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Abstract

Adipose-derived mesenchymal stem cells (ASCs) exhibit great potential in regenera-
tive medicine, and in vitro expansion is frequently necessary to obtain a sufficient
number of ASCs for clinical use. Fibroblast growth factor 2 (FGF2) is a common sup-
plement in the ASC culture medium to enhance cell proliferation. To achieve clinical
applicability of ASC-based products, prolonged culture of ASCs is sometimes
required to obtain sufficient quantity of ASCs. However, the effect of FGF2 on ASCs
during prolonged culture has not been previously determined. In this study, ASCs
were subjected to prolonged in vitro culture with or without FGF2. FGF2 maintained
the small cell morphology and expedited proliferation kinetics in early ASC passages.
After prolonged in vitro expansion, FGF2-treated ASCs exhibited increased cell size,
arrested cell proliferation, and increased cellular senescence relative to the control
ASCs. We observed an upregulation of FGFR1c and enhanced expression of down-
stream STAT3 in the initial passages of FGF2-treated ASCs. The application of an
FGFR1 or STAT3 inhibitor effectively blocked the enhanced proliferation of ASCs
induced by FGF2 treatment. FGFR1c upregulation and enhanced STAT3 expression
were lost in the later passages of FGF2-treated ASCs, suggesting that the continuous
stimulation of FGF2 becomes ineffective because of the refractory downstream
FGFR1 and the STAT3 signaling pathway. In addition, no evidence of tumorigenicity
was noted in vitro and in vivo after prolonged expansion of FGF2-cultured ASCs.
Our data indicate that ASCs have evolved a STAT3-dependent response to continu-
ous FGF2 stimulation which promotes the initial expansion but limits their long-term

proliferation.
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1 | INTRODUCTION

Adipose-derived mesenchymal stem cell (ASC) represents an impor-
tant source of mesenchymal stem cell (MSC). ASCs have drawn much
attention in the field of regenerative medicine and tissue engineering
because abundant ASCs can be easily accessed from subcutaneous
adipose tissue using minimally invasive procedures such as liposuc-
tion.2? Despite the abundance of adipose tissue, culture-expanded
ASCs are still required to achieve a sufficient quantity for many clini-
cal applications. Particularly, to guarantee a sustainable manufacturing
process for commercialization of ASC-based products, prolonged cell
expansion may be desired.® In addition, MSCs at later passages may
exhibit different characteristics suitable for specific clinical use. For
example, senescent MSCs were found to display stronger immuno-
suppressive properties, thus serving as a preferred treatment for host
vs graft disease and other immune-relates disorders.* Moreover, late,
but not early, passage MSCs could attenuate established pain behav-
ior in an animal model of osteoarthritis.> Therefore, further investiga-
tion is necessary to understand the behavior of ASCs during
prolonged in vitro expansion.

Human MSCs are commonly cultured as monolayers using con-
ventional tissue culture techniques, but such methods may lead to
reduced cell proliferation, decreased colony-forming efficiency, and
decreased expression of pluripotency markers over time.®” Since one
of the limitations to the clinical use of ASCs is their tendency to
become senescent and lose their potency for proliferation and differ-
entiation when cultured in vitro,® maintaining the therapeutic efficacy
of ASCs during in vitro expansion has become an important issue.
Forcing the gene expression of Nanog or Sox2 has been attempted to
increase ASC stemness,” but gene transfection harbors substantial
safety concerns for clinical use. Therefore, treating cells with various
growth factors, including fibroblast growth factor 2 (FGF2), has
become a common practice in ASC research.®

FGFs are key players in the proliferation and differentiation pro-
cesses of a wide range of cells and tissues. In recent studies, various
growth factors, such as FGFs, have been extensively investigated to
elucidate how they promote the self-renewal and proliferation of
MSCs.1122 sypplementing FGF2 in the culture medium during the
in vitro ASC expansion enhances their proliferative efficiency.”*?* In
contrast, the senescence process of ASCs, characterized by increased
doubling time, has been found to be in concordance with decreased
FGF2 secretion from ASCs through autocrine signaling.'* FGF2 also
influences the differentiation capabilities of ASCs.*>” While FGF2
stimulates adipogenic differentiation of ASCs,*® it has been shown to
inhibit osteogenic differentiation by reducing osteocalcin expression
in ASCs.Y” Although many studies have depicted the influence of
FGF2 on ASCs, early passage ASCs have typically been used for the
experiments.*’ The effect of FGF2 supplement on preserving the pro-
liferative activity and senescence change of ASCs during long-term
culture remains unknown.

