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Stimulating the Expression of Their Target Genes, Low
Density Lipoprotein Uptake, and Lipid Synthesis™
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The destiny and activity of sterol regulatory element-binding
proteins (SREBPs) in the nucleus are regulated by modification
with ubiquitin, small ubiquitin-like modifier (SUMO), or phos-
phorus. ERK-dependent phosphorylation causes an increase in
their transcriptional activity, whereas SUMO modification halts
it. We hypothesized a causal linkage between phosphorylation
and sumoylation because their sites are very closely located in
SREBP-1 and -2 molecules. When Ser*>°, a phosphorylation site
in SREBP-2, was substituted with Ala, this SREBP-2 mutant was
more efficiently modified by SUMO-1. On the other hand,
substitution of Asp inhibited SUMO conjugation, mimicking
phosphoserine. When cells were cultured with insulin-like
growth factor-1, sumoylation of SREBP-2 was decreased with
an increase in its phosphorylation, but SREBP-2(S455A) was
continuously sumoylated. An ERK cascade inhibitor, U0126,
inversely augmented SUMO modification of SREBP-2. Insu-
lin-like growth factor-1 treatment stimulated the expression
of SREBP target genes such as the low density lipoprotein
(LDL) receptor, squalene synthase, and hydroxymethylglu-
taryl-CoA synthase genes. These results indicate that growth
factor-induced phosphorylation of SREBP-2 inhibits sumoy-
lation, thereby facilitating SREBP transcriptional activity.
Glutathione S-transferase pulldown assays revealed that
wild-type SREBP-2, but not a mutant lacking Lys*%, interacts
with HDAC3 preferentially among the histone deacetylase
family members. HDAC3 small interfering RNA induced gene
expression of the LDL receptor and thereby augmented fluores-
cently labeled LDL uptake in HepG2 cells. In summary, growth
factors inhibit sumoylation of SREBPs through their phosphoryla-
tion, thus avoiding the recruitment of an HDAC3 corepressor com-
plex and stimulating the lipid uptake and synthesis required for cell
growth.
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Sterol regulatory element-binding proteins (SREBPs)? regu-
late a wide variety of genes involved in cholesterol and fatty acid
synthesis and low density lipoprotein (LDL) uptake (1). SREBPs
are synthesized as membrane proteins located on the endoplas-
mic reticulum (ER) and thereafter are processed to liberate the
N-terminal halves that function as transcription factors in the
nucleus. The proteolytic processing of SREBPs is highly con-
trolled by the interaction between two ER membrane proteins,
the SREBP cleavage-activating protein (SCAP) and insulin-in-
ducing gene (INSIG). Once the content of ER membrane cho-
lesterol increases, SCAP, an SREBP-associated protein that
binds cholesterol, induces conformational change and becomes
attached to INSIG, thereby remaining on the ER membrane.
Because the proteolytic processing occurs on the Golgi mem-
brane where two processing enzymes reside, SREBPs together
with SCAP on the ER membrane are never processed, and
therefore, cholesterol is a critical determinant of SREBP activa-
tion. In contrast, under cholesterol-depleted conditions, an
SREBP-SCAP complex is transferred to the Golgi apparatus,
and thereafter, the proteolytic activation of SREBPs occurs.

The transcriptional activity of active SREBPs that are trans-
located into the nucleus is affected by various modifications,
including phosphorylation, ubiquitylation, and sumoylation. In
cells arrested at G,/M, the transcriptional and DNA-binding
activities of the nuclear form of SREBP-1, but not SREBP-2, are
increased after being hyperphosphorylated (2). On the other
hand, the growth hormone-induced MAPKs ERK1 and ERK2
phosphorylate SREBPs and up-regulate their transcriptional
activity (3-5). Moreover, phosphorylation of SREBP-1 is
enhanced in response to DNA binding and thereby promotes
recruitment of the ubiquitin ligase Fbw?7, with degradation car-
ried out by the ubiquitin-proteasome system (6, 7). Independ-
ently of ubiquitylation in SREBP-1 and -2, SREBPs are modified
by another ubiquitin-like protein, SUMO (8, 9). This modifica-

2 The abbreviations used are: SREBPs, sterol regulatory element-binding pro-
teins; LDL, low density lipoprotein; ER, endoplasmic reticulum; SCAP,
SREBP cleavage-activating protein; INSIG, insulin-inducing gene; MAPK,
mitogen-activated protein kinase; ERK, extracellular signal-regulated
kinase; SUMO, small ubiquitin-like modifier; IGF-1, insulin-like growth fac-
tor-1; LDLR, LDL receptor; NEM, N-ethylmaleimide; TSA, trichostatin A; GST,
glutathione S-transferase; HA, hemagglutinin; SRE, sterol regulatory ele-
ment; siRNA, small interfering RNA; Dil, 1,1'-dioctadecyl-3,3,3',3'-tetra-
methylindocarbocyanine; HMG, hydroxymethylglutaryl; HDACs, histone
deacetylases.
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tion does not affect a rapid turnover of the transcription factors
but rather impairs their transcriptional activity.

