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Mitotic clonal expansion has been suggested as a prerequisite for adipogenesis in murine preadipocytes, but the
precise role of cell proliferation during human adipogenesis is unclear. Using adipose tissue-derived human mes-
enchymal stem cells as an in vitro cell model for adipogenic study, a group of cell cycle regulators, including Cdk1
and CCND1, were found to be downregulated as early as 24h after adipogenic initiation and consistently, cell
proliferation activity was restricted to the first 48h of adipogenic induction. Cell proliferation was either further
inhibited using siRNAs targeting cell cycle genes or enhanced by supplementing exogenous growth factor, basic
fibroblast growth factor (bFGF), at specific time intervals during adipogenesis. Expression knockdown of Cdk1 at the
initiation of adipogenic induction resulted in significantly increased adipocytes, even though total number of cells was
significantly reduced compared to siControl-treated cells. bFGF stimulated proliferation throughout adipogenic
differentiation, but exerted differential effect on adipogenic outcome at different phases, promoting adipogenesis
during mitotic phase (first 48h), but significantly inhibiting adipogenesis during adipogenic commitment phase (days
3–6). Our results demonstrate that cellular proliferation is counteractive to adipogenic commitment in human
adipogenesis. However, cellular proliferation stimulation can be beneficial for adipogenesis during the mitotic phase
by increasing the population of cells capable of committing to adipocytes before adipogenic commitment.
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Introduction

Adipose tissue is a central component of whole-body
energy homeostasis regulation. Obesity is characterized by

excess body fat accumulation, as a result of increased number of
adipocytes (fat cells) through adipogenesis and/or enlarged ad-
ipocytes due to increased lipid storage through lipogenesis [1].
Advancement in understanding adipose tissue biology may
provide new strategies for the intervention of obesity and
obesity-related diseases. Adipogenesis is the process in which
uncommitted stem cells differentiate into mature adipocytes.
Much of our current understanding of adipogenesis is based on
in vitro studies using mouse preadipocyte cell line 3T3-L1 cells
[2] and on a more limited scale, mesenchymal stem cells [3].

Human mesenchymal stem cells (hMSCs) are a type of
adult stem cell that exists in multiple tissues in the body,
including adipose tissue, bone marrow, and peripheral
blood, and play important roles in maintaining normal tissue
homeostasis. They can be isolated, expanded, and differ-
entiated in vitro into a number of specialized cell types,

including adipocytes, which make them an excellent in vitro
cell model for studying human adipogenesis [4].

Using a simple cocktail of adipogenic inducing media (AIM)
containing dexamethasone (DEX), 3-isobutyl-1-methylxanthine
(IBMX), and insulin, hMSCs can be induced to differentiate
into mature adipocytes [5]. Due to their ability to differentiate
into a variety of mature cell types, low allogeneic immune
response, and low tumorigenicity in graft recipients, hMSCs
have been of great interests to researchers exploring cell-based
therapies as well, and is the most prevalent cell type used in
ongoing stem cell-based clinical trials [6]. In addition to ad-
vancing our basic understanding of adipose tissue biology,
the potential therapeutic application of hMSCs in adipose
tissue engineering makes it even more relevant to use these
cells for studying human adipogenesis [7].

Over the past two decades or so,many individual adipogenic
regulators have been independently uncovered, including
specific signaling pathways, growth factors or cytokines,
transcription factors, GTPase protein and its regulator, epi-
genetic regulators, microRNAs, and so on. [3,8,9]. Most
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significantly, C/EBPa (CCAAT/enhancer binding protein
alpha) and PPARg (peroxisome proliferator-activated re-
ceptor gamma) were identified as two key transcriptional
factors, which when overexpressed could dictate adipogenic cell
fate in both 3T3-L1 and hMSCs [10–14]. Despite the discovery
of new players involved in adipogenesis, there is a lack of sys-
tematic understanding of the sequence of events underlying hu-
man adipogenesis on both the molecular and subcellular levels.

One of the questions that remain to be addressed is as fol-
lows: Do cells stop proliferating or do they undergo a period of
mitotic clonal expansion before undergoing adipogenic com-
mitment and/or terminal differentiation? It has been suggested
that mitotic clonal expansion is a prerequisite for adipogenic
differentiation in 3T3-L1 cells [15], although in a separate
study, the opposite conclusion was drawn [16]. In both studies,
cell proliferation activities were observed during the first 60 h
of adipogenic induction, resulting in a threefold to fourfold
increase of total cell numbers.

To our knowledge, no study so far has thoroughly addressed
this question in human adipogenesis. One previous study
briefly examined total cell counts before and after adipogenic
induction in hMSCs and concluded that hMSCs derived from
bone marrow did not undergo mitotic clonal expansion during
adipogenic differentiation [11]. Another study examined the
expression of Cyclin D1, which oscillated with interval insulin
treatments following periodic AIM treatments [17]. In addi-
tion, it demonstrated that araC, a replication blocker, did not
affect adipogenic differentiation at 1–3 pg/cell, although it was
not clear whether araC had any effect on cell proliferation at
those concentrations [17].

In this study, using adipose tissue-derived hMSCs as an in
vitro model for adipogenic differentiation, we examined the
temporal expression patterns of a group of cell cycle regu-
lators identified through microarray analysis, as well as
cellular proliferation activities of hMSCs undergoing con-
tinuous AIM treatment for 12 days. In addition, the role of
cell proliferation during adipogenic differentiation was as-
sessed by inhibiting or promoting cellular proliferation at
different time intervals of AIM treatment.

Our results demonstrated that hMSCs do undergo a mitotic
clonal expansion phase during the first 48 h of AIM induction.
Inhibiting proliferation by knocking down the expression of
cell cycle master regulator, Cdk1, resulted in an increased
number of adipocytes, likely by enhancing cells’ ability to
commit to adipogenic lineage, even though total cell number
was reduced. Supplementing basic fibroblast growth factor
(bFGF), a fibroblast growth factor (FGF), during days 3–6 after
the initiation of adipogenic induction that corresponds to adi-
pogenic commitment phase, significantly inhibited adipogen-
esis. The above evidences suggest that cellular proliferation
antagonizes adipogenic commitment of hMSCs. On the other
hand, stimulating cellular proliferation by bFGF can be ben-
eficial to adipogenic differentiation, but only if it is applied
before adipogenic commitment, by increasing the number of
cells capable of committing to adipogenesis.

Materials and Methods

hMSC culture and differentiation

Adipose tissue-derived hMSCs were purchased from
Fisher Scientific (SV3010201) and cultured in Hyclone

Advance STEM expansion media (SH30875KT; Fisher
Scientific). Passage 4 hMSCs were used in all experiments
described. For osteogenic differentiation induction, cells
were exposed to osteogenic inducing media (OIM) com-
posed of 0.05mM ascorbic acid 2-phosphate (NC9445523;
Fisher Scientific), 10mM b-glycophosphate (NC9960188),
and 0.2 or 1mM DEX (NC9756434; Fisher Scientific) in
Hyclone Advance STEM expansion media. For adipogenic
differentiation induction, cells were either exposed to AIM
cocktail composed of 0.45mM IBMX (NC9875083; Fisher
Scientific), 10 mg/mL insulin (I9278-5ML; Sigma), and 0.2
or 1 mM DEX, or IBMX+DEX only.

All adipogenic differentiation media were made in con-
trol growth media (CM) composed of high-glucose Dul-
becco’s modified Eagle’s medium (DMEM), 10% heat-
inactivated fetal bovine serum, 0.1 mM b-mercaptoethanol
(Cat. No. ES-007-E; Millipore), and 1% MEM non-essential
amino acids (Cat. No. 11140050; Fisher Scientific). Cells
were grown in either Napco 8000wj CO2 incubator thermal
conductivity CO2 sensor/relative humidity sensor or Her-
acell CO2 incubator with infrared CO2 sensor/relative hu-
midity sensor and handled in Labconco biosafety cabinet.