Several studies have demonstrated the stability of human ASCs dur-
ing prolonged cultivation with a low risk of tumorigenicity up to passage

20.1020 Although rare, spontaneous tumorigenic transformation of MSCs
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Significance statement

Adipose-derived mesenchymal stem cell (ASC) is a valuable
cell source for regenerative medicine, and prolonged cell
expansion may be desired to develop ASC-based products.
Fibroblast growth factor 2 (FGF2) is a common supplement
in the culture medium to enhance ASC proliferation. How-
ever, the effect of FGF2 on the ASC aging process during
prolonged culture has not been well studied. This study
found that although FGF2 maintains cellular morphology
and enhances cell proliferation in the early passages of ASC
culture, continuous FGF2 supplement exerts adverse effects
on the late passages. The information is important for large-

scale ASC production for clinical use.

that are expanded in vitro has been reported, particularly when they
were treated with certain carcinogens.?*?? For example, supplementing
FGF2 in the culture medium of human bone marrow-derived MSCs
transfected with TERT (telomerase reverse transcriptase) resulted in an
increased potential for neoplastic transformation.® Thus, cell therapy
with FGF2-treated ASCs may harbor a risk of tumorigenicity, especially
after long-term stimulation. Since studies conducted with FGF2 supple-
ment have not been carefully evaluated for tumorigenic risk, it is also
crucial to elucidate the tumorigenic potential during the in vitro expan-
sion process to address the safety issue of FGF2-expanded ASCs. There-
fore, prolonged in vitro expansion of human ASCs with FGF2
supplement was performed in this study, and the important changes in
the biological properties, tumorigenic potential, and signaling activities at
different passages of FGF2-stimulated ASCs were investigated.

2 | MATERIALS AND METHODS

2.1 | Cellisolation and culture

Subcutaneous adipose tissue from the abdomen was obtained from four
nonsmoking, nondiabetic females undergoing elective plastic surgery
procedures (age: 32-57 years; body mass index: 21.0-26.6). The study
protocol was approved by the Research Ethical Committee of National
Taiwan University Hospital (No. 201303038RINB). Informed consents
had been obtained from all participants in this study. The minced adipose
tissue was placed in a digestion solution consisting of 1 mg/mL collage-
nase type | (Gibco, Carlsbad, California) at 37°C for 60 minutes. The
digest was filtered, and the cells in suspension were collected by centri-
fugation. The cells were cultured in a basal medium consisting of
Dulbecco's Modified Eagle Medium-high glucose (DMEM-HG; HyClone,
Logan, Utah), 10% fetal bovine serum (FBS; Biological Industries, Kibbutz
Beit Haemek, Israel), and 1% penicillin-streptomycin (Biological Indus-
tries) at 37°C in 5% CO,, and the medium was changed every 2-3 days.
In the experimental group, 1 ng/mL FGF2 (R&D Systems, Minneapolis,
Minnesota; catalog number: 233-FB) was added to the basal medium for
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ASC culture. The cells were cultured without reaching confluence, and
the cells were passaged every 7 days using 0.05% trypsin-EDTA
(Biological Industries). Cells were harvested at different passages for vari-

ous experiments.

2.2 | Cellsize analysis

The trypsinized FGF2-treated and control ASCs at P5, P10, and P15
were stained with trypan blue (Biological Industries) and photographed
under an inverted phase-contrast microscope. Only cells with an aspect
ratio of less than 1.5 were selected, and the periphery of cells was
traced using ImageJ software for the estimation of cell diameters.

2.3 | Proliferation and senescence assay

The FGF2-treated and control ASCs were seeded at a density of 1000
cells/cm?. Every 7 days, the cells were passaged until cells reached senes-
cence, and the cumulative population doubling was calculated at each pas-
sage. To evaluate cellular senescence, ASCs were fixed by 4%
paraformaldehyde (Sigma, St. Louis, Missouri) at room temperature for
8 minutes and then stained with senescence-associated f-galactosidase
(SA-B-gal) chromogenic substrate solution (Sigma) at 37°C for 16 hours.
The number of cells positively stained with p-galactosidase was calculated.

24 | Flow cytometry for cell surface antigen

At P5, P10, and P15, the FGF2-treated and control ASCs were
trypsinized to produce single-cell suspensions. To determine the
expression of cell surface antigens, the samples were incubated with
the following antibodies: anti-CD31 (BD Bioscience, San Diego, Cali-
fornia), anti-CD34, anti-CD44, anti-CD73, anti-CD90, and anti-
CD166 (all from BioLegend, San Diego, California). The samples were
analyzed using a flow cytometer (FACSVerse; BD Biosciences, Frank-
lin Lakes, New Jersey) in which 30 000 cells were counted for each
sample. Positive cells were defined as those with fluorescence greater

than 95% of the signal of the isotype controls.

