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Cyclophilin B, a molecule chaperone, promotes adipogenesis
in 3T3-L1 preadipocytes via AKT/mTOR pathway
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Abstract. Cyclophilin is known to act as a molecular chap-
erone in the endoplasmic reticulum. Recent studies have
reported that the expression of cyclophilin B (CypB) is
increased in ob/ob mice and its inhibitor suppresses adipocyte
differentiation. However, the mechanism of action of CypB
in adipocytes remains to be elucidated. The present study
investigated the role of CypB in 3T3-L1 adipocyte differ-
entiation. It showed that the expression level of CypB was
increased during 3T3-L1 adipocyte differentiation by reverse
transcription-quantitative PCR and western blotting analysis.
CypB knockdown using short interfering RNA delayed cell
cycle progression from the G,/S to G,/M phase through the
mammalian target of rapamycin (mTOR) signaling pathway
and inhibited the expression levels of adipogenic transcription
factors including peroxisome proliferator-activated receptor y
(PPARY) and CCAAT-enhancer binding protein (C/EBP)a.
Additionally, the accumulation of lipid droplets was inhibited
by CypB knockdown. Conversely, overexpression of CypB
promoted cell cycle progression from the G,/S to G,/M phase
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by the mTOR signaling pathway and enhanced the expression
levels of adipogenic transcription factors including PPARy and
C/EBPa. Finally, the present study showed that CypB down-
regulated the expression of CHOP, a well-known negative
regulator of adipogenesis. Taken together, the data suggested
that CypB might serve important physiological regulatory
roles in 3T3-L1 adipocyte differentiation.

Introduction

Obesity is a disease in which fat accumulates in the body due
to an imbalance between food intake and energy expenditure.
It is known to increase the risk of metabolic disorders such
as type 2 diabetes, arteriosclerosis, hypertension and various
cancers (1-3). Global research on obesity prevention and treat-
ment is underway and various methods such as diet, exercise,
surgery and drug therapy are being proposed (4-6). However,
it is not easy to lose weight with behavioral therapy alone and
drugs and surgery cause side effects such as mental disorders
and depression (7). Obesity is induced by the accumulation
of triglyceride in cells through adipogenesis, in which preadi-
pocytes differentiate into mature adipocytes. Methods for
preventing and treating obesity by regulating adipogenesis,
one of the causes of obesity, are being studied (8,9).

The standard adipogenesis process of 3T3-L1 preadi-
pocytes consists of three steps: Contact inhibition, mitotic
clonal expansion (MCE) and terminal adipogenic differentia-
tion (10). After contact inhibition and growth arrest, 3T3-L1
preadipocytes reenter the cell cycle using a differentiation
medium, MDI [dexamethasone, 3-isobutyl-1-methylxanthine
(IBMX), insulin]. Then, the cells undergo a few mitotic cycles
during MCE, which is an essential step in the early stage of
adipocyte differentiation (11). Therefore, anti-obesity therapies
that inhibit adipocyte differentiation through MCE regulation
are being studied (12-15). Transcription factors that regulate
adipogenesis include peroxisome proliferator-activated
receptors (PPARs) and CCA AT/enhancer-binding proteins
(C/EBPs). During MCE, early adipogenic factors, C/EBPf
and C/EBP9 are temporally expressed and this event stimu-
lates late adipogenic factors such as C/EBPa and peroxisome
proliferator-activated receptor y (PPARY). C/EBPa and PPARYy
coordinately induce terminal differentiation into a mature
adipocyte phenotype by activating adipocyte-specific genes
including adipocyte protein 2 (FABP4), a terminal marker of
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adipogenesis (16-18). In addition, the expression of the regula-
tors has been reported to be associated with the expression of
cyclin-dependent kinase inhibitors, including p27 (19,20).

CypB is a protein present in the endoplasmic reticulum. It
has prolyl isomerase activity (PPlase) and the ability to inhibit
endoplasmic reticulum (ER) stress and oxidative stress. It is
involved in protein folding and acts as a chaperone to prevent
or inhibit protein folding (21). CypB expression has been
reported to increase in the serum of patients with metabolic
disorders more than in healthy subjects and in various organs
of ob/ob mice (obesity-induced mice) (22). Sanglifehrin-based
cyclophilin inhibitor suppresses the carcinoma formation and
progression of non-alcoholic fatty liver (23). Similar to CypB,
CypA, which is known as a member of the PPlase family, has
been reported as a novel adipogenic factor (24). Therefore, it is
fascinating to study the role of cyclophilin family proteins in
the progression of adipogenesis.

CHOP has been reported as a negative regulator that
inhibits adipocyte differentiation (25-27). It has been reported
that elF2a phosphorylation increases CHOP production to
repress adipocyte differentiation in response to ER stress
in vitro and in vivo (28). It has been proposed that an elevated
rate of protein synthesis would in turn increase phosphoryla-
tion of eIF2a in differentiation and later induce downstream
target molecules such as CHOP. Therefore, inhibiting ER stress
activation may be the key to reducing metabolic syndrome
events such as adipogenesis (28). Further studies are needed to
dissect the cellular and molecular mechanisms involved in the
regulation of adipogenesis and ER stress.

