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Adipogenesis is governed by a well-documented cascade of transcription factors. However, less is known
about non-transcription factors that govern early stages of adipogenesis. Here we show that cellular retinol-
binding protein type I (CRBP-I), a small cytosolic binding protein for retinol and retinaldehyde, is specifically
restricted to preadipocytes in white adipose tissue. The absence of CRBP-I in mice (CRBP-I-KO mice) leads
to increased adiposity. Despite increased adiposity, CRBP-I-KO mice remain more glucose tolerant and insulin
sensitive during high-fat-diet feeding. 3T3-L1 cells deficient in CRBP-I or mouse embryonic fibroblasts derived
from CRBP-I-KO mice had increased adipocyte differentiation and triglyceride (TG) accumulation. This was
due to increased expression and activity of PPARy, while other transcription factor pathways in early and late
differentiation remained unchanged. Conversely, the overexpression of CRBP-I in 3T3-L1 cells results in
decreased TG accumulation. In conclusion, CRBP-I is a cytosolic protein specifically expressed in preadipo-
cytes that regulates adipocyte differentiation in part by affecting PPARy activity.

Adipose tissue plays an essential role in the maintenance of
whole-body energy homeostasis. It is the major tissue for stor-
age of excess energy in the form of triglycerides (TG) and
functions as an endocrine organ secreting metabolically active
adipokines affecting energy metabolism (2, 12, 31, 38). Excess
accumulation of adipose tissue leads to obesity and is consid-
ered a major risk factor for insulin resistance, type 2 diabetes,
and cardiovascular diseases (8, 30).

Adipogenesis is a complex process governed by a multi-
faceted transcriptional regulatory cascade. Members of the
CCAAT/enhancer binding protein family (C/EBP) and per-
oxisome proliferator-activated receptor gamma (PPARY)
act together to regulate adipocyte differentiation (3, 31).
Several transcription factors present in preadipocytes act to
repress or promote the conversion of preadipocytes into
adipocytes (3). Apart from the well-described preadipocyte
marker Pref-1, little is known about proteins that regulate
adipogenesis in the preadipogenic stage without acting as
transcription factors (3, 42).

In recent years, data have emerged indicating a role of
retinoids in adipose tissue function. Adipose tissue has an
active role in retinoid metabolism and is the second largest
active storage site for retinoids, with the liver being the largest
(25, 46). Retinol binding protein 4 (RBP4), secreted by adipo-
cytes, has been associated with insulin resistance (52). Further-
more, retinoic acid (RA) can inhibit adipocyte differentiation
by activating retinoic acid receptors (RAR) and subsequently
repressing C/EBP transcriptional activity (37). Similarly, the
administration of RA to obese mice has been associated with

* Corresponding author. Mailing address: Columbia University, In-
stitute of Human Nutrition, Department of Medicine, 650 W. 168th
Street, BB-R804, New York, NY 10032. Phone: (212) 305-0062. Fax:
(212) 305-2801. E-mail: sv98@columbia.edu.

¥ Published ahead of print on 24 May 2010.

3412

weight loss (1, 4, 19). A different retinoid, retinaldehyde, has
been shown to inhibit adipocyte differentiation by repressing
PPARYy and retinoid X receptor (RXRa) activities (53).

Intracellularly, retinol is the precursor for both retinalde-
hyde and RA and is bound to cellular retinol-binding proteins
(CRBP) (24, 32). We have previously described the presence
of CRBP-III in adipose tissue (29, 48, 54) and demonstrated
that CRBP-III is involved in energy metabolism (54). How-
ever, less is known about the role of CRBP-I in adipose tissue.
Here, we show that CRBP-I is specifically expressed in prea-
dipocytes but not in differentiated adipocytes. In mice, CRBP-I
deficiency leads to increased adiposity but a favorable meta-
bolic phenotype compared to the adiposity and metabolic phe-
notype of wild-type (WT) mice when fed a high-fat diet
(HFD). Similarly, suppression of CRBP-I expression in vitro
enhanced adipocyte differentiation, while overexpression led
to reduced TG accumulation. While PPAR'y activity and ex-
pression levels were significantly increased, retinaldehyde and
retinoic acid levels were not different in cells with suppressed
expression of CRBP-I compared to their levels in control cells.
Our findings indicate an important role for CRBP-I as a non-
transcriptionally active preadipocyte factor that is involved in
adipocyte differentiation.

