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Background: Wharton's Jelly cells (WJCs) can be differentiated into adipocytes by cytoskeletal reorganisation
in association with changes in the mechanical properties of cells.
Methods: WJCs subjected to adipocyte induction were observed changes in the cell morphology and alter-
ations in actin filament formation. Transfection with either small interfering RNAs (siRNAs) against
formin-2 (FMN-2), tropomyosin-1 (Tm-1), caldesmon (CaD), and profilin (Pro) or a pcDNA6-gelsolin
(GSN)-constructed vector in WJCs was used to establish their regulatory roles in controlling adipogenesis.
Phenotypic transformation of the cell shape and changes in cell surface adhesion force were determined in
WJCs after transformation.
Results: The levels of protein and mRNA expression of β-actin and several key actin binding ptoteins (ABPs)
were decreased during the early stage of adipogenic induction but were recovered in the later induction. The
siFMN-2, siTm-1, siCaD, and siPro gene knockdown in WJCs caused a widening of the cell shape, while WJCs

overexpressing GSN retained a fibroblast cell shape. For both transformations, atomic force microscopy
revealed alterations in the biomechanical signals on the cell surface. However, the adipogenic potency was
increased after siFMN-2, siTm-1, siCaD, and siPro gene knockdown and decreased during GSN overexpres-
sion.
Conclusions: siRNA gene knockdown of siFMN-2, siTm-1, siCaD, and siPro enhances the potency for WJCs
commitment to adipocyte, while GSN overexpression modulates the PPAR-γ-independent pathway for the
adipogenesis of WJCs.
General significance: The phenotypic changes associated with decreased ABP gene expression are critical for
regulating the adipogenic differentiation of WJCs through the temporal control of actin filament organisation.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Wharton's Jelly cells (WJCs) extracted from human umbilical cords
possess the capacity of self-renewal and differentiation into multiple
cell types, including mature adipocytes, osteoblasts, chondrocytes,
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skeletal myocytes, cardiomyocytes, neurons, and endothelial cells
[1–5]. In addition, WJCs possess immune properties that would be
permissive to allogeneic transplantation [2]. WJCs could be isolated by
different methods with or without enzymatic dissociation processes. A
recent study focused on the efficiency of the isolation procedure and ex-
pansion of cells fromWJCs isolated from human umbilical cords without
enzyme digestion or dissection [6]. This procedure established a simple,
rapid, and reproducible protocol to isolate abundant WJCs from short
segments of umbilical cords.

WJCs have been successfully differentiated into adipocytes [1–5].
During the process of differentiation, the committed cells exhibit a
number of phenotypic changes, including biochemical, structural,
and transcriptional reorganisation. Adipogenic differentiation is
initiated by several transcription factors, such as the peroxisome pro-
liferator activated receptor (PPAR)-γ2 [7]. Cellular transformation is
accomplished by expressing structural proteins involved in cytoskel-
etal remodelling [8] and lipid granule-specific surface proteins, such
as adipophilin [9], followed by the expression of specific enzymes,
such as fatty acid synthase (FAS) [5]. The final step in adipogenic
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differentiation is the establishment of endocrine function
characterised by the production of the adipocyte-specific hormone,
leptin, which is elevated during terminal adipogenic differentiation
[10].

Increasing evidence shows that continuous actin filament
remodelling via a multitude of actin-binding proteins (ABPs) is close-
ly related to adipogenic differentiation in mesenchymal stem cells
(MSCs) [11–14]. However, the regulatory mechanisms of the
actin-based processes that govern cell shape changes and adipogenic
differentiation remain unknown. Formin, a processive motor, togeth-
er with profilin (Pro) can nucleate the polymerisation of straight actin
filaments associated with ATP hydrolysis [15]. Formin-2 (FMN-2) is a
formin homolog, and its expression has been reported only in the
brain and spinal cord [16] and oocytes [17]. Recently, we showed
that FMN-2 is expressed in human umbilical WJCs and plays a role
in intracellular Ca2+ signalling during the proliferation of CD105-
positive WJCs [18]. Gelsolin (GSN) is one of the actin
filament-severing proteins that play a key role in the regulation of
actin filament assembly and disassembly [19]. Tropomyosin (Tm) is
a coiled-coil protein that stabilises actin filaments by modulating
their interaction with other actin-associated proteins in cells [20]. A
large family of more than 40 Tm isoforms is derived from four highly
conserved genes, Tm-1, Tm-2, Tm-3, and Tm-4, via multiple pro-
moters and alternative splicing, and these isoforms are associated
with different specialised actin microfilament ensembles in cells
[21,22]. Caldesmon (CaD) is a protein that binds to Ca2+/calmodulin,
Tm, actin, and myosin in cells [23]. Two isoforms of CaD are produced
from a single gene [24] through alternative splicing: the smooth
muscle form h-CaD, with a high molecular weight of 130–140 kDa
[25], and the non-muscle l-CaD, with a low molecular weight of
60–90 kDa [26]. Recent studies suggest that l-CaD plays a role in the
regulation of cytoskeleton organisation by modulating the contractil-
ity and stabilisation of the stress fibres [27].