Here, we report a novel link between the phosphorylation
and sumoylation of SREBPs in response to growth hormone
stimuli. Based on the fact that the ERK-induced phosphoryla-
tion sites in SREBP-1 and -2 are located very close to sumoyla-
tion sites (4, 5, 8), we hypothesized that there might be a causal
linkage between these two modifications because of their oppo-
site effects on transcriptional activity. We found that mutation
of the phosphorylation site stimulated sumoylation and that
insulin-like growth factor-1 (IGF-1) treatment reduced sumoy-
lation along with an increase in the phosphorylation of SREBPs.
Sumoylation of SREBPs triggered recruitment of a corepressor
complex containing HDACS3, thereby impairing their tran-
scriptional activity. HDAC3 knockdown elevated gene expres-
sion of the LDL receptor (LDLR) and the uptake of LDL in
Hep@G2 cells. Thus, these results demonstrate that growth hor-
mones stimulate the lipid synthesis and uptake required for cell
growth through an increase in SREBP activity because of a
reduction in sumoylation.

EXPERIMENTAL PROCEDURES

Materials—Cholesterol, 25-hydroxycholesterol, lipopro-
tein-deficient serum, N-ethylmaleimide (NEM), protease
inhibitor mixture, and trichostatin A (TSA) were purchased
from Sigma. IGF-1 was from R&D Systems. Calpain inhibitor I
(N-acetyl-Leu-Leu-norleucinal) was from Nacalai Tesque, and
U0126 was from Calbiochem.

Cultured Cells—COS-1, HepG2, and HEK293 cells were
maintained in medium A (Dulbecco’s modified Eagle’s medium
containing 100 units/ml penicillin and 100 pg/ml streptomy-
cin) supplemented with 10% fetal bovine serum at 37 °C under
5% CO, atmosphere.

Antibodies—Anti-FLAG (M2), anti-glutathione S-transfer-
ase (GST), and anti-HDAC3 antibodies were purchased from
Sigma. Anti-SREBP-1 (2A4) antibody was from Santa Cruz Bio-
technology. Anti-hemagglutinin (HA) antibody was from
Covance. Anti-phospho-p44/42 ERK (Thr>**/Tyr***) and anti-
p44/42 ERK (Thr?°*/Tyr***) antibodies were from Cell Signal-
ing Technology. Anti-SREBP-2 polyclonal antibody has been
described previously (22).

Plasmids—An expression plasmid for HA-HDAC3
(pcDNA-HDAC3-HA) was kindly provided by Dr. Minoru
Yoshida (RIKEN). An expression plasmid for HA-SUMO-1
(pCAG-HA-SUMO-1) (23) was kindly provided by Dr. Tak-
ayuki Ohshima (Tokushima Bunri University). The expression
plasmids for SREBP-1a and -2 (pME-GST-SREBP-1a and -2,
pCMV-3XFLAG-SREBP-1aand -2, and pGAL4-SREBP-1aand
-2) were described previously (8). Expression plasmids for var-
ious mutant versions of SREBP-1a and -2 were generated using
a site-directed mutagenesis kit (Stratagene).

In Vivo GST Pulldown and Immunoprecipitation
Experiments—CQOS-1 and HepG2 cells (100-mm dishes) were
transfected with the indicated plasmids (6 ng each) using Lipo-
fectamine 2000 (Invitrogen). 36 h later, the cells were harvested
and lysed with radioimmune precipitation assay buffer (50 mm
Tris-HCI (pH 7.4), 1 mm EDTA, 150 mm NaCl, 1% Nonidet
P-40, and 0.25% sodium deoxycholate) supplemented with 1
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mM phenylmethylsulfonyl fluoride, 10 mM NEM, 50 um
N-acetyl-Leu-Leu-norleucinal, and 0.1% protease inhibitor
mixture on ice for 30 min. The lysates were centrifuged at
15,000 rpm for 10 min at 4 °C, and the supernatant was incu-
bated with 50 ul of a 50% slurry of glutathione-Sepharose 4B
(GE Healthcare) or immunoprecipitated with the indicated
antibody with 50 ul of a 50% slurry of protein G-Sepharose
CL-4B (GE Healthcare). The beads were washed three times
with 500 ul of radioimmune precipitation assay buffer, and the
specifically bound proteins were pelleted, resuspended with
sample buffer, and subjected to immunoblot analysis.

[??P]Orthophosphate Labeling Experiments—COS-1 cells
transfected with various expression plasmids were precultured
with a phosphate-free medium for 6 h and then radiolabeled
with [*?P]orthophosphate (300 wCi/ml; GE Healthcare) for sev-
eral hours. The cells were harvested and lysed with phosphate
buffer containing phosphatase inhibitors. The lysates were sub-
jected to immunoprecipitation with anti-FLAG antibodies. The
signals on the membrane were quantified using a Fujifilm FLA-
3000 image analyzing system.

Luciferase Assays—Reporter assays were performed as
described previously (24, 25).

Chromatin  Immunoprecipitation Assays—Chromatin
immunoprecipitation assays were performed as described pre-
viously (26). PCR was performed with the following primers:
LDLR forward, 5'-CTCTTCACCGGAGACCCAAA-3'; and
LDLR reverse, 5'-GGCCCACGTCATTTACAGCA-3'. The
primers generate a 226-bp fragment containing a sterol regula-
tory element (SRE) of the human LDLR promoter. Fragments
amplified by PCR were analyzed on 1% agarose gel.