MATERIALS AND METHODS

Mouse studies. CRBP-I knockout (CRBP-I-KO) mice have been described
previously (9, 29). CRBP-I-KO mice were backcrossed to the C57BL/6J genetic
background for seven generations prior to experiments. WT and CRBP-I-KO
mice were placed on a high-fat diet (HFD) at 5 weeks of age for 20 weeks
(D12492, 60% calories from fat; Research Diets, New Brunswick, NJ). Blood
samples for insulin and adipokine measurements were obtained after 18 weeks
on the HFD. At the end of the dietary regimen, all mice were sacrificed, white
adipose tissue weight recorded, and tissue stored at —70°C until analysis. Adi-
pose tissue was fixed in 10% formalin overnight and embedded in paraffin, and
sections (5 wm) were stained with hematoxylin and eosin. Adipocyte size was
determined using ImageJ Pro (National Institutes of Health) and measuring at
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least 350 cells per sample. All experiments involving mice were approved by the
Institutional Animal Care and Use Committee at Columbia University.

Commercially available enzyme-linked immunosorbent assays (ELISAs) (Mil-
lipore) were used to measure serum insulin and adipokine levels. The ELISA for
adiponectin measures high- and low-molecular-mass forms of adiponectin. Ret-
inol binding protein 4 (RBP4) levels were determined using Western blot anal-
ysis. Commercially available kits were used to measure serum free fatty acid
(Wako, United States) and triglyceride (Thermo Scientific) levels.

Glucose and insulin tolerance tests. Mice were fasted for 6 h, and d-glucose (1
g/kg of body weight [BW]) for glucose tolerance tests (GTT) and insulin (0.75
1U/kg BW) for insulin tolerance tests (ITT) were administered intraperitoneally
(i.p.). Blood glucose levels in blood obtained from tail bleeds were monitored
using a Glucometer (Lifescan). For assessment of insulin levels in response to
glucose injection, serum insulin levels were measured at 15, 30, and 45 min
following i.p. injection of glucose (1g/kg BW).

Cell culture. 3T3-L1 preadipocytes were maintained and differentiated as
previously established (5). Mouse embryonic fibroblasts (MEFs) were obtained
from mice at embryonic day 12.5. Two independent cell lines from WT and
CRBP-I-KO mice were established according to established methods (22, 43).
Differentiation of MEFs was induced by adding 0.5 uM dexamethasone, 10
pg/ml insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 10 pM troglitazone to
the medium 2 days after the cells reached confluence.

Control cells, cells in which short hairpin RNAs (shRNAs) were used to
suppress CRBP-I expression (CRBP-I-shRNA cells), and CRBP-I-shRNA cells
in which CRBP-I was reexpressed (rescue cells) were treated with vehicle or
retinoic acid (2 wM) between days 0 and 2 of differentiation, and TG levels
measured at day 10 of differentiation. In a separate experiment, control cells,
shRNA-treated cells, and rescue cells were treated with vehicle or retinol (2 pM)
between days 0 and 2 of differentiation, and TG levels measured at day 10 of
differentiation.

Cellular TG levels. Triglycerides (TG) were extracted from cultured cells using
hexane/isopropanol (3:2 [vol/vol]). The lipid extracts were dried under a gentle
stream of nitrogen and dissolved in cold isopropanol, and TG levels measured
using a commercially available kit (Thermo Scientific). Bodipy dye staining of
neutral lipids in differentiated 3T3-L1 cells was performed as previously de-
scribed (11).

Lentivirus shRNA. The following Mission shRNAs (Sigma) were used to
suppress CRBP-I expression in 3T3-L1 cells: CRBP-I-shRNA1, CCGGCGAG
GAGATAACCTTGGTCTTCTCGAGAAGACCAAGGTTATCTCCTCGTTT
TTG, and CRBP-I-shRNA2, CGGTGTGATCTGCAAGCAAGTGTTCTCGA
GAACACTTGCTTGCAGATCACATTTTTG. The shRNAs were cloned into
the BLOCK-iT lentivirus interfering RNA (RNAi) system driven by a U6 pro-
moter (Invitrogen), and lentivirus for the different SIRNAi’s were generated.
3T3-L1 preadipocytes were infected with the lentivirus (multiplicity of infection
of 10 to 50) and subsequently selected with blasticidin. For ectopic expression,
whole-length CRBP-I cDNA was integrated into the pLenti4 vector (Invitrogen)
using homologous recombination, and lentivirus produced as described above.
3T3-L1 wild-type and CRBP-I knockdown cells (CRBP-I-shRNA1) were in-
fected with the lentivirus and selected for 10 days with zeocin. As CRBP-I-
shRNAL targets the 3’ untranslated region (UTR), CRBP-I ¢cDNA expression
will not be affected by the shRNA.

Cell proliferation assay. The cell proliferation assay was performed as previ-
ously reported (10). Briefly, cells were synchronized in Dulbecco’s modified
Eagle’s medium supplemented with 1% fetal bovine serum for 24 h prior to the
experiment. The medium was changed to regular growth medium, and [*H]thy-
midine added to the cells. After 4 h, the medium was removed, and the cells
washed with phosphate-buffered saline (PBS) and treated with 5% ice-cold
trichloroacetic acid (TCA) to remove unincorporated [*H]thymidine. The cells
were solubilized in 1 M NaOH, and samples analyzed in a liquid scintillation
counter.