In this study, we used human CD105-positive WJCs to examine
whether adipogenic-induced phenotypic changes are associated
with alterations in the expression of ABPs in WJCs. Adipogenesis
was determined by oil red O staining and by the increased expression
of key adipogenic markers, including PPAR-γ2, adipophilin, FAS, and
leptin. To establish the regulatory roles of ABPs in governing
adipogenic differentiation, WJCs were transfected with either small
interfering RNAs (siRNAs) against FMN-2, Pro, CaD, and Tm-1 or a
pcDNA6-GSN-constructed vector. The siFMN-2, siPro, siCaD, and
siTm-1 gene knockdown in WJCs resulted in a phenotypic transfor-
mation of the cell shape to a “broader” form. In contrast, WJCs
overexpressing GSN retained a fibroblast cell shape. For both trans-
formations, WJCs showed elevated cell surface adhesion as measured
by atomic force microscopy. However, the adipogenic potency was
increased after siFMN-2, siPro, siCaD, and siTm-1 gene knockdown
and decreased after GSN overexpression. Thus, the decreased ABP
gene expression in the early stages of adipogenesis might act to
modulate the actin filament organisation to influence subsequent
events for the adipogenic differentiation of WJCs.

2. Materials and methods

2.1. Culture of CD105-positive WJCs from human umbilical cords

Protocols for sampling human umbilical cord were approved by
the Institutional Review Board of China Medical University Hospital
(DMR97_IRB-169). Human umbilical cords were obtained aseptically
and washed with phosphate buffered saline (PBS) containing 1%
streptomycin (100 μg/ml) (Gibco, Invitrogen Taiwan Ltd., Taipei,
Taiwan) and 1% penicillin (100 U/ml) (Gibco). Wharton jelly tissues
separated from the vessels and amniotic membranes were then trans-
ferred to a sterile container in 1% antibiotics containing PBS. The
tissues were scraped off from the Wharton's jelly with a scalpel and
centrifuged at 250×g for 5 min at room temperature. The pellet was
washed with 1% antibiotics containing PBS, and then treated with
2 mg/ml collagenase I (Sigma, St Louis, MO) at 37 °C for 2 h, followed
by washing with 1% antibiotics containing Dulbecco's modified
essential medium (DMEM) (Gibco), and finally digesting with
0.5 ml TrypLE (Gibco) at 37 °C for 10 min. After removal of TrypLE,
the tissues were grown in a 6-cm dish with 10% foetal bovine serum
(FBS) (Gibco)-DMEM DMEM containing 4.5 g/l glucose under 5%
CO2 atmosphere in a 37 °C incubator. After several passages the
dispersed cells were used to further isolate the cell population
expressing a cell surface marker CD105 by using a commercially
available magnetic absorption cell sorting (MACS) kits (Miltenyi Bio-
tec Inc., Auburn, CA) according to the procedures recommended by
the manufacturer. The CD105-positive cells were then used directly
for cultures or stored in liquid nitrogen for later use.

2.2. Adipogenic differentiation

Subconfluent (90%) CD105-positive WJCs cultured on glass cover-
slips in 6-well plates were treated with the adipogenic medium con-
taining 1 μM dexamethasone (Sigma), 0.5 μM 3-isobutyl-1-
methylxanthine (Sigma), 200 μM indomethacin (Sigma), 10 μM insulin
(Gibco), 100 units/ml penicillin (Gibco), 100 μg/ml streptomycin
(Gibco), 10% FBS (Gibco), and 4.5 g/l of glucose in DMEM (Gibco).
Medium was replaced every 3 days for a 4-week period. On days
0 (control), 1, 4, 7, 14, and 21, the cells were fixed in 10% buffered for-
malin (Sigma) for 10–20 min at room temperature and stained with
10% (wt/vol) oil red O (Sigma) for 10 min. Haematoxylin (Sigma)
was used as a nuclear counterstain.

In addition, adipogenesis was determined by the increased mRNA
expression of key adipogenic markers, including peroxisome prolif-
erator activated receptor (PPAR)-γ2, adipophilin, fatty acid synthase
(FAS), and leptin. The procedures for RNA extraction [18] and real-
time quantitative reverse transcription polymerisation chain reaction
(qPCR) are described in the Supplementary data.

2.3. Immunocytochemistry, fluorescence staining and laser-scanning
confocal microscopy

CD105-positive WJCs (2 104) were seeded on a glass coverslip in
each well of a 12-well plate and cultured in DMEM-10% FBS for 24 h
in a CO2 incubator at 37 °C; after this time period, the medium was
replaced with adipogenic medium. On days 0, 1, 4, 7, 14, or 21, the
cells were fixed in 4% paraformaldehyde (Sigma) for 15 min, permea-
bilised with 0.1% Triton X-100 (Sigma) for 1 min, blocked with 2% bo-
vine serum albumin (Sigma) for 30 min (all at room temperature),
and then incubated with primary antibodies in PBS as described in
the Supplementary data.

2.4. Immunoblotting

The cells were lysed with pre-chilled RIPA buffer containing
50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodi-
um deoxycholate, 5 mM EDTA, 0.02 mM EGTA, 1% phenylmethane-
sulfonyl fluoride, and a cocktail of protease inhibitors (Sigma). After
centrifugation, the pellet was washed with RIPA buffer followed by
Tris buffer (50 mM, pH 8.0). The procedures for immunoblotting are
described in the Supplementary data.