Small Interfering RNA Experiments—The small interfering
RNA (siRNA; 150 pmol/6-well plate, 30 pmol/24-well plate) for
human HDAC3 (nucleotides 1170-1190 (GCUGAACCAUG-
CACCUAGUGU) in NM_003883) (14) and the control
(GCGCGCUUUGUAGGAUUCAG, the sequence of Scramble IT
duplex by Dharmacon) were transfected using Lipofectamine
RNAiIMAX (Invitrogen) into HepG2 cells according to the
manufacturer’s instructions. 72 h later, the cells were harvested
and subjected to immunoblot analysis, luciferase assays, and
LDL uptake assays.

LDL Uptake Assays—HepG2 cells transfected with siRNA
against human HDAC3 68 h prior to assays were incubated
with 10 pg/ml Dil-labeled LDL (Molecular Probes) for 4 h and
washed with phosphate-buffered saline. Intracellular fluores-
cence staining was visualized using an Olympus IX70 micro-
scope. The fluorescence intensity was measured by Fluoroskan
Ascent (Thermo Electron Corp.).

RESULTS

Ser®™* of SREBP-2 Is Critical for SUMO-1 Conjugation at
Lys*®*—We have reported previously that the human nuclear
form of SREBP-1 has two sumoylation sites and that SREBP-2
has one site (8). Fig. 1A shows that these sumoylation sites are
located close to the phosphorylation sites of ERK1/2 that are
activated by growth factors such as platelet-derived growth fac-
tor and insulin, as reported previously (4, 5). To examine
whether there is any causal linkage between the phosphoryla-
tion and sumoylation occurring at these closely situated amino
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FIGURE 1. Importance of Ser*® for sumoylation at Lys*5* in SREBP-2. A, a
schematic diagram of SREBP-1 and -2 is shown. White rectangles indicate the
major phosphorylation sites by ERK, and black rectangles indicate the sumoy-
lation sites (4, 5, 8). B, COS-1 cells were transfected with one of the expression
plasmids for FLAG-SREBP-2. After a 12-h preincubation with a phosphate-free
medium, the cells were radiolabeled with [*?Plorthophosphate for 4 h. The
cell lysates were subjected to immunoprecipitation (/P) with anti-FLAG anti-
bodies, and the signals were quantified with a Fujifilm FLA-3000 image ana-
lyzing system. Aliquots of pellets of immunoprecipitates were subjected to
immunoblotting (IB) with anti-FLAG antibodies. The signals were quantified
with a Fujifilm LAS-3000 Luminolmager. -Fold change was calculated by the
ratio of the intensity between the immunoprecipitation and immunoblot sig-
nals. The intensity of wild-type (WT) SREBP-2 was setas 1. Cand D, COS-1 cells
were transfected with expression plasmids for HA-SUMO-1 and GST-SREBP-2
(wild-type or mutant) as indicated. 36 h later, the cells were harvested, lysed,
and subjected to GST pulldown with glutathione-Sepharose resins as
described under “Experimental Procedures.” Aliquots of GST pulldown were
subjected to SDS-PAGE and immunoblotting with anti-HA or anti-GST anti-
bodies. -Fold change was calculated by the ratio of the intensity between the
SUMO-conjugated (~106 kDa) and unconjugated (~95 kDa) SREBP-2 signals.
The ratio of wild-type SREBP-2 was set as 1. The same results were obtained in
more than three separate experiments.

acid residues, we focused on analyzing SREBP-2 in the subse-
quent experiments simply because it is less cumbersome and
complicated to analyze a single sumoylation site localized in
SREBP-2 and because the SUMO-conjugated band of SREBP-2
on immunoblots is more sharply distinct than the SUMO-con-
jugated bands of SREBP-1. When various mutant versions of
SREBP-2 lacking one or two phosphorylation sites were
expressed in COS-1 cells in the presence of [*?P]orthophos-
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FIGURE 2. Effect of ERK activation by IGF-1 on the sumoylation of
SREBP-2. A, COS-1 cells were transfected with expression plasmids for HA-
SUMO-1 and FLAG-SREBP-2 (wild-type (WT) or mutant). The cells were treated
with 30 nm IGF-1 for the indicated periods after a 6-h preincubation with a
serum-free medium. The whole cell extracts (WCE) were subjected to immu-
noprecipitation (/P) with anti-FLAG antibodies. Aliquots of whole cell extracts
and pellets of immunoprecipitates were subjected to SDS-PAGE and immu-
noblot (/B) analysis. The whole cell extracts were immunoblotted with anti-
phospho-ERK (p-ERK) or anti-ERK antibodies. The pellets of immunoprecipi-
tates were immunoblotted with anti-HA or anti-FLAG antibodies. -Fold
change was calculated by the ratio of the intensity between the SUMO-con-
jugated (~79 kDa) and unconjugated (~68 kDa) SREBP-2 signals. The ratio at
0time was setas 1.8, COS-1 cells were transfected with an expression plasmid
for FLAG-SREBP-2. After a 12-h preincubation in a phosphate-free medium,
the cells were radiolabeled with [*?Plorthophosphate for 6 h in the presence
of 30 nm IGF-1 for the indicated periods. The cell lysates were subjected to
immunoprecipitation with anti-FLAG antibodies. Aliquots of pellets of immu-
noprecipitates were subjected to immunoblotting with anti-FLAG antibod-
ies. -Fold change was calculated by the ratio of the intensity between the
immunoprecipitation and immunoblot signals. The ratio at 0 time was set as
1. The same results were obtained in more than three separate experiments.

