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Abstract

The 5’ end of the mRNA-encoding sterol regulatory ele-
ment binding protein-1 (SREBP-1) exists in two forms, des-
ignated la and 1c. The divergence results from the use of
two transcription start sites that produce two separate 5’ ex-
ons, each of which is spliced to a common exon 2. Here we
show that the ratio of SREBP-1c to la transcripts varies
markedly among organs of the adult mouse. At one extreme
is the liver, in which the 1c transcript predominates by a 9:1
ratio. High 1c:1a ratios are also found in mouse adrenal
gland and adipose tissue and in human liver and adrenal
gland. At the other extreme is the spleen, which shows a re-
versed 1c:1a ratio (1:10). In five different lines of cultured
cells, including the HepG2 line derived from human hepato-
cytes, the 1a transcript predominated (1c:1a ratio < 1:2). In
mouse 3T3-L1 preadipocytes, the 1a transcript was present,
but the 1c transcript was not detectable. When these cells
were differentiated into adipocytes by hormone treatment
in culture, the amount of 1a transcript rose markedly (8.2-
fold), and the 1c transcript remained virtually undetectable.
We conclude that the SREBP-1a and 1c transcripts are con-
trolled independently by regulatory regions that respond
differentially to organ-specific and metabolic factors. (J.
Clin. Invest. 1997. 99:838-845.) Key words: SREBP-1 . al-
ternative splicing « cholesterol « fatty acids « liver « adipo-
cytes

Introduction

Sterol regulatory element binding proteins (SREBPs) are
membrane-bound transcription factors that control the metab-
olism of cholesterol and fatty acids in animal cells (1-5). The
SREBPs are tripartite proteins consisting of: (a) an NH,-ter-
minal domain of ~ 480 amino acids that is a transcriptional ac-
tivator of the basic-helix-loop-helix-leucine zipper family; (b) a
hairpin membrane anchor domain of ~ 80 amino acids com-
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prising two transmembrane segments separated by a 31-amino
acid hydrophilic loop; and (¢) a COOH-terminal domain of
~ 590 amino acids that plays a regulatory role (6, 7). Newly
synthesized SREBPs are bound to cell membranes in a hairpin
fashion. The NH ,-terminal and COOH-terminal segments
face the cytosol and the intervening hydrophilic loop projects
into the lumen of the nuclear envelope and endoplasmic
reticulum (6). In cholesterol-depleted cells a two-step pro-
teolytic process releases the NH,-terminal fragments (8), al-
lowing them to enter the nucleus where they bind to sterol reg-
ulatory elements and activate transcription of genes encoding
enzymes of cholesterol synthesis (3-hydroxy-3-methylglutaryl
coenzyme A [HMG CoA] synthase, HMG CoA reductase, far-
nesyl diphosphate synthase, squalene synthase), cholesterol
uptake (LDL receptor), and fatty acid synthesis (acetyl CoA
carboxylase and fatty acid synthase) (1-5). When tissue culture
cells are overloaded with sterols, the proteolytic process is in-
hibited, the NH,-terminal fragments are not released, and
transcription of the target genes declines (1, 8).

Two SREBPs, designated SREBP-1 and -2, have been iso-
lated and cloned from several mammalian species (9-13). Hu-
man SREBP-1 and -2 are ~ 50% identical in amino acid se-
quence (10). They share the tripartite structure, and they both
have the capacity to activate the same genes. Although the two
proteins can form heterodimers, this does not appear neces-
sary for their function (10). In tissue culture cells such as Chi-
nese hamster ovary cells or human HeLa cells, the proteolytic
processing of the two SREBPs is regulated coordinately.
Cleavage of both proteins is enhanced by sterol depletion and
inhibited by sterol supplementation (1, 8). A different pattern
of regulation was observed in hamster liver (14). In the basal
state on a normal chow diet, SREBP-1 was proteolytically pro-
cessed, and the NH,-terminal fragment was found in the nu-
cleus. SREBP-2 was present in smaller amounts, and all of it
was membrane bound. When the livers were depleted of ste-
rols by treating the animals with a combination of a cholesterol
synthesis inhibitor (lovastatin) and a bile acid binding resin
(Colestipol), the amount of SREBP-2 rose, and the efficiency
of its proteolytic processing increased. Paradoxically, the pro-
teolytic processing of SREBP-1 was inhibited. This reciprocal
regulation suggested that SREBP-1 and -2 might be playing
different roles in the liver (14). A possible clue stems from the
observation that SREBP-1, but not SREBP-2, exists in several
different forms as a result of alternative exon usage (9, 15).