2.5. Semi-quantitative RT-PCR and real-time qPCR for quantification of
mRNA expression of actin and actin-binding proteins

CD105-positive cells (107) were seeded in a 10-cm dish in DMEM-
10% FBS and cultured in a CO2 incubator at 37 °C for 24 h. Subsequently,
the cells were changed to fresh adipogenic medium for 0, 1, 4, 7, 14, or
21 days. The procedures for RNA extraction, semi-quantitative reverse



471K.-W. Peng, Y.-M. Liou / Biochimica et Biophysica Acta 1820 (2012) 469–481
transcription polymerisation chain reaction (semi-quantitative
RT-PCR), and qPCR are described in the Supplementary data.

2.6. Silencing of CaD expression by small interfering RNAs (siRNAs)

Sixty to eighty percent confluent cells were transfected with ei-
ther the scrambled control siRNAs (sc-36869) or siRNAs directed to
human CaD (sc-35768) according to the manufacturer's guidelines
(Santa Cruz Biotechnology, Santa Cruz, CA). The cells received
10 μM siRNA and were incubated for 6 h at 37 °C in a CO2 incubator.
At 24 or 48 h after transfection, total RNA was extracted for reverse
transcription and qPCRmeasurements to confirm the downregulation
of CaD expression. After siRNA exposure for 48 h, western blot
analysis was performed to verify the attenuation of protein content.

2.7. Atomic force microscopy

DI-Dimension 3100 AFM (Digital Instruments, Santa Barbara, CA)
was applied to obtain cell surface contour images in contact mode
and measure the interfacial forces in tapping mode [28]. The
V-shaped silicon cantilevers with a spring constant of ~0.9–0.12 N/
m were used for imaging cell surface areas (20×20 μm) in phosphate
buffer. Approximately 10–20 spots of this scanning region were ran-
domly selected using the same probe to extend forward 1 nm deep
and to retract back to the starting point. The retracting force–distance
curves were used to calculate the adhesion forces that correspond to
the elasticity of cell membrane surface.

2.8. GSN overexpression

The pc6-GSN plasmid construct was cotransfected with GSN into
CD105-positive WJCs using lipofectamine 2000 (Invitrogen). The
full-length cytoplasmic GSN cDNA [29] was cloned into the
expression vector pcDNA6-V5/His. Before transfection, the CD105-
positive WJCs were cultured in a 6-well plate containing culture
medium without antibiotics at a density of 70–80% confluence. Both
the lipofectamine and DNA constructs were diluted with transfection
medium without serum and incubated for 5 min. Subsequently, the
diluted DNA constructs and diluted lipofectamine were mixed at a
1:2.5 ratio of DNA to lipofectamine. After gentle shaking and
incubation for 20 min, the DNA-lipofectamine complexes were
added to each well and incubated in a CO2 incubator at 37 °C for
6 h. The culture mediumwas replaced with serum-containing DMEM.

2.9. Intracellular Ca2+ measurements in cellular suspensions

Fura 2-AM (fura 2-tetra-acetoxymethyl ester) (Molecular Probes,
Eugene, OR) was used as a fluorescence indicator. The procedures
for fura 2-AM loading in cells and intracellular Ca2+ measurements
were described previously [18].

2.10. Statistics

Quantitative values are expressed as the mean±SEM. Compari-
sons were performed using Student's t test; P values less than 0.05
were considered significant.

3. Results

3.1. The involvement of cytoskeletal reorganisation in the adipogenic
differentiation of WJCs

As previously reported [4,5], WJCs isolated from human umbilical
cords displayed a fibroblast-like phenotype and expressed high levels
of matrix markers (CD44, CD105), integrin markers (CD29, CD51),
and MSC markers (SH2, SH3) but did not express hematopoietic
lineage markers (CD34, CD45). These cells have been successfully
induced differentiation into mature adipocytes, osteoblasts, chondro-
cytes, cardiomyocytes, and neurons [4,5]. In addition, we isolated
CD105-positive MSCs from human umbilical WJCs for defining the
roles of actin-binding proteins (ABPs) in the regulation of actin
filament assembly associated with cellular signal transduction
pathways in stromal cell proliferation [18]. In the present study,
human CD105-positive WJCs were used to examine whether
adipogenic-induced phenotypic changes are associated with alter-
ations in the expression of ABPs in WJCs.

During adipogenic induction, WJCs underwent cell transforma-
tions, including cell shape changes (Fig. 1A), cytoplasmic lipid droplet
accumulations (Fig. 1B), and cytoskeletal reorganisation (Fig. 1D).
The oil red O staining assay revealed that cytoplasmic lipid droplets
were accumulated in WJCs at 4 days post-induction and levelled off
after 14 days (Fig. 1B). In addition, adipogenesis was confirmed by
the expression of the adipogenic transcription factor, PPAR-γ2
(Fig. 1C, top panel), and other adipocyte-related marker proteins, in-
cluding adipophilin, FAS, and leptin (Fig. 1C, bottom panel). The
mRNA expression of PPAR-γ2 and adipophilin, which is required
during the early events of adipogenesis [7–9], was increased in
WJCs at 4 days post-induction and peaked after 14 or 21 days
(Fig. 1C). In contrast, the mRNA expression levels of FAS and leptin,
which are hallmarks of terminal adipogenic differentiation, were
not significantly changed in WJCs at 4 days post-induction but
markedly increased after 14 or 21 days (bottom panel in Fig. 1C).