phate, the less phosphorylated SREBP-2 was immunoprecipi-
tated by an Ala substitution for Ser***> and/or Ser*** (Fig. 1B),
suggesting that they are major phosphorylation sites. The cal-
culated molecular mass of these phosphorylated forms of
SREBP-2 is close to that of FLAG-tagged SREBP (~68 kDa), but
distinct from that of the sumoylated form (~79 kDa) (Fig. 24),
indicating that the phosphorylated forms of SREBP-2 are not
sumoylated. Next, we examined sumoylation at Lys*** of these
mutant versions of SREBP-2 in cells that expressed HA-tagged
SUMO-1. GST pulldown experiments revealed that Ala substi-
tution for Ser®®® augmented the SUMO-1 conjugation of
SREBP-2 by almost 5-fold (Fig. 1C). Mutation of another phos-
phorylation site (Ser**?) had no effect, but Asp substitution for
Ser®®® reduced SUMO-1 conjugation by 10% of wild-type
SREBP-2. These results suggest that Ser®*? is critical for sumoy-
lation at Lys*®* and that phosphorylation at Ser®® and an Asp
substitution that mimics phosphoserine might negatively reg-
ulate SUMO-1 conjugation.

A previous study demonstrated that SREBP-2 has a highly
conserved motif (WKXEXXSP; Lys*** and Ser*®®) for phospho-
rylation-dependent SUMO modification of multiple targets
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such as GATA-1 and heat shock factors (10). To explore the
possibility that Ser*®® is involved in SUMO-1 modification of
SREBP-2, mutant versions of GST-SREBP-2 were expressed in
COS-1 cells, and their sumoylation was analyzed. Neither Ala
nor Asp substitution for Ser*®*® had any effect on SUMO mod-
ification at Lys*** (Fig. 1D). Taken together, it is likely that
phosphorylation at Ser*®, which is thought to be enhanced by
growth factor stimuli (5), but not at Ser®®’, affects SUMO-1
conjugation at Lys*®* of SREBP-2. In the case of SREBP-1a, we
found that Ser''”, a phosphorylation site targeted by growth
factor stimuli (4), is also critical for SUMO-1 conjugation at
Lys'**, which is a predominant sumoylation site of SREBP-1a
(supplemental Fig. S1).

IGF-I-activated ERK Inhibits SUMO-1 Modification of
SREBP-2—Next, we examined which growth factor efficiently
stimulates the ERK cascade in COS-1 cells and found that
IGF-1 effectively activated the ERK pathway (Fig. 24). Activa-
tion of ERK was observed by 6 h after IGF-1 treatment. When
cells expressed FLAG-tagged wild-type SREBP-2, SUMO-1
modification of SREBP-2 was diminished after IGF-1 treatment
in a time-dependent manner (Fig. 2A4). Because wild-type
SREBP-2 was highly (5-fold) phosphorylated at 3 and 6 h after
IGF-1 treatment (Fig. 2B), it is likely that the preceding phos-
phorylation at Ser®*® in turn inhibited the sumoylation at Lys*®*
observed at 6 h (Fig. 24). On the other hand, mutant SREBP-2
with an Ala substitution for Ser*®> was continuously sumoy-
lated, even after the activation of ERK (Fig. 24). The S455A
mutant was slightly phosphorylated (~1.5-fold) in response to
IGF-1 treatment (Fig. 2B).

When cells were treated with the ERK cascade inhibitor
U0126, SUMO-1modification of SREBP-2 wasaugmented time-
dependently (Fig. 34). In this experiment, HepG2 cells, in
which the basal level of phosphorylated ERK was higher than in
COS-1 cells, were used to inactivate the ERK activities by
U0126. There was no alteration in SUMO-1 modification of
SREBP-2(S455A). When COS-1 cells were treated with both
IGF-1 and U0126, the IGF-1 effect on sumoylation was abol-
ished (Fig. 3B). Furthermore, sumoylation of endogenous
SREBP-2 was observed in HepG2 cells cultured under choles-
terol-depleted conditions to increase in the amount of the
nuclear active form of SREBP-2. Immunoblot analysis of
nuclear extracts using anti-SREBP-2 antibodies revealed that
the bands corresponding to the mature form of SREBP-2 and
sumoylated SREBP-2 were observed only when cells were cul-
tured under the cholesterol-depleted conditions (Fig. 3C, first
and second lanes). In the presence of U0126, the upper band
increased, as shown in Fig. 34, but significantly decreased in the
absence of NEM, a desumoylation inhibitor (¢hird and fourth
lanes), suggesting that the upper band is likely to correspond to
sumoylated SREBP-2. These results clearly indicate that phos-
phorylation at Ser**® stimulated by IGF-1 treatment strongly
inhibits SUMO-1 conjugation at Lys*** of SREBP-2.

