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The regulation of lipid homeostasis by insulin is mediated in
part by the enhanced transcription of the gene encoding sterol
regulatory element-binding protein-1c (SREBP-1c). The nas-
cent SREBP-1c is embedded in the endoplasmic reticulum (ER)
and must be transported to the Golgi where two sequential cleav-
ages generate its NH,-terminal fragment, nSREBP-1c. We have
shown recently that in primary cultures of rat hepatocytes, insulin
rapidly and selectively stimulates proteolytic processing of the nas-
cent SREBP-1c by enhancing the affinity of the SREBP cleavage-
activating protein (SCAP)-SREBP-1c complex for coatomer pro-
tein complex II (COPII) vesicles. The SCAP-SREBP complex is
retained in the ER by Insig proteins. We report here that insulin
persistently stimulates controlled proteolysis of the nascent
SREBP-1c by selectively reducing the level of Insig-2a protein via
accelerated degradation of its cognate mRNA. Insulin enhanced
the rate of turnover of Insig-2a mRNA via its 3'-untranslated
region. Insulin-induced depletion of Insig-2a promotes association
of the SCAP-SREBP-1c complex with COPII vesicles and subse-
quent migration to the Golgi where site-1 and site-2 proteases
process the nascent SREBP-1c. Consistent with this mechanism,
experimental knockdown of Insig-2a expression with small inter-
fering RNA mimicked insulin-induced proteolysis of the nascent
SREBP-1c, whereas exogenous expression of Insig-2a in hepato-
cytes led to reduced intramembrane proteolysis of the newly syn-
thesized SREBP-1c. The action of insulin on the processing of the
nascent SREBP-1c via Insig-2a was highly selective, as proteolysis
of the newly synthesized SREBP-2 remained unchanged under
identical conditions. On the basis of these data, we propose that the
stimulation of SREBP-1c processing by insulin is mediated by a
selective depletion of Insig-2a protein by promoting decay of its
cognate mRNA. Thus, insulin-induced reduction in Insig-2a pro-
tein leads to an enhanced export of the SCAP-SREBP-1c complex
from ER to the Golgi.
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Sterol-regulatory element-binding proteins (SREBPs), rep-
resented by SREBP-1a, SREBP-1c¢, and SREBP-2, are key tran-
scription factors that control a suite of genes involved in the
homeostatic regulation of cholesterol and lipid metabolism
(1-7). SREBP-1a and SREBP-1c, which differ only in their NH,-
terminal sequences, are derived from a single gene through the
use of alternative promoters, and SREBP-2 is encoded by a sep-
arate gene (8). Despite their structural similarities, the three
SREBPs regulate different metabolic pathways (5). SREBP-2 is
constitutively expressed in most tissues; in contrast, whereas
the SREBP-1a gene is preferentially expressed in transformed
cell lines, SREBP-1c is the predominant isoform expressed in
the liver and adipose tissue (9). The tissue-specific differences
in the expression of SREBP-1a, SREBP-1c¢, and SREBP-2 reflect
their unique functions as regulators of cell-specific gene
expression.

As key drivers of lipid homeostasis, the genes encoding
SREBPs are regulated in response to a number of nutritional
and hormonal stimuli by both transcriptional and posttran-
scriptional mechanisms of gene expression. The newly synthe-
sized SREBPs are embedded in the endoplasmic reticulum (ER)
via their two trans-membrane domains, whereas the NH,- and
COOH-terminal segments of the nascent SREBPs are exposed
to the cytoplasm. Within the ER, SREBPs are associated with
two integral membrane proteins, SCAP (SREBP cleavage-acti-
vating protein) and Insig-1 (insulin-induced gene product-1) or
Insig-2 (1, 2). Following their transport from the ER to the
Golgi, the nascent SREBPs undergo intramembrane proteoly-
sis, which liberates their transcriptionally active NH,-terminal
fragments. To maintain intracellular levels of sterols in a nar-
row range, the ER-to-Golgi transit and processing of the
cholesterol-regulating isoform SREBP-2 are dynamically con-
trolled by sterols that finely modulate the molecular interac-
tions of ER-loaded nascent SREBP-2 with Insig proteins and
SCAP. For example, when cholesterol levels are high, SCAP is
tightly associated with Insig-1, causing retention of the
SCAP-SREBP-2 complex in the ER and thus preventing proteo-

3 The abbreviations used are: SREBP, sterol regulatory element-binding pro-
tein; nSREBP, NH,-terminal fragment of SREBP; SCAP, SREBP cleavage-ac-
tivating protein; COPII, coatomer protein complexII; ER, endoplasmic retic-
ulum; ALLN, N-acetyl-leucyl-leucyl-norleucinal; CMV, cytomegalovirus;
PBS, phosphate-buffered saline; UTR, untranslated region; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; siRNA, small interfering RNA.
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lytic processing of the nascent SREBP-2. Conversely, when cho-
lesterol levels are depleted, Insig-1 dissociates from the
SCAP-SREBP-2 complex, thus facilitating its transport to the
Golgi where full-length SREBP-2 undergoes proteolysis to gen-
erate nSREBP-2.

Hepatic expression of the SREBP-1c isoform and its down-
stream targets has received considerable attention in recent
years. There is compelling evidence to suggest that altered
expression of SREBP-1c in the liver under hyperinsulinemic
conditions may be related causally to the mechanisms of hyper-
lipidemia associated with type II diabetes and obesity (10, 11).
Insulin potently stimulates expression of the SREBP-1c gene by
a “feed forward” mechanism of gene expression (11-13). It has
also been demonstrated that insulin not only stimulates tran-
scription of the SREBP-1c gene (14, 15) but also has a potent
effect on the rate of intramembrane proteolysis of the newly
synthesized SREBP-1c. The insulin-induced phosphorylation
of the nascent SREBP-1c leads to its more efficient transit from
the ER to the Golgi compartment, the site of proteolytic proc-
essing (16). However, the molecular details of the putative
mechanisms by which insulin enhances the biogenesis of
nSREBP-1c via more efficient posttranslational proteolysis are
unclear. In addition, although both SREBP-1c and -2 isoforms
are associated with the SCAP/Insig complex and similarly
undergo ER-to-Golgi transport and proteolytic processing,
they are selectively regulated by insulin and sterols, respectively
(16). The mechanism of this specificity is not clearly defined.