Confocal fluorescence microscopy revealed that the formation of
rhodamine phalloidin (RP)-labelled F-actin was decreased in WJCs
at 1 day post-induction but gradually recovered after 7 days
(Fig. 1D), suggesting that a decrease in F-actin formation occurs
early during the adipogenic differentiation of WJCs. CaD is known to
modulate the stabilisation of stress fibres in WJCs [18]. Thus, the visu-
al observation of colocalisation between CaD and RP-labelled F-actin
by fluorescence microscopy could demonstrate the association of
F-actin with stress fibres in WJCs during adipogenic induction. The
colocalisation of CaD with RP-labelled F-actin was significantly
decreased at 7 or 14 days post-induction (Fig. 1E, top-row panels),
suggesting that the F-actin associated stress fibres were attenuated
during terminal adipogenic differentiation. In addition, immunocyto-
chemistry of the tubulin-based cytoskeleton (bottom row in Fig. 1E)
showed that adipocyte induction also resulted in remodelling of the
microtubule cytoskeleton concomitant with changes in the cell
shape. Phase contrast micrographs showing lipid droplets associated
with the microtubule cytoskeleton also suggested that microtubule
cytoskeletal reorganisation is associated with the adipogenic induc-
tion of WJCs (right bottom corner in Fig. 1E). Collectively, these re-
sults demonstrate that cytoskeletal remodelling is involved in
governing the morphological changes in WJCs during adipogenic
induction.

3.2. The involvement of ABPs in the induction of the adipogenic differen-
tiation of WJCs

Western blot analyses indicated that after 1 or 4 days of adipo-
genic induction, the β-actin protein level was decreased by 60% or
90%, respectively, and returned to the control levels after 14 or
21 days (left panel in Fig. 2A). Real-time quantitative PCR (qPCR)
measurements revealed that β-actin mRNA was decreased by 14%,
60%, 70%, and 70% in WJCs after induction for 1, 4, 14, or 21 days,
respectively (right panel in Fig. 2A). This result is consistent with a
previous report that actin synthesis is decreased by 90% in 3T3-
F442A preadipocytes undergoing adipocyte differentiation [8]. In ad-
dition, the protein and mRNA expressions levels of several key ABPs,
including FMN-2, GSN, and Tm-1, were changed during adipogenic
induction (Fig. 2B–D). The protein levels of FMN-2 (Mr 190 kDa)
and GSN (Mr 90 kDa) were decreased by 85% and 97%, respectively,
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Fig. 2. Changes of protein level and mRNA expression for β-actin, FMN-2, GSN, and Tm1 in WJCs induced to differentiate into adipocytes. (A) (Left) Western blotting with quan-
titative analyses of β-actin levels in WJCs before (day 0) and after adipogenic induction for 1, 4, 14, or 21 days. GADPH was used as the loading control for data analyses. (Right)
Real-time quantitative PCR (qPCR) showing changes in β-actin mRNA expression in WJCs after induction for 1, 4, 14, or 21 days. (B) Western blotting with quantitative analyses
of FMN-2, GSN, and Tm levels in WJCs before (day 0) and after adipogenic induction for 1, 4, or 14 days. Using the pan-antibody TM311, two different bands at 39 kDa and
36 kDa were detected, while using the TMP1 antibody specific to Tm-1 revealed only one band at 37 kDa. (C) Agarose gels showing GADPH, Tm-1, Tm-2, Tm-3, and Tm-4 mRNA
in WJCs before (day 0) and after adipogenic induction for 1, 4, or 14 days. (D) Real-time qPCR data analyses of GSN, FMN-2, and Tm1 mRNA in WJCs after induction for 1, 4, 14,
or 21 days. In (A), (B), and (D), each value represents the mean±SEM (n=12). * and #, significant difference (Pb0.05) compared to WJCs 1 day and 4 days post-induction,
respectively.
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after induction for 4 days and decreased by 50% and 30%, respectively,
after the subsequent induction for 14 days (Fig. 2B). Immunoblotting
for all Tm isoforms in cell extracts using the antibody TM311 showed
two distinct bands at 39 kDa and 36 kDa, while using the Tm-1-
specific antibody TMP1 only revealed one band at 37 kDa (Fig. 2B).
Using the pan-antibody TM311 revealed that the induction of adipo-
genic differentiation did not affect the protein levels of Tm (Fig. 2B).
Fig. 1. Phenotypic transformation of WJCs differentiation into adipocytes. (A) Phase contrast
induction. The calibration bar is 100 μm. (B) Oil red O staining showed cytoplasmic lipid dro
bar is 50 μm. (C) Adipogenesis was confirmed by the gene expression of PPAR-γ2, adipophil
ference (Pb0.05) compared to WJCs 1 day and 4 and 14 days post-induction, respectively. (D
F-actin (Red) in WJCs before (day 0) and after adipogenic induction for 1, 4, or 7 days. The nu
appeared at day 4 and 7. The calibration bar is 50 μm. (E) Colocalising CaD orα-tubulin immu
and after adipogenic induction for 1, 4, 7, or 14 days. The nucleus was labelled with DAPI (bl
with microtubule cytoskeleton in WJCs 14 days post-induction. The calibration bar is 50 μm
ferred to the web version of this article.)
However, when the TMP1 antibody was used, we observed that the
protein level of Tm-1 was decreased by 53% or 35% in cells after in-
duction for 4 or 14 days, respectively (Fig. 2B).