The cloning of human SREBP-1 from a HeLa cell library
yielded cDNAs with two different 5’ ends (9). These are de-
rived from two different promoters that give rise to two differ-
ent 5’ exons (exons la and 1c), both of which are spliced to a
common exon 2 (reference 15; see Fig. 1). The version desig-
nated SREBP-1a contains a 5’ exon that encodes a long acidic
sequence of 29 amino acids, 8 of which are negatively charged.
This sequence functions in concert with four negatively-
charged amino acids from exon 2 to constitute a transcriptional
activator of 42 amino acids. Deletion of this region (residues 1-



51) allows SREBP-1a to bind to the SRE-1 sequence, but it
can no longer activate transcription, and so it becomes a domi-
nant negative regulator (11). The alternative form, designated
SREBP-1c, contains a 5’ exon that encodes only 5 amino acids,
one of which is negatively charged (reference 9; see Fig. 1).
Recent experiments in transfected cells have shown that
SREBP-1c is a much weaker activator of transcription than
SREBP-1a when both are expressed at levels approximating
those found in nontransfected cells (15a).

In addition to the alternative coding sequences at the 5
end, SREBP-1 mRNAs can have alternative coding sequences
at the 3’ end (9, 15). One version terminates with exons 18a
and 19a. This version was originally found in a cDNA that con-
tained the SREBP-1a sequence at the 5' end. The other ver-
sion contains alternate exons 18c and 19c. Transfection of cells
with cDNAs encoding SREBP-1a with exons 18a and 19a
yields a protein that is cleaved efficiently in sterol-depleted
cells to generate the active NH,-terminal fragment (7). Cleav-
age of this protein is suppressed almost completely by sterol
overloading. In contrast, the version of SREBP-1a that termi-
nates in exons 18c and 19c is cleaved at lower efficiency, and
there is no suppression by sterols (7). In CHO cells exons 18a
and 19a predominate (11). As a result, cleavage of endogenous
SREBP-1 is regulated efficiently by sterols. So far, exons 18c
and 19c have been observed only in the human genome (15).
We have been unable to find exons 18c or 19c¢ in the mouse ge-
nome or in cDNAs cloned from mouse liver.

A rat cDNA designated ADD1, which encodes SREBP-1,
was cloned by Tontonoz et al. (13) from a rat adipocyte library.
ADDI1 contains the SREBP-1c sequence at the 5" end. The 3’

Table 1. Sequences of PCR Primers for Cloning cDNA Fragments

end is difficult to interpret. Computer alignment of the human
SREBP-1 and rat ADD1 cDNA sequences reveals that the 3'
end of ADD1 corresponds to the 3" end of SREBP-1a at the
DNA level. The situation is confused at the protein level be-
cause there appears to be five single nucleotide additions or
deletions in the ADD1 sequence that change the reading
frame and introduce a premature terminator codon after
amino acid 920. If one corrects for these apparent aberrations,
which occur in the region corresponding to exons 16 and 17 of
human SREBP-1, the translated sequence of the 3' end of rat
ADDI1 corresponds to human SREBP1a.

In the current studies, we have focussed on the alternative
versions of exon 1 of SREBP-1, which are designated 1a and
1c, respectively. We have devised RNase protection assays to
quantify the two transcripts, and we have found that the la
exon predominates in all five cultured cell lines studied to
date, including mouse 3T3-L1 cells that have differentiated
into adipocytes. In contrast, the 1c exon predominates in liver,
white and brown adipose tissue, adrenal gland, and several
other tissues of the adult mouse.

Methods

Materials and methods. We obtained all restriction enzymes and mod-
ifying enzymes from New England Biolabs (Boston, MA), [a-2P]CTP
(3,000 Ci/mmol) from Amersham Corp. (Arlington Heights, IL), and
other chemicals from Sigma Chemical Co., (St. Louis, MO). Sequenc-
ing reactions were performed on a DNA sequencer by the dideoxy
chain termination method. Oligonucleotides were synthesized on a
DNA synthesizer (380A; Applied Biosystems). Plasmid DNA was
prepared with Plasmid Maxi kits (Qiagen, Chatsworth, CA). Total

Primer PCR
cRNA Probe pair Primer sequences product Reference
Mouse bp

SREBP-1a 5’ 5'-TAGTCCGAAGCCGGGTGGGCGCCGGCGCCAT-3’ 106 This paper
3 5'-GATGTCGTTCAAAACCGCTGTGTGTCCAGTTC-3’

SREBP-1c 5 5'-ATCGGCGCGGAAGCTGTCGGGGTAGCGTC-3’ 116 This paper
3 5'-ACTGTCTTGGTTGTTGATGAGCTGGAGCAT-3'

SREBP-2 5 5'-CACAATATCATTGAAAAGCGCTACCGGTCC-3' 200 This paper
3 S'-TTTTTCTGATTGGCCAGCTTCAGCACCATG-3’

LDL receptor 5’ 5'-GAAGTCGACACTGTACTGACCACC-3' 210 19
3 5'-CTCCTCATTCCCTCTGCCAGCCAT-3'

HMG CoA synthase 5 5'-TATGATGGTGTAGATGCTGGGAAGTATACC-3' 224 20,21
3 5'-TCAAACAGCTGCATCAAATTAG(T/A)CTTCAC-3’