IGF-1 Treatment Induces the Expression of SREBP Target
Genes through Stimulation of SREBP Transcriptional Activities—
We have reported previously that SUMO-1 modification of
SREBP-1 and -2 suppresses their transcriptional activities (8).
Based on the finding that IGF-1 reduces SUMO modification of
SREBP-2, it seems likely that IGF-1 treatment of COS-1 cells
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FIGURE 3. Effect of an ERK inhibitor (U0126) on the sumoylation of
SREBP-2. A, HepG2 cells were transfected with expression plasmids for HA-
SUMO-1 and FLAG-SREBP-2 (wild-type (WT) or mutant). The cells were treated
with 20 um U0126 for the indicated periods, and the whole cell extracts (WCE)
were subjected to immunoprecipitation (/P) with anti-FLAG antibodies. Ali-
quots of whole cell extracts and pellets of immunoprecipitates were sub-
jected to SDS-PAGE and immunoblot (/B) analysis. The whole cell extracts
were immunoblotted with anti-phospho-ERK (p-ERK) or anti-ERK antibodies.
The pellets ofimmunoprecipitates were immunoblotted with anti-FLAG anti-
bodies. -Fold change was calculated by the ratio of the intensity between the
SUMO-conjugated (~79 kDa) and unconjugated (~68 kDa) SREBP-2 signals.
Theratioat0time was setas 1. B, COS-1 cells were transfected with expression
plasmids for HA-SUMO-1 and FLAG-SREBP-2 (wild-type or mutant). The cells
were treated with 30 nm IGF-1 and/or 20 um U0126 for 4 h, and the whole cell
extracts were analyzed in the same manner as described for Fig. 2C. -Fold
change was calculated by the ratio of the intensity between the SUMO-con-
jugated (~79 kDa) and unconjugated (~68 kDa) SREBP-2 signals. The ratio
without IGF-1 and U0126 was set as 1. C, HepG2 cells were cultured with
medium A containing 5% lipoprotein-deficient serum supplemented with
either 1 ug/ml 25-hydroxycholesterol plus 10 ug/ml cholesterol (cholesterol-
loaded conditions; Sterol+) or 50 um pravastatin (HMG-CoA reductase inhib-
itor) plus 50 um sodium mevalonate (cholesterol-depleted conditions; Ste-
rol—) for 12 h to increase the amount of endogenous active SREBPs in the
nucleus. The cells (Sterol—) were treated with or without 20 um U0126 for 6 h
and harvested with nuclear extraction buffer with or without 10 mm NEM (8,
9). The nuclear extracts were subjected to SDS-PAGE and immunoblotted
with anti-SREBP-2 antibodies. The same results were obtained in more than
three separate experiments.

enhances the expression of SREBP target genes. To investigate
this possibility, luciferase assays using various reporter genes
(the human LDLR, squalene synthase, and hydroxymethylglu-
taryl (HMG)-CoA synthase promoters) were performed in
COS-1 cells cultured under sterol-depleted conditions to
increase the amount of nuclear forms of endogenous SREBPs.
The promoter activities of three SREBP target genes were
highly up-regulated under the sterol-depleted condition (3— 8-
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FIGURE 4. 1GF-1 stimulates the expression of SREBP target genes through
inhibition of sumoylation. A, COS-1 cells were transfected with 100 ng of
reporter plasmid containing the human LDLR, squalene synthase (5QS), or
HMG-CoA synthase (HMGS) promoter and 10 ng of pRL-CMV. The cells were
cultured under cholesterol-depleted conditions for 24 h to increase the
amount of endogenous active SREBPs in the nucleus. After the cells were
further incubated with or without IGF-1 for 12 h, luciferase assays were per-
formed. The promoter activities in the absence of IGF-1 were set as 1. All data
are presented as the means = S.D. of three independent experiments per-
formed in triplicate. *, p < 0.05. Con, control. B, COS-1 cells were cultured
under cholesterol-depleted or cholesterol-loaded conditions for 12 h and fur-
ther incubated with 30 nm IGF-1 for 6 h. All cells were incubated with 50 um
N-acetyl-Leu-Leu-norleucinal for the last 4 h to stabilize the nuclear form of
SREBPs. The whole cell extracts (WCE) and nuclear extracts were subjected to
immunoblotting (/B) with anti-SREBP-1, anti-SREBP-2, or anti-B-actin antibod-
ies. The asterisks mark the nonspecific bands observed in all lanes. The same
results were obtained in more than three separate experiments. C, COS-1 cells
were transfected with expression plasmid for 300 ng of Gal4-SREBP-2 (either
wild-type (WT) or mutant), 100 ng of pG5-Luc containing five copies of the
Gal4-binding sites, and 10 ng of pRL-CMV and cultured under cholesterol-
loaded conditions for 48 h to remove the possibility of unexpected effects of
endogenous SREBPs in the nucleus. The cells were incubated with 30 nmIGF-1
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fold induction by depletion) (data not shown) and were further
elevated by IGF-1 treatment for 12 h (Fig. 44). When the
mutant reporter gene of the LDLR promoter lacking an SRE
sequence was used, there was not any induction of lucifer-
ase activities for 12 h (data not shown), suggesting that the
observed increase in the promoter activities in Fig. 4A was
caused by SREBP effects. Although a previous report demon-
strated that growth factors increased the amount of the nuclear
SREBPs by up-regulating SREBP processing through the action
of phosphatidylinositol 3-kinase (11), in the current experi-
ment, the amounts of nuclear SREBP-1 and -2, which were fully
increased by sterol depletion, were not further elevated by
IGF-1 treatment (Fig. 4B, second and third lanes in all panels).
Therefore, it is likely that the augmented SREBP activities occur
by blocking SUMO conjugation rather than stimulating SREBP
processing, which is responsible for the IGF-1-induced lucifer-
ase activities observed in Fig. 44. Although we observed non-
specific bands (marked by asterisks) just above the mature
SREBP-2 bands (marked by arrows) in Fig. 4B (second panel), it
is likely that the upper nonspecific bands are not sumoylated
SREBP-2 bands because the COS-1 cell lysates were prepared
without NEM, a desumoylation inhibitor, which was essential
for detection of sumoylated SREBP-2 in HepG2 cells (Fig. 3C).
To further confirm the IGF-1-mediated SREBP activation, we
employed a heterologous Gal4 system using expression plas-
mids encoding a nuclear form of SREBP-2 with or without a
mutation coupled to the DNA-binding domain of yeast Gal4.
This assay system allows direct evaluation of the effect of IGF-1
on the transcriptional activity of SREBP-2, independent of the
possible effect on SREBP processing. Consistent with our pre-
vious finding (8), mutation of the sumoylation site (K464R)
stimulated the transcriptional activity of SREBP-2 by >3-fold,
but mutation of the phosphorylation site (S455A) had no effect
(Fig. 4C). IGF-1 treatment for longer than 6 h significantly
transactivated wild-type SREBP-2, but not mutant SREBP-2
missing the sumoylation (K464R) or phosphorylation (S455A)
site. These results suggest that phosphorylation at Ser**®
induced by IGF-1 treatment enhances the transcriptional activity
through blocking sumoylation at Lys***. Supplemental Fig. S2 also
shows that IGF-1 stimulated the SREBP-1a transcriptional activity
as long as one of the sumoylation sites (Lys'*®) and the phospho-
rylation site (Ser''”) were intact, suggesting that the phosphoryla-
tion at Ser''” induced by IGF-1 treatment is crucial for regulating
the transcriptional activity of SREBP-1a.