The mammalian target of rapamycin (mTOR) is a phos-
phoinositide 3-kinase (PI3K)-like serine/threonine-protein
kinase that controls protein and lipid synthesis, cell size,
proliferation, differentiation, autophagy and metabolism
according to intracellular and extracellular cues (29). mTOR
is the catalytic core of two distinct multiprotein complexes,
mTOR complex 1 (mTORCI) and 2 (mTORC?2), which differ
in their components, regulation, function and sensitivity to
rapamycin (30). Insulin and insulin-like growth factors (IGFs)
bind to the insulin receptor (IR) or IGF receptor (IGF-IR),
thereby activating the receptor tyrosine kinase (31). Then,
activated IR substrate proteins trigger PI3K/AKT signaling
and promote cell proliferation and lipid synthesis (32).
PI3BK/AKT/mTOR signaling pathway and its downstream, ribo-
somal protein S6 kinase (P70S6K) are reported to be critical
regulators of adipogenesis (33). In particular, mMTOR complex
1 (mTORC1) phosphorylates P70S6K and upregulates the
adipogenic transcription factors PPARy and C/EBPa (34-36).

The present study, for the first time to the best of the
authors' knowledge, investigated the molecular mechanism of
CypB in 3T3-L1 adipocyte differentiation, with a focus on the
early-stage MCE process of adipogenesis and the AKT/mTOR
signaling pathway.

Materials and methods

Reagents. The 3T3-L1 cell was purchased from the Korean
Cell Line Bank. Dulbecco's modified Eagle's medium
(DMEM) and calf serum (CS) used for cell culture were
purchased from HyClone (Cytiva) and penicillin/strepto-
mycin was purchased from Corning, Inc. MDI used for

differentiation was purchased from MilliporeSigma, fetal
bovine serum (FBS) HyClone (Cytiva). Cyclosporine A
(CsA) used as an inhibitor of CypB was purchased from Cell
Signaling Technology, Inc. and Rapamycin used as an mTOR
inhibitor was purchased from MilliporeSigma. RNA extrac-
tion was performed using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.) and cDNA synthesis was performed using a
kit (Thermo Fisher Scientific, Inc.). Reverse transcription PCR
was performed using a 7500 Reverse transcription PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and with
Power SYBR® Green PCR Master Mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.). All reagents used for Oil Red O
Staining were purchased from MilliporeSigma. For cell cycle
analysis, propidium iodide solution and RNase A solution
were purchased from MilliporeSigma. Cell proliferation assay
was performed using Chromo-CK cell viability assay reagent
(Monobio). Antibodies used in the present study included
mouse anti-f3-actin; cat. no. sc-47778, mouse anti-vinculin;
cat. no. sc-25336, mouse anti-C/EBPf; cat. no. sc-7962,
mouse anti-C/EBPa; cat. no. sc-166258, goat anti-FABP4;
cat. no. sc-18661, rabbit anti-Adiponectin; cat. no. PA1-054
(Thermo Fisher Scientific, Inc.), mouse anti-hemagglutinin
(HA); cat. no. sc-7392, mouse anti-CyclinD; cat. no. sc-8396,
mouse anti-CyclineE; cat. no. sc247, mouse anti-CyclinA;
cat.no. sc-271645, rabbit anti-AKT; cat. no. sc-8312 (Santa Cruz
Biotechnology, Inc.), rabbit anti-PPAR; cat. no. 2443s, rabbit
anti-CDK4; cat.no. 12790s, rabbit anti-p27; cat.no.2552s, rabbit
anti-pRB; cat. no. 8516s, rabbit anti-pAKT; cat. no. 9271s, rabbit
anti-pmTOR; cat. no. 5536s, rabbit anti-mTOR; cat. no. 2983s,
rabbit anti-phosphorylated (p-) p70S6K; cat. no. 9204L, rabbit
anti-p70S6K; cat. no. 9202L (Cell Signaling Technology,
Inc.), rabbit anti-CypB; cat. no. abl6045 (Abcam). Secondary
antibodies used were goat anti-rabbit IgG; cat. no. 31460, goat
anti-mouse IgG; cat. no. M32607 (Invitrogen; Thermo Fisher
Scientific, Inc.) and rabbit anti goat IgG; cat. no. SA007-500
(GenDEPOT, LLC).

Cell culture and differentiation. 3T3-LlI cells were cultured in
DMEM supplemented with 10% CS and 1% P/S at 37°C in a
5% CO, atmosphere. For 3T3-L1 cell differentiation, the cells
when confluent were incubated for 2 more days (day 0) and then
treated with MDI (500 pM IBMX, 0.25 yM dexamethasone,
10 pg/ml insulin) for 48 h at 37°C to induce differentiation.
At 48 h after initiating 3T3-L1 cell differentiation, the DMEM
medium (10% FBS, 1% P/S) was supplemented with 10 zg/ml
insulin for 2 days (day 4). Day 4 after 3T3-L1 cell differentia-
tion, DMEM medium (10% FBS, 1% P/S) was supplemented
for 3 days (day 7). On day 7 of differentiation, differentiating
cells were observed by capturing five different random
fields of views for each well using a light microscopy at x40
magnification (model IX73; Olympus Corporation). CsA (a
CypB inhibitor) and mTOR-specific inhibitor rapamycin were
dissolved in DMSO and added into the medium at 5 pg/ml
(CsA) and 0.5 uM (Rapamycin), respectively at 37°C.