HMG CoA reductase 5 5'-GCAATAGGTCTTGGTGGAGGTGCCAGC-3' 269 22,23
3 5'-GAAATCATGTTCATCCCCATGGCATC-3’

Lipoprotein lipase 5’ 5'-GTGGCCGCAGCAGACGCAGGAAGA-3' 355 24
3 5'-CATCCAGTTGATGAATCTGGCCAC-3’

B-actin 5 5'-GGTCGTACCACAGGCATTGTGATG-3' 80 25
3 5'-GGAGAGCATAGCCCTCGTAGATGG-3'

Human

SREBP-1a 5’ 5'-TCAGCGAGGCGGCTTTGGAGCAG-3' 80 9
3 5'-CATGTCTTCGATGTCGGTCAG-3’

SREBP-1c 5’ 5'-GGAGGGGTAGGGCCAACGGCCT-3’ 80 9
3 5'-CATGTCTTCGAAAGTGCAATCC-3’

B-actin 5 5'-AAGATGACCCAGATCATGTTTGAG-3’ 50 26
3 5'-ACGTACATGGCTGGGGTGTTG-3’
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RNA from cultured cells and animal tissues was prepared by the
guanidinium thiocyanate/phenol/chloroform method (16).

Cloning of partial cDNAs encoding mouse SREBP-1 and SREBP-2.
A partial cDNA encoding a fragment of mouse SREBP-1 corre-
sponding to amino acids 36 to 378 in hamster SREBP-1 (11) was ob-
tained by reverse transcriptase-PCR (RT-PCR) from first strand
c¢DNA using mouse liver poly(A)* RNA as a template and degener-
ate primers derived from conserved human (9) and hamster (11)
SREBP-1 sequences, as follows: 5’ primer, 5'-TCAACAACCAA-
GACAGTGACTTCCCTGGCC-3', corresponding to amino acids 36
to 45 in both human and hamster SREBP-1; and 3’ primer, 5'-GTT-
CTCCTGCTTGAG(C/T)TTCTGGTTGCTGTG-3', corresponding
to amino acids 369 to 378 in hamster SREBP-1 and 375 to 384 in hu-
man SREBP-1.

A partial cDNA encoding a fragment of mouse SREBP-2 corre-
sponding to amino acids 13 to 460 in hamster SREBP-2 (12) was ob-
tained by RT-PCR from first strand ¢cDNA using mouse liver
poly(A)* RNA as a template and degenerate primers derived from
conserved human (9) and hamster (12) SREBP-2 sequences, as fol-
lows: 5" primer, 5'-CATGGA(C/G)ACCCTCACGGAGCTGGGC-
GACGA-3', corresponding to amino acids 13 to 22 in both human
and hamster SREBP-2; and 3’ primer, 5-TGCATCATCCA(G/
A)(C/IT) AGAGG(A/G)CTTCCTGGCTC-3', corresponding to amino
acids 450 to 460 in hamster SREBP-2 and 452 to 462 in human
SREBP-2. All PCR products were cloned into pCRII using a TA
Cloning Kit (Invitrogen Corp., La Jolla, CA) and sequenced.

Cloning of mouse sequences corresponding to 5’ ends of SREBP-1a
and SREBP-Ic. The 5’ ends of mouse SREBP-1a and SREBP-1c
were cloned from mouse liver poly(A)* RNA by the 5’ rapid amplifi-
cation of cDNA ends (RACE) method using a 5" RACE System kit
(GIBCO-BRL, Gaithersburg, MD), AmpliTaq polymerase (Perkin-
Elmer Cetus Corp., Norwalk, CT), and the following primers derived
from the mouse SREBP-1 cDNA sequence obtained as described
above. The primer for the first strand synthesis reaction was 5'-
CTTTGCTTCAGTGCCCACCACCAGGTCTTT-3’, and the nested
primer for the PCR reaction was 5'-CAGGTCTTTGAGCTCCAC-
AATCTTGTCATT-3'. The final 5 RACE product was subcloned
into pCRII using a TA Cloning kit. Several clones were sequenced,
and all were homologous to the 5’ end of human SREBP-1c cDNAs
(9). To obtain the SREBP-1a clone, we probed the 5" RACE library
with a ¥P-labeled degenerate oligonucleotide derived from human
and hamster SREBP-1a specific sequences (5'-CCATGGACG-
AGC[T/C][A/G]CC[C/T|TTC[A/G]G[C/TIGAGGCGG-3'). The se-
quences of the 5’ ends of the mouse SREBP-1a and SREBP-1c cDNAs
were used to generate la and lc specific DNA templates for use in
the generation of cRNA probes as described below.