Cell death assay

Cell death assay was carried out by following instructions
in Annexin-V-FLUOS staining kit from Roche (Cat. No. 11
858 777 001). Cells stained positive for propidium iodide (PI;
red) from each samplewell were imaged and counted using an
Olympus IX50 microscope. Cells were then fixed and stained
with nuclear dye DAPI (Cat. No. P36931; Invitrogen), fol-
lowed by nuclei counting using Cell Profiler software.

Resazurin assay

Bioreduction of the dye by viable cells reduces the amount
of its oxidized form (blue) and concomitantly increases the
amount of its fluorescent intermediate (red). Reduction in
blue can be measured spectrophotometrically by monitoring
decrease in absorbance at 600 nm (see instructions in Sigma
TOX8-1KT). Briefly, 10% resazurin dye solution (diluted
with cell culture media) was added to cells and incubated for
2 h in CO2 incubator. The solution was then transferred to a
new empty plate for optical density (OD) reading at both 600
and 690 nm (background) using a Biotek ELx800 plate reader
and Gen5 ELISA software.

Cell proliferation assay

The cell proliferation rate was determined by following
the instructions of the Click-iT EdU Alexa Fluor 488 imaging
kit (Cat. No. C10337; Fisher Scientific). Cells were in-
cubated with thymidine analogue, 5-Ethynyl-2¢-deoxyuridine
(Edu), for 8 h before fixation and subsequent staining. Images
were taken usingOlympus IX50 fluorescencemicroscope and
both total nuclei and EdU-labeled nuclei were counted using
Cell Profiler software.

siRNA reverse transfection

The received 1 nmol lyophilized siRNA was first consti-
tuted in 100 mL of RNA-free water to obtain a stock con-
centration of 10mM, which was further diluted to 2 mM
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working stock (1 mL of 2 mM siRNA working stock equals to
about 28 ng of siRNA). To prepare transfection complex for
each well of 96-well plate, dilute 0.28 mL of XtremeGENE
siRNA transfection reagent (Cat. No. 04476093001; Roche)
in 28mL DMEM basal media in a tube, and then add 1 mL of
2 mM siRNA (28 ng) within 5min. Incubate at room tem-
perature for 25–30min before transferring to the well, dur-
ing which cells were trypsinized and counted. A total of
8,000 cells in 80 mL of growth media were then added to
each well containing the roughly 28mL of Xtreme/siRNA
mix. Cells and transfection reagents used were increased
proportionally when transfection was carried out in larger
wells based on the relative growth areas. After 20 h, cells
were changed into AIM.

SiControl (SiCon): AllStars Negative siRNA (Cat. No.
1027284; Qiagen); siCdk1, functionally validated siRNA di-
rected against human Cdk1 (Cat. No. SI00299712; Qiagen);
siCdk2, functionally validated siRNA directed against human
Cdk2 (Cat. No. SI00299775; Qiagen); siCdk4, functionally
validated siRNA directed against human Cdk4 (Cat. No.
SI00299789; Qiagen); siCCND1, functionally validated siRNA

directed against human CCND1 (Cat. No. SI02654540; Qia-
gen); and siC/EBPa, functionally validated siRNA directed
against human C/EBPa (Cat. No. GS1050; Qiagen).

OilRedO and DAPI staining

Oil droplets in differentiated cells were stained by
OilRedO solution (Cat. No. NC9773107; Fisher Scientific).
Briefly, cells were fixed in 10% formalin for 20min, rinsed
with distilled water thrice, washed in 100% isopropylene
glycol for 5min, incubated in OilRedO solution for 30min,
washed with 85% isopropylene glycol for 5min, and rinsed
with distilled water thrice. Cells were then counterstained
with 1 mg/mL DAPI solution in phosphate-buffered saline for
5min before additional rinsing with water, followed by im-
aging using Olympus IX50 microscope (OilRedO: green
light–red fluorescence; DAPI: ultraviolet light–blue fluore-
scence). Whole well images were taken with Leica EZD40
Stereoscope after staining.

For consistency across all treatment groups within each
experimental set, the same exposure time was used for
taking OilRedO images or DAPI images at high magnifi-
cation (200 · ). Imaging was carried out from the top of the
well to the bottom of the well, with the top edge of next
imaging field juxtaposed with the bottom edge of the pre-
vious image field, resulting in 14 images/well for 24-well
plates. For quantification, cells were air-dried overnight in
fume hood, extracted with pure isopropyl alcohol (Cat. No.
A426P; Fisher Scientific; 100 mL/well for 24-well plate),
transferred to 96-well plate, and OD was measured at 510
and 690 nm using Biotek Elx800 plate reader.

bFGF treatment

Frozen bFGF stock solution (Cat. No. 100-18B; Pepro-
Tech) at 2 mg/mL was freshly diluted into 2 ng/mL working
solution in adipogenic differentiation media upon each use.
After desired duration of treatment, cells were rinsed twice
with basal media before changing into adipogenic differ-
entiation media. To avoid well positional effect, 3 different
bFGF treatment groups plus a control treatment group are
tested in each 24-well plate, with 6 wells/treatment group

and all groups symmetrically positioned in the plate. It took
three plates to complete the whole set of bFGF treatments at
nine different time intervals, D0–1, D1–2, D0–2, D2–3, D3–
4, D2–4, D4–6, D6–8, and D8–10.

bFGF was applied at the beginning of indicated treatment
window and removed at the end of the treatment window by
washing it off twice with basal media before switching to
non-bFGF containing adipogenic differentiation media. For
example, for D0–2 treatment, bFGF was added along with
adipogenic differentiation media on the first day of differ-
entiation (D0) and 48 h later (D2), media were removed and
treatment wells were rinsed with basal media twice before
regular differentiation media were added for remaining days
of culture.

Gene expression by reverse transcription–polymerase

chain reaction analysis

Total RNA was isolated from cells with the RNeasy kit
(74104; Qiagen). SUPERSCRIPT II reverse transcriptase
(Cat. No. 11752050; Fisher Scientific) was used for reverse
transcription (RT; the same amount of RNA was used in
each RT reaction). Polymerase chain reaction (PCR) was
carried out using the HotStarTaq plus master mix kit (Cat.
No. 203645; Qiagen) or the Fast cycling PCR kit (Cat. No.
203741; Qiagen).

Primer sequences used are as follows: CDK1-forward:
GGATCTACCATACCCATTGACT, CDK1-reverse: CCAT
GTACTGACCAGGAGG G; CDC6-forward: GTTTGCTGC
TGCCGCTGTGC, CDC6-reverse: GCCCAGACGTTTCCT
GGGGC; CDC25B-forward: ATCGCGCCCTGTAGCCT
GGA, CDC25B-reverse: GCTCTCCCCCAGCCTCAGCT;
CCNA2-forward: GACGAGACGGGTTGCACCCC, CCNA2-
reverse: GGCCAGCTTTGTCCCGTGACT; CCNE1-forward:
GGAGCGGGATGCGAAGGAGC, CCNE1-reverse: TACAG
GCAGCGGGGAGCCTC; CCND1-forward: AGCCTCCAGA
GGGCTGTCGG, CCND1-reverse: CTTCTCGGCCGTCAGG
GGGA; CDK2-forward: TGACTCGCCGGGCCCTATTCC,
CDK2reverse: CCCAAGGCCAAGCCTGGTCA; PPARg-
forward: AAGCCC TTCACTACTGTTGA, PPARg-reverse:
ACC TGA TGG CAT TAT GAG AC; C/EBPa-forward: CCT
AAG GTT GTT CCC CTA GT, C/EBPa-reverse: GAG AGT
CTC ATT TTG GCA AG; PLK2-forward: ACTCGGGGCC
GGAGATCTCG, PLK2-reverse: TGCTTGGCAGGAGCCAG
CAA; and FBXO5-forward: AGGCAGACTCCACGTCGGCT,
FBXO5-reverse: AGGGCTCACAATCGGTGACCCAA.

RNA quantification was carried out using a Nanodrop
spectrophotometer, PCR was conducted using MJ mini 48w
thermo cycler and Invitrogen StepOne real time PCR ma-
chine, and gel images were obtained using Bio Rad Gel Doc
imager and Image Lab software 5.2.1.

