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Plays a Key Role in Adipocyte Differentiation

Weiqin Chen, Vijay K. Yechoor, Benny Hung-Junn Chang, Ming V. Li,
Keith L. March, and Lawrence Chan

Diabetes and Endocrinology Research Center (W.C., V.K.Y., B.H.-J.C., M.V.L., L.C.), Division of Diabetes
and Endocrinology, Departments of Medicine and Molecular and Cellular Biology, Baylor College of
Medicine, and St. Luke’s Episcopal Hospital (L.C.), Houston, Texas 77030; and Indiana Center for
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Indiana University, Bloomington, Indiana 47405

Mutations in the Berardinelli-Seip congenital lipodystrophy 2 gene (BSCL2) are the underlying
defect in patients with congenital generalized lipodystrophy type 2. BSCL2 encodes a protein called
seipin, whose function is largely unknown. In this study, we investigated the role of Bscl2 in the
regulation of adipocyte differentiation. Bscl2 mRNA is highly up-regulated during standard
hormone-induced adipogenesis in 3T3-L1 cells in vitro. However, this up-regulation does not occur
during mesenchymal stem cell (C3H10T1/2 cells) commitment to the preadipocyte lineage. Knock-
down of Bscl2 by short hairpin RNA in C3H10T1/2 cells has no effect on bone morphogenetic
protein-4-induced preadipocyte commitment. However, knockdown in 3T3-L1 cells prevents ad-
ipogenesis induced by a standard hormone cocktail, but adipogenesis can be rescued by the ad-
dition of peroxisome proliferator-activated receptor-� agonist pioglitazone at an early stage of
differentiation. Interestingly, pioglitazone-induced differentiation in the absence of standard
hormone is not associated with up-regulated Bscl2 expression. On the other hand, short hairpin
RNA-knockdown of Bscl2 largely blocks pioglitazone-induced adipose differentiation. These ex-
periments suggest that Bscl2 may be essential for normal adipogenesis; it works upstream or at the
level of peroxisome proliferator-activated receptor-�, enabling the latter to exert its full activity
during adipogenesis. Loss of Bscl2 function thus interferes with the normal transcriptional cascade
of adipogenesis during fat cell differentiation, resulting in near total loss of fat or lipodystrophy.
(Endocrinology 150: 4552–4561, 2009)

Berardinelli-Seip syndrome (Bscl) is an autosomal re-
cessive disease characterized by a near total absence

of adipose tissue from birth or early infancy (1, 2). Like
other patients with congenital generalized lipodystro-
phy (CGL), affected individuals often develop severe in-
sulin resistance, diabetes, hypertriglyceridemia, and fatty
liver. To date, mutations involving three different genes,

BSCL1, BSCL2, and CAVEOLIN1, have been identified
to underlie this rare genetic disorder with the first two
accounting for about 95% of reported cases (3–6). Most
of the disease-associated alterations in these three genes
involve nonsense, splice, or frame shift mutations,
which likely result in complete loss of function (3– 6).
BSCL1 encodes acylglycerol phosphate acyltransferase
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Abbreviations: ADD1, Adipocyte determination differentiation factor 1; ADM, adipocyte
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protein 2; BMP, bone morphogenetic protein; Bscl, Berardinelli-Seip syndrome; C/EBP,
CCAAT enhancer-binding protein; CGL, congenital generalized lipodystrophy; DMI, dexa-
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isome proliferator-activated receptor; Pref, preadipocyte factor; shLuc, luciferase shRNA;
shRNA, short hairpin RNA; Srebp, sterol regulatory element-binding protein.
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(AGPAT)-2 that catalyzes the formation of phosphatidic
acid, a crucial intermediate step in the biosynthesis of trig-
lycerides (6, 7). Mutations at BSCL2 cause a more severe
form of CGL with almost complete absence of adipose
tissue and high incidence of mental retardation (4, 8).
BSCL2 encodes a protein called seipin, of which the func-
tion is largely unknown.

Human BSCL2 protein is predicted from its primary
sequence to traverse the plasma membrane twice with
both termini facing the cytoplasm and a glycosylation site
in the luminal segment (9). BSCL2-enhanced green fluo-
rescent protein (eGFP) was found to be localized to the
endoplasmic reticulum (ER) in human umbilical vein en-
dothelial cells (EA.hy926) (10). Interestingly, heterozy-
gous missense mutations in the glycosylation sites of
BSCL2 are associated with distal hereditary motor neu-
ropathy and silver syndrome, a dominant heritable disease
(10). Recent studies in yeast have shown that the lack of a
yeast Bscl2 ortholog, fewer lipid drops (FLD), causes ab-
normal lipid droplet assembly and maintenance possibly
due to aberrant phospholipid metabolism in the absence of
the protein (11, 12). The role of BSCL2 in triglyceride
metabolism and adipocyte differentiation in mammals
is largely unknown. Lack of BSCL2 has been postulated
to directly disrupt adipocyte differentiation/function or
interfere with mesenchymal stem cell commitment into
preadipocytes, leading to near total absence of adipose
tissue, although, to date, there is little experimental ev-
idence supporting these hypotheses (13, 14). It has been
shown recently, however, that BSCL2 knockdown in-
hibits the differentiation of C3H10T1/2 cells, a mesen-
chymal stem cell-line, into adipocytes (37).