RNase protection assay. The primer pairs shown in Table I were
used in PCR reactions to generate cloned cDNA fragments that
could be used as templates for cRNA probe synthesis. cDNA frag-
ments for mouse SREBP-1a, SREBP-1c, SREBP-2, LDL receptor,
3-hydroxy-3-methylglutaryl (HMG) CoA synthase, HMG CoA re-
ductase, and B-actin were amplified by PCR from first strand cDNA
prepared from mouse liver poly(A)* RNA. A cDNA fragment from
the mouse lipoprotein lipase mRNA was similarly isolated from
mouse epididymal fat pad total RNA. cDNA fragments for human
SREBP-1a and SREBP-1c were obtained from plasmid templates en-
coding full length cDNAs of the respective mRNAs (9). A human
B-actin cDNA fragment was cloned from first strand cDNA prepared
from adult human liver total RNA (Clontech). In all cases, first
strand cDNA was prepared using a SuperscriptII kit (GIBCO-BRL).

Amplified cDNA fragments were subcloned into pGEM-3Zf(+)
or pGEM-T vector (Promega Corp.). After linearization of plasmid
DNA with an appropriate restriction enzyme, antisense RNA was
transcribed with [a-**P]CTP (20 mCi/ml) using bacteriophage SP6 or
T7 RNA polymerase (Ambion, Inc., Austin, TX). Specific activities
of the transcribed RNAs were measured in each experiment and
were in the range of 1.7-2.6 X 10° cpm/pg for all RNAs except for
B-actin RNA, which was 5.3-8.1 X 10 ® cpm/p.g.

840  Shimomura et al.

Aliquots of total RNA (10-20 pg) from each cell culture or tissue
sample were subjected to the RNase protection assay using a Hyb-
Speed™ RPA kit (Ambion, Inc.). Each assay tube contained a cRNA
probe for the mRNA to be tested plus a cRNA probe complementary
to the mRNA for B-actin. In preparing the probes, we adjusted the
specific activity of the [a-*?P]CTP to give a B-actin signal comparable
to the test mRNAs. After digestion with RNase A/T1, protected frag-
ments were separated on 8 M urea/4.8% polyacrylamide gels, and the
gels were dried and subjected to autoradiography using Reflection
film and intensifying screens (DuPont, Wilmington, DE). The dried
gels were also analyzed quantitatively with a Bio-Imaging Analyzer
using BAS 1000 MacBAS software (Fuji Medical System). The level
of B-actin mRNA in each RNA sample was used to normalize signals
obtained for the test mRNAs. For comparison of mouse SREBP-1a,
-1c, and -2 mRNA levels, the results were corrected for the difference
in number of ?P-labeled cytidine phosphates in each protected frag-
ment (43, 36, and 47 cytidines, respectively). The protected fragments
for human SREBP-1a and -1c contained the same number of *?P-labeled
cytidine phosphates (32 cytidines).

Cell culture. All cells were grown in an 8-9% CO, incubator at
37°C except for human fibroblasts (5% CO,). Monolayers of murine
3T3-L1 preadipocytes (American Type Culture Collection [ATCC]
No. CCL92.1) were set up on day 0 at 1 X 10° cells per 100-mm dish in
10 ml medium A (Dulbecco’s modified Eagle medium containing 100
U/ml penicillin and 100 pg/ml streptomycin sulfate) supplemented
with 10% (vol/vol) calf serum (Colorado Serum Co., Denver, CO).
Fresh medium (10 ml/dish) was added every other day until conflu-
ence was reached on day 5. On day 6, differentiation was induced as
described previously (3, 17) by supplementing the medium with 10%
fetal calf serum (GIBCO-BRL), 1 mM dexamethasone, 0.5 mM 3-iso-
butyl-1-methylxanthine, and 5 pg/ml of insulin for 48 h. Every other
day thereafter, the cells received fresh medium supplemented only
with 10% fetal calf serum and 5 pg/ml insulin.

Monolayers of murine NIH-3T3 cells (ATCC No. CRL-1658),
HepG2 cells (ATCC No. HB-8065), and murine embryonic fibro-
blasts from wild-type mouse embryos at day 15.5 of gestation (18)
were set up on day 0 at 5 X 103 cells per 100-mm dish in 10 ml me-
dium A supplemented with 10% fetal calf serum and antibiotics as
above. On day 1, at ~ 80% confluence, cells were incubated under
suppressing (+ sterols) or inducing (— sterols) conditions as previ-
ously described (6). Suppressing medium included 10% calf lipopro-
tein-deficient serum, 1 wg/ml 25-hydroxycholesterol, and 10 pg/ml
cholesterol added in 0.2% (vol/vol) ethanol. Inducing medium in-
cluded 10% calf lipoprotein-deficient serum, 50 puM compactin, 50
1M sodium mevalonate, and 0.2% ethanol. The cells were harvested
18 h after additions.