Image area measurement using Image Pro software

Area measurement of OilRedO stain was carried out by
analyzing images using Image Pro Premier v9.2 Software
(Media Cybernetics, Rockville, MD).

Statistical analysis

Unpaired Student’s t-test was used to evaluate the sta-
tistical differences between control and treatment groups.
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Results

Temporal expression patterns of cell cycle genes

during adipogenic differentiation of hMSCs

Through a microarray study comparing gene expression
profiles between hMSCs treated with AIM induction cock-
tail in growth media and hMSC control cells treated with
CM only at 36 and 72 h postinduction, a number of cell
cycle regulators, including CDC6, CCND1, Cdk1, Cdk4,
CCNA2, CCND3, PLK2, and FBX05, were found to be
significantly downregulated in AIM-treated cells at both
time points. To further examine the expression patterns of
identified cell cycle genes and two additional selected cell
cycle genes, Cdk1 and CDK4, RT-PCR was carried out at
12, 24, 36, 48, 72, and 96 h after initial treatment in eight
different treatment conditions, CM, DEX alone at 0.2 or
1.0mM, IBMX (0.45mM)+DEX (0.2mM), AIM with 0.2mM
DEX or with 1.0mM DEX, and OIM with 0.2 or 1.0mM DEX,
with media change at every 48-h intervals. As control, ex-
pression of PPARg and C/EBPa was also analyzed.

It has been suggested that human adipogenesis and os-
teogenesis are two inverse processes, with one process in-
hibiting the other [18–20]. Our previous study also identified
a host of osteogenic suppressor genes that play opposite roles
during these two processes [21]. To see whether such op-
posing expression pattern exists in the identified cell cycle
genes, gene expression was also examined in cells treated
with OIM composed of 0.05 mM ascorbic acid 2-phosphate,
10mM beta-glycerophosphate, and 1.0 mMDEX. Since DEX
is often used at a lower concentration in AIM (0.2 mM) and
higher in OIM (1.0 mM) in the literature, both concentrations
were examined to dissect its potential effect on the expression
of interested genes.

Last, IBMX+DEX could induce mature adipocyte for-
mation similar to AIM in murine 3T3-L1 cells [16] and
hMSCs ([21] and unpublished data), and was therefore in-
cluded in this study to eliminate the effect of insulin on cell
proliferation during adipogenic differentiation.

As expected, PPARg was upregulated by DEX, DEX+
IBM and AIM starting at 24 h after initial media treatment,
followed by a greater induction in IBMX+DEX or AIM only
at 72 h after treatment initiation (Fig. 1). The expression of
C/EBPa followed a similar pattern in DEX, IBMX+DEX,
and AIM (Fig. 1).

On the other hand, expression of all examined cell cycle
regulators was downregulated in IBMX+DEX- and AIM-
treated cells relative to its expression in CM-treated cells at 48h
and later time points after treatment initiation, with some de-
tected at as early as 24h (PLK2, CCND1, and CCNA2)
(Fig. 1). Expression of Cdk1, CDC6, and FBX05 was down-
regulated by DEX or DEX+IBMX starting at 24 h, but not by
AIM until at 36 h (FBX05) or 48h (Cdk1 and CDC6) time
points (Fig. 1). In addition, in many cases such as with CCND1,
CCNA2, Cdk1, CDC6, and FBX05, their expression was in-
versed in response to IBMX+DEX or AIM (downregulated)
versus OIM (upregulated) treatment starting at the 48-h time
point (Fig. 1). Last, neither the two different concentrations of
DEX used nor the absence of insulin seemed to have any de-
terminant effect on the expression of examined genes.

The results above indicate that examined cell cycle genes
were specifically downregulated during adipogenic differ-

entiation, but not during osteogenic differentiation, and such
downregulation was induced by IBMX+DEX, with insulin
as a dispensable factor.

Cell proliferation is restricted to the first 48 h

of adipogenic induction

The overall downregulated expression of examined cell
cycle genes during adipogenic treatment suggests that the cell
proliferation activity may be inhibited. To examine cell pro-
liferation activity, hMSCs were plated at equal density
(50,000 cells/well in 24-well plates, around 70%–75% con-
fluent) and treated the next day (day 0) with CM, DEX, AIM,
or OIM, followed bymedia change at precisely 48-h intervals.
The percentage of proliferating cells was determined at 0.5, 1,
2, 3, 4, 5, 6, and 7 days after initial exposure by adding EdU, a
nucleoside analog of thymidine that is incorporated into DNA
during active DNA synthesis, at 8 h before examined time
points, followed by fixation, detecting EdU-labeled cells
(green), andHoechst stain that labels all cells (blue) (Fig. 2A).
Cells in each treatment group (twowells) were imaged and the
number of EdU-labeled green nuclei and total nuclei in each
well were quantified, with the percentage of green over blue
cells calculated.

Interestingly, while the number of dividing cells oscil-
lated with each media change at 48-h intervals in CM, DEX,
and OIM treatments, it was only induced during the first
48 h of AIM treatment and subsequently diminished despite
additional AIM changes (Fig. 2B). The results indicate that
cell proliferation is restricted to the first 48 h of adipogenic
differentiation.

Total cell numbers are reduced in response

to adipogenic induction

Changes in cell proliferation rate would predict changes
in total cell numbers. To examine total cell numbers, a
resazurin-based cell number and viability assay were used to
measure the relative changes in total live cells in DEX-,
DEX+IBMX-, AIM-, or OIM-treated cells compared to con-
trol, CM-treated cells, at 24 h, 72 h, 7 days, and 10 days after
treatment initiation (media change at 48-h interval) [22].

hMSCs were plated at equal density in 24-well plates
followed by treatment with different media for 10 days, with
media change at 48-h intervals. At designated time points,
resazurin OD readings at 600 nm in each treatment group
were determined and then subtracted from the average of
control resazurin OD readings (resazurin solution incubated
with no cells). The calculated change in absorbance readings
positively correlates with total live cell numbers in its cor-
responding sample. Its values in DEX, DEX+IBMX, AIM,
or OIM were subsequently normalized against those in
CM to compare their relative cell numbers and graphed.

At 24 h after treatment initiation, no significant differences
were observed across all treatment groups (Fig. 3). At 72h and
later time points, however, adipogenic induction by DEX+
IBMX or AIM resulted in significantly decreased total live
cells compared to CM, whereas OIM and DEX treatments
resulted in significantly increased total live cells compared to
CM starting at 7 and 10 days, respectively (Fig. 3).

To find out whether cell death might be a contributing
factor to the reduced total cell numbers in adipogenic
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medium-treated groups, cell death rate was compared be-
tween CM and AIM treatments. hMSCs were plated at
equal density and continuously cultured for 14 days with
media change at 48-h intervals. At 2, 3, 4, 5, 7, and 14 days
after initial CM or AIM treatment, live cells were stained
with PI, followed by fixation and staining with DAPI so-
lution. PI (red) labels both apoptotic and necrotic cells,
whereas DAPI labels all cells. The percentage of dead

cells was calculated after quantifying the number of red
and blue cells in each group. Cell death appeared reduced
in AIM-treated group compared to CM on D3 and D4, but
overall, no significant differences were observed between
the two groups (Fig. 4).