Plasmid and short interfering (si)RNAs transfection. The
3T3-L1 cells were seeded at a density of 5.5x10° cells/ml
in a 60 mm dish or 12x10° cells/ml in a 100 mm dish and
then incubated for 24 h at 37°C in a 5% CO, atmosphere.
Afterward, plasmid or siRNA transfection was performed
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Table I. A list of primer sequences used in current study.

Gene Direction Sequence
CypB Forward TATGAAGGTGCTCTTCGCCG
Reverse AGTATACCTTGACTGTGACTTTAGG
GAPDH Forward ATGGTGAAGGTCGGTGTGAA
Reverse TGGAAGATGGTGATGGGCTT
C/EBPS Forward AGCTGAGCGACGAGTACAAG
Reverse AGCTGCTCCACCTTCTTCTG
C/EBPa Forward GCCATGTGGTAGGAGACAGA
Reverse CAAGTTCCTTCAGCAACAGC
PPARy Forward ATCTTAACTGCCGGATCCAC
Reverse TGGTGATTTGTCCGTTGTCT
Adiponectin Forward TGTTCCTCTTAATCCTGCCCA
Reverse CCAACCTGCACAAGTTCCTT
FABP4 Forward AAAGAAGTGGGAGTGGGC
Reverse CTGTCGTCTGCGGTGATT

CypB, cyclophilin B; C/EBP, CCAAT-enhancer binding protein; PPARY, peroxisome proliferator-activated receptor y; FABP4, fatty acid

binding protein 4.

using X-tremeGene® HP DNA Transfection Reagent
(MilliporeSigma) or X-tremeGENE siRNA Transfection
Reagent (MilliporeSigma) according to the manufacturer's
instructions and treated for 48 h at 37°C in a 5% CO, atmo-
sphere. Subsequent experimentation was then performed
2 days later. CypB was HA-tagged at its 5' end and subcloned
into a pcDNA vector (HA tag; 5-TACCCATACGACGTCCCA
GACTACGCT-3"). CypB-specific siRNA (5GGAAAGACU
GUUCCAAAAAZ'; D-001136-01-20) and scrambled siRNA
(5'UAAGGCUAUGAAGAGAUAC3'") were purchased from
Dharmacon.

Western blot analysis. Cells were lysed in RIPA buffer (50 mM
Tris-HCI; pH 7.6; 150 mM NacCl; 1% Triton X-100; 1% Sodium
deoxycholate). Protein concentrations was determined by BCA
assay. Equal amounts of protein (20 ug) were separated with
6-15% SDS-PAGE gel and transferred to BioTrace NT nitro-
cellulose membrane (Pall Life Sciences) and incubated with
5% blocking solution [(BSA; cat. no. A0100-010; GenDEPOT,
LLC) or skimmed milk (cat. no. MB-S1667; MB cell)] for 1 h
at room temperature. Afterward, the membrane was incubated
with primary antibody overnight at 4°C. Next, the reaction
was performed at room temperature for 1 h using a secondary
antibody matching the primary antibody. The primary
antibodies and secondary antibodies concentration used in
the experiment were 1:1,000 and 1:10,000, respectively. The
bands were detected with the enhanced chemiluminescence
(Clarity™ Western ECL Substrate; cat. no. 170-5061; Bio-Rad
Laboratories, Inc.), and the density and size of the bands were
quantified using ImageJ 1.50i software (National Institutes of
Health) by normalizing to -actin and Vinculin.

Reverse transcription-quantitative (RT-g) PCR. The 3T3-L1
cells were seeded at a density of 5.5x10° cells/ml in a 60 mm
dish. Total RNAs were extracted by TRIzol® (Invitrogen;

Thermo Fisher Scientific, Inc.). cDNA was synthesized
from 0.2 ug total RNA using RevertAid First Strand cDNA
Synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.).
Reverse transcription PCR was performed using 7500 Real
Time PCR system with SYBR-Green PCR Master Mix
according to the manufacturer's instructions. The Real Time
PCR cycling conditions consisted of an initial activation step
of 95°C for 15 min, denaturation of 95°C for 15 sec, annealing
of 60°C for 30 sec, extension for 72°C for 30 sec; for 40 cycles.
The primer sequences used are shown in Table I. The data
were quantified using the 2244 method and were normalized
against the levels of GAPDH (37). These experiments were
performed in triplicate and repeated five times with similar
results.