Monolayers of SV40-transformed and diploid human fibroblasts
were set up on day 0 at 1 X 10° cells per 100-mm dish in 10 ml me-
dium A supplemented with 10% fetal calf serum and antibiotics as
above. Fresh medium was added on day 2. On day 4, cells were incu-
bated under suppressing (+ sterols) or inducing (— sterols) condi-
tions as described above. The cells were harvested either 18 h (SV40-
transformed cells) or 36 h (diploid cells) after additions.

Tissue survey. Tissues were pooled from 5 to 10 C57BL/6J mice
at 8 wk of age, and total RNA was prepared as described (16). All hu-
man tissues except ovary and kidney were obtained at autopsy from a
21-yr-old male who died of trauma. The ovary was obtained from an
18-yr-old female who died of unknown causes. The kidney was ob-
tained from a 46-yr-old male who died suddenly.

Lovastatin/Colestipol diet study. CS57BL/6J mice were exposed to
a 14-h light/10-h dark cycle and fed either a standard 4% (wt/wt)
mouse/rat diet 7001 (7001; Teklad, Madison, WI) or the same diet
supplemented with 0.25% (wt/wt) lovastatin (Merck, Sharp &
Dohme) plus 2% (wt/wt) Colestipol (Upjohn) for 7 d. Mice were
killed during the early light cycle in the nonfasted state.

Total RNA was prepared from mouse liver using an RNeasy™
Total RNA Kit (Qiagen). For RNase protection assay, equal aliquots
of total RNA from five mice were pooled.
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Figure 1. Alternative sequences at the 5’ end of SREBP-1 mRNA.
(A) Alternative transcription start sites produce two transcripts,
SREBP-1a and -1c, in which the different first exons are spliced to a
common exon 2. Solid bars denote the region of the mRNA that is
detected in the RNase protection assay. (B) The nucleotide and de-
duced amino acid sequences of the first exons of mouse SREBP-1a
and -1c are shown together with part of the common sequence of
exon 2, which is boxed. Solid bars denote the nucleotides correspond-
ing to the protected mRNA fragment in the RNase protection assay.

Results

Fig. 1 A shows the alternative forms of exon 1 in mouse and
human SREBP-1. Mouse exon 1a encodes 29 amino acids, and
exon 1c encodes 5 amino acids (Fig. 1 B). A similar phenome-
non occurs in the human (9, 15). Both exons splice into a com-
mon exon 2. For the RNase protection assay, we used cRNA
probes that cover parts of exons la or 1c, some of which ex-
tend into exon 2 (indicated by the heavy bars in Fig. 1 A).

Fig. 2 A shows the positions of migration of the mouse
cRNA probes for exons la and 1c of SREBP-1 (190 and 177
nucleotodes [nt], respectively), as well as a probe for SREBP-2,
which is longer than the SREBP-1 probes (264 nt). For the
RNAase protection assay, total RNA from various sources
was incubated with an excess of each probe, which was labeled
with [a-?P]CTP. As an internal control in each assay, we in-
cluded a [*P]CTP labeled cRNA that hybridizes with B-actin.
After hybridization had reached completion, the mixture was
digested with RNase A/T1, which spares double-stranded
RNA. The mixture was subjected to polyacrylamide gel elec-
trophoresis, and the protected fragments were visualized by
autoradiography and/or by phosphorimaging.

Fig. 2 B shows the results of an RNase protection assay us-
ing total RNA from mouse liver. The 1a and 1c probes gave
rise to protected fragments of 106 and 116 nt, respectively,

A Undigested
32p-Probe

32p.
Probe|1a|1c| 2

B RNase Digestion
of Liver RNA

Actin

la|1c| 2
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Figure 2. RNase protection assay to measure SREBP-1a, -1c, and -2
mRNAs in mouse liver. (A) The positions of migration of the undi-
gested P-labeled cRNA probes for SREBP-1a, SREBP-1¢, SREBP-2,
and B-actin are shown. (B) Aliquots of total RNA from mouse liver
(10 pg) were hybridized in solution for 10 min at 68°C to the cRNA
probes for SREBP-1a, SREBP-1c, or SREBP-2, all in the presence of
a cRNA probe for B-actin as described in Methods. After RNase di-
gestion, the protected fragments were separated by gel electrophore-
sis and exposed to film for 8 h at —80°C.

80 —

Protected Fragments

which contained 43 and 36 cytidine residues, respectively. Inas-
much as the two probes contain similar numbers of *2P-labeled
cytidines, the relative intensities of the two bands allow a vi-
sual estimate of the relative abundance of each mRNA. Pre-
cise quantification of these protected fragments, using a Bio-
Imaging Analyzer as described in Methods, indicated that the
1c mRNA was 9.3-fold more abundant than the la version.

