISCUSSION

The data show that PP2A regulates SREBP-2 activity and
LDL-C uptake. Depletion of Ppp2ca resulted in the loss of

4 M. Villasmil and J. T. Nickels, unpublished data.

FIGURE 9. Loss of Ppp2ca has no effect on SREBP-2 half-life. HepG2 cells
were transfected with 100 nM control siRNA (Con) or siRNA directed against
the catalytic subunit of PP2A (PPP2CAsi) at �48 and �24 h in the absence
(�Lov) and presence (�Lov) of lovastatin treatment. Cells were treated with
75 �M lovastatin for 24 h. Cells were treated with 5 �g/ml cyclohexamide for
the indicated times, harvested, and stored at �80 °C until processing. Whole
cell extracts were resolved using a 15% denaturing SDS-PAGE gel. Proteins
were transferred to nitrocellulose and incubated with SREBP-2 antibodies.
Protein was detected using ECL chemiluminescence. Actin, loading control.
Error bars, S.E. A, Western analysis of SREBP-2 protein. B, densitometry of pro-
tein in control cells. C, densitometry of protein in ppp2a cells.

FIGURE 10. Ppp2ca interacts with SREBP-2. HepG2 cells were grown in the
absence (�Lov) or presence (�Lov) of lovastatin. 75 �M lovastatin was added
for 24 h. Whole cell lysates were obtained by sonication and centrifugation.
Nuclear extracts were obtained as described under “Experimental Proce-
dures.” Ppp2ca was immunoprecipitated (IP) using rat anti-Ppp2ca polyclonal
antibodies. SREBP-2 was immunoprecipitated using SREBP-2 antibodies.
Immunoprecipitated proteins were resolved by SDS-PAGE, and proteins were
detected using Western analysis (WB). A, 10% of the whole cell extract used. B,
immunoprecipitation of SREBP-2 using anti-Ppp2ca antibodies. C, immuno-
precipitation of Ppp2ca using SREBP-2 antibodies. D, 10% of the nuclear
extract used. E, immunoprecipitation of SREBP-2 using anti-Ppp2ca antibod-
ies. F, immunoprecipitation of Ppp2ca using SREBP-2 antibodies. IgG, nega-
tive control.
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SREBP-2-dependent gene expression and SREBP-2af binding
to an LDLR SRE promoter element. Ppp2ca regulation was spe-
cific to LDLR because the expressions of several other SREBP-
2af genes were not affected. Loss of SREBP-2af binding was not
due to increased degradation because the half-life of SREBP-2af
was equivalent in the absence or presence of Ppp2ca. Ppp2ca
regulated SREBP-2af SRE binding through a direct interaction
that caused the dephosphorylation of several phosphoresidues
required for function. Based on these data, we conclude that
PP2A directly regulates SREBP-2af by regulating the phosphor-
ylation status of serine/threonine residues required for DNA
binding, LDLR gene expression, and LDL-C uptake.

Several phosphorylation events regulate SREBP function,
where activity is stimulated or inhibited depending on the
targeting kinase (38 – 47). For instance, ERK1/2-dependent
SREBP-2 phosphorylation of Ser-455 increases its activity by
blocking a sumoylation event inhibiting binding to the co-re-
pressor, HDAC3. Glycogen synthase kinase-3� phosphoryla-
tion of SREBP-1a on Thr-426 and Ser-430 initiates its degrada-
tion when bound to promoter regions of sterol-responsive
genes, through targeting it for ubiquitin-dependent SCF-medi-
ated degradation. AMP-activated protein kinase kinase inhibits
SREBP-1c activity by phosphorylating Ser-372 within the solu-
ble active fragment (48). Ser-117 on SREBP-1a is a major phos-
phorylation site for MAPK signaling (41). Thus, multiple phos-
phorylation events fine tune the activity of SREBPs. Which of
these sites represent PP2A substrates needs to be elucidated to
fully understand the depth of SREBP-2 regulation.