In this work, we show that persistent stimulation of
SREBP-1c processing by insulin in primary cultures of rat hepa-
tocytes is obligatorily dependent on its ability to reduce Insig-2a
gene expression. Insulin achieves this outcome by selectively
promoting the turnover of Insig-2a mRNA without affecting
the steady state level of either Insig-2b or Insig-1 mRNA. Fur-
thermore, we report that insulin mediates depletion of Insig-2a
protein by degradation of its cognate mRNA, thus promoting
the association between the SCAP-SREBP-1c complex and
Sec23-Sec24-containing COPII vesicles and their more rapid
transport to the Golgi.

MATERIALS AND METHODS

Reagents—Insulin, aprotinin, N-acetyl-leucyl-leucyl-nor-
leucinal (ALLN), dithiothreitol, leupeptin, sodium orthovana-
date, sodium deoxycholate, phenylmethylsulfonyl fluoride,
compactin, cycloheximide, actinomycin D, and HEPES were
purchased from Sigma. The Dual-Luciferase Reporter 1000
assay system, pGL3-basic vector, and pRL-null vector were
obtained from Promega Corp. (Madison, WI). Platinum PCR
SuperMix and Lipofectamine 2000 transfection reagent were
procured from Invitrogen. Protein A/G beads were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Plasmids—As described previously (16), the adenovirus con-
struct Ad-HisSREBP-1cFLAG was designed to express a rat
full-length SREBP-1c fused to six tandem copies of His epitope
tag at the NH, terminus and 3X FLAG tag at the COOH termi-
nus under the control of the CMV promoter. Ad-Insig-2aFLAG
vector was created by cloning a full-length rat Insig-2a-specific
c¢DNA that was cloned in-frame with a FLAG tag. Insig-2a-
specific cDNA was amplified by PCR using 5'-actgtcgacatggcg-
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gaagga-3’ (forward) and 5'-cgtgtcgacttcttgatgaga-3' (reverse)
containing an engineered Sall site. The PCR-amplified frag-
ments were ligated into the pShuttle-CMYV vector (Stratagene).
Then, a fragment encoding a 3X FLAG tag and a stop codon
(TGA) was introduced at the COOH terminus of Insig-2a
cDNA. The resulting plasmid was linearized with Pmel and
transformed into Escherichia coli B]5183-AD-1. Recombi-
nant adenovirus plasmid DNA was digested with Pacl and
introduced into AD-293 cells to prepare a stock of FLAG-
tagged Insig-2a adenovirus (Ad-Insig-2aFLAG). Recombi-
nant Ad-HisSREBP-1cFLAG, Ad-Insig-2aFLAG, and con-
trol Ad-LacZ viruses were propagated in AD-293 cells and
purified by CsCl density gradient centrifugation. Recombi-
nant SREBP-1c, Insig-2a, and control adenovirus stocks were
stored in PBS containing 10% glycerol at —80 °C until used.
Hepatocytes were infected at a multiplicity of infection of
10-30 for 16 to 24 h.

A plasmid vector used to investigate the role of 3'-untrans-
lated regions (3'-UTRs) in the posttranscriptional regulation of
Insig-2a mRNA turnover (pLuc/Insig-2a 3'-UTR) and a control
vector containing the 3'-UTR sequence of GAPDH (pLuc/
GAPDH 3’-UTR) were purchased from SwitchGear Genomics
(Menlo Park, CA). Both the Insig-2a and GAPDH constructs
were created on the backbone of the pSGG vector. The pLuc/
Insig-2a 3'-UTR contains an 1850-bp DNA encompassing the
entire 3’-UTR of human Insig-2a gene inserted downstream of
the firefly luciferase.

The promoter-luciferase construct pInsig-2a (—2496/+87)-
luc was constructed as follows. The rat genomic DNA was iso-
lated from tail biopsy using a Qiagen genomic DNA isolation kit
(Valencia, CA). A forward primer containing a Kpnl site (5'-
geggtaccctgacattggtg-3') and a reverse primer containing a
BglII site (5'-cgagatctgcagagatgtcagg-3') were used in PCR to
amplify a DNA fragment encompassing 2496 nucleotides
upstream of the transcriptional start site (+1) and 87 nucleo-
tides of the first exon from the rat Insig-2a gene. The PCR-
amplified DNA fragment was ligated into the multiple cloning
region upstream of the luciferase cDNA sequence of the pGL3-
basic vector (Promega). The pInsig-2a (—2496/+87)-luc plas-
mid was verified by DNA sequencing.

Culture of Primary Hepatocytes—Hepatocytes were obtained
from livers of male Sprague-Dawley rats (Harlan Laboratories,
Indianapolis, IN) by collagenase perfusion as described previ-
ously (17). Cells were suspended in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 5% fetal bovine serum
(Sigma), 10 mm glucose, 1 um dexamethasone, and 100 nm insu-
lin. Each 60-mm-diameter tissue culture dish was coated with
rat tail collagen (Collaborative Biochemical Products, Bedford,
MA) and seeded with 3 X 10° cells. After 4 h, nonadherent cells
were removed, and adherent cells were infected at a multiplicity
of infection of 10-30 with Ad-HisSREBP-1cFLAG, Ad-Insig-
2aFLAG, or Ad-LacZ virus. After infection of hepatocytes with
recombinant adenoviruses, cells were incubated in Dulbecco’s
modified Eagle’s medium with or without insulin (100 nm) for
24 h.