Oil Red O staining. After day 7, differentiated 3T3-L1 cells
were washed three times with phosphate-buffered saline
(PBS) and then fixed with 3.7% paraformaldehyde for 1 h at
room temperature and washed thrice again with PBS. The
cells were stained with 0.5% Oil Red O in isopropanol for 1 h
at room temperature. Stained cells were washed three times
with distilled water. Then, the stained cells were observed by
capturing five different random fields of views for each well
using a light microscopy at x100 magnification (model IX73;
Olympus Corporation) and lipid droplets were measured with
a microplate reader (Molecular Devices, LLC.) at 510 nm.

Flow cytometric cell cycle analysis. The cells were harvested
after MDI treatment for 48 h. Harvested cells were fixed 70%
cold ethanol overnight at -20°C and washed with cold PBS.
The fixed cells were centrifuged at 500 x g for 10 min at room
temperature. The centrifuged cell pellet was resuspended in
10 ug/ml of RNase A at 37°C for 1 h. Then, 40 ug/ml prop-
idium iodine solution was added at 37°C for 10 min in the
dark. Cells were analyzed using a FACSCalibur system (BD
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Figure 1. Expression of CypB during 3T3-L1 cell adipogenesis. (A) The morphology images of 3T3-L1 cells during the adipogenesis period. (B) During
adipogenesis, cells (Day 0, 2, 4 and 7) were stained with lipid droplets through Oil Red O staining assay. Quantification of the stained lipid droplets was
performed by measuring the absorbance at 510 nm. (C) At 0, 2,4 and 7 days after induction of 3T3-L1 cell adipogenesis, protein levels of CypB and adipogenic
markers (C/EBPf, PPARy, C/EBPa, FABP4 and adiponectin) during 3T3-L1 cell adipogenesis was measured by western blotting. Vinculin was used as a
loading control. (D) The mRNA levels of CypB and adipogenic marker genes (C/EBPf, PPARy, C/EBPa, FABP4 and adiponectin) were measured by reverse
transcription-quantitative PCR. The values were shown as the mean + standard deviation of three independent experiments. “P<0.001 vs. the data of Day 0.
CypB, cyclophilin B; C/EBP, CCA AT-enhancer binding protein; PPARY, peroxisome proliferator-activated receptor y; FABP4, fatty acid binding protein 4.

Biosciences) according to the manufacturer's instructions. The
results were averaged, and the percentage of cell cycle progres-
sion was calculated using the BD CellQuest™ Pro software
(version 5.1; BD Biosciences).

Statistical analysis. Results were presented as the mean =+ stan-
dard deviation. Error bars represent the mean + standard
deviation of three or five independent experiments performed
in triplicate. Depending on the design of the experiment, data
were analyzed one-way ANOVA with post hoc multicom-
parison analysis (Tukey's test) and comparisons between the

two groups were performed using an unpaired two-tailed
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Expression of CypB during adipogenesis in 3T3-LI cells. Post
confluent 3T3-L1 pre-adipocytes were treated with MDI, an
adipogenic inducer and were observed for 7 days to determine
the expression level of CypB during adipocyte differentiation
and adipogenesis. Fig. 1A shows the morphology image of
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Figure 2. Effect of knockdown of CypB on adipogenesis in 3T3-L1 cells. 3T3-L1 cells at 70-80% confluence were transfected with scrambled siRNA (siCon-
trol) or CypB siRNA (siCypB at 37°C for 48 h. Then the fully confluent cells were differentiated for 2 to 7 days. (A) The differentiated cells (ND, CON,
siControl and siCypB) were stained with Oil Red O to detect cytoplasmic lipid droplets. Quantification of the stained lipid droplets was performed by
measuring the absorbance at 510 nm. CypB knockdown efficiency was monitored by western blotting and reverse transcription-quantitative PCR. -actin and
vinculin were used as loading controls. (B) The expression of C/EBP, an early adipogenic factor was analyzed by western blotting 2 days after induction of
adipogenesis. [3-actin was used as a loading control. (C) The expressions of late adipogenic factors (C/EBPa, PPARy and FABP4) were analyzed by western
blotting 7 days after induction of adipogenesis. Vinculin was used as a loading control. (D) At 7 days after induction of adipogenesis, the mRNA levels of CypB
and adipogenic marker genes (C/EBPf, PPARy, C/EBPa and FABP4) were measured by reverse transcription-quantitative PCR. The values were shown as
the mean + standard deviation of five independent experiments. “P<0.001 vs. siControl. (E) The CsA-treated differentiated cells were stained with Oil Red O
to detect cytoplasmic lipid droplets. Quantification of the stained lipid droplets was performed as aforementioned. (F) After treatment with 5 pg/ml CsA
(dissolved in DMSO), 3T3-L1 cells were induced to differentiate into adipocytes. The expressions of late adipogenic factors (C/EBPa, PPARy and FABP4)
were analyzed by western blotting 7 days after induction of adipogenesis. Vinculin was used as a loading control. The control was treated with DMSO. The
values were shown as the mean + standard deviation of five independent experiments. "P<0.001 vs. DMSO. CypB, cyclophilin B; si, short interfering; ND,
non-differentiation; CON, untreated differentiation control; C/EBP, CCA AT-enhancer binding protein; PPARY, peroxisome proliferator-activated receptor vy;
FABPA4, fatty acid binding protein 4.