Three isoforms, Tm-1, -2, and -4, exist in human WJCs (Fig. 2C).
For Tm-1, two variants of mRNA were found with different length: a
longer Tm-1 v5 and a shorter Tm-1 v1. Quantitation using real-time
qPCR revealed that after induction for 4 days, there was no change
microscopy showing morphological changes of WJCs during the 3 weeks of adipogenic
plet accumulations in WJCs during the 3 weeks of adipogenic induction. The calibration
in, FAS, and leptin. Each value represents the mean±SEM (n=12). *#$, significant dif-
) Confocal fluorescence microscopy visualising the rhodamine phalloidin (RP)-labelled
cleus was labelled with DAPI (blue). Phase contrast micrograph showing lipid droplets
nofluorescence labelled (green) and RP-labelled F-actin (Red) inWJCs before (control)
ue). Phase contrast micrograph (right bottom corner) showing lipid droplets associated
. (For interpretation of the references to colour in this figure legend, the reader is re-



Fig. 3. Effects of siFMN-2, siTm-1, siCaD, siPro, and GSN op on intracellular Ca2+ in WJCs. (A) Left: Measurements with real-time qPCR showing gene knockdown for FMN-2, Tm-1,
CaD, and Pro in WJCs. Right: Immunoblotting analyses showing significantly decreased protein levels in siCaD and siPro transformed cells. (B) GSN overexpression in WJCs trans-
fected with 0.5 or 1 μg of the pcDNA6-GSN construct. (C) Measurements of cellular Ca2+ levels with the fura-2 fluorescence ratio (F340/F380) in siFMN-2, siTm-1, siCaD, siPro, and
(D) GSN op WJCs. The values represent the mean±SEM (n=9), with * indicating a significant difference compared to siControl in (C) and to the control WJCs without GSN trans-
fection in (D).
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in the FMN-2 mRNA expression in the WJCs, but the expression of
GSN and Tm-1 mRNA was decreased by 30% and 50%, respectively.
Notably, induction for 14 or 21 days caused no significant change in
the expression of FMN-2, GSN, and Tm-1 in cells (Fig. 2D). These
results suggested that the downregulation of actin and ABPs (e.g.,
GSN, FMN-2, and Tm-1) during early adipogenic induction might be
essential for the consequent commitment of WJCs to terminal adipo-
genic differentiation.
3.3. Effects of siFMN-2, siTm-1, siCaD, siPro, and GSN op on intracellular
Ca2+ in WJCs

To verify that the initial downregulation of ABPs is essential for the
adipogenic differentiation process, gene knockdown by small interfer-
ing RNAs (siRNAs) specific against FMN-2 (siFMN-2), Tm-1 (siTm-1),
CaD (siCaD), and Pro (siPro), as well as GSN overexpression (GSN op)
were conducted in WJCs. Measurements with real-time qPCR showed
37%, 64%, 53%, and 78% knockdown for FMN-2, Tm-1, CaD, and Pro
gene expression inWJCs, respectively (Fig. 3A, left panel). The immuno-
blot analyses revealed an almost complete loss of CaD or Pro protein in
transformed WJCs (Fig. 3A, right panel). Consistent with our recent re-
port [18], intracellular Ca2+ was increased in transformed WJCs with
siRNA-mediated silencing of FMN-2, or Tm-1, or CaD, or Pro expression
(Fig. 3C). In contrast, WJCs subjected to transfection with 0.5–1 μg
pcDNA6-GSN constructs (Fig. 3B, top panel) caused 1.8–2.5 folds in-
creases in the expression ratio of GSN mRNA relative to β-actin mRNA
(Fig. 3B, bottom panel) in cells. Similarly, the cellular Ca2+ was also
found to increase in GSN op WJCs (Fig. 3D). Consistent with the notion
that the actin cytoskeleton couldmodulate intracellular Ca2+ release in
cells [30], our results showed that the destruction of F-actin filament
through the downregulation of FMN-2, Tm-1, CaD, and Pro for stabilis-
ing F-actin or the upregulation of GSN for severing actin filament could
positively modulate intracellular Ca2+ signalling in WJCs.
3.4. Effects of siFMN-2, siTm-1, siCaD, siPro, and GSN op on the
adipogenic differentiation of WJCs