HDACS3 Is Involved in the Sumoylation-mediated Suppres-
sion of the SREBP Transcriptional Activity— The above findings
prompted us to examine what kinds of repressors are recruited
to suppress the SREBP transcriptional activity in response to
SUMO conjugation. To verify the involvement of histone
deacetylases (HDACs) in the suppression, we first treated cells
with TSA, an HDAC inhibitor. The SREBP transcriptional
activity was enhanced when cells expressing Gal4-SREBP-2
(wild-type) were incubated with TSA, whereas there was no

for the indicated periods, and luciferase assays were then performed. The
promoter activities driven by pGAL4-SREBP-2WT without IGF-1 treatment
were setas 1. Alldata are presented as the means =+ S.D. of three independent
experiments performed in triplicate. *, p < 0.05.
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FIGURE 5. Involvement of HDAC3 in sumoylation-dependent suppres-
sion of SREBP transcriptional activity. A, HEK293 cells were transfected
with expression plasmid for 300 ng of Gal4-SREBP-2 (either wild-type (WT) or
mutant), 100 ng of pG5-Luc containing five copies of the Gal4-binding sites,
and 10 ng of pRL-CMV and cultured under cholesterol-loaded conditions for
48 h. The cells were incubated with 330 nm TSA for the last 6 h. The promoter
activities without TSA treatment were set as 1. All data are presented as the
means * S.D. of three independent experiments performed in triplicate.
*, p < 0.05. B, HEK293 cells were transfected with expression plasmids for
HA-HDAC3 and either GST-SREBP-2 (wild-type or K464R) or GST. The cells
were analyzed in the same manner as described for Fig. 1C. The same results
were obtained in more than three separate experiments. C, HepG2 cells were
transfected with either control (Con) or HDAC3 siRNA and incubated for 72 h.
The cell lysates were subjected to SDS-PAGE and immunoblotting (/B) with
anti-HDAC3 or anti-B-actin antibodies, and total RNA was subjected to real-
time PCR analysis. Relative mRNA levels were obtained after normalizing to
the S17 rRNA protein transcript. All data are presented as the means =+ S.D. of
three independent experiments performed in triplicate. *, p < 0.05. HMGS,
HMG-CoA synthase; FAS, fatty acid synthase. D, HepG2 cells were transfected
with either control (siCon) or HDAC3 (siHDAC3) siRNA together with 300 ng of
expression plasmid for Gal4-SREBP-2 (either wild-type or mutant K464R), 100
ng of pG5-Luc, and 10 ng of pRL-CMV. After a 4-day incubation, luciferase
assays were performed. The promoter activities in the presence of the control
siRNA were set as 1. All data are presented as the means * S.D. of three
independent experiments performed in triplicate. *, p < 0.05.

effect on the K464R mutant activity, suggesting that part of
sumoylation-mediated reduction in SREBP activity is caused by
the functions of HDACs (Fig. 54). On the other hand, a previ-
ous study demonstrated that TSA attenuates the activity of ERK
kinases (27). This effect should have down-regulated the SREBP
transcriptional activity in this assay, but the result was just the
opposite. To clarify which family member of HDAC can make a
complex with SREBP-2, both GST-SREBP-2 and HA-HDAC
were expressed in HEK293 cells, and GST pulldown experi-
ments were performed. Immunoblotting with anti-HA anti-
body revealed that HDAC3 from among the family members
was exclusively co-precipitable with GST-SREBP-2 (data not
shown). When GST-SREBP-2(K464R), an SREBP-2 mutant
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lacking the sumoylation site, or GST was expressed, these pro-
teins did not make a complex with HA-HDACS3 (Fig. 5B), sug-
gesting that SUMO conjugation is required for formation of the
complex. GST-SREBP-1 also formed a complex with HDAC3
(data not shown).