Probe SREBP-1a SREBP-1c
RNA (ug) [25] 5 |10|20{40 2.5| 5 Lﬂ 20 |40
Cme a0l
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o ®!| 60
s 8F 1 r .
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o ® | |
2T o 1 F o/ 1 20
z 2la" 1o ]
0‘ | | | | ‘ | 1 | | 0

0 10 20 30 40 0 10 20 30 40
Total RNA (ug)

Figure 3. Linearity of signals for mouse liver SREBP-1a and -1c¢
mRNAs in RNase protection assay. **P-labeled cRNA probes for
mouse SREBP-1a and -1c were hybridized to the indicated amount of
total RNA from mouse liver for 10 min at 68°C. Protected fragments
were separated by gel electrophoresis and exposed to film for 16 h at
—80°C (top). The gels were also quantified in a phosphorimager as
described in Methods, and the results are plotted in the lower panel.
Levels of mRNA are expressed in relation to the signal for SREBP-1a
at 2.5 pg of RNA, which is set at 1 (left lane).
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Figure 4. Distribution of mRNAs for SREBP-1a and -1c¢ in mouse
(A) and human (B) tissues. (A) Total RNA was isolated from pooled
tissues of 8-wk-old male C57BL/6J mice as described in Methods. Al-
iquots of total RNA (10 pg) from the indicated pool were hybridized
for 10 min at 68°C with the indicated **P-labeled cRNA probe. After
digestion with RNase, the protected fragments were separated by gel
electrophoresis and exposed to film for 10 h at —80°C. (B) Aliquots
of total RNA (20 g from all tissues except muscle [10 pg]) were sub-
jected to the RNase protection assay as described in A except that the
exposure to film was for 16 h. The data for the gels in A and B were
quantified in a phosphorimager as described in Methods and normal-
ized for the B-actin signal. For each time point, the level of the

SREBP-1c signal is shown relative to that of the SREBP-1a signal,
whose value is arbitrarily set at 1.

The amount of SREBP-2 mRNA was 37% of the value for
SREBP-1c. All of these calculations were corrected for the
number of 3?P-labeled cytidines in each protected fragment
and for the amount of mRNA tested, as determined from the
radioactivity in the protected band for 3-actin.

In experiments to validate the RNAase protection assay,
we showed that the results were independent of time after the
10 min hybridization period, indicating that hybridization had
reached completion (data not shown). Fig. 3 shows that the in-
tensities of the 1a and 1c-protected fragments increased in pro-
portion to the amount of sample RNA that was added to the
incubation. Quantification of the protected fragments showed
that the assay was linear for both mRNAs when up to 20-40
pg of total RNA was used. This quantitative assay confirmed
that the liver contained approximately nine times as much
SREBP-1c mRNA as SREBP-1a mRNA.

Fig. 4 shows the RNase-protected fragments corresponding
to exons la and 1c in various tissues of the mouse and human.
In both species the liver had the highest ratio of 1c:1a (six to
ninefold). This ratio was also > 2.0 in mouse adrenal, white fat,
brown fat, brain, and skeletal muscle. In contrast, the 1a tran-
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Figure 5. Changes in the amount of mRNA for SREBP-1a, -1c, and
-2 in livers of mice fed 0.25% lovastatin plus 2% Colestipol for 7 d.
Total RNA was isolated from the livers of five control (lanes 7, 3, 5)
and 5 lovastatin/Colestipol-fed (lanes 2, 4, 6) mice as described in
Methods. Aliquots of total RNA (10 pg) from pooled samples from
the indicated source were hybridized for 10 min at 68°C to the indi-
cated ?P-labeled cRNA probe. Protected fragments were separated
by gel electrophoresis and exposed to film for 8 h at —80°C. The ra-
dioactivity in the gels was quantified, normalized to the B-actin signal,
and expressed as the fold change relative to the mRNA level of con-
trol mice. The quantitative results from two separate experiments are
shown in the bottom panel. C, control; L/C, lovastatin/Colestipol.

script was 10-fold higher than the lc transcript in mouse
spleen. In other tissues the amounts of the two transcripts did
not differ by more than twofold. Among the human tissues
that were studied, the results were similar to those in the
mouse with the additional observation of a high 1c/1a ratio in
the ovary.

In previous experiments we showed that depletion of he-
patic cholesterol by treatment of hamsters with a mixture of
the HMG CoA reductase inhibitor lovastatin and the bile acid
sequestrant Colestipol led to an increase in the total amount of
mRNA encoding SREBP-2 and an increase in its proteolytic
processing (14). In contrast, the efficiency of processing of
SREBP-1 declined. We have observed similar results in
C57BL/6J mice (unpublished observations). To determine
whether these changes are associated with changes in the ratio
of SREBP-1c:1a mRNA, we treated C57BL/6J mice with the
lovastatin/Colestipol combination and then performed the
RNase protection assay with hepatic RNA. The experiment
was performed twice (Fig. 5, Experiments A and B). Drug
treatment had no significant effect on the small amount of 1a
transcript. There was a reduction of approximately 50% in the
more abundant lc transcript. In contrast, the amount of the
SREBP-2 mRNA increased by approximately twofold after
the cholesterol depletion treatment.