The results above indicate that, consistent with decreased
cellular proliferation activities, adipogenic differentiation
results in reduced total cell numbers compared to CM, DEX,

FIG. 1. Gene expression patterns of adipogenic markers and cell cycle regulators during adipogenic differentiation. (A)
Expression of PPARc, CDC6, CCND1, Cdk1, Cdk4, CCNA2, CCND3, PLK2, and FBX05 were examined at 12, 24, 36, 48,
72, and 96 h after initial treatment in eight different treatment conditions, CM, DEX alone at 0.2 or 1.0 mM, IBMX
(0.45mM)+DEX (0.2 mM), AIM with 0.2 mM DEX or with 1.0 mM DEX, and OIM with 0.2 or 1.0 mM DEX. Expression of
C/EBPa was examined in CM, DEX, IBMX+DEX, and AIM at 12, 24, 36, and 72h after treatment initiation, as well as at 7 and
18 days postinitiation. PPARc and C/EBPa were both upregulated by DEX, DEX+IBMX, and AIM starting at 24 h after initial
media treatment, followed by a greater induction in IBMX+DEX or AIM at 72h after treatment initiation. Expression of all cell
cycle regulators was downregulated in IBMX+DEX and AIM relative to its expression in CM at 48, 72, and 96h after treatment
initiation. Expression of cell cycle genes was normalized to those of HSP90, a housekeeping gene used as internal loading
control, and set relative to its level in CM (100%) at each time point. *Expression level was deemed undetectable in IBMX+DEX
and AIM samples; #sample was missing. (B) Agrose gel images of RT-PCR products for HSP90, PPARc, CCND1, Cdk1, and
Cdk4, whose expression was examined at the selected time points after treatment initiation in eight treatment media conditions as
described in (A) (n=2). AIM, adipogenic inducing media; C/EBPa, CCAAT/enhancer binding protein alpha; CM, control
growth media; DEX, dexamethasone; IBMX, 3-Isobutyl-1-methylxanthine; PPARg, peroxisome proliferator-activated receptor
gamma; RT-PCR, reverse transcription–polymerase chain reaction. Color images available online at www.liebertpub.com/scd

(continued)
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FIG. 1. (Continued).
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or OIM treatment after 48 h of treatment, and such reduction
is not linked to cell death.

Expression knockdown of cell cycle genes by siRNA

promotes adipogenic differentiation

To examine how further knockdown of identified cell cycle
regulators would affect adipogenic differentiation, siRNAs that
have been commercially validated to specifically target Cdk1

or Cdk2 were transfected into hMSCs. It has been shown that
Cdk1 was the only essential cell cycle Cdk that was sufficient
to drive the mammalian cell cycle, whereas all other Cdks
were dispensable [23]. Cdk2 was chosen due to its structural
and functional similarity to Cdk1 as a cell cycle regulator, even
though it was not identified in our microarray study. siCon
made of scrambled siRNAs was used as the negative control.

A previous protocol developed in the laboratory allowed
over 90% transfection efficiency with bone marrow-derived

FIG. 2. Cell proliferation
activity was limited to the
first 48 h of adipogenic in-
duction. (A) Cells were pla-
ted at equal density across
different treatment groups
(triplicate wells per treat-
ment group) before media
treatment. Proliferating cells
were labeled by EdU, a thy-
midine analog, which was
added 8 h before the desig-
nated fixation hours, and de-
tected by Alexa Fluor 488
tagged Azide-containing de-
tection reagent (green). All
cells were stained with DAPI
(blue). (B) Percentage of pro-
liferating cells was determined
at 12, 24, 48, 72, 96, 120, 144,
and 168 h after treatment ini-
tiation in CM, DEX, AIM, or
OIM (n=3). EdU, 5-ethynyl-
2¢-deoxyuridine; OIM, osteo-
genic inducing media. Color
images available online at
www.liebertpub.com/scd

FIG. 3. Total cell numbers were significantly reduced in adipogenic induction medium-treated wells compared to CM-, DEX-
, or OIM-treated wells. Cells were plated at equal density across different treatment groups (triplicate wells per treatment group)
before media treatment and incubated with resazurin solution for 2 h at designated time point before OD readings of incubated
resazurin solution at 600 nm were obtained. The graphed percentage value for each treatment group was calculated by dividing
the difference between its OD reading and control resazurin solution (incubated with no cells) against the difference obtained for
the CM group. P value was calculated based on comparing raw OD readings between control CM and other treatment groups.
*P< 0.01; **P< 0.05 (n= 3). OD, optical density. Color images available online at www.liebertpub.com/scd
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hMSCs based on live cell counts [21]. A similar protocol
was tested in adipose-derived hMSCs using both cell death
inducing siDeath and nonsilencing siRNAs with Alex Fluor
488 modification that labels transfected cells, and the results
indicated around 85%–90% transfection efficiency (Sup-
plementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/scd).

Cells were reverse transfected with siCon, siCdk1, and
siCdk2 in hMSC growth media at 20 nM, with equal cell
density plating across all treatment wells, followed by AIM
treatment at 20 h posttransfection. After 12 days of AIM
treatment with media change at 48-h intervals, cells were
fixed, stained with OilRedO (stains fat droplets) and DAPI
solution, and subsequently imaged before OilRedO stain
was extracted for OD reading.

Consistently, siCdk1-transfected wells resulted in stronger
OilRedO staining intensity and significantly greater OilRedO
OD readings, but significantly reduced total cell counts
compared to the siCon group (Fig. 5A, B). The overall effect
of siCdk2, however, is insignificant, even though its nuclei
count always trended lower than siCon (Fig. 5A, B).

To confirm that total cell count reduction in siCdk1 cells
was a result of decreased cellular proliferation, EdU-based
cell proliferation assay was performed at 32, 44, 68, 92, and
116h post-siRNA transfection (equivalent of 12, 24, 48, 72,
and 96 h after AIM treatment initiation, with media change
at 48-h intervals). At 24h AIM post treatment initiation, the
proliferation rates of siCdk1 transfected cells were consider-
ably lower than those of siCon-transfected cells (P= 0.056)
(Fig. 5C). To also confirm that the enhanced adipogenic dif-
ferentiation by siCdk1 was not a random event, cells were
transfected by two different siRNAs against C/EBPa or siCon,
followed by AIM treatment at 24, 48, or 72h posttransfection
for 12 days. As anticipated, siC/EBPa resulted in a signifi-
cantly decreased differentiation in comparison to siCon, in
contrary to siCdk1 treatment (Supplementary Fig. S2).

To see whether a similar effect would be observed for
siRNAs targeting the other identified cell cycle genes, the
effect of siCCND1 and siCdk4 was also examined, along

with siCdk1 and siCon as controls. CCND1 and Cdk4 were
chosen due to their well-established role in regulating G1/S
phase transition [24].

SiCCND1 treatment resulted in significantly reduced total
cell numbers than those of siCon, with OilRedO OD read-
ings trending higher as well (P= 0.1), whereas the effect of
siCdk4 appeared insignificant, with total nuclei count
trending lower than siCon in general (Fig. 6A, B). To

FIG. 4. Cell death rate between CM- and AIM-treated
cells was overall similar. Cells were plated at equal density
across different treatment groups (triplicate wells per treat-
ment group) before media treatment initiation. Cell death
rate was determined by counting PI-labeled cells and total
cells for each treatment group at designated time points after
initial treatment (n = 3). PI, propidium iodide. Color images
available online at www.liebertpub.com/scd

FIG. 5. SiCdk1 significantly enhanced adipogenic differ-
entiation of hMSCs, while inhibiting its proliferation. (A)
Equal number of cells was transfected with siCon, siCDK1,
or siCDK2 at 20 h before AIM treatment initiation, followed
by AIM change at 48-h intervals. OilRedO quantification
and DAPI cell counts were determined after 12 days of AIM
treatment and values for each treatment group were graphed
after they were normalized against those of the siCon
group. (B) After 12 days of AIM treatment, whole well images
of siCon, siCdk1, or siCdk2 stained with OilRedO solution were
taken. (C) Cell proliferation rate in siCon and siCdk1 trans-
fected cells was determined by EdU labeling at the designated
time points after AIM treatment initiation. *P<0.01 (n=3).
hMSCs, human mesenchymal stem cells; siCon, SiControl.
Color images available online at www.liebertpub.com/scd
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determine adipogenic differentiation efficiency, 14 sequen-
tial images of OilRedO stain and 14 overlaying images of
DAPI stain were taken from each of triplicate wells of in-
dividual treatment group. Adipocytes were manually coun-
ted in merged OilRedO and DAPI images and percentage of

adipocytes over total cell counts in each well was deter-
mined (Fig. 6C). The percentages of adipocytes were sig-
nificantly higher in both siCdk1- and siCCND1-treated wells
than in siCon wells, but only trended higher in siCdk4-
treated wells (Fig. 6A).