Here we present evidence that Bscl2 may play a direct
role in adipocyte differentiation. We found that Bscl2 is
markedly up-regulated during standardized hormone
[mixture of insulin, isobutylmethylxanthine (IBMX),
and dexamethasone, heretofore referred to as DMI]-
induced, but not peroxisome proliferator-activated recep-
tor (PPAR)-� selective agonist pioglitazone (pio)-induced,
adipogenesis in 3T3-L1 preadipocytes. Knockdown of
Bscl2 has no major effect on mesenchymal stem cell com-
mitment but blocks DMI-induced adipocyte differentia-
tion, and this inhibition can be fully rescued by addition of
pio. However, pio alone in the absence of DMI does not
restore the differentiation of Bscl2-knockdown preadipo-
cytes. We conclude that the presence of Bscl2 is required
for PPAR�’s full activation to initiate the adipogenesis
transcription program. Taken together, these observa-
tions underscore a critical role for Bscl2 in normal adipo-
cyte differentiation, which, when disrupted, leads to im-
paired adipogenesis and lipodystrophy.

Materials and Methods

Cell culture
The 3T3-L1 cell line (American Type Culture Collection,

Manassas, VA) was propagated in DMEM containing 10% fetal
bovine serum (FBS). Adipocyte differentiation was initiated after
2 d at confluence in DMEM (25 mM glucose) containing 10%
FBS, supplemented with 1 �M insulin, 0.5 mM IBMX, and 1 �M

DMI for 2 d and then supplemented with 1 �M insulin alone for
2 d. After 4 d, cells were cultured in DMEM 10% FBS medium.
Murine primary preadipocytes from the sc fat stromal vascular
fraction were prepared as described (15). Briefly, sc fat from 6-
to 7-wk-old C57BL/6J mice were isolated, minced, and digested
in 2 mg/ml collagenase IV (Sigma, St. Louis, MO) with 20 mg/ml
BSA at 37 C for 40 min. The digested mixtures were then filtered
through a 100-�M cell strainer, spun at 250 � g for 8 min. The
pellet containing the stromal vascular fraction was then resus-
pended in preadipocyte growth media (Cell Applications, Inc.,
San Diego, CA) and cultured for induction of differentiation by
using the standard 3T3-L1 differentiation protocol. Human ad-
ipose stem cells were cultured in EGM-2MV (Cambrex, East
Rutherford, NJ) plus penicillin/streptomycin and differentiated
in adipocyte differentiation medium (ADM; Cell Applications)
with three cycles of exchange from ADM to DMEM plus 1 �M

insulin. C3H10T1/2 cells were maintained in DMEM high glu-
cose plus 10% FBS and penicillin/streptomycin.

Bone morphogenetic protein (BMP)-4-induced
commitment of C3H10T1/2 cells to the adipocyte
lineage

The commitment of C3H10T1/2 cells to adipocyte lineage
was performed as described previously (16). Briefly, C3H10T1/2
cells were split at low density and cultured in DMEM containing
10% FBS in the presence of 50 ng/ml purified recombinant BMP4
(R&D Systems, Minneapolis, MN). After cells reached 2-day
postconfluence, they were induced to differentiate using the stan-
dard (DMI) adipogenic induction media.

RT-PCR and RNA quantitation
Total RNA was isolated from tissues or cultured cells with

TRIzol (Invitrogen, Carlsbad, CA) and reverse transcribed using
SuperScript II reverse transcriptase using random primers (In-
vitrogen). Real-time quantitative RT-PCR was performed on the
MX3000 real time detection system (Stratagene, La Jolla, CA)
using iQ SYBR Green PCR reagent kit (Bio-Rad Laboratories,
Hercules, CA).

Generation of retroviral constructs and retroviral
infections

Murine Bscl2 cDNA (GenBank accession no. AF180471) was
subcloned into pBPCW-green fluorescent protein (GFP) retro-
viral expression vectors (CLONTECH, Palo Alto, CA) and
pMSCVpuro-NHM with puromycin selectable marker. Four
small interfering RNA sequences targeting mouse Bscl2 (13a,
14a, 15a, 16a) were obtained from Dharmacon, Inc. (Lafay-
ette, CO) and synthesized as short hairpin RNA (shRNA)
using TTCAAGAGA as linker. shRNA against luciferase was used
as control. The shRNA constructs were then subcloned into the
RNAi-Ready pSiren-RetroQ vector (CLONTECH) using the
EcoRI and BamHI restriction sites. An effect had to be seen with at
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least two hairpins. The best targeted sequences that delivered the
most efficient knockdown were shBs13a and shBs14a. Retroviral
packaging Bosc-23 (American Type Culture Collection) cells were
cotransfected with the targeting plasmids and packaging vector
pCL-eco (Imgenex, Sorrento Valley, CA). Forty-eight hours after
transfection, the culture media containing the virus particles were
collected and mixed with DMEM 10% FBS at 1:2 to infect cells in
the presence of 8 �g/ml polybrene. Cells were infected and selected
as described (15). Experiments were repeated at least three times.