Table II shows the results of the RNase protection assay
applied to RNA isolated from five cultured cell lines of mouse
and human origin. The cells were preincubated in two types of



Table II. Relative Concentrations of mRNAs for SREBP-1a
and SREBP-1c in Cultured Cells

+ Sterols — Sterols

Cell line la 1c la 1c

Relative level Relative level

Mouse embryo fibroblasts 1 0.5 2.0 0.5
Mouse NIH-3T3 cells 1 <0.1 1.5 <0.1
SV40-transformed

human fibroblasts 1 0.4 1.8 0.6
Diploid human fibroblasts 1 0.4 2.1 0.4
Human HepG2 cells 1 0.5 1.7 0.4

Cells in monolayers were set up for experiments, incubated in inducing
medium (— sterols) or suppressing medium (+ sterols), and harvested
for isolation of total RNA as described in Methods. Aliquots of total
RNA (20 pg) were hybridzed in solution for 10 min at 68°C to *?P-labeled
cRNA probes for SREBP-1a plus B-actin or SREBP-1c plus B-actin as
indicated. Protected fragments were separated by gel electrophoresis
and quantified as described in Methods. mRNA levels for SREBP-1a
and -1c were normalized to the B-actin signal. Values shown are ex-
pressed in relation to the level of SREBP-1a mRNA in the presence of
sterols, which is set at 1.

medium: (a) sterol suppressing medium which contained lipo-
protein-deficient serum supplemented with a mixture of 25-
hydroxycholesterol and cholesterol; or (b) sterol-deprivation
medium which contained lipoprotein-deficient serum plus
compactin to inhibit HMG CoA reductase and a low concen-
tration of mevalonate to supply nonsterol end products. In ste-
rol-supplemented medium the amount of the exon la tran-
script was greater than the 1c transcript in all five cell lines.
The difference became even more pronounced in sterol-deple-
tion medium in which the amount of the la transcript rose by
1.5-2.1-fold without any change in the 1c transcript. The 1c:1a
ratio was the lowest in NIH-3T3 cells, which are derived from
a mouse embryo. In these cells the 1c transcript was undetect-
able. The results with human HepG2 cells were particularly
striking since these cells retain many properties of the hepato-
cytes from which they are derived (27). Nevertheless, in tissue
culture the 1a transcript predominated, whereas in the human
liver the 1c transcript predominated (Fig. 4 B).

To determine whether the 1c:1a ratio might change during
differentiation of cells in tissue culture, we studied 3T3-L1
cells, a subclone of 3T3 cells that can be induced to differenti-
ate into adipocytes by treatment with dexamethasone, insulin,
and a phosphodiesterase inhibitor (3, 17). Kim and Spiegel-
man (3) demonstrated that the amount of SREBP-1/ADD1
transcript increases after adipocyte differentiation, but the la
and 1c transcripts were not separately identified in their study.
The autoradiograms of the RNase protection assays are shown
in Fig. 6 and the quantitative analysis is shown in Fig. 7. In the
undifferentiated state the 3T3-L1 cells, like the 3T3 cells,
showed no detectable 1c transcript, and the amount of the 1la
transcript was also relatively low (Fig. 6 A). Within 1 d after in-
duction of differentiation, the amount of the 1a transcript in-
creased by nearly fivefold. It rose further over the ensuing
20 d. During this time > 90% of the cells differentiated into
adipocytes as demonstrated by staining with an Oil Red O
stain. Throughout this period the 1c transcript was barely de-
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Figure 6. Induction of mRNAs for cholesterol and fatty acid-related
genes during differentiation of 3T3-L1 cells. Total RNA was isolated
from 3T3-L1 cells at the indicated time after treatment with differen-
tiation medium as described in Methods. Aliquots of total RNA (20
ng) were hybridized for 10 min at 68°C to *?P-labeled cRNA probes
for SREBP-1a and -1c (A), SREBP- 2 (B), LDL receptor and HMG
CoA synthase (C), and HMG CoA reductase and lipoprotein lipase
(D). The right lanes in A and B show the results obtained when 20 pg
of total RNA from liver (L) were hybridized with the SREBP-1a, -1c,
and -2 cRNA probes as indicated. Protected fragments were sepa-
rated by gel electrophoresis and exposed to film for 16 h at —80°C ex-
cept for SREBP-2 and lipoprotein lipase, which were exposed for 24
and 8 h, respectively.