FIG. 6. The effect of siCCND1
and siCdk4 on adipogenic differ-
entiation of hMSCs was weaker
than those of siCdk1. (A) Equal
number of cells was transfected
with siCon, siCdk, or siCCND1
separately, or siCon, siCdk1, or
siCdk4 separately, at 20 h before
AIM treatment initiation, followed
by AIM change at 48-h intervals.
OilRedO quantification, adipocyte
counts, and DAPI cell counts were
determined after 12 days of AIM
treatment, and values for each
treatment group were graphed after
they were normalized against those
of the siCon group. (B) Rep-
resentative whole well images of
different treatment groups stained
with OilRedO solution were taken
after 12 days of AIM treatment. (C)
Images merging both OilRedO and
DAPI stain allowed better visual
distinction of individual adipo-
cytes. Images were taken from the
same positions within siCon- and
siCdk-transfected wells, depicting a
significantly greater percentage of
adipocytes forming in siCdk wells
(24/40) compared to those in siCon
wells (14/49). The average differ-
entiation efficiency of the former
is about 1.5-fold over the latter.
*P < 0.01; **P £ 0.05; ***P£ 0.1
(n = 3). Color images available on-
line at www.liebertpub.com/scd
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The results above demonstrated that both siCdk1 and
siCCND1 significantly promoted adipogenic differentiation
efficiency in hMSCs, while inhibiting its proliferation, with
siCdk1 conferring a greater effect.

Gene expression knockdown by siRNAs was confirmed by
semiquantitative RT-PCR in RNA samples isolated at 36, 48,
and 72 h posttransfection. In siCdk1, siCdk4, and siCCND1

cells, the expression of Cdk1, Cdk4, and CCND1 were
downregulated to about 40%, 30%, and 70% of their control
levels in siCon cells, respectively (Fig. 7A and Supplementary
Fig. S3). Interestingly, expression of Cdk1 and Cdk4 appeared
to be reciprocally regulated, with Cdk1 downregulated to about
40% of its control level in siCdk4 cells at all three time points
examined and Cdk4 downregulated to about 80% of its control
level in siCdk1 cells at 36 and 48h posttransfection (Fig. 7B).
In addition, expression of Cdk1 was also downregulated by
siCCND1, although CCND1 expression appeared unchanged
in siCdk1 cells (Fig. 7B).

To determine how expression knockdown of Cdk1, Cdk4,
and CCND1 could affect the expression of early adipogenic
markers, RT-PCR was carried out for PPARc and C/EBPa at
36, 48, and 72 h posttransfection. SiCdk1 slightly, but sig-
nificantly enhanced the expression of both C/EBPa and
PPARc at 48- and 72-h time points. On the contrary, siCdk4
did not have a significant effect on C/EBPa at any time
point, but significantly downregulated the expression of
PPARc at 36 h, which was then upregulated at 72 h, whereas
siCCND1 slightly upregulated the expression of PPARc, but
significantly downregulated the expression of C/EBPa at
36 h, which was then elevated to control or higher levels at
48 and 72 h (Fig. 7C, D).

The transient downregulation of PPARc and C/EBPa by
siCdk4 and siCCND1, respectively, may partially account
for the overall less prominent enhancement effect by siCdk4

and siCCND1 on adipogenic differentiation compared to
siCdk1, as shown in Fig. 6 (see Discussion section).

FIG. 7. Gene expression of Cdk1, Cdk4, CCND1, PPARc, and C/EBPa in siRNA-transfected cells. RNA was isolated at
36, 48, or 72 h post-siRNA transfection. Expression level for each gene was normalized against those of HSP90. Percentage
value graphed was derived by comparing the average value of triplicates for each gene in each treatment group to its value
in siCon cells at the same time point. (A) Expression of Cdk1, Cdk4, and CCND1 was downregulated in siCdk1-, siCdk4-,
siCCND1-transfected cells, respectively. (B) Expression of Cdk1 was downregulated in both siCdk4- and siCCND1-
transfected cells. Expression of Cdk4 was transiently downregulated in siCdk1 cells before it was upregulated, while
expression of CCND1 was unchanged in siCdk1 cells. (C) Expression of C/EBPa was upregulated in siCdk1 cells, but
transiently downregulated in siCCND1-transfected cells. (D) Expression of PPARc was upregulated in siCdk1 cells, but
transiently downregulated in siCdk4-transfected cells (n = 3). Color images available online at www.liebertpub.com/scd
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Exogenous bFGF inhibits adipogenic differentiation

after mitotic phase

Since inhibiting cell proliferation during the first 48 h of
adipogenic induction enhanced adipogenic differentiation,
we examined how promoting cellular proliferation would

affect adipogenic differentiation by applying exogenous
bFGF at 2 ng/mL during different time intervals that span
across the 12-day adipogenic induction, 0–1D, 1–2D, 0–2D,
2–3D, 3–4D, 2–4D, 4–6D, 6–8D, and 8–10D.

For each treatment group, except for during the specified
time when bFGF was applied along with adipogenic induction

FIG. 8. Exogenous bFGF exerted differential effect on the adipogenic differentiation of hMSCs depending on the timing of
its application. Cells were plated at equal density across all treatment groups (six replicate wells per treatment group) as well as
before treatment initiation in each experimental set. For each treatment group, bFGF was applied in AIM at the indicated time
window (rinsed off at the end of treatment), and cells were in AIM alone on the remaining days. Control group was treated
with AIM only. OilRedO quantification, adipocyte counts, and DAPI nuclei counts were determined at the end of the 12-day
AIM treatment. (A) bFGF enhanced cellular proliferation across all stages of adipogenic differentiation of hMSCs, but only
promoted adipogenesis during days 0–2 by increasing the total number of cells committing to adipocytes. Between days 3 and
6, bFGF inhibited adipogenesis by reducing the total number of adipocytes, while after day 6, bFGF had insignificant effect in
terms of total accumulation of fat oil droplets based on OilRedO quantification, but the number of recognizable adipocytes was
significantly reduced. Data were derived from the average of four independent replicates of the whole experimental set, with 6
wells per group and a total of 256 OilRedO and 256 DAPI images processed for each treatment group. (B) Representative
whole well images of each treatment group taken at the end of 12-day adipogenic induction. *P< 0.01, **P< 0.05 (n= 4).
bFGF, basic fibroblast growth factor. Color images available online at www.liebertpub.com/scd
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media (AIM or IBMX+DEX), cells were treated with adipo-
genic induction media alone on the remaining days. At the end
of treatment, cells were double stained with OilRedO and
DAPI solution and imaged, followed by OilRedO extraction
for quantification. Total cell numbers and adipocytes were
counted based on images taken from 6 wells of each treatment
group, with 14 overlapping images of DAPI and OilRedO stain
taken from each well. Results from using AIM (two inde-
pendent repeats) or IBMX+DEX (three independent repeats) as
adipogenic induction media were identical and results are
therefore presented as the mean value of both.

Regardless of when bFGF was applied, it significantly en-
hanced total cell numbers compared to control treated with
adipogenic media alone (Fig. 8, blue columns). However,
bFGF only increased total number of adipocytes when it was
applied during the first 48 h of adipogenic induction and sig-
nificantly reduced it when applied after day 3 (Fig. 8, red
columns). Adipogenic differentiation efficiency based on the
calculation of percentage of adipocytes was only significantly
enhanced when bFGF was applied during the first 24 h of
adipogenic induction (0–1D), and remained unchanged or
significantly reduced when bFGF was applied during day 1–3
or after day 3, respectively (Fig. 8, green columns).

Quantification of OilRedO stain by isopropanol extraction
followed by OD reading at 515 nm was overall highly
consistent with the manual counting of adipocytes in all
treatment groups, except for groups bFGF (6–8D) and bFGF
(8–10D), which, despite having significantly lower counts of
adipocytes compared to the control group, had similar level
of OilRedO quantification (Fig. 8, black columns). One likely
explanation was that in bFGF (6–8D) and bFGF (8–10D)
treatment wells, there was noticeably stronger ‘‘background’’
stain compared to the control or bFGF (4–6D) wells (Fig. 9A,
circled areas), which could be cells that contain small and
faint oil droplets, but were not recognized as well-defined
adipocytes during manual counting (Fig. 9B).