2.5 | Differentiation of human ASCs

The FGF2-treated and control ASCs at P5, P10, and P15 were
harvested for differentiation assays. Adipogenic differentiation was
induced in basal medium supplemented with 500 pM 3-isobutyl-
1-methylxanthine, 1 uM dexamethasone, 10 uM insulin, and 400 uM
indomethacin (all from Sigma). After 14 days, ASCs were fixed in 4%
paraformaldehyde and stained with Qil Red O (Sigma) to observe lipid
droplets. Osteogenic differentiation was induced by culturing ASCs in
basal medium supplemented with 10 nM dexamethasone, 50 uM
ascorbic acid 2-phosphate, 10 nM 1«,25-dihydroxyvitamin D3, and
10 uM p-glycerophosphate (all from Sigma). At day 21, ASCs were

fixed in 4% paraformaldehyde and stained with Alizarin Red S (Sigma)

to observe mineralized matrix apposition.

2.6 | Cell cycle analysis

BrdU (Sigma) was added to the cell culture medium at a final concen-
tration of 10 pM and incubated for 1 hour. After BrdU incorporation,
cells were collected, fixed in 70% iced ethanol, and incubated at 4°C
for 1 day. Cells were then treated with 0.5% Triton X-100 (Sigma) for
30 minutes followed by centrifugation to remove the supernatant.
The cells were resuspended in 0.1 M NaHCO3; for 30 minutes, cen-
trifuged, and stained with anti-BrdU antibody (Cell Signaling, Danvers,
Massachusetts). Following staining with anti-mouse FITC-conjugated
secondary antibody (Leinco Technologies, Baldwin, Missouri) for
30 minutes in the dark, the cells were then suspended in 10 pg/mL
propidium iodide solution (Sigma) and analyzed by a flow cytometer
(FACScan; Becton Dickinson, Franklin Lakes, New Jersey).

2.7 | Colony-forming assay

The FGF2-treated and control ASCs at P5, P10, and P15 were cul-
tured at a density of 1000 cells per 100 mm dish. The media were
changed every 2-3 days. After 14 days of culture, the cells were fixed
and stained with 0.5% crystal violet solution (Sigma) for 30 minutes.

The number of colonies (diameter >2 mm) was counted.

2.8 | Quantitative PCR

Total RNA from the FGF2-treated and control ASCs at P5, P10, and p15
was extracted by an RNeasy mini kit (Qiagen, Hilden, Germany) according
to the manufacturer's instructions. The RNA concentration was deter-
mined by optical density at 260 nm (OD,¢0) using a spectrophotometer.
Once RNA was isolated, complementary DNA (cDNA) was synthesized
using a High-Capacity cDNA Reverse Transcription Kits (Applied Bio-
systems, Foster City, California). Briefly, quantitative PCR was performed
in triplicate using a StepOne Real-Time PCR system (Bio-Rad, Hercules,
California). The sequences of the gene-specific primers are shown in
Additional file 1: Table S1. The expression level was analyzed and normal-
ized to GAPDH for each cDNA sample. The relative gene expression

values were calculated using control ASC samples as the reference.

2.9 | FGFR and STATS3 inhibition

The FGF2-treated and control ASCs at P4 were seeded as 9000 cells/cm?.
For FGFR1 inhibition, ASCs were pretreated with 10 uM SU5402 (FGFR1
inhibitor; Sigma) for 2 hours, and 1 ng/mL FGF2 was subsequently added
to the culture medium for 3 days. For signal transducer and activator of
transcription 3 (STAT3) inhibition, ASCs were pretreated with 0.5 pM or
1 puM Stattic (STATS inhibitor; Sigma) for 2 hours before 1 ng/mL FGF2
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was added to the culture medium for 3 days. The relative cell proliferation
was determined by Alamar blue assay using a protocol modified from a
previous study.?* The number of viable cells was proportional to the mag-
nitude of dye reduction.