Transient Transfections and Luciferase Reporter Assays—DPri-
mary cultures of rat hepatocytes were incubated overnight with
1 ug of pInsig-2a (—2496/+87)-luc or pLuc-Insig-2a 3'-UTR plus
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1 g of pRL-null dispersed with 8 ul of Lipofectin reagent in RPMI
1640 medium. Cells were washed with 1 X PBS and incubated for a
further 24 h in RPMI 1640 medium containing 100 nm insulin, 20
mM glucose, and 100 nm dexamethasone alone. Cells were lysed,
and luciferase activity was quantified using a TD-20/20 luminom-
eter (Turner Designs, Sunnyvale, CA). The Dual-Luciferase
Reporter assay system was used to normalize for variation in trans-
fection efficiency, and the data were expressed as the ratio of Pho-
tinus to Renilla luciferase activity as outlined in detail elsewhere
(14, 15).

Preparation of Cell Total Extracts and Nuclear Extracts—Pri-
mary cultures of rat hepatocytes or McA-RH7777 rat hepatoma
cells (catalog no. CRL-1601, ATCC, Manassas, VA) were homog-
enized in cell lysis buffer (Santa Cruz Biotechnology) containing
protease and phosphatase inhibitors and then centrifuged at
10,000 X g for 10 min at 4 °C to obtain the supernatants that were
used as total cell extracts. Nuclear extracts were prepared accord-
ing toa published procedure (18) with minor modifications (16). In
brief, hepatocytes from five 60-mm plates were washed twice with
PBS and collected by centrifugation at 1,000 X g for 5 min. Pelleted
cells were then suspended by passage through a 25-gauge needle
10 times in 1 ml of lysis buffer (20 mm HEPES, pH 7.9, 10 mm NaCl,
1.5 mm MgCl,, 0.2 mm EDTA, 1 mm dithiothreitol, 1 mm phenyl-
methylsulfonyl fluoride, and 0.5% Nonidet P-40) and protease
inhibitor mixture (Sigma); the cell suspension was kept on ice for
10 min. Nuclei were pelleted by centrifugation at 500 X g for 10
min at 4 °C and washed once in the lysis buffer. The pelleted nuclei
were resuspended in a hypertonic buffer (20 mm HEPES, pH 7.9,
042 M NaCl, 1.5 mm MgCl,, 2.5% glycerol, 1 mm EDTA, 1 mm
EGTA, 1 mum dithiothreitol, 25 ug/ml ALLN, and protease inhib-
itor mixture), incubated for 30 min at 4 °C, and centrifuged at
25,000 X g for 30 min at 4 °C; the supernatant containing nuclear
proteins was collected.

Preparation of Microsomal Membranes—Microsomal mem-
branes were prepared according to a published procedure (19)
with minor modifications as outlined previously (16). Briefly,
hepatocytes were washed three times with ice-cold PBS,
scraped off the dish with a rubber policeman into 10 mm
HEPES-KOH, pH 7.2, 250 mMm sorbitol, 10 mm KOAg, and 1.5
mM Mg(OAc), plus protease inhibitors, and then broken with
20 passes through a 22-gauge syringe. The broken cells were
centrifuged at 500 X g for 10 min at 4 °C, and the supernatant
was recentrifuged at 16,000 X g for 20 min at 4 °C. The protein
extracted from the pellet containing ER, pre-Golgi, and Golgi
membranes was suspended in 20 mm HEPES, pH 7.2, 250 mMm
sorbitol, 50 mm KOAc, and 1 mm Mg(OAc), plus protease
inhibitors and subjected to SDS-PAGE and Western blot
analysis.

SDS-PAGE and Immunoblot Analysis—Protein concentra-
tions of total cellular and nuclear extracts were measured with a
BCA kit (Pierce Biotechnology), and equal amounts of protein
were subjected to SDS-PAGE. Proteins were transferred to
nitrocellulose membranes (Amersham Biosciences), and
immunoblot analysis was carried out with an ECL Plus Western
blotting detection kit (Amersham Biosciences) according to the
manufacturer’s instructions. Images were captured with a
phosphorimaging device (Bio-Rad) and quantified with Image]
software (from NIH Image). The following primary antibodies
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were used: anti-FLAG (F3040) from Sigma; and anti-His (SC-
8036), anti-SREBP1 (SC-13551), anti-SCAP (SC-9675), anti-hi-
stone H1 (SC-8030), anti-Insig-1 (SC-25124), anti-Insig-2 (SC-
34821), anti-Sec23 (SC-12107), anti-calnexin (SC-46669), and
anti-B-actin (SC-1616) from Santa Cruz Biotechnology.

Immunoprecipitation—Microsomal —extracts containing
500-1000 pg of protein from control and insulin-treated hepa-
tocytes were immunoprecipitated with 2 ug of anti-Sec23, anti-
Insig-2, or anti-Insig-1 antibodies overnight at 4 °C. The immu-
noprecipitated proteins were collected by incubation with 40 ul
of 50% (w/v) protein A/G-Sepharose beads followed by serial
washings with PBS and lysis buffer. The protein A/G-Sepharose
beads containing immunocomplexed protein were suspended
in 40 ul of Laemmli sample buffer, heated for 10 min in boiling
water, resolved by SDS-PAGE, and subjected to Western blot
analysis as described previously (16).