Cell sorting. White adipose tissue was digested with collagenase to obtain
adipocytes and the stromal-vascular fraction (SVF) as previously described (51).
For separation of different cell types in the SVF, cells were labeled with specific
antibodies, including CD11b for macrophages and Pecam (CD31) for endothe-
lial cells (51). Cells were sorted on a FACSCalibur (Columbia University Irving
Cancer Center Core Facility), RNA extracted, and real-time PCR performed for
CRBP-I expression.

ChIP assay. WT and CRBP-I-shRNA 3T3-L1 cells were induced to differen-
tiate 2 days after reaching confluence (see above). Chromatin immunoprecipi-
tation (ChIP) was performed essentially as previously described on cells at days
1 and 2 of differentiation (17). Briefly, cells were cross-linked with formaldehyde
for 10 min at room temperature. After chromatin disruption using a Bioruptor,
DNA concentrations were assessed for each time point and cell line. Immuno-
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precipitation of protein was performed using anti-Kriippel-like factor 5 (KFLS5;
Millipore), anti-C/EBP (Santa Cruz), or nonspecific anti-rabbit IgG. Quantita-
tive real-time PCR of the DNA was performed using SYBR green (Fermentas).
The primer sequences used for the PPARy promoter region that binds C/EBPB
and KLF5 (26) are forward, 5’ TATCTGGTGTTTCATAACTTAGAGAT
TAAG 3’, and reverse, 5" ATTACAAGGAAAACGTTGCTACATTGTCTC 3'.
The results are expressed as changes in the protein levels in CRBP-I-shRNA
cells compared to the levels in control cells.

Quantitative real-time PCR. Total RNA was extracted from tissues and cells
at indicated times of differentiation using STAT-60 (Tel-Test), and cDNA was
generated using Superscript reverse transcriptase (Invitrogen). The real-time
PCR mixture contained gene-specific primers, 1 X SYBR green PCR master mix
(Fermentas), and 10 pl of diluted cDNA. Primer sequences are available upon
request.

Determination of retinoid levels. Control, CRBP-I-shRNA, and rescue cells
were harvested, pelleted, and immediately flash-frozen in liquid nitrogen. Reti-
noid levels were quantified as previously described using liquid chromatography
tandem mass spectrometry with atmospheric pressure chemical ionization in
positive-ion mode on an API-4000 (Applied Biosystems, Foster City, CA) (13,
14). The results were expressed as pmoles per g total protein.

Lipolysis assay. Lipolysis assays were performed in differentiated control and
CRBP-I-shRNA 3T3-L1 cells. Cells were treated with isoproterenol (10 pM),
and glycerol concentrations in the medium measured at 2 and 4 h following the
treatment.

Luciferase assays. For determination of RARa and PPARY activities, all cells
were differentiated for 24 h and subsequently transfected with 2 pg retinoic acid
response element (RARE)-Luc (kind gift of N. Noy, Case Western Reserve
University) or 3X peroxisome proliferator response element (PPRE)-Luc
(kindly provided by M. A. Lazar, University of Pennsylvania) constructs using
Lipofectamine (Invitrogen) for 18 h. PPRE-luciferase activity assays were con-
ducted at day 4 of differentiation, and RARE-luciferase reporter activity was
measured at day 2 of differentiation. Luciferase activities were measured using a
Dual-Luciferase reporter assay (Promega) following the manufacturer’s instruc-
tions. All transfections were normalized by cotransfection with a Renilla lucifer-
ase construct.

Statistical analysis. Student’s ¢ test was used for comparison between two
groups, and significance was considered to be a P value of <0.05. Two-way
analysis of variance was used to detect differences in gene expression across
different time points and cell lines. For significant outcomes, post hoc analyses
were performed.