Oil Red O staining (day 7)

1.0
0.5 I I

DMSO CsA

Oil Red O staining
(fold of control)

3T3-L1 cells during the differentiation period under a micro-
scope and Fig. 1B shows that the lipid droplets were stained
with Oil Red O staining assay for each day, confirming that the
differentiation was normal. For reference, the expression levels
of key adipogenic markers such as C/EBPf, PPARYy, C/EBPa,
FABP4 and adiponectin were monitored. The C/EBPf gene is
expressed in the early stage of adipogenesis and at the middle
and later stages, PPARy, C/EBPa, FABP4 and Adiponectin
are expressed (38). As shown in Fig. 1C, CypB and C/EBPf

were transiently induced on day 2 and the protein expression
levels of PPARYy, C/EBPa, FABP4 and Adiponectin were
significantly increased after day 4. Notably, CypB protein was
upregulated by 5-6 fold after day 2. mRNA levels of CypB
were measured by RT-qPCR during adipocyte differentiation
(Fig. 1D). Consistent with previous reports (16,38), the mRNA
levels of adipogenic genes including C/EBPf, PPARY, C/EBPa
and FABP4 were increased after treatment with MDI. The
mRNA level of CypB was also significantly upregulated
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Figure 3. Effect of CypB overexpression on adipogenesis in 3T3-L1 cells. 3T3-L1 cells at 70-80% confluence were transfected with pcDNA or CypB-HA
at 37°C for 48 h. Then the fully confluent cells were differentiated for 2 to 7 days. (A) The CypB-overexpressed and differentiated cells were stained with Oil
Red O to detect cytoplasmic lipid droplets. Quantification of the stained lipid droplets was performed as before. CypB overexpression efficiency was monitored
by western blotting. (B) The expression of C/EBPp, an early adipogenic factor was analyzed by western blotting 2 days after induction of adipogenesis. 3-actin
was used as a loading control. (C) The expressions of late adipogenic factors (C/EBPa, PPARY and FABP4) were analyzed by western blotting 7 days after
induction of adipogenesis. Vinculin was used as a loading control. (D) At 7 days after induction of adipogenesis, the mRNA levels of CypB and adipogenic
marker genes (C/EBPf3, PPARy, C/EBPa and FABP4) were measured by reverse transcription-quantitative PCR. The values were shown as the mean =+ stan-
dard deviation of five independent experiments. *P<0.001 vs. pcDNA. CypB, cyclophilin B; si, short interfering; ND, non-differentiation; CON, untreated
differentiation control; C/EBP, CCA AT-enhancer binding protein; PPARY, peroxisome proliferator-activated receptor y; FABP4, fatty acid binding protein 4.

during MDI-induced adipocyte differentiation, consistent with
the CypB protein expression data.

The influence of CypB knockdown on adipocyte differentiation.
To investigate the functional roles of CypB in 3T3-L1 cell
adipogenesis, the effects of CypB gene silencing were moni-
tored using siRNA on adipocyte differentiation. Following
CypB-knockdown cells were treated with MDI for 48 h to
induce differentiation, Oil Red O staining assay was performed
to evaluate the effects of CypB knockdown on lipid accumula-
tion during adipocyte differentiation. The results showed that
lipid accumulation was reduced by >50% in siCypB, compared
to siControl (Fig. 2A). Next, western blot analysis was performed
to monitor a key early-stage adipogenic marker, C/EBPf. As
shown in Fig. 2B, both CypB and C/EBPf were significantly
suppressed in CypB knockdown, compared with siControl.

Other key adipogenic factors such as FABP4, C/EBPa and
PPARY were significantly downregulated in CypB knockdown,
compared with siControl (Fig. 2C). Likewise, mRNA levels of
key adipogenic markers such as FABP4, C/EBPa and PPARYy
were significantly decreased in siCypB, compared to siControl
(Fig. 2D). To confirm these results, CsA was used. Consistent
with the CypB knockdown data, treatment with CsA inhibited
lipid accumulation by >50%, compared to the DMSO (Fig. 2E).
In addition, the CsA treatment led to a reduction the expression
levels of key adipogenic markers such as FABP4, C/EBPa. and
PPARYy (Fig. 2F). These data suggested that CypB was required
for adipogenesis in 3T3-L1 cells.