Immunofluorescence microscopy
Cells were cultured on collagen-coated glass coverslips, fixed

with 4% paraformaldehyde, permeabilized with 0.2% Nonidet
P-40, blocked with 5% goat serum, and then probed with antibody
against calreticulin (Cell Signaling, Beverly, MA) at 1:25 and then
incubated with Alexa-fluor 555-conjugated goat antirabbit IgG
(H�L; Molecular Probes, Eugene, OR). The slides were mounted
with Vectorshield mounting medium with 4�6-diamidino-2-phe-
nylindole (Vector Laboratories, Burlingame, CA). Images were
taken with a Axiovert inverted microscope (Zeiss, New York, NY).

Triglyceride content measurement and oil-red
O staining

At indicated days, the intracellular triglyceride in the adipo-
cytes was extracted by chloroform and methanol. The amount of
triglyceride was measured with an Infinity triglyceride assay kit
as described (17). The concentration of cellular protein was de-
termined using a DC protein assay (Bio-Rad Laboratories). In-
tracellular triglyceride content was calculated as per milligram of
protein. Oil-red O staining was performed as described (15) and
photographed with camera or under microscopy.

Statistical analysis
Statistical analyses of the data were performed using a two-

tailed unpaired t test with unequal variance. Data are pre-
sented as the means � SD with statistical significance set at a
P value of �0.05.

Results

Bscl2 is differentially regulated during
adipogenesis

Previous studies using Northern blotting demonstrated
that Bscl2 is highly expressed in human testis and brain (4).
We used real-time PCR-based expression analysis to
determine the expression of Bscl2 in various tissues iso-
lated from 4-h-fasted 10-wk-old male C57BL/6J mice.
The expression level is highest in testis followed by
brown fat, sc fat, skeletal muscle, epididymal fat, and
other tissues (Fig. 1A).

After demonstrating that adipose tissue is a major site for
Bscl2 expression, we examined whether its expression level
is regulated during adipocyte differentiation in 3T3-L1 cells
inducedbyastandardhormonecocktail (DMI; seeMaterials
and Methods) (Fig. 1B, upper panel). The time-dependent
expression pattern of PPAR� (18) was also determined for

these cells for comparison (Fig. 1B, lower panel). A 25-fold
increase in Bscl2 mRNA was detected at d 4; it went up to
about 40-fold at d 6 and further to about 70-fold when the
cells were fully differentiated at d 8. Therefore, the increase
in Bscl2 mRNA lagged behind that of PPAR�. Bscl2 mRNA
was also up-regulated during hormonal induced adipocyte
differentiation of primary mouse stromal vascular cells (Fig.
1C) and isolated human adipocyte stem cells (Fig. 1D; also
see Materials and Methods).

A number of factors including cAMP response element-
binding protein (19), Early frowth factor 2 (Egr2/Krox20)
(20) and lipin 1� (21) are induced very early in the differ-
entiation cascade within the first few hours after DMI
treatment of 3T3-L1 cells. No significant increase in Bscl2
expression was detectable at 48 h (d 2) (Fig. 1B). To de-
termine whether there was a Bscl2 peak before 48 h, we
performed a detailed analysis of some earlier time points but
found no evidence of any rise in Bscl2 expression between 2
and 34 h after DMI addition (supplemental Fig. S1A, pub-
lishedas supplementaldataonTheEndocrineSociety’s Jour-
nalsOnlinewebsiteathttp://endo.endojournals.org). Incon-
trast, CCAAT enhancer-binding protein (C/EBP)-�, which is
known to be transiently induced during the first day of dif-
ferentiation, showed a significant increase in expression at as
early as 2 h; the up-regulation persisted at least until 24 h
before returning toward baseline later (supplemental Fig.
S1B). As previously reported (18), PPAR� mRNA level rose
mildly but significantly at 4 h and substantially at 34 h and
afterward (Fig. 1B and supplemental Fig. S1C). Therefore, in
DMI-induced 3T3-L1 differentiation, there was no evidence
of biphasic stimulation of Bscl2 expression; marked up-reg-
ulation of Bscl2 was detectable at d 4 (Fig. 1B), much later
than that for PPAR�.

Bscl2 localizes to the ER in adipocytes
Bscl2-GFP fusion protein was shown to localize in the

ER membrane in EA.hy926 cells (10). To determine the
subcellular compartment of Bscl2 expression in an adipo-
cyte cell line, we created a retrovirus vector expressing a
BSCL2-eGFP fusion protein and used it to stably trans-
duce 3T3-L1 preadipocytes. We induced differentiation
by DMI and stained the mature differentiated adipocytes
with an antibody against calreticulin (a specific ER
marker) and nuclear dye 4�6-diamidino-2-phenylindole.
As shown in Fig. 1E, the Bscl2-eGFP fusion protein was
localized mostly around the nuclei and colocalized with
ER marker calreticulin. Biochemical fractionation further
confirmed that overexpression of N-terminal c-Myc
tagged murine Bscl2 in 3T3-L1 adipocytes led to aggre-
gates that stayed most in the wells on sodium dodecyl
sulfate gel electrophoresis (supplemental Fig. S2); the
small amount that entered the gel was mainly localized to
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the microsome fraction, which contains ER and correlates
with the location of the ER marker calreticulin (supple-
mental Fig. S2). These data indicate that, in adipocytes,
Bscl2 is predominantly an ER resident protein.