RESULTS

CRBP-I-KO mice have increased adiposity but improved
glucose tolerance and insulin sensitivity during diet-induced
obesity. To gain insight into the role of CRBP-I in adipose
tissue biology, wild-type (WT) and CRBP-I-KO mice were
placed on a high-fat diet (HFD) for 20 weeks. Body weights
were not significantly different between the two groups
throughout the dietary regimen (Fig. 1A). However, CRBP-
I-KO mice developed increased adiposity compared to that of
WT mice (Fig. 1B). The ratio of the epididymal fat pad to body
weight was significantly increased in CRBP-I-KO mice com-
pared to this ratio in WT mice at the end of the dietary
regimen (Fig. 1B). Histological examination revealed that ep-
ididymal adipose tissue from CRBP-I-KO mice contained a
higher frequency of smaller adipocytes than epididymal adi-
pose tissue from WT mice (Fig. 1C). We next determined
whether the increased adiposity was associated with changes in
adipocyte differentiation. The expression of the adipogenic
transcription factor PPARy was significantly increased in white
adipose tissue of CRBP-I-KO mice compared to its expression
in white adipose tissue of WT mice (Fig. 1D). Furthermore,
the expression levels of PPARYy target genes and markers of
late differentiation (adipocyte fatty-acid binding protein [aP2],
CD36, lipoprotein lipase [LpL], and adiponectin) were signif-
icantly increased in white adipose tissue of CRBP-I-KO mice
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FIG. 1. CRBP-I-KO mice had increased adiposity but remained glucose and insulin tolerant compared to WT mice after being fed a high-fat
diet (HFD). (A) Body weight gain for WT and CRBP-I-KO mice fed an HFD. n = 10 WT mice, and n = 9 CRBP-I-KO mice. (B) CRBP-I-KO
mice displayed increased adiposity after 20 weeks on an HFD. n = 10 WT mice, and n = 9 CRBP-I-KO mice. (C) White adipose tissue from
CRBP-I-KO mice had a higher percentage of small adipocytes than white adipose tissue from WT mice. n = 8 WT mice, and n = 8§ CRBP-I-KO
mice. (D) Expression of PPARYy and downstream target genes in white adipose tissue of CRBP-I-KO and WT mice. n = 7 WT mice, and n = 7
CRBP-I-KO mice. Adipo., adiponectin. (E) Serum adiponectin levels in CRBP-I-KO mice compared to the levels in WT mice after 18 weeks of
an HFD. n = 15 WT mice, and n = 14 CRBP-1-KO mice. (F) Expression of genes involved in intracellular retinaldehyde and RA synthesis in white
adipose tissue in WT and CRBP-I-KO mice. ADHI, alcohol dehydrogenase type 1; RALDHI, retinaldehyde dehydrogenase type 1.n = 7 WT
mice, and n = 7 CRBP-I-KO mice. (G) Fasting serum glucose and insulin levels in mice on an HFD. While blood glucose levels were not different,
serum insulin levels were significantly reduced in CRBP-I-KO mice. n = 10 WT mice, and n = 9 CRBP-I-KO mice. (H) Results of glucose
tolerance test (GTT) in WT and CRBP-I-KO mice fed an HFD. (I) Glucose-stimulated insulin secretion in WT and CRBP-I-KO mice. (J) Results
of insulin tolerance test (ITT) in WT and CRBP-1-KO mice fed an HFD. n = 10 WT mice, and n = 9 CRBP-I-KO mice. *, significantly different

at P < 0.05. Data are represented as the means =+ standard errors of the means.

compared to their expression levels in white adipose tissue of
WT mice (Fig. 1D). In agreement with increased adiponectin
gene expression, serum adiponectin levels were significantly
higher in CRBP-I-KO mice than in WT mice (Fig. 1E). The
levels of other adipokines, including leptin and resistin, and the
RBP4 and serum lipid levels were not different (Table 1 and

TABLE 1. Concentrations of several serum analytes of wild-type
and CRBPI-KO mice fed an HFD*

Concen (mean *= SEM) in:

Serum analyte

WT mice CRBP-IKO
mice
Resistin (ng/pl) 3.0x04 32x04
Leptin (ng/ul) 16.1+ 2.6 122+29
Triglyceride (mg/dl) 913 +6.9 86.4 = 6.7
Free fatty acids (nmol/liter) 0.80 = 0.6 0.75 £ 0.04

“ Serum leptin, resistin, free fatty acid, and TG levels were measured after
mice were fed an HFD for 18 weeks.

data not shown). The expression levels for retinoic acid (RA)
synthesis genes were not different between the two mouse
models (Fig. 1F). Taken together, these data indicate that the
increased adiposity in CRBP-I-KO mice correlates with in-
creased adipogenic gene expression and may reflect enhanced
adipocyte differentiation.