Isolation of RNA and Its Quantification by Real-time PCR—To-
tal RNA was isolated from primary cultures of rat hepatocytes by
using an RNeasy Mini Kit (Qiagen). Twenty microliters of RNA
was initially treated with DNase I (Ambion, Austin, TX) at 37 °C
for 1 h, and the RNA in the samples were quantified by measuring
absorbance at 260 nm. Equal amounts of DNA-free RNA were
used for the first-strand cDNA synthesis that was done by using a
SuperScript III first-strand synthesis kit (Invitrogen). Up to 1 ug of
RNA was mixed with 1 ul of ANTP mix (10 mm) and 1 ul of ran-
dom hexamers (50 ng/pul). Each sample was incubated at 70 °C for
10 min and then placed on ice for at least 2 min. Next, 2 ul of 10X
reverse transcriptase buffer, 4.5 ul of 25 mm MgCl,, 2 ul of 0.1 M
dithiothreitol, and 1 ul of RNaseOUT recombinant ribonuclease
inhibitor were added to each tube. After incubation at room tem-
perature for 2 min, 1 ul of SuperScript Il reverse transcriptase was
added to each sample. The samples were incubated sequentially at
room temperature for 10 min, at 42 °C for 1 h, and at 70 °C for 15
min. RNase H was then added to each tube, and each tube was
incubated at 37 °C for 20 min. Synthesized cDNA was mixed sub-
sequently with 2X SYBR Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA) and a set of forward and reverse primers and
quantified by real-time PCR analysis. The primers used were:
Insig-2a, 5'-cgctcttggttgecatgta-3' (forward) and 5'-tgatgagattttt-
gagcaataacttt-3' (reverse); Insig-1, 5'-atgtatcgcggtgtttgttg-3’ (for-
ward) and 5'-tcgatcaaacgtccacca-3' (reverse); and 18 S rRNA,
5'-cggctaccacatccaaggaa-3' (forward) and 5'-ttttcgtcactaccte-
cccg-3' (reverse). The parameters for real-time PCR were 95 °C for
11 min followed by 40 cycles of 95 °C for 30 s and 60 °C for 1 min;
parameters for the melt curve were 100 cycles of 10 s from 60 to
100 °C in increments of 0.4 °C. All reactions were performed in
triplicate. The relative amounts of mRNAs were calculated by
using the comparative Ct method.

Statistics—All experiments were repeated at least three
times; data are presented as mean * S.E. The data were ana-
lyzed by unpaired Student’s ¢ test using Prism 4.0 (GraphPad
Software, San Diego, CA). Quantifications with p values of
<0.05 were considered statistically significant.

RESULTS
Insulin Stimulates Processing of SREBP-1c in Rat Hepatocytes—Us-

ing adenovirus vectors designed to express the full-length SREBP-1c
in rat hepatocytes, we recently demonstrated that insulin potently and
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FIGURE 1. Insulin stimulates processing of SREBP-1c at 24 h. Hepatocytes
were infected with Ad-HisSREBP-1cFLAG and incubated in medium with or
without insulin (100 nm). ALLN (25 ug/ml) was added for the final 6 h of
incubation, and cells were harvested. Nuclear extracts were fractionated by
SDS-PAGE, and immunoblots were developed using anti-His or anti-histone
antibodies. Representative blots of triplicate samples of three experiments
are shown. B, densitometric quantification of nSREBP-1c bands shown in A.
The data are expressed as a percentage of control optical density of nSREBP-
1c-specific band. ¥, p < 0.05 versus control.

selectively stimulates proteolytic processing of the nascent SREBP-1¢
(16). We used a similar strategy here to extend these observations.
Specifically, we carried out experiments to test the hypothesis that
insulin-induced signals enhance the intramembrane proteolysis of
SREBP-1c by altering its association with ER-bound Insig and/or
COPII proteins. To accomplish this objective, we infected hepato-
cytes with Ad-HisSREBP-1cFLAG followed by incubation of these
cells in medium with or without 100 nM insulin for an additional 24 h.
To prevent degradation of the newly generated nSREBP-1c¢, we incu-
bated adenovirus-infected cells with the proteasomal inhibitor ALLN
(25 pg/ml) in the final 6 h before harvesting. We fractionated nuclear
protein extracts by SDS-PAGE, transferred the proteins to nylon
membranes, and reacted these blots with antibodies against His tag to
measure the accumulation of His-tagged nSREBP-1c. To measure
equivalencies of protein loading across various lanes, blots were sub-
sequently probed with a histone H1-specific antibody. Representative
Western blots from three independent experiments and quantifica-
tion of the resulting data are shown in Fig. 1. Consistent with previ-
ously published data, nuclear extracts prepared from insulin-treated
hepatocytes were more highly enriched in nSREBP-1c compared with
extracts from untreated cells; in insulin-treated hepatocytes, the
nuclear SREBP-1c was increased by more than 3-fold (Fig. 1).
Insulin Down-regulates Insig-2a Gene Expression—Two
highly conserved integral ER proteins, Insig-1 and Insig-2, are
critically involved in the ER-to-Golgi transport of the newly
synthesized SREBPs and in their intramembrane proteolysis.
Insig proteins bind to SCAP, thereby promoting its retention in
the ER and consequently preventing SCAP from escorting
SREBPs from the ER to the Golgi complex. It has been docu-
mented that sterols reduce the affinity of Insig-1 for the
SCAP-SREBP-2 complex, thus facilitating the transit of this
complex from the ER to the Golgi, where processing of
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SREBP-2 occurs. Under these conditions, Insig-1 is degraded by
the ubiquitin pathway (20, 21). In light of these observations, we
reasoned thatinsulin might also regulate the ER-to-Golgi trans-
port of the newly synthesized SREBP-1c by its ability to alter
interactions among Insig-1/Insig-2, SCAP-SREBP-1c, and
COPII proteins (i.e. the Sec23-Sec24 protein complex) in the
ER. Unlike Insig-1, which is expressed ubiquitously, Insig-2a is
expressed specifically in the liver, and it is known that insulin
reduces the Insig-2 mRNA in rat hepatocytes (22, 23). On the
basis of these observations, we hypothesized that a selective
diminution in the Insig-2a gene expression might be involved
mechanistically in the action of insulin on the processing of
SREBP-1c. To test this hypothesis experimentally, we began by
measuring the steady state levels of Insig-1, Insig-2a, and
Insig-2b mRNAs in control and insulin-treated primary cul-
tures of rat hepatocytes by real-time PCR analysis. As shown in
Fig. 24, insulin reduced the level of Insig-2a mRNA by more
than 5-fold. The effect of insulin on Insig-2a mRNA was selec-
tive, as the levels of Insig-1 and Insig-2b mRNAs in insulin-
treated hepatocytes remained unaltered.