Bscl2 expression is not altered and not essential
during mesenchymal stem cell commitment to
preadipocytes

In addition to its late appearance during preadipocyte dif-
ferentiation into mature adipocytes, we asked whether Bscl2
might also be involved in preadipocyte lineage commitment.
To examine its possible role in the early pluripotent stem cell
commitment to the preadipocyte lineage, we used a well-
characterized murine mesenchymal stem cell line
C3H10T1/2 as a model. BMP4, a member of the TGF� su-
perfamily, has been reported to induce commitment of the

C3H10T1/2 cells to the preadipocyte lineage
(16). We cultured these cells with and without
BMP4 until 2 d after confluence (d 0). DMI was
thenaddedto inducedifferentiation.Asshownin
Fig. 2A, we observed no change in Bscl2 mRNA
level in the 2-d postconfluent cells (d 0) with or
without BMP4 treatment. The BMP4-induced
commitment was corroborated by the stimula-
tion of preadipocyte factor (Pref)-1 expression, a
preadipocyte marker and a negative regulator of
adipogenesis (22). As shown in Fig. 2A, Pref-1
mRNA level doubled in the BMP4-treated
C3H10T1/2 cells at d 0. Further differentiation
of these cells into mature adipocytes (d 5) after
DMI addition achieved almost 100% differenti-
ation and was marked by a 10-fold increase in
Bscl2 mRNA in the BMP4-committed cells,
whereas cells not treated with BMP4 showed a
much smaller approximately 3-fold increase in
expression (Fig. 2A). DMI addition caused only
a small fraction (about 20%) of the cells to be-
come adipocytes in non-BMP4-committed cells
(Fig. 2B), resulting in a mild Pref-1 mRNA re-
duction (Fig. 2A, compare white bars). In con-
trast, in BMP4-committed cells, DMI treatment
markedly lowered Pref-1 expression to essen-
tiallyundetectable levelsond5(Fig.2A,compare
black bars) when about 100% of these cells be-
came adipocytes (Fig. 2B). Therefore, BMP4-in-
duced commitment of mesenchymal stem cells to
the preadipocyte lineage did not affect Bscl2
mRNA expression until the terminal stages of
adipocyte differentiation (d 5).

We next performed loss-of-function experi-
ments in C3H10T1/2 cells to examine whether
basal expression of Bscl2 is required for BMP4-
inducedpreadipocytecommitment.C3H10T1/2

cells were transduced with retroviruses expressing shRNA
targeting murine Bscl2 (shBs13a); luciferase shRNA
(shLuc) was used as control. Stably transduced cells were
selected, expanded, and submitted to BMP4-induced com-
mitment until 2 d after confluence. As shown in Fig. 2C
(upper panel), basal Bscl2 mRNA expression was knocked
down by about 90% in shBs13a cells compared with
shLuc-transduced control cells with or without BMP4
treatment. Unexpectedly, in the absence of BMP4 treat-
ment, we observed an approximately 4.7-fold up-regula-
tion in Pref1 expression in shBs13a knockdown cells com-
pared with control cells. BMP4 treatment increased Pref-1
expression to about the same degree, increasing its level in
control cells by 2.8-fold and shBs13a knockdown cells by
2.3-fold (increased from 4.7 to 10.9, Fig. 2C, lower panel).
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FIG. 1. Bscl2 is expressed in adipose tissue and highly up-regulated during
adipocyte differentiation. A, Bscl2 mRNA expression in mouse tissues as determined
by real-time RT-PCR in epididymal (epW) and sc (scW) white adipose tissue, brown
adipose tissue (BAT), brain (Brn), lung (Lng), small intestine (SI), liver (Lvr), adrenal
gland (AD), heart (Hrt), skeletal muscle (Skm), testis, kidney (Kdy), and spleen (Spln)
isolated from 4-h-fasted, 10-wk-old male C57BL/J6 mice. Data are normalized to
cyclophilin A mRNA. Time course of Bscl2 and PPAR� mRNA expression during
induced differentiation in 3T3-L1 cells was by DMI (B), mouse stromal vascular cells
(SVF) by DMI (C), and human adipocyte stem cells (hAsc) by ADM (D) as described in
Materials and Methods. Data are means � SD (n � 3) relative to d 0. *, P � 0.05;
**, P �0.005 vs. d 0. E, 3T3-L1 cells stably infected with retroviruses expressing GFP-
tagged Bscl2 were induced to differentiate for 8 d and stained with anticalreticulin
antibody. Merged images show overlay of the two proteins in which yellow indicates
colocalization (�630). DAPI, 4�6-Diamidino-2-phenylindole.
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Thus, judging by the similar relative change in the expres-
sion of preadipocyte marker Pref-1, Bscl2 knockdown did
not appear to impact BMP4-induced commitment of mes-
enchymal stem cells. Meanwhile, the expression of the
master transcription factor PPAR�, normally not ex-
pressed in mesenchymal stem cells, was increased to sim-
ilar levels after BMP4 treatment in both control and Bscl2
knockdown cells (Fig. 2D), further implicating that Bscl2
knockdown in C3H10T1/2 cells has no effect in PPAR�

induction during mesenchymal stem cell commitment to
the preadipocyte lineage. We note that the elevated Pref-1
expression in knockdown cells in the absence of BMP4
was not observed in two other Bscl2 shRNA constructs
(shBs15a and shBs16a), although a similar fold of induc-
tion of Pref-1 and PPAR� expression by BMP4 treatment
was also obtained in the presence of these latter shRNAs
(data not shown).