Changes in adiposity are often associated with alterations in
glucose and insulin homeostasis (31). While the blood glucose
levels in WT and CRBP-I-KO mice after a 6-h fast were sim-
ilar, the serum insulin levels were significantly lower in CRBP-
I-KO mice than in WT mice (Fig. 1G). Glucose tolerance tests
(GTT) revealed significantly lower blood glucose levels in
CRBP-I-KO mice than in WT mice in response to glucose
challenge (Fig. 1H). Furthermore, serum insulin levels in re-
sponse to a glucose challenge remained significantly lower in
CRBP-I-KO mice than in WT mice (Fig. 1I), indicating that
CRBP-I-KO mice remained more glucose tolerant during diet-
induced obesity. Similar to the GTT results, CRBP-I-KO mice
were more sensitive to insulin, with a significantly greater hy-
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FIG. 2. Reducing CRBP-I expression in 3T3-L1 preadipocytes results in increased adipocyte differentiation and TG accumulation. (A) Western
blot analysis of CRBP-I protein during differentiation of 3T3-L1 cells. (B) CRBP-I protein levels in control 3T3-L1 preadipocytes and 3T3-L1 cells
expressing specific ShRNAs targeting CRBP-1. Two cell lines were established, CRBP-I-shRNA1 and CRBP-I-shRNA2. (C) Staining of lipid
droplets showed increased lipids in cells with repressed CRBP-I expression. Lipid droplets were stained with Bodipy 493/503 dye and visualized
by confocal microscopy. (D) Intracellular TG levels in control and CRBP-I-shRNA cells at 5 and 10 days after start of differentiation. *,
significantly different compared to results for control cells at the indicated time point (P < 0.05). (E) TG levels in control cells, CRBP-I-shRNA
cells, and CRBP-I-shRNA cells expressing ectopic CRBP-I (designated “rescue”). *, significantly different compared to results for control and
rescue cells (P < 0.05). (F) TG levels were significantly increased in CRBP-I-KO MEFs compared to TG levels in WT or CRBP-I-KO rescue MEFs
10 days after the start of differentiation (¥, P < 0.05). (G) Intracellular TG levels in wild-type 3T3-L1 cells compared to TG levels in 3T3-L1 cells
with overexpression of CRBP-I. #, significantly different at P < 0.05. The experiments were performed in triplicate. Data are presented as the
means * standard errors of the means. Results in panels D to F are representative of three independent experiments.

poglycemic response to the injection of insulin than WT mice
(Fig. 1J). Together, these results indicate that CRBP-I-KO
mice are more glucose tolerant and insulin sensitive than WT
mice during HFD feeding despite having increased fat.
CRBP-I is a preadipocyte gene that represses adipocyte
differentiation in vitro. We and others have previously shown
that CRBP-I is expressed in white adipose tissue, specifically,
in the stromal-vascular fraction (46, 48). Further analysis re-
vealed that within the stromal-vascular fraction, CRBP-I ex-
pression is restricted to preadipocytes, and no expression was
detected in endothelial cells or macrophages (data not shown).
To assess CRBP-I expression during adipocyte differentiation,
we used the well-established 3T3-L1 preadipocyte cell line.
CRBP-I expression is highest during the first 2 days of differ-
entiation and decreases thereafter, and it is no longer detected

at 5 days of differentiation (Fig. 2A), indicating that CRBP-I
may play an important role during early differentiation.

We next sought to provide a mechanistic understanding of
the enhanced adiposity of CRBP-I-KO mice by determining
the role of CRBP-I in adipocyte differentiation. We hypothe-
sized that if CRBP-I is involved in repressing adipocyte differ-
entiation, then suppression of CRBP-I expression will lead to
enhanced adipocyte differentiation. 3T3-L1 preadipocytes
were infected with lentivirus that harbored either shRNAs
against CRBP-I (shRNA1 and shRNA?2) or a control shRNA.
CRBP-I protein levels were successfully reduced in two inde-
pendent cell lines (Fig. 2B). Remarkably, cells with decreased
expression of CRBP-I showed enhanced lipid accumulation as
determined by staining of intracellular lipids (Fig. 2C). Strik-
ingly, the decreased expression of CRBP-I led to significantly
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increased intracellular TG levels at 5 and 10 days after the start
of differentiation (Fig. 2D), indicative of enhanced adipocyte
differentiation. To confirm that the increased intracellular TG
accumulation was due to the diminished expression of
CRBP-I, we reexpressed CRBP-I in the CRBP-I knockdown
cell line, generating a rescue cell line (data not shown). Intra-
cellular TG levels in CRBP-I-shRNA cells with ectopic CRBP-I
expression were not different from the TG levels in control cells
(Fig. 2E), indicating that the increased TG accumulation was due
specifically to reduced CRBP-I levels.

To further confirm these findings using an independent ge-
netic model, we generated mouse embryonic fibroblast (MEF)
cell lines from WT and CRBP-I-KO mice. Consistent with our
in vivo and 3T3-L1 shRNA data, adipocyte differentiation was
significantly increased in CRBP-I-KO MEFs compared to the
adipocyte differentiation in wild-type MEFs. Intracellular TG
levels were increased nearly 3-fold in CRBP-I-KO mice com-
pared to the TG levels in wild-type MEFs (Fig. 2F). Similar to
the findings for 3T3-L1 CRBP-I knockdown cells, reexpression
of CRBP-I in the CRBP-I-KO MEFs resulted in normalization
of intracellular TG levels comparable to the levels of TG in
wild-type MEFs (Fig. 2F). Moreover, overexpression of
CRBP-I in wild-type 3T3-L1 cells resulted in significantly re-
duced TG levels compared to the levels in control cells (Fig.
2G). Together, these findings indicate that CRBP-I negatively
regulates adipocyte differentiation.