A previous study using cytochalasin D to disrupt stress fibres
showed that the adipogenic induction potential was enhanced in
mouse embryonic stem cells [11]. In this study, siFMN-2, siTm-1,
siCaD, siPro, and GSN op were used to establish the role of these
ABPs in the modulation of F-actin formation in association with stress
fibres that control the commitment of WJCs to adipogenic differentia-
tion (Figs. 4 and 5). Real-time qPCR analyses showed that gene
silencing of siFMN-2, siCaD, siPro, and siTm1 in WJCs promoted the
expression of PPAR-γ2 (Fig. 4A, top panel), adipophilin (Fig. 4A,
upper middle panel), FAS (Fig. 4A, lower middle panel), and leptin
(Fig. 4A, bottom panel) at 4 or 14 days post-induction. Conversely,
the mRNA expression in GSN op WJCs was decreased by 15% and 20%
for PPAR-γ2 (Fig. 4B, top panel), 73% and 39% for adipophilin (Fig. 4B,
upper middle panel), and 40% and 30% for FAS (Fig. 4B, lower middle
panel) after induction for 4 and 14 days, respectively. However, leptin



Fig. 4. Effects of siFMN-2, siPro, siCaD, siTm-1, and GSN op on adipocyte-related mRNA expression. (A) Gene silencing of siFMN-2, siPro, siCaD, and siTm-1 in WJCs promoted the
expression of PPAR-γ2, adipophilin, FAS, and leptin in 4 or 14 days post-induction cells. (B) GSN overexpression of adipocyte-related mRNA expression, PPAR-γ2, adipophilin, FAS,
and leptin inWJCs before (day 0) or after adipogenic induction for 4 or 14 days. Each value represents the mean±SEM (n=9). *, significant difference (Pb0.05) compared to siCon-
trol cells in (A) and compared to the control WJCs without GSN transfection in (B).
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mRNA expressionwas increased or not significantly changed in GSN op
WJCs after 4 or 14 days post-induction, respectively, as compared with
the siControl cells (Fig. 4B, bottom panel).

Oil red O staining showed alterations in the potency of the com-
mitment of siCaD, siFMN-2, and GSN op WJCs to adipogenic differen-
tiation (Fig. 5); the lipid droplet synthesis was increased in siCaD and
siFMN-2 WJCs (Fig. 5A,B) but decreased in GSN op WJCs (Fig. 5C)
during adipocyte-induction. As compared with the siControls, the
number and size of the lipid droplets were increased to 2.1 and 1.2
in the siFMN-2 WJCs, respectively, and to 9.0 and 1.3 in the siCaD
WJCs, respectively, after adipogenic induction for 14 days (Fig. 5B).
In contrast, the GSN-op WJCs retained the potential for adipogenic



Fig. 5. Effects of siFMN-2, siCaD, and GSN op on the adipogenic differentiation potential of WJCs. (A) Oil red O staining showing alterations in adipogenic potency for siFMN-2 and
siCaD gene-silenced WJCs commitments to adipocytes. The calibration bar is 50 μm. (B) Quantitative analyses of the lipid droplet synthesis for siFMN-2 and siCaD WJCs during
adipocyte-induction. Based on the images obtained in (A), the lipid droplets number and size in cells after induction for 14 days were analysed using the computerised Image-
Pro Plus software. In comparison with siControls, the values for siFMN-2 and siCaD WJCs were expressed as relative folds in increase. Three different sets of experiments with
10 images were analysed. Each value represents the mean±SEM. *, significant difference (Pb0.05) compared to siControl cells. (C) Oil red O staining revealed that the lipid droplet
synthesis in GSN-transfected WJCs was attenuated as compared with control cells without GSN transfection. The calibration bar is 50 μm.
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differentiation although the lipid droplet synthesis was decreased in
GSN op WJCs as compared with controls upon adipocyte-induction
(Fig. 5C). Together, these results indicated that disrupting the forma-
tion of F-actin by gene knockdown of FMN-2, Tm-1, CaD, and Pro
could promote the potency of the adipogenic differentiation of
WJCs, but increasing the fragmentation of F-actin by GSN overexpres-
sion inWJCs could reduce adipogenic gene expression and adipogenic
potency. Apparently, cytoskeletal disassembly may not be a final
determinant for promoting adipogenesis in WJC induction.

It has been shown that cytoskeletal disassembly and cell rounding
could promote adipogenesis in mouse embryonic stem cells [11].
Using fluorescence microscopy to visualise the distribution of RP-
labelled F-actin in cells, we observed that WJCs transfected with
siCaD for 1 or 2 days (Fig. 6A, top panel) had a conspicuous cell
shape change from a fibroblast phenotype to a “broader” shape. In
contrast, the GSN op WJCs that were cultured for 1 or 2 days as
control cells without overexpressing GSN still retained a fibroblastic
cell shape (Fig. 6A, bottom panel). Laser scanning confocal microsco-
py also revealed that transformed cells with siRNA against FMN-2,
Tm-1, and CaD for two days had a cell shape change from a spreading
to a widening shape, while GSN op cells retained a fibroblast
phenotype (Fig. 6B). Fig. 6C showed the morphological differences
under a microscope with (Fig. 6C, bottom panel) or without
(Fig. 6C, upper panel) oil red O staining for siFMN-2 and GSN op
WJCs without adipogenic induction. The fibroblastic cell shape GSN
op WJCs were observed to spread with less cell–cell contact, while
siFMN-2 WJCs became to attach together. Clearly, both phenotypic
changes of cell shape and expression level of transcription factor,
PPAR-γ2 may account for the differential adipogenic potency
between siRNA silencing WJCs (against FMN-2, Tm-1, CaD) and
GSN-op WJCs.