Knockdown of Bscl2 impairs standard
hormone-induced adipogenesis in vitro

We next examined the effect of Bscl2 deficiency on adi-
pocyte maturation in 3T3-L1 cells, a standard preadipo-
cyte cell line. We transduced 3T3-L1 preadipocytes with
retroviruses expressing shRNA targeting murine Bscl2
(shBs13a and shBs14a), using shLuc as control. Stably
transduced cells were selected, expanded, and induced to
differentiation by DMI. Baseline Bscl2 mRNA at d 0 in
control 3T3-L1 cells remained relatively low until d 4 of
DMI-induced adipogenesis (Fig. 1B). Basal Bscl2 mRNA
was down-regulated by 42% (shBs13a) and 47% (shBs14a),
respectively, on d 0. On d 6 after DMI treatment, the much
higher level of Bscl2 mRNA was knocked down to a much
greater extent, by 89% (shBs13a) and 80% (shBs14a),
respectively (Fig. 3A). shLuc-treated control cells under-
went DMI-induced adipose differentiation and triglycer-
ide accumulation normally. In contrast, knockdown of
Bscl2 expression led to marked inhibition of triglyceride ac-
cumulation, at about 30–40% of shLuc-treated control, as
revealed both by oil-red O staining and direct measurement
of triglyceride content on d 8 (Fig. 3B). The inhibition of
triglyceride accumulation is also associated with a substan-
tially higher expression of Pref-1, a preadipocyte marker and
inhibitor of differentiation, and a significantly reduced ex-
pression of a mature adipocyte marker adipocyte protein 2
(ap2), both indications of markedly impaired differentiation
in Bscl2-knockdown cells (Fig. 3C). The expression of three
majoradipogenic transcription factorsPPAR�,C/EBP�, and
adipocyte determination differentiation factor 1 (ADD1/ste-
rol regulatory element-binding protein (Srebp)-1c) that are
known to be important in 3T3-L1 differentiation was sig-
nificantly suppressed at d 6, but no effect on C/EBP� expres-
sion was detected (Fig. 3D). Knockdown of Bscl2 mRNA
also significantly down-regulated the expression of genes in-
volved in triglyceride synthesis, including glycerol phosph-
ate acyltransferase, l-acylglycerol-3-phosphate-O-acyltrans-
ferase 2, lipin 1�, adiponutrin, diacylglycerol acyltransferase
1, and diacylglycerol acyltransferase 2 as well as mono-
acyglycerol acyltransferase 1 (Fig. 3E). Furthermore, West-
ern blot analysis confirmed that, compared with control
cells at d 8, Bscl2 knockdown cells led to down-regulation
at the protein level of PPAR� as well as ap2, a direct target
gene of PPAR� (supplemental Fig. S3). Together these
data indicate that normal levels of Bscl2 are important for
normal adipogenesis.

PPAR� agonist rescues DMI-induced adipocyte
differentiation in Bscl2 knockdown 3T3-L1 cells

The expression of PPAR�, a master regulator of adi-
pogenesis, was significantly inhibited in Bscl2-knock-
down cells (Fig. 3D). Therefore, we examined whether
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FIG. 2. Bscl2 is not induced and essential during the commitment of
C3H10T1/2 mesenchymal stem cells to preadipocytes. A, Bscl2 and
Pref-1 mRNA expression in d 0 preadipocytes and d 5 adipocytes with
or without BMP4 treatment. Data are normalized to cyclophilin A and
expressed as fold of expression compared with control at d 0 without
BMP4 treatment. B, Oil-red O staining of d 8 adipocytes with or
without BMP4 treatment. C, Bscl2 and Pref-1 mRNA expression were
assayed by real-time RT-PCR in C3H10T1/2 cells stably infected with
retroviruses expressing control shLuc or Bscl2 targeting shBs13a.in d 0
preadipocytes with or without BMP4 treatment. Data are normalized
to cyclophilin A (ppia) and expressed as fold of expression compared
with control at d 0 without BMP4 treatment. Data are means � SD