To determine whether the insulin-mediated decline in
Insig-2a mRNA leads to a depletion of Insig-2a protein, we
extracted proteins from microsomal membranes prepared
from insulin-treated and untreated hepatocytes and probed
these proteins by Western blot using Insig-specific antibodies.
These blots were also probed with an antibody to calnexin, an
ER marker protein, to assess protein loading. As seen in a rep-
resentative Western blot (Fig. 2B), microsomes from insulin-
treated hepatocytes contained a lower amount of Insig-2 pro-
tein. Quantification of these blots revealed that insulin
treatment resulted in an ~3-fold reduction in the level of
Insig-2 protein without significantly affecting Insig-1 protein
(Fig. 2C). Because the Insig-2a transcript is the predominant
species in the liver, we interpreted these data to mean that insu-
lin selectively reduced the expression of the Insig-2a isoform.
However, our interpretation should be viewed with the caveat
that our antibodies did not distinguish between Insig-2a and
Insig-2b proteins.

Insulin Selectively Alters the Rate of Turnover of Insig-2a
mRNA—We next examined whether a reduction in the steady
state levels of Insig-2a mRNA in response to insulin was
because of its ability to repress transcription of the Insig-2a
gene or whether insulin achieved this outcome via selectively
accelerating the degradation of Insig-2a mRNA. To assess the
effect of insulin on the transcription of the Insig-2a gene, we
cloned a 2.5-kb DNA fragment representing the 5'-flanking
region of the Insig-2a gene and tested its potential for regula-
tion by insulin in primary cultures of rat hepatocytes. Cells were
transfected with a DNA construct in which expression of the
luciferase reporter was driven by the 5'-flanking region of the
Insig-2a gene. Luciferase expression in insulin-treated and
untreated hepatocytes was quantified as outlined previously
(15). As demonstrated in Fig. 3, insulin exerted no measurable
effect on the activity of the Insig-2a promoter-luciferase
reporter. On the basis of these analyses, we reasoned that a
reduction in the steady state of Insig-2a mRNA by insulin was
most likely because of its effect on the rate of turnover of
Insig-2a mRNA.
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FIGURE 2. Insulin selectively reduces the levels of Insig2A mRNA and pro-
tein. A, primary cultures of rat hepatocytes were treated with and without
insulin (100 nm) for 24 h, and RNA was isolated. The mRNA abundance of
Insig-1, Insig-2a, and Insig-2b was measured by real-time PCR analysis as
described under “Materials and Methods” using 18 S rRNA as the control. The
data are expressed as -fold induction of control Insig isoform(s) mRNA abun-
dance. B, hepatocytes were incubated with and without insulin (100 nm) for
24 h, and microsomes were isolated. Microsomal membranes were fraction-
ated by SDS-PAGE and immunoblotted using Insig-1, Insig-2, and calnexin
antibodies. Representative blots are shown. C, densitometric quantification
of Insig bands from duplicates of three independent experiments as shown in
B. The data are expressed as -fold control of Insig specific bands. *, p < 0.05
versus control.

To test this hypothesis, we carried out experiments to deter-
mine the rates of turnover of Insig-2a mRNA in untreated and
insulin-treated hepatocytes. Thus, primary cultures of rat hepa-
tocytes were preincubated for 8 h in the presence or absence of
insulin followed by incubation of these cells in growth medium
supplemented with a-amanitin (5 wg/ml) to block transcrip-
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FIGURE 3. Insulin does not activate the rat Insig-2a promoter. Primary
cultures of rat hepatocytes were transfected with pInsig-2a (—2496/+87)-luc
and pRL-null vector designed to express Renilla luciferase. Cells were then
incubated with or without insulin for 24 h. Cells were lysed, and luciferase
activity was quantified following normalization of transfection efficiency. The
data shown represent three independent experiments done in triplicate. The
Insig-2a-luc construct contains a —2496/+87 Insig-2a-specific genomic DNA
ligated upstream of the firefly luciferase in the pGL3-basic vector.

tion. At the end of this incubation, the steady state levels of
Insig-2a mRNA were quantified by real-time PCR analysis. As
shown in Fig. 44, in insulin-treated hepatocytes the half-life of
the Insig-2a mRNA was shortened from 9.0 to 4.0 h. A similar
reduction in the half-life of Insig-2a mRNA was observed when
the duration of insulin treatment was extended to 24 h (data not
shown). Because insulin had an insignificant effect on the turn-
over of Insig-1 mRNA in rat hepatocytes exposed to an identical
experimental regimen (Fig. 48), we believe that insulin selec-
tively promotes the rate of turnover of Insig-2a mRNA.