The influence of CypB overexpression during 3T3-L1
differentiation. To investigate the functional role of CypB in
adipogenesis, 3T3-L1 pre-adipocytes were transfected with a
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Figure 4. CypB regulates the AKT/mTOR signaling pathway in 3T3-L1 adipocytes. 3T3-L1 cells at 70-80% confluence were transfected with plasmids or
siRNA at 37°C for 48 h. Then the fully confluent cells were differentiated with MDI treatment for 24 h. CypB overexpression and CypB knockdown efficiency
were monitored by western blotting. The protein band intensities were quantified by ImageJ and were normalized to the expression of vinculin. (A) Following
transfection with CypB-HA or pcDNA, 3T3-L1 preadipocytes were differentiated into adipocytes for 24 h. The expression of AKT/mTOR signaling pathway
molecules (p-AKT, p-mTOR and p-p70S6K) was monitored by Western blotting. (B) After gene knockdown by siCypB or siControl, 3T3-L1 preadipocytes
were differentiated into adipocytes for 24 h. AKT/mTOR signaling pathway molecules (p-AKT, p-mTOR and p-p70S6K) were monitored by western blotting.
(C) Following transfection with CypB-HA or pcDNA, 3T3-L1 preadipocytes were differentiated into adipocytes in the presence or absence of rapamycin and
mTOR inhibitor for 7 days and subjected to western blotting with antibodies against late adipogenic factors such as C/EBPa, PPARy and FABP4. Vinculin was
used as a loading control. The control was pcDNA (-rapamycin). The values were shown as the mean + standard deviation of three independent experiments.
CypB, cyclophilin B; AKT, protein kinase B; mTOR, mammalian target of rapamycin; p-phosphorylated; si, short interfering; C/EBP, CCAAT-enhancer
binding protein; PPARY, peroxisome proliferator-activated receptor y; FABP4, fatty acid binding protein 4; ND, non-differentiation; CON, untreated differ-

entiation control.

CypB expression vector. After the pre-adipocytes were treated
with MDI for 2 days, Oil Red O staining assay was performed
to evaluate the effects of overexpression of CypB on lipid
accumulation during adipocyte differentiation. The results
showed that overexpression of CypB increased lipid accu-
mulation by almost two-fold, compared to pcDNA (Fig. 3A).
Next, western blot analysis was performed to monitor the
levels of a key early-stage adipogenic marker, C/EBPf.
As shown in Fig. 3B, C/EBPp was significantly increased
during CypB-overexpression, compared with pcDNA.
Other key adipogenic factors such as FABP4, C/EBPa and
PPARYy were significantly upregulated under the conditions
of CypB-overexpression on day 7, compared with pcDNA
(Fig. 3C). Likewise, CypB overexpression significantly
increased mRNA levels of key adipogenic markers such as
FABP4, C/EBPa and PPARY, compared to pcDNA (Fig. 3D).

Effect of CypB on the regulation of the AKT/mTOR signaling
pathway during 3T3-L1 differentiation. AKT/mTOR plays
an important role in adipocyte differentiation, which affects
lipid metabolism through the insulin pathway (39). To examine
whether CypB affects the AKT/mTOR pathway in adipocyte
differentiation, CypB-HA was overexpressed in 3T3-L1
preadipocytes before inducing the differentiation of 3T3-L1
cells with MDI, followed by western blotting. As shown in
Fig. 4A, CypB overexpression activated the AKT/mTOR
pathway. P70S6 kinase (P70S6K) is a mitogen-activated
Ser/Thr protein kinase that is required for cell growth and

G, cell cycle progression. CypB overexpression increased
the expression of p-P70S6K. Next, the effects of CypB gene
silencing were tested using siRNA on the AKT/mTOR pathway
by western blotting (Fig. 4B). The expression levels of p-AKT,
p-mTOR and p-P70S6K were significantly reduced in CypB
knockdown. To confirm these results, rapamycin was used in
the assay. Treatment with rapamycin negated the effects of
overexpressed CypB on the AKT/mTOR pathway (Fig. 4C).
These results suggested that CypB plays an important role in
the AKT/mTOR pathway involved in adipocyte differentiation.

CypB promotes mitotic clonal expansion in adipogenesis.
Next, how cell cycle events during mitotic clonal expansion
are affected by CypB were examined. G,-arrested 3T3-L1
cells synchronously re-enter the cell cycle and undergo
mitotic clonal expansion during adipogenesis (11). As shown
in Fig. 5A, CypB knockdown (siCypB) reduced the G,/M
population during adipocyte differentiation, compared to
siControl. The DNA content of the cells in the G, phase in the
siControl and siCypB groups was 37.6 and 54.0%, respectively,
while that of the cells in the G,/M phase in the two groups
was 32.7 and 16.8%, respectively. Next, the expression of cell
cycle-associated genes such as CyclinD, CylclinE, CyclinA,
CDK4, p27 and pRB in CypB knockdown were monitored
(Fig. 5B). Compared to siControl, expression levels of CyclinD,
CylclinE, CyclinA, CDK4 and pRB were significantly reduced
in siCypB, while p27 expression level was increased in
siCypB by two-fold. These results suggested that the cell cycle