(n � 3). *, P � 0.05; **, P �0.005. D, Semiquantitative RT-PCR
analyses of PPAR� expression in C3H10T1/2 cells stably infected with
retroviruses expressing shLuc or shBs13a.in d 0 preadipocytes with or
without BMP4 treatment. The amounts of cyclophilin A (ppia) are used
as loading control. NS, Not significant.
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activation of PPAR� by a PPAR� agonist, pio, would re-
verse the adipocyte differentiation blockade by Bscl2
knockdown. We added pio at different times after DMI
treatment in 3T3-L1 cells stably expressing shBs13a. As in
the last experiment, Bscl2 knockdown blocked DMI- in-
duced adipocyte differentiation of 3T3-L1 preadipocytes as
compared with control shLuc cells (Fig. 4A). Addition of pio
at d 0 and 2 allowed the Bscl2-knocked-down 3T3-L1 cells
to differentiate into triglyceride containing adipocytes on d 8
to a similar extent as shLuc cells (Fig. 4A). The timing of
PPAR� activation was important because addition of pio at
d 4 and 6 failed to rescue the differentiation as observed on

d 8. Real-time PCR analysis of mRNA isolated from d 8
3T3-L1 cells showed that Bscl2 mRNA was effectively
knocked down in all shBs13a-treated cells with or without
pio treatment (Fig. 4B). Addition of pio at d 0 and 2 largely
rescued the expression of PPAR� (Fig. 4C) and C/EBP� (Fig.
4D) and completely restored ap2 expression (Fig. 4E) to that
of shLuc cells. Therefore, the expression of Bscl2 appears
essential to the activation of PPAR�, but activation of the
latter by an exogenous agonist can obviate the need for Bscl2
expression for DMI-induced differentiation of 3T3-L1 prea-
dipocytes into adipocytes.

To gain additional insight on how Bscl2 knockdown
affects normal adipogenesis and the role of PPAR� acti-
vation in restoring 3T3-L1 differentiation, we performed
a detailed analysis of the time-dependent effect of Bscl2
knockdown on adipocyte gene expression profile during
DMI induction. As shown in Fig. 5, Bscl2 expression was
inhibited throughout the entire differentiation period in
shBs13a-transduced cells whether the cells were treated
with pio. Knockdown of Bscl2 had no effect at d 0 on the
expression of any of genes examined. Induction of C/EBP�

was known to be an early event preceding and critical to
the subsequent induction of the key adipocyte transcrip-
tion regulators, PPAR� and C/EBP� (23). When Bscl2
knockdown cells were induced to differentiate for different
times up to d 4, the early induction of C/EBP� (0–48 h) was
not different from shLuc control cells, and pio treatment
had no significant effect on C/EBP� expression at any time
point. In contrast, shBs13a inhibition of PPAR� and
C/EBP� as well as ap2 expression was evident as early as
24 h (d 1) after induction. By 48 h (d 2), pio rescued the
mRNA expression of PPAR� direct target genes C/EBP�

and ap2 to a level at or above that of control cells without
restoring PPAR�’s own mRNA expression level through
the positive feedback loop. In addition, the induction of
Srebp1c mRNA was significantly inhibited from d 2 to d
4 in Bscl2 knockdown cells, and pio treatment failed to
reverse the inhibition. Therefore, normal Bscl2 expression
appears to be required for the optimal activation of the
major transcription factor PPAR� that initiates the adi-
pocyte differentiation transcription program. Despite the
down-regulation of PPAR� expression in Bscl2 knock-
down cells, its activation by an exogenously added ligand
pio in the presence of DMI successfully drove the expres-
sion of its downstream target adipogenic genes, restoring
normal adipogenesis in 3T3-L1 cells.

Normal Bscl2 expression is essential for
DMI-independent PPAR� agonist-induced
adipocyte differentiation

PPAR� activation alone in the absence of other stan-
dard hormones such as DMI has been shown to be suffi-
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FIG. 3. Bscl2 knockdown reduces adipogenesis in 3T3-L1 cells. 3T3-L1
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real-time RT-PCR, and values were expressed as fold of expression by
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B, Cells expressing shLuc, shBs13a, or shBs14a were differentiated and
lipid accumulation assessed by oil-red O staining (upper panel) and
quantitated by triglyceride analysis kit after lipid extraction (lower
panel) on d 8. C–E, Expression of mRNA encoding mature adipocyte
marker proteins, adipocyte transcription factors, and major triglyceride
synthesis enzymes analyzed by real-time PCR in d 6 differentiated
shLuc-, shBs13a-, and shBs14a-transduced cells. Data are means � SD

(n � 3). *, P � 0.05; **, P �0.005 vs. control cells at d 6. GPAT,
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cient to induce adipocyte differentiation (18, 24, 25). The
capability of pio in rescuing adipocyte differentiation in
Bscl2 down-regulated 3T3-L1 cells prompted us to exam-
ine whether PPAR� agonist-induced adipocyte differenti-
ation is associated with changes in Bscl2 mRNA expres-
sion. Treatment with pio alone markedly up-regulated
PPAR� mRNA expression (supplemental Fig. S4A) as well
as that of its downstream target C/EBP� (supplemental
Fig. S4B). It also led to a marked up-regulation of ap2
mRNA, a mature adipocyte marker (supplemental Fig.
S4C). Throughout this differentiation process, there were
only minor and inconsistent fluctuations in Bscl2 expres-
sion (Fig. 6A). These data indicate that PPAR� does not
regulate Bscl2 expression. Therefore, up-regulation of
Bscl2 expression appears not essential for the pio-induced
differentiation of preadipocytes into mature adipocytes.