tectable. For comparative purposes, Fig. 6 A includes a sample
of adult liver studied in the same experiment, again revealing
the predominance of the 1c transcript. In contrast to the pro-
gressive increase in the la transcript, the changes in the
SREBP-2 transcript were biphasic (Fig. 6 B and Fig. 7 C). The
amount of this transcript was ninefold higher than that of
SREBP-1a in the undifferentiated cells. It fell to a nadir at 4 d
after differentiation, and then it rose again at days 10 and 20.
The amount of the SREBP-2 transcript at days 0 and 20 was
higher than the amount in the normal liver (Fig. 6, L in panel
B). During the differentiation period there was a fivefold in-
crease in the amount of LDL receptor mRNA and a fourfold
increase in the HMG CoA synthase transcript, as quantified by
RNase protection assays (Fig. 6 C and Fig. 7). There was also
an increase in the amounts of mRNA encoding lipoprotein li-
pase and HMG CoA reductase, although the latter change was
relatively modest and somewhat erratic (Fig. 6 D and Fig. 7).
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Figure 7. Quantification of mRNAs during differentiation of 3T3-L1
cells. The data from the gels in Fig. 6 were quantified as described in
Methods and normalized relative to the 3-actin signal. The data for
SREBP-1c and -2 are plotted as the fold change relative to the
SREBP-1a mRNA level on day 0. All other mRNAs are plotted as
the fold change relative to their own mRNA level on day 0.

Discussion

The current data reveal that the relative amounts of SREBP-1
transcripts containing exon la or 1c vary among different or-
gans and in cultured cells. At one extreme is the mouse liver in
which 1c transcripts exceed la transcripts by ninefold. At the
other extreme is the mouse spleen in which 1a transcripts out-
number 1c transcripts by 10-fold. In general, these ratios were
similar in tissues from mice and humans. In five cultured lines
from humans and mice the la transcript predominated. The
most extreme example is the mouse NIH-3T3 cells, in which
the 1c transcript was not detectable by the sensitive RNase
protection assay that was used.

The predominance of the SREBP-1a transcript in cultured
cells was not simply a matter of dedifferentiation or rapid
growth. When 3T3-L1 cells were induced to stop growing and
to differentiate into adipocytes, the SREBP-1a transcript rose
by 8.2-fold, and the 1c transcript remained virtually undetect-
able, even though the SREBP-1c transcript is the major form
in mature adipose tissue of living mice. The rise in SREBP-1a
mRNA appears to account for the previously reported rise in
SREBP-1/ADD1 transcripts in 3T3-L1 cells during adipocyte
conversion (3). In strict terms, however, the rise is not in
ADD1, which corresponds to SREBP-1c (see Introduction),
but rather it is restricted to SREBP-1a.

In recent studies, we demonstrated that SREBP-1a is much
more active than SREBP-1c in stimulating transcription from
SRE-1-containing promoters when the two proteins are ex-
pressed at low physiologic levels (15a). The 1c protein has a
tendency to retain a greater ability to stimulate transcription of
genes involved in fatty acid metabolism (fatty acid synthase,
acetyl CoA carboxylase, and lipoprotein lipase) as opposed to
cholesterol metabolism (HMG CoA synthase, HMG CoA re-
ductase, and LDL receptor). This might explain why 1c is the
predominant transcript in liver, which synthesizes more fatty
acids than cholesterol, but it does not readily explain the high
level of 1c in the adrenal gland, which synthesizes cholesterol
for use in steroid hormone production. Nor does it explain the
extraordinary enrichment of the la transcript in the spleen.
The tissue measurements represent an average for all cell

844  Shimomura et al.

types within each organ. It is likely that different cell types
may express different ratios of the two transcripts. Further
studies will be required to fractionate organs like the spleen
into different cell types (i.e., stromal cells vs parenchymal cells
vs lymphocytes).

The current findings explain the observation that our labo-
ratory isolated cDNAs that predominantly corresponded to
SREBP-1a (9, 11), whereas Tontonoz et al. (13) isolated a
cDNA encoding ADDI1, which corresponds to SREBP-Ic.
Our cDNAs were isolated from cultured cells (human and
hamster) where the la transcript is most abundant, whereas
ADD1 was isolated from rat adipose tissue where the 1c tran-
script is presumably most abundant.

The current studies were not designed to systematically ex-
plore the regulation of SREBP-2. However, we did observe an
increase in SREBP-2 mRNA in liver after treatment with
Colestipol and lovastatin. This finding, coupled with the previ-
ous demonstration of an increased rate of proteolytic process-
ing of SREBP-2 after this drug regimen (14), is consistent with
a primary role for SREBP-2 in maintaining cholesterol ho-
meostasis, as opposed to fatty acid homeostasis. In cultured
cells a similar argument can be made for SREBP-1a, whose
transcript rises upon sterol deprivation. SREBP-1a may not
play this role in liver, however, since this transcript did not rise
after sterol deprivation (Fig. 5).

Considered together, the available data indicate that the
enhancers and promoters that control transcription of the
genes encoding SREBP-1a, SREBP-1c, and SREBP-2 are con-
trolled independently by regulatory elements that respond to
organ-specific factors as well as to metabolic stresses. Further
progress awaits an analysis of these regulatory elements and
the coactivator proteins that bind to them through interaction
with the three SREBPs.
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