It is interesting that PP2A may only regulate SREBP-2. Dif-
ferential specificities in the promoters of many sterol-respon-
sive genes exist, including the LDLR, HMGCR, and HMGS pro-
moters (49). All display heterogeneity in their response to
SREBP-1/SREBP-2 activity, by varying the number or sequence
of various SREs or specific co-factor binding sites (50 –54). The
LDLR promoter responds to various signals based on the pres-
ence of multiple binding elements (55, 56), which includes the
serum response, Sp1, repeat 3, Egr1, and C/EBP� elements (56,
57). Thus, PP2A may have a specific role in regulating choles-
terol homeostasis through specific regulation of LDLR expres-
sion and LDL-C uptake.

PP2A regulates several metabolic processes. For example,
it targets the basic helix-loop-helix leucine zipper carbohy-
drate-binding element-binding protein transcription factor
(ChREBP). ChREBP target genes include those activating gly-
colysis, lipogenesis, and glucogenesis pathways (58), which
contribute to the onset of metabolic syndrome (59). Although
PP2A does activate ChREBP, possibly increasing the severity of
metabolic syndrome, it has also been demonstrated that loss of
PP2A through FoxO transcription factor inhibition may con-
tribute to the onset of metabolic syndrome (60). These results
indicate that PP2A activity is fine tuned in response to changes
in global metabolism because those individuals with metabolic
syndrome present with multiple maladies, including glucose
intolerance or full-blown diabetes, high blood cholesterol level,
obesity, and hypertension.

The PP2A AC dimer may always be bound to SREBP-2. Dif-
ferential regulation may arise from the binding and release of
different B subunits. It is unlikely that a single heterotrimeric
species regulates nuclear transport, DNA binding, and transac-
tivation. We have observed several B subunits accumulating in
response to cholesterol depletion.5 It also makes sense that the
expression of various B subunits be regulated through changes
in cholesterol level. If multiple PP2A subpopulations are gen-
erated, depending on metabolic state, they can be turned on or
off, depending on cholesterol level. A recent report showed that
multiple PP2A subunits were regulated at the transcriptional,
translational, and post-translational levels in myocytes (61).

Another possibility to explain phosphatase specificity is
based on an emerging model suggesting that PP2A B subunits
can act as “scaffolds” that enable AC dimer binding to a sub-
strate under specific physiological conditions (62, 63). The B
subunit is associated with a substrate alone and recruits the AC
dimer at the appropriate time. The B56� subunit complexes
with Akt in the absence of the AC dimer and then recruits it to
AKT upon insulin signaling (63). In the yeast Saccharomyces
cerevisiae, the PP2A B subunit, ScCdc55, possesses an activity
that may be separate from its association with a PP2A holoen-
zyme (64 – 66). We have recently found that a single B subunit is
associated with SREBP-2 in mouse liver independent of the AC
dimer.6 The “scaffold” model is still highly speculative and
awaits further validation.

Finally, PP2A binding altered the phosphorylation status of
SREBP-2af. Although most phosphorylation events regulating

5 L. Rice and J. T. Nickels, unpublished data.
6 B. Joseph, D. Pandya, and J. Nickels, manuscript in preparation.

FIGURE 11. Loss of Ppp2ca changes the phosphorylation state of
SREBP-2. HepG2 cells were grown in the absence (�Lov) or presence (�Lov)
of lovastatin. Cells were treated with 100 nM non-targeting siRNA (Csi) or
siRNA directed against the catalytic subunit of PP2A (PPP2CAsi) at 48 and 24 h
prior to lovastatin treatment. 75 �M lovastatin was added for 24 h. Cells were
sonicated, cellular debris was pelleted by centrifugation, and cell lysates were
collected. A, B, and C, phosphothreonine, phosphoserine, or phosphotyrosine
proteins were used, immunoprecipitated (IP) by anti-phosphospecific poly-
clonal antibodies. Phosphorylated proteins were resolved by SDS-PAGE. The
level of SREBP-2 phosphorylation was determined by Western analysis (WB)
using SREBP-2 antibodies. The numbers represent relative densitometry
units. All values are compared with their respective basal Csi value.
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SREBP activity cause increased protein degradation or induce
the transactivation activity of promoter-bound protein, some
exceptions exist. Very recently, AMP kinase was found to phos-
phorylate nuclear SREBP-2af, causing a decrease in SREBP-2-
dependent gene expression (48). Moreover, it was shown that
PKA phosphorylation of SREBP-1a/SREBP-1c reduces DNA
binding (42). Whether these sites are PP2A targets remains to
be elucidated.
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gas, J., Martı́nez-Sanchez, P., Milionis, H. J., Montaner, J., Muscari, A.,
Pikija, S., Probstfield, J., Rost, N. S., Thrift, A. G., Vemmos, K., and Kelly,
P. J. (2013) Statin therapy and outcome after ischemic stroke: systematic
review and meta-analysis of observational studies and randomized trials.
Stroke 44, 448 – 456