We showed in Fig. 5 that knockdown of Bscl2
in 3T3-L1 preadipocytes attenuates the DMI-in-
duced differentiation and the impaired differen-
tiation could be rescued by addition of the
PPAR�agonistpio.WenextaskedwhetherBscl2
knockdown also blocks pio-induced differentia-
tion in the absence of DMI. As shown in Fig. 6B,
shBs13a and shBs14a each individually knocked
down Bscl2 expression by about 50% during
the entire period of pio-induced differentia-
tion (from d 0 to d 8). Unexpectedly, we observed
anessentially complete inhibition of pio-induced
adipocyte differentiation in knockdown cells
as compared with control shLuc cells (Fig. 6C).
The mRNA expression of C/EBP� was not
changed at any of the each time points com-
paring Bscl2 knockdown cells with control
cells (Fig. 6D). Although the basal mRNA level
of PPAR� and its direct target genes C/EBP�

and ap2 were not changed at d 0, expression of
PPAR� and ap2 were mildly but significantly
down-regulated at d 2 and d 4, and the expres-
sion of these two genes as well as of C/EBP�

was markedly reduced in Bscl2-knockdown
cells on d 8 (Fig. 6D). Therefore, even in the
presence of a PPAR� agonist, pio, normal lev-
els of basal Bscl2 expression appear to be es-
sential for PPAR� activation and normal adi-
pocyte differentiation in the absence of DMI.

Discussion

In this study, we demonstrate that Bscl2 is
markedly induced during adipogenesis and ap-
pears to play a key role in the differentiation
of 3T3-L1 cells into adipocytes. Knockdown of

Bscl2 expression leads to down-regulation of the major
transcription factors PPAR� and C/EBP� along with
many other adipogenic genes including lipin 1 and AG-
PAT2 as well as other enzymes in triglyceride biosynthesis
(21, 26, 27). Mutations in AGPAT2 cause BSCL type 1
lipodystrophy in humans (7), whereas lipin 1-deficient
(fld) mice also develop lipodystrophy (28). Mutations at
BSCL2 are known to be associated with a severe from of
lipodystrophy; we hypothesized that lack of Bscl2 expres-
sion may interfere with the expression of key transcription
factors, including PPAR�, and their downstream target
enzymes that are involved in normal adipogenesis, pro-
ducing a phenotype more severe than that seen with loss of
AGPAT2 alone.

Recent studies in yeast suggest that Bscl2 may play a
role in lipid droplet formation and maintenance (11, 12).

FIG. 4. Rescue of differentiation blockade of Bscl2 knockdown 3T3-L1 cells in the
presence of insulin, dexamethasone, and IBMX (DMI) by exogenous PPAR� ligand
pio. At d 0 (2 d of confluence), 3T3-L1 cells stably infected with shLuc and shBs13a
retroviruses were treated with DMI. One micromole pio was added at d 0, 2, 4, or 6
of differentiation and kept at that level until d 8. A, At d 8, cells were stained with
oil-Red-O and photographed under digital camera and microscopy. RNA were
extracted at d 8 for real-time RT-PCR analysis of Bscl2 (B), PPAR� (C), C/EBP� (D),
and ap2 (E). Data are means � SD (n � 3). **, P � 0.005 vs. control cells at d 8;
##, P � 0.005 vs. shBs13a cells at d 8.
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Whereas we cannot exclude such a possibility in mamma-
lian cells, the data obtained from retrovirus transduced
shRNA Bscl2 knockdown C3H10T1/2 cells and 3T3-L1
preadipocytes suggest that Bscl2 may not be involved in
early mesenchymal stem cell commitment to preadipo-
cytes; instead, Bscl2 appears crucial in the process of prea-
dipocyte differentiation to mature adipocytes. In Bscl2
knockdown 3T3-L1 cells, the failure of PPAR� induction
was evident as early as 24 h of adipocyte differentiation
before lipid droplets made their appearance in these cells.
Therefore, deficiency of Bscl2 leads to a defect in the adi-
pogenic transcription program early during the differen-
tiation of 3T3-L1 cells.

Based on a proposed model for key roles of several
major transcription factors in adipogenesis, C/EBP� and -�
are among the earliest factors to respond to adipogenic
stimuli in a committed precursor cell; they in turn induce
the expression of PPAR� and C/EBP�. The latter two sus-
tain each other’s expression through a positive feedback
loop and promote the establishment of the ultimate ter-
minally differentiated phenotype (29–31). Our experi-

ments demonstrate that a knockdown of Bscl2 in 3T3-L1
preadipocytes renders them deficient in expression of
PPAR�, C/EBP�, Srebp1c, and ap2, key markers of adi-
pocyte differentiation (Fig. 3), suggesting that Bscl2 plays
an important role early in the adipogenesis differentiation
program. Pio, a PPAR� agonist, can fully rescue DMI-
induced adipogenesis in Bscl2 knockdown cells (Fig. 4),
consistent with Bscl2 function being upstream or at the
level of PPAR� activation. Bscl2 deficiency blunts the up-
regulation of ADD1/Srebp1c (Fig. 5), which may com-
pound or cause changes in adipogenic gene expression,
ADD1/Srebp1c being implicated in the production of an
endogenous ligand for PPAR� (32). However, it appears
paradoxical that a PPAR� ligand can rescue DMI-induced
differentiation but cannot by itself (in the absence of DMI)
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induce adipocyte differentiation in Bscl2 knockdown
preadipocytes. Because the basal PPAR� level is not de-
tectably changed in Bscl2 knockdown cells (Fig. 5), this
defect is likely not the result of reduced PPAR� expression.
We speculate that Bscl2 may act on some unidentified fac-
tor(s) that is required for ligand-dependent or independent
PPAR� activation. When the hormonal inducers (DMI) are
present, they may be able to act on the same factor(s) to
compensate for the loss of Bscl2. Whether Bscl2 works
mainly through ADD1/Srebp1c or other pathways in regu-
lating PPAR� activation has yet to be determined.