The AU-rich sequences in the 3’-UTRs of mRNAs are
thought to determine their unique rates of turnover, and in
principle, a given 3'-UTR can confer its regulatory properties
on a heterologous reporter mRNA (24). Guided by these ob-
servations, we investigated whether the insulin-mediated
enhanced turnover of Insig-2a mRNA could be regulated via its
cognate 3'-UTR. We transfected parallel cultures of hepato-
cytes with either pLuc/Insig-2a 3'-UTR DNA or a control vec-
tor, pLuc/GAPDH 3'-UTR. Cells were harvested 24—48 h
after transfection, and cell extracts were used to quantify
expression of the luciferase reporter. As shown in Fig. 4C,
luciferase activity was 60% lower in insulin-treated hepato-
cytes compared with their untreated counterparts. It is
apparent that the destabilizing effect of insulin on the lucif-
erase mRNA was mediated by the Insig-2a-specific 3'-UTR
because the expression of luciferase in hepatocytes trans-
fected with pLuc/GAPDH 3’-UTR DNA was similar regard-
less of the presence or absence of insulin in the medium (Fig.
4C). These studies show that insulin treatment specifically
accelerates the rate of degradation of Insig-2a mRNA via its
3'-UTR sequences. The molecular mechanisms involved in
selective insulin-induced decay of Insig-2a mRNA remain
unresolved. Conceivably, insulin could regulate the synthe-
sis of a putative AU-rich 3'-UTR-interacting protein(s) that
promotes mRNA degradation (24). Therefore, we measured
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FIGURE 4. Insulin accelerates the turnover rate of Insig-2a mRNA. Hepa-
tocytes were treated with and without insulin (100 nm) for 8 h, at which time
cells were treated with 5 um a-amanitin (time 0), and then RNA was isolated at
the indicated times. Insig-2a mRNA (A) and Insig-1 (B) mRNA abundance was
determined by real-time PCR analysis as described under “Materials and
Methods”; the results were normalized with respect to time 0 values. The first
order decay rate constants were derived and used to calculate half-life values.
C, schematic diagram of the pLuc/Insig-2a 3'-UTR reporter plasmid (upper
panel). Hepatocytes were transiently transfected with pRL-null and either the
pLuc/GAPDH 3’-UTR or pLuc/Insig-2a 3'-UTR construct and then incubated
with or without insulin (100 nm) for 24 h. Luciferase activity was measured as
described under “Materials and Methods.” The resulting firefly luciferase
activity was normalized against the corresponding Renilla luciferase activity.
Data are mean = S.E. of luciferase activity relative to untreated (Control) hepa-
tocytes transfected with pLuc/GAPDH 3’-UTR construct (n = 3 determina-
tions from three separate hepatocyte preparations). BP, basal promoter; MCS,
multicloning site. *, p < 0.05 versus control.

the steady state levels of Insig-2a mRNA in hepatocytes
treated with cycloheximide to inhibit de novo protein syn-
thesis. We discovered that blocking protein synthesis by
cycloheximide led to a complete elimination of the effect of
insulin on Insig-2a mRNA turnover (data not shown).
Reduced Expression of Insig-2a Mimics the Effect of Insulin on
Processing of Nascent SREBP-1c—To investigate the role of
Insig-2a in the processing of SREBP-1c, we knocked down the
expression of Insig-2a in rat hepatoma cells with Insig-2a
siRNA according to published procedures (25). As shown in
Fig. 54, real-time PCR analysis of mRNA abundance showed
that in cells transfected with a pool of three Insig-2a-specific
siRNAs (Ambion), the Insig-2a mRNA was knocked down by
about 75%. The effect of Insig-2a siRNA knockdown was iso-
form-specific, because the expression of Insig-1 or Insig-2b
mRNA remained unchanged under these conditions (Fig. 5A4).
To investigate whether the knockdown of Insig-2a mRNA
and protein affected the rate of proteolytic processing of the
nascent SREBP-1c, rat hepatoma cells were co-transfected with
Insig-2a siRNA and His-SREBP-1cFLAG plasmids. The micro-
somal membranes from cells expressing exogenous Insig-2a
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FIGURE 5. Knockdown of Insig-2a expression by Insig-2a siRNA selec-
tively promotes SREBP-1c processing. A, rat hepatoma cells were trans-
fected with or without Insig-2a siRNA or control siRNA targeting GAPDH, and
total RNA was isolated. The mRNA abundance of Insig-2a, Insig-2b, and
Insig-1 was measured by real-time PCR analysis as described under “Materials
and Methods”; 18 S rRNA was used as the control. The data are expressed as
-fold change in the expression of Insig mMRNA compared with mRNA levels
in untransfected cells. B, rat hepatoma cells were co-transfected with
pHisSREBP-1cFLAG plus either control siRNA for GAPDH or Insig-2a siRNA for
48 h, and cells were harvested. Nuclear extracts were separated by SDS-PAGE
and immunoblotted for anti-His or anti-histone H1 antibodies. A representa-
tive blot of microsomal proteins fractionated by SDS-PAGE and immuno-
blotted using anti-Insig-2 antibodies is shown. The slowly migrating band
above His-nSREBP-1c in the right two lanes represents the phosphorylated
form of His-nSREBP-1c.

siRNA and His-SREBP-1c-FLAG were assessed for the pres-
ence of Insig-2a protein; concomitantly, the nuclear extracts
were also processed to quantify the nSREBP-1c by His-antibod-
ies. As shown in Fig. 5B, Insig-2a-specific siRNA reduced the
levels of Insig-2 protein; these cells also elicited an ~50%
greater accumulation of His-nSREBP-1c in their nuclei. The
upper band seen in the last two lanes (Fig. 5B) depicting
His-nSREBP-1c is phosphorylated His-nSREBP-1c; the
appearance of the phosphorylated nSREBP-1c band varied
somewhat from experiment to experiment.* In striking con-
trast, a nonspecific siRNA (GAPDH) did not affect the
SREBP-1c processing (Fig. 5B).