We next examined whether knockdown of endogenous
HDAC3 with siRNA enhances the expression of SREBP target
genes. When endogenous HDAC3 was significantly decreased
by siRNA, the mRNA levels of the LDLR, HMG-CoA synthase,
and fatty acid synthase were elevated (Fig. 5C). Moreover, the
effect of HDAC3 knockdown on SREBP-2 transcriptional activ-
ity was confirmed using a heterologous Gal4 system. When
cells were treated with siRNA for HDAC3, the luciferase activ-
ities driven by Gal4-SREBP-2, but not by the Gal4-SREBP-2
mutant, were significantly augmented (Fig. 5D). HDAC2 siRNA
did not have any effect in the same assay system (data not
shown). These results indicate that sumoylation of wild-type
SREBP-2 suppresses its transcriptional activity through the
recruitment of HDAC3.

We further examined whether HDAC3 knockdown leads to
anincrease in the LDLR protein. The uptake of Dil-labeled LDL
in HepG2 cells was stimulated by HDAC3 siRNA treatment
under cholesterol-depleted conditions, but not under choles-
terol-loaded conditions, where only a negligible amount of
active SREBPs exist in the nucleus (Fig. 6A4). Moreover, chro-
matin immunoprecipitation assays revealed that wild-type
SREBP-2 was capable of recruiting HDAC3 to the SRE
sequence in the human LDLR promoter, whereas mutation of
the sumoylation site (Lys*®*) abolished this recruitment (Fig.
6B). The same results were also obtained using a primer set
covering an SRE in the human HMG-CoA synthase gene pro-
moter (data not shown). These results indicate that the
increased uptake of Dil-labeled LDL by HDAC3 knockdown is
mediated by removal of an HDAC3-containing corepressor
complex located on the SRE sequence in the LDLR promoter.
During the entire course of in vitro GST pulldown experiments
using recombinant HDAC3 and sumoylated SREBP-2 proteins
under various conditions, no direct interaction between the
two proteins was verified (data not shown). It seems likely that
HDAC3 works as one of the components forming a corepressor
complex that is recruited in response to sumoylation of
SREBP-2 (see schematic diagram in Fig. 6B).

DISCUSSION

In this study, we have shown that sumoylation of SREBPs
constitutively attenuates their transcriptional activity through
recruitment of a corepressor complex that includes HDAC3.
This attenuation is reversed by activation of the MAPK path-
way driven by IGF-1, which causes reduced sumoylation of
SREBPs. Based on the fact that the phosphorylation sites of
SREBP-1 and -2 are located within 10 amino acid residues
of the sumoylation sites, it is likely that the phosphorylation of
SREBPs interferes with sumoylation. Although in these exper-
iments we focused only on SUMO-1, we have confirmed that
SREBP-2 is modified by a single molecule of SUMO-2 or -3 at
Lys*** (supplemental Fig. S3). Growth hormone stimuli appear
to enhance the uptake and synthesis of cholesterol and fatty
acid to provide a sufficiency of the membrane lipids required
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FIGURE 6. HDAC3 knockdown stimulates the uptake of Dil-labeled LDL in
HepG2 cells. A, HepG2 cells were transfected with either the control (siCon)
or HDAC3 (siHDAC3) siRNA and then cultured for 60 h. The cells were further
cultured under cholesterol-loaded (Sterol+) or cholesterol-depleted (Ste-
rol—) conditions for 12 h. The cells were placed in medium supplemented
with 10 wg/ml Dil-labeled LDL for the last 4 h. The cells were washed, fixed,
and examined by fluorescence microscopy (left). The fluorescence intensity
was measured using a fluorometer (right). The fluorescence intensity in the
cells cultured under cholesterol-loaded conditions with the control siRNA
was set as 1. Data are represented as the means =+ S.D. of three independent
experiments performed in triplicate. *, p < 0.05. B, HEK293 cells were trans-
fected with expression plasmids for HA-HDAC3 and FLAG-SREBP-2 (either
wild-type (WT) or K464R) and processed for chromatin immunoprecipitation
analyses as described under “Experimental Procedures.” After immunopre-
cipitation (/P) with anti-HA or anti-FLAG antibodies, PCR was performed with
the primer set covering an SRE in the human LDLR promoter. 1% of the sam-
ples before immunoprecipitation were subjected to PCR as a control (input).
The same results were obtained in more than three separate experiments. A
schematic diagram of the SREBP-HDAC3 complex formation on the SRE
sequence is shown.

for the cell growth that takes place in a short period of time
accompanied by a rapid increase in the SREBP transcriptional
activities through an inhibition of SUMO conjugation. Growth
factor-induced activation of SREBPs through the MAPK path-
way has been proposed as one of the mechanisms responsible
for the up-regulation of lipid synthesis in a subset of cancer cells
(12). It was also demonstrated previously that growth factors,
including platelet-derived growth factor and insulin, stimulate
the proteolytic activation of SREBPs, thereby inducing mem-
brane lipid synthesis in an SREBP-dependent manner (11). Itis
therefore conceivable that both the quantitative increase and
qualitative activation of SREBPs are achieved by the sequential
induction of signal transduction pathways in response to
growth factor stimuli.