CRBP-I participates in adipocyte differentiation. Next, we
wanted to determine the stage in the transcriptional cascade
that is affected by a CRBP-I deficiency during adipocyte dif-
ferentiation. Consistent with our results in vivo (Fig. 1D),
PPARYy expression was significantly increased during the dif-
ferentiation process in CRBP-I-shRNA cells and CRBP-I-KO
MEFs compared to its expression in the respective control cells
(Fig. 3A). Furthermore, we determined that PPAR'y activity
was significantly increased when CRBP-I levels were dimin-
ished (Fig. 3B). There was a 2-fold increase in PPARYy activity,
assessed using a PPARvy transactivation reporter assay, in
CRBP-I-shRNA cells compared to the PPARY activity in con-
trol cells (Fig. 3B). In agreement with these data, the expres-
sion levels of PPARYy target genes (encoding aP2, adiponectin,
and LpL) were significantly increased in cells with repressed
CRBP-I expression compared to their expression levels in con-
trol cells (Fig. 3C). Consistently, PPAR~y expression levels in
the rescue cells were reduced to levels similar to those in
control cells (Fig. 3D). Similarly, the levels of adiponectin
expression in the rescue cells were reduced to the levels mea-
sured in control cells (Fig. 3D). In contrast to the increased
expression of PPARY, the expression levels for C/EBPa, an-
other essential transcription factor during adipocyte differen-
tiation, were not altered by decreased CRBP-I expression (Fig.
3E). To understand the lack of C/EBP« induction, we analyzed
the PPAR+y promoter using ChIP assays. It has previously been
shown that KLF5 and C/EBPp regulate the PPARy promoter
in concert (26). However, the occupancy of the PPARYy pro-
moter by KLF5 or C/EBP@ did not appear to be different
between control and CRBP-I-shRNA cells (Fig. 3F).

The increased TG accumulation in CRBP-I-shRNA cells
was accompanied by increased expression of DGAT1 (Fig.
3G), another marker of differentiated adipocytes, indicating
increased TG synthesis in these cells. The rates of lipolysis
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were not different between control and CRBP-I-shRNA cells
(Fig. 3H).

Based on the expression pattern during adipocyte differen-
tiation (Fig. 2A), CRBP-I may function in the early stages of
adipocyte differentiation. We hypothesized that the suppres-
sion of CRBP-I may alter the expression of genes present early
in adipocyte differentiation and/or may affect genes that in turn
lead to downstream changes in PPARYy expression and activity.
We evaluated Pref-1, a prominent preadipocyte protein that
plays an inhibitory role in adipocyte differentiation and whose
absence leads to enhanced adipocyte differentiation (16, 40, 41,
47). However, in our study, the expression levels of Pref-1 and
its downstream target gene product Sox9 (50) were not differ-
ent between control and CRBP-I-shRNA cells (data not
shown). Similarly, the expression levels of preadipocyte tran-
scription factors that affect PPARYy expression and transcrip-
tional activity, including C/EBPB, GATA2, and 1D2 (28, 44,
45), were not altered in CRBP-I-shRNA cells (data not
shown). In addition, the loss of CRBP-I expression did not
affect preadipocyte proliferation (Fig. 31). Taken together, our
data indicate that a CRBP-I deficiency augments PPAR<y ac-
tivity, an effect that cannot be readily explained by changes in
known proteins that repress or promote adipocyte differenti-
ation during the early stages of differentiation.

CRBP-I binds retinol and its immediate oxidation product
retinaldehyde (27). The proposed role of CRBP-I is to partic-
ipate in the metabolism of retinol to retinyl ester or to the
metabolically active compound RA (21). RA in particular,
when added early in differentiation, has an inhibitory effect on
adipocyte differentiation (37, 39). Thus, we tested the hypoth-
esis that CRBP-I regulates adipocyte differentiation through
sensitizing cells to the inhibitory effects of RA on adipocyte
differentiation. We treated control, CRBP-I-shRNA, and res-
cue cells with vehicle or RA during early differentiation. TG
accumulation was inhibited by RA independently of the ex-
pression levels of CRBP-I, indicating that in the absence of
CRBP-I, cells remain sensitive to the inhibitory effects of RA
(Fig. 4A). An alternative hypothesis is that CRBP-I is impor-
tant in maintaining the levels of retinaldehyde and RA neces-
sary to repress adipocyte differentiation. We treated cells with
retinol and determined the levels of TG accumulation as a
measure of adipocyte differentiation. Retinol treatment de-
creased adipocyte differentiation to the same extent in the
presence or absence of CRBP-I (Fig. 4B). Furthermore, intra-
cellular retinaldehyde and RA levels were not different among
control, CRBP-I-shRNA, and rescue cells (Fig. 4C). This find-
ing is also corroborated by the results of RARE-luciferase
assays showing that the transcriptional activity of RA was not
altered (Fig. 4D) and by the finding that the expression levels
of RA-regulated genes remained unchanged (Fig. 4E). Taken
together, the retinaldehyde and retinoic acid levels and the
ability of retinol or retinoic acid to suppress adipocyte differ-
entiation were not different in the presence or absence of
CRBP-1.