Insig-2a Selectively Associates with the SCAP-SREBP-Ic
Complex—To undergo proteolytic cleavage, the nascent
SREBP-1c must be exported from the ER to the Golgi, prior to
which the SCAP-SREBP-1c complex must dissociate from the
ER retention protein, Insig. Therefore, we sought to determine
whether decreased expression of Insig-2a in response to insulin

4 C.R. Yellaturu, unpublished observations.
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FIGURE 6. Insig-1 and Insig-2a selectively associate with the

SCAP-SREBP-2 and SCAP-SREBP-1c complexes, respectively. Representa-
tive blots are shown in A-C. A, hepatocytes were incubated with and without
insulin for 24 h (100 nm), and microsomes were isolated. Microsomal mem-
branes were immunoprecipitated with anti-Insig-2 or preimmune IgG, frac-
tionated by SDS-PAGE, and immunoblotted for SREBP-1c or SREBP-2. B, fol-
lowing incubation of hepatocytes with or without insulin for 24 h,
microsomes were prepared. Microsomal membranes were immunoprecipi-
tated (/P) using anti-Insig-1 or preimmune IgG and analyzed by immunoblot-
ting using SREBP-1c or SREBP-2 antibodies. C, hepatocytes were transfected
with Insig-2a siRNA, and microsomes were isolated. Microsomal membranes
were immunoprecipitated with anti-Sec23 or preimmune IgG, fractionated
by SDS-PAGE, and immunoblotted for SCAP, SREBP-1c¢, or SREBP-2. D, densi-
tometric quantification of the amount of bound SCAP, SREBP-1¢, and
SREBP-2. Data are expressed as a percentage of change over control optical
density values of SCAP, SREBP-1c, and SREBP-2 bands. *, p < 0.05 versus
control.

correlated with a reduced binding of the SCAP-SREBP-1c com-
plex to Insig. We immunoprecipitated microsomal proteins
with Insig-1- or Insig-2-specific antibodies from control and
insulin-treated hepatocytes and assayed these extracts for the
presence of SREBP-1, SREBP-2, or Insig-2. As shown in Fig. 64,
SREBP-1c was coimmunoprecipitated with Insig-2a; this asso-
ciation was greatly decreased in hepatocytes treated with insu-
lin. We then tested whether the association/dissociation of
Insig-2a was specific for SREBP-1c. Consistent with the pub-
lished data showing that the SREBP-2 isoform is not subject to
insulin-mediated regulation (16), we found no detectable asso-
ciation of SREBP-2 with Insig-2a in immunoprecipitates
derived from either control or insulin-treated hepatocytes (Fig.
6A, middle panel). These findings indicate that Insig-2a selec-
tively associates with SREBP-1c and that insulin decreases this
association. To further corroborate the selectivity of associa-
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tion between Insig-2a and SREBP-1c, we immunoprecipitated
the sterol-regulated isoform Insig-1 (26) from control and insu-
lin-treated hepatocytes and assayed the immunoblots for the
presence of SREBP-1c and -2. As expected, SREBP-2 was asso-
ciated with Insig-1 (Fig. 6B). In contrast, SREBP-1c was not
detected in Insig-1 immunoprecipitates derived from either
untreated or insulin-treated hepatocytes (Fig. 6B, middle
panel). The presence of Insig-1 protein from the immunopre-
cipitated samples was confirmed by reprobing the Western
blots for Insig-1 (Fig. 6B, bottom panel). Overall, these data
support the conclusions that 1) Insig-2a selectively associates
with the SREBP-1c complex and 2) the effect of insulin to
enhance SREBP-1c processing results from the dissociation of
the Insig-2a-SREBP-1c complex.

Depletion of Insig-2a Increases the Association of the
SCAP-SREBP-1c Complex with COPII Proteins—The insulin-
mediated regulation of transport of SREBP-1c is initiated by
binding of the SCAP-SREBP-1c complex to COPII proteins
(Sec23-Sec24 protein complex) that bud from the ER. To deter-
mine whether depletion of Insig-2a promotes binding of the
SREBP-1c complex to COPII proteins, we knocked down the
expression of Insig-2a using siRNA and analyzed the associa-
tion of SREBP-1c with Sec23 in microsomes isolated from
Insig-2a-depleted hepatocytes. The Insig-2a-depleted micro-
somes were then immunoprecipitated with Sec23 followed by
immunoblotting with monospecific antibodies to detect the
presence of SCAP and SREBP-1c. Representative blots shown
in Fig. 6C illustrate that in Insig-2a-depleted microsomes the
amount of SCAP and SREBP-1c associated with Sec23 was sig-
nificantly increased. To examine whether depletion of Insig-2a
specifically regulated the SREBP-1c:SCAP complex, we also
probed these blots for the presence of SREBP-2. In contrast to
its effect on SREBP-1c, Insig-2a depletion had no effect on the
association of SREBP-2 and Sec23 (Fig. 6C, bottom panel).
Quantification of the Western blots from three independent
experiments shown in Fig. 6D demonstrated a 2—3-fold greater
presence of SREBP-1c and SCAP in Insig-2a-depleted microso-
mal membranes. These data indicate that Insig-2a depletion
leads to selective enrichment of SCAP and SREBP-1c¢ proteins
in COPII vesicles.