8 YOON et al: CYCLOPHILIN B, A MOLECULE CHAPERONE, PROMOTES ADIPOGENESIS IN 3T3-L1
A G . G . G
3204 3207 Sub 3204 Sub
%240_; SGu1b s G2/M §240_§ GIJ1 S G2/M ‘§240‘; é-11 S G2/M
81603 81603 81607
807 — 80 | . I ‘ ! 807 |
E vt (] E
0 200 400 0 200 400 0 200 400
ND siControl siCypB
100 l . B siControl siCypB
g 8 I oys [ummm— |
g com 1.040.0 _ 0.03+0.01
g 4o S 1.0£0.0  0.10.2
® 20 "G1 Cycling [[m— —|
0 1.040.0  0.7+0.03
ND siControl  siCypB CyclinA _
1.040.0  0.6:+0.02
G2/M 16.940.4 32.7+1.1 16.8+0.3 CDK4 _
S 10.8+0.1 29.7+0.6 29.5+0.1 1.0£0.0  0.7+0.03
27
G1 72.6+0.8 37.6+1.2 54.0+1.2 .. J
1.060.0  2.0+0.4
p-pRE [
1.04600  0.5+0.3
Vinculin ﬁ
C
E G1 ] G1 E
320 _‘: 320 4 320 4 e
[7) 3 £ ] E
£2404 ¥P S G2/M £2409  sub s eaM €240 Sub s GoM
160 G160 3 1604
80 - 80 3 | | 80 | I
04 vt E 0
0 200 400 0 200 400 0 200 400
ND pcDNA CypB-HA
100 . D pcDNA  CypB-HA
2 40 s 1.0+0.0 1.940.2
= CyolinE | s — |
o~ 20 = G1
1.0£0.0 1.5+0.2
0 .
ND pcDNA  CypB-HA CyclinA
1.040.0 2.040.4
G2M 16.9£0.4 32.7+0.5 53.5:0.5 coxs [
1.020.0 2.3+1.3
s 10.840.1 28.3+1.0 23.310.4 p27 [ p———
G1 72.6+0.8 36.621.1 23.8+1.5 1.0£00  0.6%0.10
"
1.0£0.0 2.6£0.3
Vinculin | me— ‘

Figure 5. Effect of CypB on cell cycle progression during 3T3-L1 cell differentiation. (A) 3T3-L1 cells at 70-80% confluence were transfected with scrambled
siRNA (siControl) or CypB siRNA (siCypB). Then the fully confluent cells were differentiated into adipocyte with MDI treatment for 24 h. Cell cycle progres-
sion was monitored with flow cytometric analysis. 3T3-L1 cells were stained with propidium iodide nuclear dye under the indicated conditions. Cellular
DNA content was analyzed by flow cytometric analysis and cells were distributed in the three phases of the cycle (G,. S and G,/M). Results were presented
in percentage for each plot and are representative of three independent experiments. (B) The expressions of cell cycle-associated genes (CyclinD, CylclinE,
CyclinA, CDK4, p27 and pRB) were analyzed in CypB knockdown by western blotting. Vinculin was used as a loading control. (C) 3T3-L1 cells transfected
with pcDNA or CypB-HA were induced to differentiate into adipocytes. Following CypB overexpression, cell cycle progression was monitored as before.
(D) Following overexpression of CypB, the expression of cell cycle-associated proteins (CyclinD, CylclinE, CyclinA, CDK4, p27 and pRB) was analyzed
by western blotting. The values were shown as the mean =+ standard deviation of three independent experiments. CypB, cyclophilin B; si, short interfering;
p-phosphorylated.

increased the G,/M population during adipocyte differen-
tiation, compared to pcDNA control. The DNA content of the

transition from G into the G,/M phase was inhibited in CypB
knockdown. As shown in Fig. 5C, overexpression of CypB
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Figure 6. CypB modulates the expression of CHOP, a negative adipocyte
regulator. (A) Two days after the induction of adipogenesis, the expression
levels of CHOP and C/EBPf were monitored in CypB knockdown by western
blotting. (B) After overexpression of CypB, the expression level of CHOP and
C/EBPp was monitored by western blotting. 3-actin was used as a loading
control. The values were shown as the mean + standard deviation of three
independent experiments. CypB, cyclophilin B; CHOP, C/EBP homologous
protein; si, short interfering.

cells in the G, phase in pcDNA and CypB-HA groups was 36.6
and 23.8%, respectively, while that of the cells in the G,/M
phase in the two groups was 35.7 and 53.5%, respectively.
Compared to pcDNA, expression levels of CyclinD, CylclinE,
CyclinA, CDK4 and pRB were significantly increased
by CypB overexpression, while p27 expression level was
significantly decreased in CypB overexpression. These results
suggested that the cell cycle transition from G, into the G,/M
phase was facilitated by CypB overexpression. Altogether, the
data suggested that CypB regulates adipocyte differentiation
by modulation of cell cycle progression.