Previous studies demonstrated that phosphorylation of the
transcription factor Elk-1 in response to activation of the
MAPK pathway also results in a rapid loss of SUMO modifica-
tion of EIk-1, leading to an increase in its transcriptional activity
(13). Unlike SREBPs, Elk-1 is modified by SUMO-1 and -2 at
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both Lys®*° and Lys** at a distance from the phosphorylation
site (Ser383) and thereafter recruits a corepressor Complex con-
taining HDAC2 (14). Another SUMO-conjugated transcrip-
tion factor, p300, recruits HDAC6 through direct protein-
protein interaction (15). These HDAC family members are
thought to contain a SUMO-binding motif ((V/I)X(V/I)(V/I))
that exists in nearly all proteins known to be involved in SUMO-
dependent processes (16). Based on the fact that HDAC3 also
contains a couple of SUMO-binding motif-like sequences, we
examined a direct interaction between SUMO-conjugated
SREBP-2 and HDACS3. Using an Escherichia coli overexpres-
sion system in which substrate proteins are efficiently modified
with SUMO by the action of SUMO-activating enzyme and
SUMO carrier protein stably expressed in the bacteria (17),
highly sumoylated GST-SREBP-2 protein was prepared, and
GST pulldown experiments together with in vitro translation of
%>S-labeled HDAC3 were carried out. There was not any detect-
able interaction observed in this assay (data not shown), sug-
gesting that HDACS3 is likely to be recruited in a SUMO-de-
pendent manner as a component of a corepressor complex. In
this study, we found that SREBP-2(S455A), which lacks a phos-
phorylation site, is highly modified by SUMO-1 because of the
absence of phosphorylation-dependent interference with
sumoylation (Fig. 1C). Contrary to our expectation, this mutant
form barely formed a complex with HDAC3 (supplemental Fig.
S4), and its transcriptional activity was almost equal to that of
wild-type SREBP-2 (Fig. 4C). This indicates that the recruit-
ment of HDAC3, not SUMO conjugation itself, is critical for the
SUMO-dependent repression of the transcriptional activity of
SREBP-2. Furthermore, a chimeric protein composed of
mutant SREBP-2 lacking a sumoylation site (K464R) and the
SUMO-1 molecule (amino acids 1-95 lacking two Gly residues
at the C terminus) fused to the C terminus of SREBP-2 also did
not form a complex with HDAC3 (supplemental Fig. S4). These
results indicate that both the SUMO-1 molecule binding to
Lys*** and its neighboring amino acid sequence of SREBP-2,
including Ser**®, must be recognized by an as yet unidentified
associated protein that is a component of the HDAC3-contain-
ing corepressor complex. The investigation to identify compo-
nents of the complex other than HDACS3 and to elucidate the
mechanism for the SUMO-dependent protein-protein interac-
tion is now under way.

With the increase in the number of proteins modified by
SUMO, which have been identified over the past 10 years, it has
become obvious that the effects of SUMO conjugation are
diverse and largely dependent on the function of the protein
targeted for sumoylation. A recent finding that a subunit of
kainate receptors on the neuronal surface is conjugated with
SUMO in response to kainate or glutamate, thereafter being
rapidly internalized, highlights a novel role for this protein
modification on the membrane (18), whereas sumoylation has
been almost exclusively studied in the context of nuclear pro-
teins. Most of these nuclear proteins are in some way involved
in regulating transcription. For example, sumoylation of the
transcription factors c-Myb and IRF-1, SREBPs, and several
nuclear receptors results in down-regulation of their transcrip-
tional activities (8, 19-21). However, the mechanism by which
SUMO modification reduces their transcriptional capacity and
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how the switching between sumoylation and desumoylation of
the substrate proteins is regulated remain unresolved. This
study shows that sumoylation of SREBPs triggers recruitment
of an HDAC3-containing corepressor complex, which reduces
their transcriptional activity. In addition, phosphorylation of
SREBPs through activation of the MAPKs by growth factors
competes with sumoylation of the target proteins, thereby
enhancing their transcriptional function of stimulating mem-
brane lipid synthesis. Furthermore, it is still puzzling that IGF-1
treatment or HDAC3 knockdown brings about an almost 2-fold
increase in the transcriptional activity of SREBPs (Figs. 4C and
5D), even though a small portion of SREBPs are detected in the
SUMO-conjugated form upon immunoblotting (Fig. 1, C and
D). It would appear that sumoylation is essential to recruiting
an HDAC3-containing corepressor complex and that this
SREBP/HDAC3-containing complex, once formed, does not
require the SUMO moiety any longer, even though SUMO is
rapidly separated from SREBPs through a sumoylation-and-
desumoylation cycle. It is furthermore conceivable that the
phosphorylation of SREBPs induced by growth factor stimuli, if
this occurred prior to sumoylation, would strongly inhibit
recruitment of the corepressor complex, resulting in an effec-
tive up-regulation of SREBP transcriptional activity. To identify
the protein component(s) of the HDAC3-containing corepres-
sor complex responsible for the direct interaction, mass spec-
trometry studies using recombinant SUMO-conjugated SREBP
protein are now being undertaken.
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