3.5. Effects of siCaD, siPro, and GSN op on biomechanical properties of
WJCs

It has been suggested that a dynamic interplay between the cyto-
skeletal networks and the cell morphology plays a role in controlling
mechanical properties during the adipogenic differentiation of MSCs



Fig. 6. Effects of siFMN-2, siPro, siCaD, siTm-1, and GSN op on phenotypic changes of cell shape in WJCs. (A) Fluorescence microscopy resolving RP labelled F-actin in cells revealed
that siCaD transformed cells cultured for 1 or 2 days experienced conspicuous cell shape changes from a fibroblast phenotype to a “broader” shape (top panels) but no change in cell
shape for GSN-transfected WJCs that were cultured for 1 or 2 days as control cells without overexpressing GSN (bottom panels). (B) Laser scanning confocal microscopy showing
transformed cells with siRNA against FMN-2, Tm-1, CaD for two days had a cell shape change from a spreading to a widening shape (top panels), while GSN op cells retained a
fibroblast phenotype (bottom panels). (C) The morphological differences under a microscope with (bottom) or without (upper) oil red O staining for siFMN-2 and GSNop WJCs
without adipogenic induction. The calibration bar indicated in (A) (B) and (C) is 50 μm.
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[11–13]. To examine the effects of inhibition of F-actin polymerisation
on changes in the biomechanical characteristics of the membrane cy-
toskeleton in siCaD and siPro WJCs, atomic force microscopy (AFM)
was performed to obtain cell surface contour images in contact
mode (Fig. 7A) and to measure the interfacial forces in tapping
mode (Fig. 7B–D). The V-shaped silicon cantilevers with a spring
constant of ~0.9–0.12 N/m were used for imaging the cell surface
areas (20×20 μm) on siControl, and siCaD, and siPro WJCs in phos-
phate buffer. Approximately 10–20 spots in this scanning region
were randomly selected using the same probe to extend forward
1 nm deep and to retract back to the starting point (Fig. 7B). The
retracting force–distance curves were used to calculate the adhesion



Fig. 7. Effects of preventing F-actin polymerisation by siCaD and siPro on changes in biomechanical characteristics of membrane cytoskeleton in WJCs. (A) Atomic force microscopy
(AFM) showing the cell surface contour images and (B) the interfacial force measurements for siControl and siCaD and siPro WJCs. The V-shaped silicon cantilevers with a spring
constant of ~0.9–0.12 N/mwere used for imaging cell surface areas (20×20 μm) in siControl and siCaDWJCs in phosphate buffer. Approximately 10–20 spots in the scanning region
were randomly selected using the same probe to extend forward 1 nm deep and to retract back to the starting point. (C) The retracting force-distance curves for siControl and siCaD
and siPro WJCs. (D) Quantitative analysis of the adhesion force measured on cell surface for siControl and siCaD and siPro WJCs. Each value represents the mean±SEM (n=40,
from three different cells). *, significant difference (Pb0.05) compared to siControl cells.
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forces that correspond to the elasticity of cell membrane surface
(Fig. 7C). The adhesion force was 1.8±0.1 and 3.6±0.2 and 4.2
±1.0 nN for the siControl and siCaD and siPro WJCs, respectively
(the average of 40 measurements from three different cells for
each) (Fig. 4D). These results clearly demonstrate that the disruption
of actin filament polymerisation by siCaD and siPro inWJCs caused al-
terations in the biomechanical signals for increasing cell adhesion
forces.

The effects of F-actin fragmentation by GSN overexpression on
changes in the biomechanical signals in WJCs were determined
using AFM to obtain cell surface contour images (Fig. 8A) and to mea-
sure the interfacial forces in the control and GSN op WJCs in
phosphate buffer (Fig. 8B,C). The adhesion force measured on the
cell surface was 1.28±0.1 and 2.12±0.1 nN for the control and
GSN op WJCs, respectively (Fig. 8C). Evidently, the upregulation of
actin filament severing protein (i.e., GSN) could alter the biomechan-
ical characteristics of the membrane cytoskeleton and modulate the
adipogenic differentiation potency of WJCs.

4. Discussion

A previous study showed that the early occurrence of decreased
cytoskeletal-protein synthesis might result in subsequent biosynthet-
ic events specific to adipocyte differentiation via alterations in the