Insig-2a Overexpression Attenuates Insulin-enhanced SREBP-1c
Processing—Another prediction of our postulated mechanism of
the action of insulin on the posttranslational processing of
SREBP-1c would be that if depletion of Insig-2a by insulin leads to
increased migration of the newly synthesized SCAP-SREBP-1c
complex from the ER to the Golgi, then overexpression of Insig-2a
would lead to an opposite outcome. To test this scenario, we
infected hepatocytes with AdHisSREBP-1cFLAG with or without
co-infection of FLAG-tagged Insig-2a (AdCMV-Insig-2aFLAG)
and then assessed the effect of insulin on the processing of the
nascent SREBP-1c. As shown in Fig. 7, insulin enhanced the proc-
essing of SREBP-1g; this effect was markedly attenuated in hepa-
tocytes co-expressing exogenous Insig-2a. These results are
consistent with the interpretation that under conditions of
high insulin, reduced Insig-2a mediates enhanced SREBP-1c
processing.
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FIGURE 7. Exogenous expression of Insig-2a in primary cultures of rat
hepatocytes inhibits SREBP-1c processing by insulin. A, hepatocytes co-
infected with Ad-HisSREBP-1cFLAG and Ad-Insig2aFLAG or Ad-LacZ were
incubated in medium containing insulin (100 nm) or without additions for
24 h. ALLN (25 png/ml) was added during the final 6 h of incubation, and cells
were harvested. Nuclear extracts were fractionated by SDS-PAGE, and immu-
noblots were developed using anti-His or anti-histone antibodies. Microso-
mal fraction was immunoblotted with anti-FLAG antibodies to assess the
expression of Insig-2a (bottom panel). B, densitometric quantification of
nSREBP-1c bands from three independent blots as shown in A; the data are
expressed as a percentage of control optical density of the nSREBP-1c-spe-
cific band. *, p < 0.05 versus control; **, p < 0.05 versus insulin treatment.
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(16, 28, 29, 30) and the data contained in this paper.
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FIGURE 8. Proposed model of isoform-specific regulation of ER-to-Golgi export of SREBPs in response to
sterol depletion and insulin. Under the conditions of sterol depletion, Insig-1 dissociates from the
SCAP-SREBP-2 and SCAP-SREBP-1a complexes and is targeted for proteasomal degradation. Concomitantly,
the SCAP-SREBP-2 and SCAP-SREBP-1a complexes are transported via COPII proteins from the ER to the Golgi,
where proteolytic processing occurs (upper panel). SCAP-SREBP-1c associates preferentially with Insig-2a iso-
form in the liver and is retained in the ER membrane. Insulin treatment selectively degrades Insig-2a mRNA
leading to depletion of Insig-2a protein (depicted as a discontinuous line in the lipid bilayer). This in turns leads
to enhanced association of SCAP-SREBP-1c with COPII proteins and their export from the ER to the Golgi and
enhanced generation of nSREBP-1c (lower panel). These models are based on results from earlier publications
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DISCUSSION

SREBP-1cis the primary regulator of insulin-induced hepatic
lipogenesis. Insulin induces expression of SREBP-1c mRNA
and its encoded protein (11-14, 27), which must be transported
to the Golgi for regulated proteolysis to release the transcription-
ally active NH, terminus (nSREBP). We reported previously that
insulin selectively enhances ER-to-Golgi transport and controls
proteolytic cleavage of nascent SREBP-1c by promoting phosphor-
ylation-dependent binding of SCAP-SREBP-1c to COPII proteins
(16). However, the SCAP-SREBP-1c complex must also dissociate
from the ER retention protein, Insig, for ER-to-Golgi transport to
occur. We now report that an additional effect of insulin is to pro-
mote the ER-to-Golgi transport of SCAP-SREBP-1c via depletion
of Insig-2a. We have further demonstrated that insulin selec-
tively enhances the rate of turnover of Insig-2a mRNA and
leads to the depletion of Insig-2a protein. The resulting
reduced availability of Insig-2a protein allows association of
the SREBP-1c-SCAP complex with COPII proteins, thereby
facilitating ER-to-Golgi transport and proteolytic processing
of nascent SREBP-1c.

There are several possible mechanisms by which insulin could
enhance the processing of SREBP-1c. Previous studies have ele-
gantly defined the role of Insig-1 in regulating the posttranslational
processing of the SREBP-2 isoform by cholesterol (21, 26). On the
basis of the preliminary observation of rapid decline in levels of
Insig-2a mRNA following insulin administration, we (23) and oth-
ers (22) have suggested that reduced expression of Insig-2a protein
isinvolved in insulin-mediated enhanced proteolytic processing of
nascent full-length SREBP-1c. By assessing the contrasting effects
of suppression and overexpression of
Insig-2a on the COPII-dependent
ER-to-Golgi transport of the SREBP-
1c-SCAP complex, the current study
provides strong mechanistic evidence
in support of this hypothesis. Our
data further show that Insig-2a pro-
tein associates selectively with the
SREBP-1c¢-SCAP complex and that
insulin preferentially represses Insig-
2a, thereby forming a mechanistic
basis for the selectivity of the effect of
insulin on SREBP-1c processing. In
contrast, we demonstrated that
Insig-1 was specifically associated
with the SCAP-SREBP-2 complex.
ON the basis of a number of previous
observations (28-30) and the data
presented here, we present a mecha-
nistic scheme that depicts dif-feren-
tial posttranscriptional regula-tion of
SREBP-1c and SREBP-2 pro-teins by
insulin and cholesterol, respectively
(Fig. 8).

The present study provides impor-
tant insights into the mechanisms by
which insulin reduces Insig-2a ex-
pression. We have shown that the
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promoter of rat Insig-2a is unresponsive to insulin in transfected
hepatocytes. Although we cannot completely exclude transcrip-
tional repression, the weight of our experimental evidence points
to reduced mRNA stability as the major mechanism by which
insulin reduces Insig-2a mRNA levels. Insulin is known to desta-
bilize the insulin-responsive mRNAs encoding for phosphoenol-
pyruvate carboxykinase, glucose transporter 4, and glycogen syn-
thase (31), but the pathways by which the stability of these mRNAs
is controlled by insulin remain unknown. Further studies are
needed to unravel the cis-acting element and trans-acting factors
involved in the destabilization of Insig-2a mRNA in response to
insulin. Identification of the precise 3'-UTR elements and proteins
that bind to these sequences may reveal the molecular basis of
insulin regulation not only for Insig-2a expression but also for
other genes that are posttranscriptionally regulated by insulin.
We have previously shown that short term (1 h) insulin treat-
ment rapidly enhances SREBP-1c processing via phosphoryla-
tion of the nascent SREBP-1c (16). The current study presents
an additional and complementary mechanism of insulin-in-
duced Insig-2a repression whereby longer term regulation of
SREBP-1c processing is effected. Furthermore, we speculate
that phosphorylation of SREBP-1c by insulin may also reduce
the association of Insig-2a with the SCAP-SREBP-1c complex,
as dissociation of Insig-2a is a requisite step for ER-to-Golgi
transport of the nascent SREBP-1c prior to its proteolysis.
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