DISCUSSION

We have demonstrated that CRBP-I deficiency leads to a
proadipogenic phenotype with significantly enhanced adipo-
cyte differentiation and increased intracellular TG accumula-
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FIG. 3. Repressed expression of CRBP-I in 3T3-L1 cells leads to increased expression and activity of PPARy. (A) PPARy mRNA levels during
differentiation (indicated in days) in CRBP-I-shRNA cells (left panel) and CRBP-I-KO MEFs (right panel) compared to PPARy mRNA levels in their
respective control cells. MEFs were analyzed at 10 days after the start of differentiation. *, significantly different at P < 0.05. (B) Results of luciferase
assays of PPARy transcriptional activity using 3X PPRE-Luc in control and CRBP-I-shRNA cells at 4 days after start of differentiation. Rel., relative.
*, significantly different at P < 0.05. (C) Expression of PPARy downstream target genes at different times of differentiation in control and CRBP-I-
shRNA cells. (D) PPARY and adiponectin expression levels in control, siRNA, and rescue (reexpression of CRBP-I) cells. #, significantly different from
results for control and rescue cells (P < 0.05). (E) Expression levels of C/EBPa during adipocyte differentiation in control and CRBP-1-KO shRNA cells.
(F) Results of ChIP of C/EBPB and KLFS5 binding to the PPARy promoter in control versus CRBP-I-shRNA cells at days 1 and 2 of differentiation.
Real-time PCR of the PPARy promoter region known to bind C/EBPB and KLF5 was performed. Results are shown as the ratio of the level in
CRBP-I-shRNA cells and the level in control cells for days 1 and day 2. (G) Expression of diacylglycerol acyltransferase type 1 (DGAT1) was significantly
increased during adipocyte differentiation in CRBP-I-shRNA cells compared to its expression in control cells. (H) Results of lipolysis assay in WT and
CRBP-I-shRNA cells. Glycerol release into the medium was measured at 2 and 4 hours after stimulation of lipolysis with isoproterenol. (I) Repressed
expression of CRBP-I did not affect cell proliferation of 3T3-L1 cells. Results of proliferation assays for control and CRBP-I-shRNA cells are shown.
Experiments were conducted in duplicate for each time point and cell line. Results in panels A to D are representative of three independent experiments.
*, significantly different at P < 0.05. Data are represented as the means =+ standard errors of the means.

tion due to augmented PPAR<y activity. CRBP-I has been levels of retinol for retinyl ester synthesis in the liver and the
assigned the role of a chaperone in retinoid metabolism, pri- eye and controls RA synthesis (9, 18, 20, 21, 33). We examined
marily protecting retinol from being metabolized by unspecific an exhaustive list of possible explanations for our observations,
enzymes (9, 18, 20, 21). In this role, CRBP-I maintains normal including intracellular retinoid levels, transcriptional activity of
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FIG. 4. Control, shRNA, and rescue cells were treated with vehicle
or RA (2 pM) (A) or vehicle or retinol (2 wm) (B) during early
adipocyte differentiation (days 0 to 2), and TG levels measured at day
10 of differentiation. *, significantly different from results for untreated
cells at P < 0.05. RA, retinoic acid. Data are representative of three
independent experiments. (C) RA and retinaldehyde (RAL) concen-
trations in control (white bars), CRBP-I-shRNA (black bars), and
rescue (grey bars) cells. Experiments were performed in triplicate for
each cell line. (D) RARa transcriptional activity (RARE-luciferase
activity) in control, CRBP-I-shRNA, and rescue cells was assessed at
day 2 of differentiation. (E) Comparison of expression levels of genes
involved in retinoid metabolism at day 2 of differentiation. The results
in panels D and E are representative of two independent experiments.
Data are represented as the means * standard errors of the means.
CYP26a, cytochrome P45026a; RALDHI, retinaldehyde dehydroge-
nase type 1.

RA, expression of genes involved in intracellular retinoid me-
tabolism, the sensitivity of our cell models to retinol and RA
treatment, and changes in cell proliferation.