210 | Western blot analysis

The cells were suspended in cell lysis buffer (Fermentas, Vilnius, Lithuania).
After centrifugation, the protein content was determined in the superna-
tants by a bicinchoninic acid protein quantification kit (Pierce, Rockford,
lllinois). Protein samples from treated ASCs were mixed with Laemmli
sample buffer and boiled for 10 minutes. Subsequently, proteins were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
blotted onto polyvinylidene difluoride membranes. Western blotting was
performed using anti-p21, anti-STAT3, anti-p-STAT3 (Try705), anti-
extracellular signal-regulated kinase (ERK), anti-p-ERK (Thr202/Try204),
and anti-GAPDH antibodies (all from Cell Signaling). After overnight incu-
bation with the primary antibodies and extensive washing, the membranes
were incubated with horseradish peroxidase-conjugated secondary anti-
bodies for 1 hour, and then the blots were developed using an enhanced

chemiluminescence detection system (Millipore, Billerica, Massachusetts).

211 | Chromosome count

Chromosomal spreads were performed for P12 ASCs fixed in metha-

nol/acetic acid (3:1) solution. The fixed cells were dripped at a height

FIGURE 1 Morphology and A
senescence changes of adipose-
derived mesenchymal stem cells
(ASCs) with or without long-term
FGF2 treatment. A, Microscopic
images of suspended ASCs at P5,
P10, and P15. Scale bar = 50 pm. B,
Quantification of cell diameter
revealed a smaller cell diameter of
FGF2-treated ASCs in P5 and P10,
but the cell size increased at P15

(n = 7). C, SA-B-gal staining of ASCs at
P5, P8, and P18. Scale

bar = 500 pm. D, Quantification of
SA-B-gal-positive cells in 5-6
randomly selected fields (n = 3). E,
Western blot analysis of the
senescence marker p21 at different
passages. F, Quantification of p21
protein expression was higher in
FGF2-treated ASCs relative to the E
control after P12 (n = 3 at P17 and

# TRANSLATIONAL MEDICINE

of approximately 1 m from the glass slides to spread the chromo-
somes of metaphase cells.?> The glass slides were stained with
4’ ,6-diamidino-2-phenylindole (DAPI; BioLegend) and visualized using
a fluorescence microscope (Leica DMI 6000). The chromosome num-
ber was evaluated in at least 10 metaphases per sample.

212 | Soft agar assay for in vitro tumorigenicity

For the in vitro testing of anchorage-independent colony development,
the FGF2-treated and control ASCs (P10 or P15) were suspended in 0.3%
agarose (final concentration; Sigma) in DMEM-HG with 10% FBS and
stratified on a bottom layer of 0.5% pre-solidified agarose in six-well
plates® The plates evaluated for the presence of colonies on day 21 by
staining with 0.5% crystal violet (Sigma). Hela cells (Bioresource Collec-
tion & Research Center, Hsinchu, Taiwan) were plated in the same manner

as the positive control. The negative control contained no seeded cells.

2.13 | Invivo tumorigenicity assay

The FGF2-treated and control ASCs at P15 were examined for
tumorigenicity by subcutaneous injection of approximately 10 million
cells into the dorsal surface of anesthetized nude mice.'® The han-
dling and care of the animals were carried out in compliance with
the animal care guidelines of National Taiwan University. After
4 months, the animals were euthanized and autopsied to determine

the formation of tumors at the injection site and internal organs.
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Frozen tissue sections of dorsal skin, heart, lung, and liver were
fixed with acetone and stained using anti-human nuclear antigen
antibody (Millipore) to detect the transplanted human ASCs. After
counterstaining with DAPI, the sections were analyzed using a fluo-

rescence microscope.

214 | Statistical analysis

All measurements are presented as the means + SD. Statistical signifi-
cance was evaluated using an independent-sample Student's t test or
ANOVA. Tukey's post hoc test was used when the group of interest
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FIGURE 2

P5

P10

P15

Phenotypic characterization of adipose-derived mesenchymal stem cells (ASCs) with or without long-term FGF2 treatment. A, The

expression level of ASC surface markers is shown as the proportion of positively stained cells relative to the isotype control. These ASCs were
negative for the hematopoietic markers CD31 and CD34 but positive for the mesenchymal stem cell-related markers CD44, CD73, CD90, and
CD166. B, Microscopic images of ASCs cultured in adipogenic induction medium for 14 days. Cells were stained with Oil Red O for the detection
of adipogenesis. Scale bar = 300 pm. C, Microscopic images of ASCs cultured in osteogenic induction medium for 21 days. Cells were stained
with Alizarin Red for the detection of osteogenesis. Scale bar = 500 pm. FGF2, fibroblast growth factor 2; P, passage
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was compared to all other groups in the experiment. All statistical ana-
lyses were performed using GraphPad Prism 7 (La Jolla, California).