To confirm that, ImagePro, an image analysis software,
was used to analyze the same sets of images used in manual

counting by measuring the area of all fluorescent stain in
each image (Fig. 10A). The total area measurement for each
treatment group was derived from the average of three in-
dependent sets of experiments and graphed based on its
relative quantification against the control (Fig. 10B). The
distribution pattern of the area measurements across dif-
ferent treatment groups was similar to the pattern of the
OilRedO OD readings in Fig. 8, indicating that the speckled
faint oil droplets observed in groups bFGF (6–8D) and
bFGF (8–10D) were indeed the underlying cause for the
discrepancy between the individual adipocyte count quan-
tification and OilRedO quantification observed in these two
treatment groups.

One potential explanation for the abundant speckled faint
oil droplets in groups bFGF (6–8D) and bFGF (8–10D) was
that premature adipocytes might have been dividing in re-
sponse to bFGF stimulation. To test that, cells treated with
AIM for 6 or 8 days were changed to fresh AIM with or
without bFGF and EdU was added 24 h later (at days 7 and
9, respectively) for 12 h before cells were fixed and cell
proliferation was analyzed. Compared to cells treated with
AIM alone, cells treated with AIM plus bFGF had s sig-
nificantly greater cell proliferation rate (35.4% vs. 4.4%)
(Fig. 11, panels in left hand and middle columns). Inter-
estingly, many cells committed to adipogenic lineage, as
indicated by OilRedO-stained oil droplets, were EdU posi-
tive, indicating that they had reentered cell cycle and would
likely split accumulated oil droplets into daughter cells
(Fig. 11, panels in right hand column).

In summary, the results above demonstrated that bFGF
promoted cellular proliferation at all stages of adipogenic
differentiation of hMSCs, which enhanced total adipogenesis
during the first 48 h of adipogenic induction, but exerted
strong inhibitory effect during days 3–6 after adipogenic
initiation. After day 6, however, the effect of bFGF appeared
to be ‘‘diffusive,’’ with similar amount of fat oil droplets
dispersed into greater number of cells, resulting in fewer
easily recognizable adipocytes with prominent oil droplets.

FIG. 9. Application of bFGF after day 6 of adipogenic initiation resulted in greater number of cells containing small and
faint oil droplets. (A) Images demonstrating the different background intensity (representative area is circled in each image)
across different treatment groups at 8· magnification. Images were taken under the same exposure time and adjusted with
identical parameters in Adobe Photoshop. (B) Images demonstrating differences in the abundance of cells containing small
and faint oil droplets that cannot be easily recognized as individual adipocytes (representative area is circled in each image)
across different treatment groups at 200· magnification. Images were taken under the same exposure time and adjusted with
identical parameters in Adobe Photoshop (n = 4). Color images available online at www.liebertpub.com/scd
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Summary

In summary, we present evidence that cellular proliferation
antagonizes adipogenic differentiation of hMSCs. However,
cellular proliferation stimulation can be beneficial for adi-
pogenesis during the mitotic phase by increasing the popu-
lation of cells capable of committing to adipogenic cell fate
before the onset of adipogenic commitment.

We demonstrated that (1) cell cycle regulators, including
Cdk1, CCND1, CCNA2, CDC6, FBX05, PLK2, and Cdk4,
were downregulated during adipogenic differentiation, with
some starting as early as 24 h after initiation of induction;
(2) during the process of 12-day continuous adipogenic in-
duction by AIM, the mitotic activity is limited to the first
48 h; (3) expression knockdown by siRNAs against Cdk1
and CCND1 inhibited cellular proliferation, but promoted
adipogenic differentiation, with siCdk1 conferring a greater
effect than siCCND1; and last, (4) application of exogenous
growth factor bFGF promoted cellular proliferation across
all stages of adipogenic differentiation, which enhanced
total adipogenesis during the first 48 h of adipogenic in-
duction, a phase that coincides with the mitotic activity, but
exerted strong inhibitory effect during days 3–6 after adi-
pogenic initiation, a phase that coincides with adipogenic
commitment marked by the significant upregulation of C/
EBPa and PPARg.

Discussion

Adipogenesis has long been studied in vitro using murine
3T3-L1 cells subcloned initially from mouse embryonic fi-
broblast cell line 3T3-M [2]. A fraction of total cell popu-
lation would automatically undergo adipogenesis even in
growth media alone supplemented with 10%–30% of calf
serum when saturation density was reached [2]. When
stimulated with AIM consisting of DEX, insulin, and IBMX,
these cells would undergo about two rounds of cell division
during the first 2–3 days of adipogenic induction (a period
referred to as mitotic clonal expansion) before growth arrest
and terminal differentiation [16].

The question of whether mitotic clonal expansion is a
prerequisite for adipogenic differentiation, however, has been
debatable, with evidence supporting both sides of the argu-
ments presented in the literature.

Evidence supporting this theory has largely been derived
from studies that demonstrated dual negative effect of mol-
ecules on both cell proliferation and differentiation in 3T3-L1
cells [16,25–30]. Ectopic expression of Mad1 [30], an an-
tagonizer of C-Myc, overexpression of Nur77 [27], a member
of the nuclear receptor 4A subgroup, or ectopic expression of
A-C/EBP [26], a C/EBP-specific dominant negative protein
that could form stable inactive heterodimer with C/EBPb,
inhibited adipogenesis as well as proliferation. Similarly,

FIG. 10. Area measurements of
stained oil droplets across different
bFGF treatment groups demon-
strated similar pattern as OilRedO
quantification. (A) An exemplary
image demonstrating how the Im-
agePro software identifies and out-
lines stained oil droplets and outlined
areas was measured quantitatively.
(B) The average value of area mea-
surements from three independent
experimental sets was calculated for
each treatment group and graphed by
comparing to the measurements of
control group (n= 3). Color images
available online at www.liebertpub
.com/scd
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applying DNA polymerase alpha inhibitor aphidicolin [28],
rapamycin [29], an immunosuppressant with an antiprolifer-
ative activity, U0126 [15], an inhibitor of mitogen-activated
protein kinase (MEK), roscovitine [15], a Cdk inhibitor, or N-
acetyl-Leu-Leu-norleucinal [25], an inhibitor of calpain, which
is a calcium-activated protease that was shown to degrade p27
(Cdk inhibitor), also demonstrated dual suppressing effect on
both adipogenesis and proliferation.

However, to conclude that proliferation is a prerequisite
for adipogenesis based on such dual effect, one would need
to assume that these agents affected adipogenic differen-
tiation indirectly by inhibiting cell proliferation first. Evi-
dence of such causal effects, however, has been lacking and
there remains the possibility that many of the agents may
play parallel roles in both proliferation and differentiation,
especially for the compound inhibitors, which often have
pleiotropic effects other than what they are intended for
when used at high concentrations.

For example, we have tested roscovitine on adipogenic
differentiation of hMSCs and found that at 1 or 2 mM, it did
not have any significant effect on either proliferation or
adipogenic differentiation (unpublished data). At 5mM, it
significantly inhibited adipogenesis without affecting cel-

lular proliferation, regardless if it was applied during the
first 4 days of adipogenic induction or throughout the 12-day
course (Supplementary Fig. S4). In this case, roscovitine
appeared to have a direct effect on adipogenesis without
affecting proliferation. When it was used at 20 mM or higher
as shown in a previous study [15], it is likely that it could
affect both adipogenesis and proliferation simultaneously.