Because it has previously been demonstrated that the two
downstream products of retinol, retinaldehyde and RA, are
potent inhibitors of adipocyte differentiation (37, 39, 53), we
expected that the observed effects of CRBP-I deficiency would
correlate with reduced levels of retinaldehyde or RA. In con-
trast to our expectations, the intracellular levels of retinalde-
hyde and RA remained the same in the absence of CRBP-I.
Decreased delivery of RA to the nucleus could offer an expla-
nation for our phenotype (1). However, the levels of cellular
retinoic acid-binding protein II (CRABP-II) and fatty acid
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binding protein 5 (FABPS) (data not shown), two proteins that
are thought to be important for RA delivery to the nucleus (1,
34), were not different in the presence or absence of CRBP-1.
Additionally, the transcriptional activity of RA and expression
levels of RA target genes were unaffected by the absence of
CRBP-I. Furthermore, the cells remained sensitive to the in-
hibitory action of retinol and RA on differentiation. Finally, we
ruled out the possibility that the absence of CRBP-I increases
cell proliferation. Based on these results, the actions of
CRBP-I in adipocyte differentiation cannot be readily ex-
plained by changes in retinaldehyde and RA levels. Recently,
in an elegant study, Lazar and coworkers demonstrated that
the enzyme retinol saturase (RetSat) promotes adipocyte dif-
ferentiation (36). In a finding similar to that in our study, the
function of RetSat was not readily explained by its enzymatic
role of generating 13,14-dihydroretinol from retinol.

Importantly, CRBP-I deficiency is tightly associated with
enhanced PPARYy activity. CRBP-I is expressed in preadipo-
cytes prior to the expression of PPARy and C/EBPa, the two
master regulators of adipocyte differentiation. The expression
levels and transcriptional activity of PPARYy were significantly
increased in the absence of CRBP-I, while C/EBPa expression
was not affected. Consistently, in our CRBP-I-KO model, the
levels of PPARYy and its downstream targets were increased,
but not the levels of C/EBPa or other adipogenic transcription
factors. We evaluated several known transcription factors up-
stream of PPARy that are known to affect PPARYy activity but
did not detect significant changes. Taken together, the absence
of CRBP-I specifically leads to an increase in PPARy activity.
While CRBP-I is a cytosolic protein (27), it remains to be
determined if CRBP-I regulates the activities or levels of
PPARYy cofactors.

The proadipogenic phenotype observed in our shRNA
knockdown cell lines and CRBP-I-KO MEFs also translated
into increased adiposity in vivo. CRBP-I-KO mice challenged
with an HFD displayed increased adiposity compared to that
of WT mice on the same diet. Importantly, despite the expan-
sion of the fat depot, CRBP-I-KO mice exhibited a better
glucose homeostasis than WT mice on a high-fat diet. In-
creased adipose PPARy expression, an increased frequency of
small adipocytes, and increased plasma adiponectin levels in
CRBP-I-KO mice compared to the findings for WT mice offer
an explanation for the observed positive impact on metabo-
lism. Our observations are in line with several examples where
increased adiposity was associated with increased insulin sen-
sitivity (15, 49). For example, the overexpression of adiponec-
tin in adipose tissue of leptin-deficient mice results in increased
adiposity but also in an improved metabolic profile compared
to that of controls (15). The treatment of animals and humans
with PPAR<y agonists leads to insulin sensitivity and greater
adiposity with smaller adipocytes (23).

To our knowledge, CRBP-I and Pref-1 are the only non-
transcription factors present in preadipocytes that modulate
adipocyte differentiation. It is important to note that while
overexpression of CRBP-I resulted in a significant reduction in
TG levels, it did not lead to complete inhibition of adipocyte
differentiation. This is in partial contrast to findings for Pref-1,
which acts as a dominant factor completely inhibiting adipo-
cyte differentiation when overexpressed (41). A possible expla-
nation for this observation is that CRBP-I function requires
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other factors that must be present at a specific stochiometry
with CRBP-I during adipocyte differentiation. Interestingly, it
has recently been shown that the knockdown of PPARY in
adipocytes leads to significant increases in Pref-1 and CRBP-I,
reflecting dedifferentiation of the cells (35). As CRBP-I ex-
pression is restricted to preadipocytes in the adipose tissue, its
gene may prove to be an additional useful marker gene for
preadipocytes and, potentially, a therapeutic target to treat
insulin resistance and type 2 diabetes, similar to the consider-
ation given to another member of the FABP family, FABP4/
aP2 (6, 7).

In conclusion, our data indicate an important role of
CRBP-I in adipocyte differentiation. CRBP-1 is a protein spe-
cific to preadipocytes, and its gene could thus become an ad-
ditional useful marker gene for preadipocytes. Furthermore, in
the absence of CRBP-I, PPARY expression and activity are
increased, leading to enhanced adipocyte differentiation. Over-
all, this represents a novel function of CRBP-I in adipose tissue
and provides new insights into the regulation of early adipocyte
differentiation.
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