11. Ahmed M. H., and Byrne, C. D. (2008) Current treatment of non-alcoholic
fatty liver disease. Diabetes Obes. Metab. 11, 188 –195

12. Katz, S. (2008) Potential role of statins in the treatment of heart failure.
Curr. Atheroscler. Rep. 10, 318 –323

13. Palmer, S. C., Craig, J. C., Navaneethan, S. D., Tonelli, M., Pellegrini, F.,
and Strippoli, G. F. (2012) Benefits and harms of statin therapy for persons
with chronic kidney disease: a systematic review and meta-analysis. Ann.
Intern. Med. 157, 263–275

14. Upadhyay, A., Earley, A., Lamont, J. L., Haynes, S., Wanner, C., and Balk,
E. M. (2012) Lipid-lowering therapy in persons with chronic kidney dis-
ease: a systematic review and meta-analysis. Ann. Intern. Med. 157,
251–262

15. Jukema, J. W., Cannon, C. P., de Craen, A. J., Westendorp, R. G., and
Trompet, S. (2012) The controversies of statin therapy: weighing the evi-
dence. J. Am. Coll. Cardiol. 60, 875– 881

16. Tenenbaum, A., and Fisman, E. Z. (2012) Fibrates are an essential part of
modern anti-dyslipidemic arsenal: spotlight on atherogenic dyslipidemia
and residual risk reduction. Cardiovasc. Diabetol. 11, 125

17. Colbert, J. D., and Stone, J. A. (2012) Statin use and the risk of incident
diabetes mellitus: a review of the literature. Can. J. Cardiol. 28, 581–589

18. Stein, E. A. (2013) Low-density lipoprotein cholesterol reduction by inhi-

bition of PCSK9. Curr. Opin. Lipidol. 24, 510 –517
19. Wang, X., Briggs, M. R., Hua, X., Yokoyama, C., Goldstein, J. L., and

Brown, M. S. (1993) Nuclear protein that binds sterol regulatory element
of low density lipoprotein recpetor promoter. II. Purification and charac-
terization. J. Biol. Chem. 268, 14497–14504

20. Sakai, J., Rawson, R. B., Espenshade, P. J., Cheng, D., Seegmiller, A. C.,
Goldstein, J. L., and Brown, M. S. (1998) Molecular identification of the
sterol-regulated luminal protease that cleaves SREBPs and controls lipid
composition of animal cells. Mol. Cell 2, 505–514

21. Brown, M. S., and Goldstein, J. L. (1997) The SREBP pathway: regulation of
cholesterol metabolism by proteolysis of a membrane-bound transcrip-
tion factor. Cell 89, 331–340

22. Cohen, P. T., Brewis, N. D., Hughes, V., and Mann, D. J. (1990) Protein
serine/threonine phosphatases: an expanding family. FEBS Lett. 268,
355–359

23. Janssens, V., Longin, S., and Goris, J. (2008) PP2A holoenzyme assembly:
in cauda venenum (the sting is in the tail) Trends Biochem. Sci. 33,
113–121

24. Hernández, M. L., Martı́nez, M. J., López de Heredia, M., and Ochoa, B.
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