Similar arguments could be made for A-C/EBP. A-C/EBP
could partner with C/EBP members to form stable inactive
heterodimers [31]. C/EBPb is one of the earlier genes being
induced by AIM that subsequently induces the transcrip-
tion of PPARg [32]. In addition, it has been shown to play
an important role in cell cycle reentry and mitotic clonal
expansion [33]. Given the dual roles of C/EBPb, it is not
surprising that in the A-C/EBP study, A-C/EBP could in-
hibit both adipogenesis and proliferation by ‘‘sequestering’’
C/EBPb [26], and it does not necessarily establish pro-
liferation inhibition as an underlying cause for adipogenic
inhibition. A-C/EBP could also potentially partner with
other C/EBP members, including C/EBPa, to inhibit adi-
pogenesis. Similar caveats might have confounded the
interpretation of the relationship between mitotic clonal
expansion and adipogenesis in other previous studies.

FIG. 11. Premature adipo-
cytes reenter cell cycle in re-
sponse to bFGF stimulation.
After 6 or 8 days of AIM
treatment, cells were treated
with AIM or AIM+bFGF for
24 h before EdU labeling for
12 h, followed by DAPI (blue),
EdU (green), and OilRedO
(red) costaining. The percent-
age of EdU-positive cells over
total cells was graphed.Arrows
in bottom right ‘‘Merged’’
panel point to premature adi-
pocytes that were also stained
positive for EdU labeling
(n=3). Color images available
online at www.liebertpub
.com/scd
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Furthermore, there is evidence published in the literature
that argues against the notion that mitotic clonal expansion
is a prerequisite for adipogenesis [2,16,34–37]. In contrast to
MEK1 inhibitor U0126, PD98059, another MEK1 inhibitor,
was shown to exert enhancement effect on adipocyte dif-
ferentiation in 3T3-L1 cells, even though it inhibited cellular
proliferation [16,38,39]. We have tested both compounds in
the past on bone-marrow derived hMSCs and observed that
at 10 mM, PD98059 promoted adipogenesis, while U0126
inhibited it (unpublished), suggesting that these two com-
pounds may differ in their mode of actions.

It has been argued that the differential outcome of these
two compounds are due to the fact that U0126 was a more
specific and potent inhibitor of MEK1 that could completely
prevent mitotic clonal expansion, unlike PD98059, which
only partially inhibited mitotic clonal expansion [15]. How-
ever, in a separate study, it was shown that troglitazone,
which activated PPARg as its ligand, could rescue the U0126-
associated block in adipogenesis without reactivating clonal
expansion [34], indicating that the effect of U0126 on adi-
pogenesis and proliferation was independent of each other.

Additional arguments were provided by overexpression of
C-Myc, which is an oncogene that precludes cells from
exiting cell cycle, inhibited adipogenesis [36]. Similarly,
treatment with tumor growth factor beta (TGFb), which
promotes proliferation and activates MEK1, inhibited adi-
pogenesis in 3T3-L1 cells [37]. In addition, cells grown in
suspension in media containingmethyl cellulose were growth
arrested, but were still able to differentiate into adipocytes [2],
and finally, single hMSCs plated on surfaces that promoted
rounded morphology could differentiate into adipocytes
without undergoing cell division [35]. These data suggest that
mitotic clonal expansion and adipogenic differentiation can
be uncoupled. Last, even if we assume that the two are tightly
coupled events, little is known about why or how cell cycle
reentry leads to adipogenesis.

On the contrary, evidences have pointed to molecular
coupling between growth arrest and differentiation. Both
PPARg and C/EBPa have been shown to promote cell cycle
arrest by upregulating Cdk inhibitors p18 and p21 and re-
pressing E2F-dependent transcription, respectively [40,41].
TGFb treatment was shown to prevent the upregulation of
p18, which could have led to the failure of the cells exiting
cell cycle, resulting in inhibited adipogenesis [42]. It has also
been demonstrated that before the expression of a differen-
tiated phenotype, preadipocytes must arrest their growth at a
distinct state in the G1 phase of the cell cycle [43].

Limited studies have been done so far to address the rela-
tionship between cellular proliferation and differentiation in
hMSCs [10,17]. In this study, we demonstrated that similar to
3T3-L1 cells, hMSCs induced by AIM also undergo active
proliferation for about 48 h before entering growth arrest. This
process is insulin independent, as cells treated with IBMX and
DEX only also behaved identical to those treated with AIM.
Interestingly, a host of cell cycle regulators, includingCdk1 and
CCND1, were downregulated starting from as early as 24h
after initiation of induction, which appears to coincide with
the upregulation of C/EBPa. Furthermore, downregulation of
Cdk1 or CCND1 by gene-specific siRNA resulted in greater
adipogenesis, even though total cell numbers were reduced.
This indicates that decreased proliferative activity is more
permissive for adipogenic commitment.

This is consistent with previous studies demonstrating
that CCND1 inhibits PPARg-dependent activity, and
CCND1-/- murine embryonic fibroblasts have increased
PPARg activity and increased propensity to undergo dif-
ferentiation into adipocytes [44]. In addition, knockdown of
REX1/ZFP42, a zinc finger protein, was shown to decrease
cell proliferation and increase adipogenic potential in
hMSCs, accompanied with suppressed expression of Cdk2
and CCND1 [45]. Interestingly, of all three siRNAs tested,
there appeared to be a correlation between the degree of
proliferation inhibition and the degree of adipogenic en-
hancement: siCdk4 conferred insignificant inhibitory effect
on both proliferation and adipogenesis, while siCdk1 con-
sistently had the strongest inhibitory effect on proliferation
and the most significant effect on adipogenic enhancement
among the three. The effect of siCCND1 lied in between
those of siCdk4 and siCdk1.

It is not surprising to see the strongest inhibitory effect on
proliferation by siCdk1, as Cdk1 has been shown to be the
only Cdk protein that was sufficient to drive mammalian cell
cycle, while all the other Cdks, including Cdk2, Cdk3,
Cdk4, and Cdk6, were dispensable [23]. Furthermore, the
changing levels of Cdk1 activity throughout cell cycle
progression was shown to coordinate cell cycle transitions
and govern periodic expression of critical genes to bring
about proper cell cycle progression [46]. Perturbation of its
expression levels, even at 40%–80% of its normal expres-
sion level as demonstrated in this study, could therefore
significantly impact cell cycle progression and overall cel-
lular proliferation.

It is also interesting to note that expression of Cdk1 is
downregulated the most at 72 h after adipogenic initiation
during the normal course of adipogenesis induced by AIM
or IBMX+DEX, which correlates to a postmitotic stage
when expression of both C/EBPa and PPARc was drasti-
cally upregulated in cells treated with AIM or IBMX+DEX
compared to their expression in cells treated with CM or
DEX alone. On the other hand, the expression of Cdk4 was
the least affected during the normal course of adipogenesis
compared to Cdk1 or CCND1.

One intriguing observation was that the expression of Cdk1
was also downregulated in siCdk4- or siCCND1-treated cells,
yet their effect on cellular proliferation and adipogenesis was
not nearly as strong as that of siCdk1. The fact that expression
change in Cdk4 or CCND1 could affect the expression of
Cdk1may not be surprising as Cdk2 and Cdk4 were shown to
regulate Cdk1 expression [47]. However, downregulation of
Cdk4 or CCND1 might also involve other molecular changes
that somehow counteracted the effect of Cdk1 down-
regulation in siCdk4- or siCCND1-treated cells. Indeed, we
found that siCdk4 and siCCND1 also transiently down-
regulated the expression of PPARc and C/EBPa, respectively,
while siCdk1 enhanced the expression of both.

A previous study established that Cdk4 positively regu-
lated the expression and activation of PPARg in mouse em-
bryonic fibroblasts [48]. It is plausible that downregulation of
Cdk4 by siCdk4 could affect adipogenic differentiation of
hMSCs through its impact on cellular proliferation, growth
arrest, and activation of PPARg. Therefore, there are likely
underlying complex molecular interplays that rendered the
differential outcomes by the three different siRNAs. Never-
theless, unlike previous studies based on compound inhibitors
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or overexpression of genes that interfere with cell cycle
regulation in 3T3-L1 cells, we believe that direct inhibition of
cell proliferation by transiently downregulating players of the
core cell cycle control machinery, the Cdk/Cyclin complexes,
offers a more straightforward interpretation of the relation-
ship between cell proliferation and adipogenesis.