CypB modulates the expression of CHOP, a negative
regulator in adipogenesis. Our previous study reported
that CypB interacts with p300 to degrade CHOP in tumor
cells (40). It has also been reported that CHOP inhibits
adipogenesis and p300 is the transcriptional co-activator
of C/EBPa (25,41). Therefore, whether CypB regulates the
expression of CHOP in 3T3-L1 cells was tested by western
blotting. CypB knockdown decreased the expression level
of C/EBPf and increased the expression level of CHOP
(Fig. 6A). Compared with pc-DNA, overexpression of CypB
increased the expression level of C/EBPp and significantly
decreased the expression level of CHOP (Fig. 6B). By
contrast, CypB knockdown decreased the expression level
of C/EBPf and increased the expression level of CHOP
(Fig. 6B). As expected, these data suggested that CypB regu-
lates adipogenesis by regulating CHOP.

Schematic model of the role played by CypB in 3T3-LI
adipocyte differentiation. The present study showed that
CypB regulated adipocyte differentiation through modula-
tion of mitotic clonal expansion and AKT/mTOR signaling
pathway (Fig. 7).

Discussion

The present study described that CypB regulated adipogen-
esis in 3T3-L1 cells. At present, CypB is known to be related
to cell collagen formation and the growth of various cancer
cells (42,43). However, it has been reported that CypA, which

has similar properties to CypB, serves an important role in
adipocyte differentiation (24). Also, it has been reported
that the expression level of CypB was only enhanced in
the liver, visceral and subcutaneous adipose tissue rather
than in the lung and kidney of ob/ob mice. Moreover,
serum CypB expression levels were more associated with
hypertriglyceridemia and decreased HDL cholesterol levels
than with hypertension and DM or hyperglycemia, among
all components of metabolic syndrome, further suggesting
the relationship between CypB and lipid metabolism (22).
Although cyclophilin family proteins have been speculated
to be involved in adipogenesis and lipogenesis, the present
study is the first one to show that CypB plays important
role in adipocyte differentiation, to the best of the authors'
knowledge.

CHOP is generally expressed when ER stress occurs in cells
and is known to induce cell death through apoptosis (44.45). It
has also been reported as a negative regulator of adipogenic
factors such as C/EBPf and C/EBPa (25,27,45). Previously,
we have shown that CypB cooperates with p300 to degrade
CHOP (40). Consistently, the data showed that the expression
of CHOP was also suppressed by CypB overexpression or
increased by CypB knockdown in adipocytes (Fig. 6). It is
suggestive that the molecular mechanism of CypB function in
CHOP degradation is good evidence for the role of CypB in
adipogenesis.

Several signaling pathways are involved in adipogen-
esis (46-49). AKT/mTOR serves an important role in cell
proliferation and adipogenesis. The present study showed
that CypB regulated adipocyte differentiation via the
AKT/mTOR/p70S6K pathway (Fig. 4). In particular, mTOR
is known to regulate cell cycle progression by P70S6K.
STAT3 knockdown and kaempferol treatment suppress
adipogenesis by inhibiting or delaying cell cycle progres-
sion during adipocyte differentiation (50,51). In the present
study, CypB knockdown inhibited the cell cycle transition
from G, to G,/M phase, thereby suppressing adipogenesis. A
previous report demonstrated that p27 protein levels decrease
during phase transitions of 3T3-L1 clonal expansion by the
26S proteasome (52). Consistently, the present study showed
that the expression level of p27 was reduced by CypB over-
expression (Fig. 5D). Increased p27 in CypB knockdown
appeared to inhibit the CDK4/Cyclin D, CDK2/Cyclin E and
CDK2/Cyclin A complexes, thereby leading to reduced levels
of phospho-pRB (Fig. 5B).

The present study discovered a novel function of CypB
in adipocytes and clearly showed that the reduction of
CypB inhibited adipogenesis. CsA, a well-known inhibitor
of CypB, has been shown to inhibit adipogenic differen-
tiation through the reduced expression of phosphorylation
levels of PPARYy and C/EBPa, which is consistent with
the present study (53). Our previous study reported that
honokiol, a natural compound, inhibited the migration
of human hepatocellular carcinoma by decreasing CypB
expression in hepatocarcinoma cells (54). Consistently, in a
recent study, it was reported that HNK inhibits adipogenesis
and promotes the browning of white adipose tissues (55).
However, further studies are needed to determine whether
adipogenesis is indeed suppressed by HNK-induced CypB
reduction.
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Figure 7. Schematic diagram of the mechanism by which CypB regulates adipogenesis. CypB, cyclophilin B; CHOP, C/EBP homologous protein; AKT, protein
kinase B; mTOR, mammalian target of rapamycin; PPARY, peroxisome proliferator-activated receptor .

Accumulated reports have demonstrated that ER stress
can induce dysregulation of metabolism in adipocytes. A
total of two FDA-approved chaperones, 4-phenylbutyric
acid (4-PBA) and taurine-conjugated ursodeoxycholic acid
have been investigated in adipocytes and B-cells for their
ability to reduce ER-stress induced dysfunction (56). The
two chaperones have been reported to reduce activation of
ER stress in obese mice (57). However, further studies are
needed to elucidate the mechanism of intertwining ER stress
and adipogenesis.

Taken together, it was proved that CypB plays an important
role as a novel adipogenesis regulator in 3T3-L1 cells and this
is expected to be helpful in obesity treatment studies.
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