Manyfactors requiredforPPAR�activationtendtogoup
within the first few hours after induction of differentiation,
i.e. before PPAR� up-regulation (20, 33–36). We observed
an increase in Bscl2 only on d 4 of DMI induction, signifi-
cantly lagging behind the increase in PPAR� expression (Fig.
1B). However, in Bscl2 knockdown cells, the activation of
PPAR� by hormone cocktail DMI or PPAR� agonist pio
alone are all blocked at as early as within 24 h (Figs. 5 and 6).
This time line suggests that the normal basal expression of
Bscl2 is required for endogenous or exogenous ligand-de-
pendent or independent PPAR� activation. The increased
Bscl2 expression that occurs at a later time during differen-
tiation may not be essential for this process, although it may
help reinforce or maintain the full activation of PPAR� at the
later stages. Additional experiments are required to substan-
tiate such an interpretation.

Our preliminary data suggest that Bscl2 by itself is not
proadipogenic because ectopic expression of Bscl2 in
3T3-L1cells in thepresenceofhormonal inducersdoesnot
further stimulate adipocyte marker expression or lipid ac-
cumulation compared with control cells (data not shown).
However, exogenously expressed Bscl2 has been shown to
readily form aggregates (10) (supplemental Fig. S2) pos-
sibly due to its high hydrophobicity, which may make the
interpretation of overexpression experiments difficult.

We showed that PPAR� activation does not stimulate
Bscl2 expression in the later time points of adipogenesis be-
cause PPAR� agonist-induced 3T3-L1 differentiation does
not detectably alter Bscl2 expression (Fig. 6). Furthermore,
ectopic expression of nuclear form ADD1/Srebp1c, C/EBP�,
and C/EBP� in mouse primary stromal vascular cells and
NIH-3T3 cells also fails to stimulate Bscl2 expression (data
not shown), suggesting that other additional factors are in-
volved in up-regulating Bscl2 expression during adipogene-
sis.Thus,Bscl2mayfunctioninaseparatepathwayregulated
by as-yet-unidentified factors induced by hormonal inducers
that may be necessary for the full activation of the master
differentiation transcription factor PPAR�.

In this investigation, we have performed many dif-
ferent experiments to decipher the role of Bscl2 in adi-
pocyte differentiation. While we were preparing this

manuscript for publication, Payne et al. (37) reported a
study in C3H10T1/2 mesenchymal stem cells that par-
tially overlapped one of our experiments (presented in Fig.
2). Whereas their observations largely corroborate our
findings, there are some major differences. First, we per-
formed a much more extensive series of experiments in
3T3-L1 cells, a well-characterized preadipocyte cell line.
We did include experiments in C3H10T1/2 cell to show
that Bscl2 mRNA expression is not up-regulated during
BMP4-induced mesenchymal stem cell commitment to the
preadipocyte lineage (Fig. 2) and that up-regulation of
Bscl2 expression happens only at the late stage of preadi-
pocyte differentiation into adipocyte. Meanwhile, knock-
down of Bscl2 in C3H10T1/2 cells has no major effect on
lineage commitment. All these data pinpoints the role of
Bscl2 in adipocyte maturation instead of lineage commit-
ment. Second, we observed unique patterns of expression
of key adipogenic genes in Bscl2 knockdown cells. Nota-
bly, basal expression of Srebp1c in Bscl2 knockdown
3T3-L1 cells was not suppressed until 48 h (Fig. 5), and
activation and up-regulation of PPAR� was inhibited at
both the early and late stages of adipocyte differentiation
instead of only at the late stage of adipocyte differentia-
tion, suggesting different mechanisms in different cell
lines. Finally, we demonstrated that the differentiation
blockade in Bscl2 knockdown 3T3-L1 cells could be over-
come by addition of a PPAR� agonist. The consistent re-
quirement for normal expression of Bscl2 in DMI-induced
as well as PPAR� agonist-induced but DMI-independent
adipocyte differentiation strongly suggests a key role of
Bscl2 in the PPAR� activation. In a nutshell, this absolute
requirement of Bscl2 for full activation of PPAR� supports
a crucial role of Bscl2 in adipocyte development, providing
a plausible explanation for the failure in adipose tissue
formation in patients with CGL2.
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5. Kim CA, Delépine M, Boutet E, El Mourabit H, Le Lay S, Meier M,
Nemani M, Bridel E, Leite CC, Bertola DR, Semple RK, O’Rahilly
S, Dugail I, Capeau J, Lathrop M, Magré J 2008 Association of a
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