FGF2 (bFGF) belongs to a large family of FGFs and has
long been used in human pluripotent stem cell growth media
to maintain cell self-renewal and inhibit differentiation
(reviewed in the introduction of Quang et al. [49]). Bone
marrow-derived MSCs isolated from bFGF-/- knockout
mice demonstrated increased potency in adipogenic differ-
entiation and reduced potency in osteogenic differentiation
compared to wild-type MSCs, indicating that bFGF inhibits
adipogenesis [50]. Our bFGF study provided additional
confirmation and insights into the role of bFGF during
the different stages of adipogenesis.

When applied during the first 48 h of adipogenic induction,
which correlates to the mitotic phase, bFGF promoted adi-
pogenesis. This was most likely by increasing the number of
cells capable of committing to adipocytes later on. Indeed, at
this stage, we demonstrated that bFGF significantly increased
the total number of adipocytes, especially when it was applied
during the first 24h of adipogenic induction. It is plausible that
cells responding to bFGF treatment did not undergo their
usual transition to growth arrest until after bFGF withdrawal
and additional exposure to AIM alone for another 2 days. In
other words, these cells might have delayed adipogenic
commitment, which would require additional future studies.

When applied between day 2 and 3 of induction, bFGF
had minimum effect on adipogenesis, even though the total
number of cells was still significantly increased. This stage
appeared to correspond to a cell growth arrest stage when
proliferation has stopped, but adipogenic markers, including
C/EBPa and PPARc, are yet to be substantially induced.
At this stage, it appears that cells capable of committing to
adipocytes were responding to the proliferative stimulus of
bFGF on a minimum level (the total adipocytes always
trended higher, although insignificantly), and their cell fate
was not deterred by bFGF either. On the other hand, cells
not capable of committing were still dividing in response to
bFGF, contributing to the increase in the total cell number.

When applied between day 3 and 6 of induction, bFGF
had a strong inhibitory effect on adipogenic differentiation,
while also significantly increasing total cell numbers. This
stage correlates to the adipogenic commitment stage when
expression of C/EBPa and PPARc were both substantially
upregulated in AIM- or IBMX+DEX-treated cells compared
to cells treated with DEX alone (Fig. 1A). It is worth noting
that even though both genes were upregulated in response to
AIM or IBMX+DEX starting as early as 24 h after adipo-
genic initiation, such induction was solely due to the effect
of DEX, as both were induced at a similar level in cells
treated with DEX alone or cells treated with OIM, indicating
that at this lower induction level, cells were still very fluid in
their cell fate commitment, as they were still capable of
committing to osteogenic lineage in the presence of ascorbic
acid-2-phosphate and beta-glycerophosphate (Fig. 1A).

It is therefore highly likely that the soaring expression of
C/EBPa and PPARc starting at 72 h after adipogenic initi-
ation was the pivotal event that tipped the cells’ commit-
ment toward adipogenic lineage. At this stage, the total

number of adipocytes was significantly reduced, while total
cell numbers were significantly increased in the presence of
bFGF, indicating that adipogenic commitment was hindered
or reversed by bFGF.

An alternative explanation for the observed inhibition on
adipogenesis imposed by bFGF at this stage is that cells
might have merely been ‘‘arrested’’ in differentiation, in-
stead of active suppression on the molecular machinery
driving the differentiation. If cells were simply transiently
arrested in differentiation in the presence of bFGF, one may
expect a mere delay in the progression of differentiation. In
another word, cells exposed to bFGF during D3-4 of adi-
pogenic differentiation should have similar level of differ-
entiation on D12 as control-treated cells on D11, more or less.
This, however, did not appear to be the case. The absolute
number of total adipocytes in bFGF D3-4 treatment group
was only about 65% of those in the control group by D12 of
differentiation, whereas in the control treatment group, its
total adipocytes on D11 are about the same as on D12.

Therefore, during the commitment phase, bFGF did not
merely arrest cells in differentiation, rather it actively in-
hibited differentiation. It is plausible that by forcing cells to
reenter cell cycle, it somehow deterred/derailed the pro-
gression of differentiation.

When applied after day 6 of adipogenic induction, bFGF
appeared to have a very different effect from the other stages:
it did not affect the total fat accumulation in the whole
population, but reduced fat accumulation in some individual
adipocytes, making their oil droplets less prominent, while
increasing a significant number of cells carrying small faint oil
droplets that were not easily recognizable as adipocytes.

There are two possible explanations for this observation: (1)
bFGF stimulated existing adipocytes to divide, splitting the oil
droplets into two different cells, with one inheriting fewer than
the other and (2) bFGF inhibited lipogenesis in existing adi-
pocytes, making their oil droplets less prominent as they would
otherwise have been in the absence of bFGF. In addition, bFGF
stimulated additional cells that previously did not commit to
adipogenic cell fate to undergo early stage of adipogenesis

FIG. 12. A simple model illustrating the four different
phases during adipogenic differentiation of hMSCs and how
cells respond to bFGF differently in different phases, re-
sulting in distinct outcomes in adipogenic differentiation.
During mitotic phase, bFGF help expand cells capable of
committing to adipocytes; during growth arrest, the effect of
bFGF is minimum with overall effect trending slightly up-
ward; during adipogenic commitment phase, bFGF strongly
inhibits adipogenic differentiation; and during lipogenesis
phase, bFGF appears to ‘‘diffuse’’ total oil droplets into
greater number of cells. Color images available online at
www.liebertpub.com/scd
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somehow and accumulated small speckled oil droplets. Con-
sidering the strong inhibitory effect of bFGF on adipogenic
commitment during day 3–6, scenario 1 is more plausible.

Together, based on our above findings, we propose a
model of adipogenic differentiation of hMSCs that consists of
four different stages: mitotic phase, growth arrest phase,
commitment phase, and lipogenesis phase, with each phase
demonstrating different response to bFGF signaling (Fig. 12).

Finally, our combined assays using OilRedO staining and
quantification, individual adipocyte counting, as well as
ImagePro software for measuring total areas of stained oil
droplets in the bFGF experiments helped to elucidate the
pros and cons of each assay tool.

The conventionally used approach to quantify adipogen-
esis is by OilRedO stain quantification, which is fast and
convenient, but is relatively crude and has low sensitivity
level due to the nature of the assay itself. In addition, it does
not distinguish whether any level of OilRedO quantification
change was due to changed total adipocytes (hyperplasia/
hypoplasia) or change in the amount of fat accumulation in
individual fat cells (hypertrophy/hypotrophy). To distinguish
those, one would need to rely on the other two approaches.

Counting individual adipocytes requires highly laborious
imaging and manual counting due to the irregularity of cell
shapes that are difficult to be automated using imaging
analysis software, but it provides valuable insights that Oil-
RedO quantification could not provide. And finally, auto-
mated area measurement of stained oil droplets using
software like ImagePro also requires laborious imaging pro-
cess, but is much faster than individual adipocyte counting
and provides significantly greater sensitivity than OilRedO
quantification. Bear in mind, however, area measurement by
ImagePro does not help distinguish hyperplasia/hypoplasia
versus hypertrophy/hypotrophy, and therefore adipocyte
counting is still valuable. Overall, the three approaches
complement each other and should be used with discretion.

In summary, our study demonstrated that similar to 3T3-
L1 cells, hMSCs also undergo a mitotic clonal expansion
stage at the beginning of their adipogenic differentiation,
followed by growth arrest and adipogenic commitment.
Attenuating early cellular proliferation by downregulating
cell cycle genes, such as Cdk1, significantly promoted adi-
pogenesis, indicating that cell proliferation antagonizes
adipogenic differentiation. In addition, growth factor bFGF
promotes cellular proliferation throughout all phases of
adipogenesis, but only enhanced adipogenesis when ap-
plied during the mitotic phase by increasing the total
number of cells capable of committing to adipocytes.
During the commitment phase, however, bFGF signifi-
cantly inhibited adipogenesis, further demonstrating an
antagonizing relationship between cellular proliferation
and adipogenic differentiation.
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