Fig. 8. Effects of GSN op on changes of biomechanical signals in WJCs. (A) Atomic force microscopy (AFM) showing the cell surface contour images and (B) the interfacial force
measurements for control and GSN op WJCs. (C) Quantitative analysis of the cell-surface adhesion force for control and GSN op WJCs. Each value represents the mean±SEM
(n=40, from three different cells), with * indicating significant difference (Pb0.05) compared to the control WJCs.
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cytoskeleton [8]. Analysing the adipogenic potency of human umbili-
cal cord stromal cells (HUCSCs), Karahuseyinoglu et al. [14] revealed
that adipocyte-specific markers are elevated around day 7 and level
off after days 14 or 21. Based on the structural and functional data,
the authors proposed that HUCSCs possess the biochemical and cellu-
lar machinery to successfully differentiate into maturing adipocytes
under adipogenic conditions. In the present study, we showed that
CD105-positive WJCs isolated from the human umbilical cords suc-
ceeded at differentiation into pre-adipocytes at 4 or 7 days post-
induction and into adipocytes 14 or 21 days post-induction (Fig. 1).
Concomitant with the phenotypic changes, the downregulation of
β-actin and several key ABPs, including GSN, FMN-2, and Tm-1, in
adipogenically induced WJCs was shown to occur in the early stages
of adipogenic differentiation into preadipocytes (Fig. 2). Gene
silencing using siRNAs against FMN-2, Tm-1, CaD, and Pro enhanced
the adipogenic potency for lipid droplet accumulation and/or upregu-
lated PPAR-γ2, adipophilin, FAS, and leptin mRNA in WJCs at 4 or
14 days post-induction (Figs. 3–5). In addition, GSN overexpression
in WJCs increased intracellular Ca2+ (Fig. 3) and cell-surface
adhesion force (Fig. 8), modifying lipid droplet synthesis and down-
regulating the adipogenic-related gene expression of PPAR-γ2, adipo-
philin, and FAS, but not leptin (Figs. 4 and 5). Here, the data suggested
that the temporal control of the downregulation of both actin and
ABPs (e.g., GSN, FMN-2, Tm-1, CaD, and Pro) in the early stages of
WJCs differentiation (Fig. 2) might act to modulate adipogenic
differentiation via differential biomechanical signalling of gene
expression of key regulators for adipogenesis.

Biomechanical signals, such as cell shape and spreading, play an
important role in controlling stem cell commitment [11–13]. In
general, plated cells have F-actin filament decorated stress fibres
that are attached to the substrate, while round cells typically have
cellular actin cortices underneath the membrane [31]. In addition,
different cell shapes might be caused by varied interactions between
actin filaments and myosin motors and might account for the
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different interfacial force exerted on the different cell shapes [12]. In
this study, WJCs that were subjected to adipocyte induction devel-
oped the striking cell morphological change concomitant with alter-
ations in actin filament formation (Fig. 1). The gene silencing of
FMN-2, Tm-1, CaD, and Pro produced different effects on cell shape
changes and adipogenic-induction potentials in siFMN-2, siTm-1,
siCaD, siPro and GSN op WJCs (Figs. 4–6). A spherical morphology
was found in siFMN-2 and siTm-1 and siCaD WJCs, and a fibroblastic
shape was observed in GSN op cells (Fig. 6). Round cells and cells in
suspension typically have a cortical shell of F-actin fibres, while plated
cells have a variably stressed network of F-actin fibres that are attached
to the substrate [12]. The AFM force-distance measurements showed
that disrupting actin filament polymerisation by siCaD and siPro caused
a greater increase in cell adhesion force in the cells (2-fold increase,
Fig. 7D) than F-actin filament severing by GSN op WJCs (65% increase,
Fig. 8C). This difference in cell adhesion force might be attributed to
the different phenotypic changes in cell shape. Thus, differential control
of actin cytoskeleton by preventing actin filament polymerisation and
facilitating actin filament severing might act differently to
modulate cell shape changes in response to adipogenic induction,
hence influencing WJCs commitment to adipocytes.

Kawaki et al. [32] used siGSN knockdown 3T3-L1 cells and showed
that GSN silencing almost completely inhibited adipocyte differentia-
tion. They suggested that GSN plays a crucial role in the differentiation
of 3T3-L1 cells into adipocytes [33]. In the present study, GSN op WJCs
retained the potential to be induced into adipocytes although the lipid
droplet synthesis (Fig. 5C) and adipogenic gene expression of PPAR-γ2
(Fig. 4B, top panel), adipophilin (Fig. 4B, upper middle panel), and FAS
(Fig. 4B, lower middle panel) was decreased for GSN op WJCs as com-
pared with controls upon adipocyte induction. However, leptin mRNA
expression was increased or not significantly changed in GSN op
WJCs after 4 or 14 days post-induction, respectively, as compared
with the siControl cells (Fig. 4B, lower panel). This finding confirmed
the result obtained by oil red O staining assay that GSN-op WJCs
retained the potential for induction of differentiation into adipocytes
(Fig. 5C). Together, these data might suggest that GSN overexpression
in WJCs could mediate PPAR-γ2-independent signalling for adipogenic
induction, as reported by a recent study showing that the adipogenesis
induced by pioglitazone and dexamethasone in D1 bone marrow stro-
mal cell line might occur via a PPAR-γ and glucocorticoid receptor
independent-pathway [34]. It has been shown that increasing
cytoplasmic Ca2+ inhibits adipogenesis in embryonic stem cells or
3T3-L1 preadipocytes [35]. Consistently, increasing intracellular Ca2+

in GSN op WJCs was found to attenuate adipogenic potency (Fig. 3D).
In summary, the gene expression of ABPs, which regulate the dynamics
of actin filament, will affect the capability of adipogenesis in WJCs.
Alterations in cell structure profoundly influence signalling events
and gene expression programmes that impact the commitment of
WJCs to adipogenic differentiation.
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