Statistically significant values were defined as P < .05.

3 | RESULTS

3.1 | Biphasic effect of FGF2 on the senescence
changes of ASCs

Measuring the cell size of trypsinized ASCs at different passages rev-
ealed a significantly smaller cell diameter of the FGF2-treated ASCs
relative to that of the control ASCs at P5 (20.3 + 1.0 vs 26.3 + 1.0 pm,
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P <.001) and P10 (25.6 + 1.5 vs 28.4 + 2.1 um, P < .05). However, at
P15, FGF2-treated ASCs exhibited a larger diameter relative to the
control ASCs (30.3 + 3.6 vs 24.4 + 2.1 ym, P < .01; Figure 1A,B). Since
increasing cellular size has been associated with senescence,?® we fur-
ther performed SA-f-gal staining for confirmation. The staining of SA-
B-gal was virtually absent at P5 in both the FGF2-treated and the con-
trol ASCs. At P8, the ASCs treated with FGF2 exhibited a significantly
smaller percentage of SA-p-gal-positive cells than the control (6.0
+1.5% vs 10.7 £ 1.2%, P < .05). In contrast, more SA-B-gal-positive
ASCs were noted in the FGF2-treated group compared with the con-
trol group at P18 (46.2 + 6.1% vs 17.7 + 1.4%, P < .001; Figure 1C,D).
In addition, FGF2-treated ASCs expressed significantly higher levels
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reached senescence earlier than the control cells. B, Cell cycle analysis of ASCs at the indicated passages performed by PI staining and BrdU
incorporation (with secondary FITC staining). Cells at the G1/GO0, S, and G2/M phases were counted. C, Quantification of the proportion of cells
at the G1/GO0, S, and G2/M phases. A higher G2/M ratio and a lower G1 ratio were noted in FGF2-treated ACSs at P5 relative to control ASCs.
However, FGF2-treated ASCs at P17 exhibited a reduced G1-S phase transition with a lower fraction of cells in G2/M phase and a higher GO/G1
fraction (n = 4). D, Colony-forming assay of ASCs plated at 1000 cells/dish and incubated for 14 days. Crystal violet was used to detect cell
colonies greater than 2 mm in diameter. E, Quantification of the colony number per dish. The FGF2-treated group exhibited a significantly higher
cell colony number at P5, whereas a significantly lower colony number was noted in the FGF2-treated group at P10 (n = 4). *P < .05, **P < .01,
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(P12: 1.6 £ 0.33 vs 1.0 £ 0.09, P < .05; P15: 2.02 + 0.42 vs 1.0 + 0.36,
P <.05; P17:3.3 £ 0.37 vs 1.0 + 0.08, P < .001; Figure 1E,F).

3.2 | FGF2 maintained the immunophenotypes
and differentiation capabilities of ASCs

We harvested ASCs with or without FGF2 treatment at P5, P10,
and P15 to evaluate the immunophenotypes and differentiation
capabilities. The surface epitopes of the FGF2-treated ASCs were
similar to those of the control ASCs at the respective passages.
These ASCs were negative for the hematopoietic markers CD31
and CD34 but positive for the MSC-related markers CD44, CD73,
CD90, and CD166 (Figure 2A). Moreover, FGF2-treated ASCs
maintained their adipogenic and osteogenic differentiation capabili-
ties after the application of appropriate induction media, as demon-
strated by the histology staining specific for oil and calcium,
respectively (Figure 2B,C).

3.3 | FGF2 enhanced ASC proliferation only in the
early passages

In the population doubling study, FGF2-treated ASCs expanded more
rapidly through passages compared to ASCs without FGF2 treatment;
however, FGF2-treated ASCs appeared to reach senescence earlier
than the control cells. Eventually, ASCs in both groups reached
approximately the same level of cumulative population doubling level
of 40 (Figure 3A). Cell cycle analysis revealed a relatively higher G2/M
ratio and a lower G1 ratio in FGF2-treated ACSs at P5 relative to con-
trol ASCs. FGF2-treated ACSs at P10 also facilitated the G1-S phase
transition (S phase in FGF2-treated ASCs: 26.4 + 1.0% vs control:
22.3 £0.8%, P < .001) with a higher ratio of cells in the G2/M phase
(FGF2-treated ASCs: 12.4 + 0.6% vs control: 8.2 = 2.2%, P < .05) and
a lower ratio at the GO/G1 phase (FGF2-treated ASCs: 67.5 + 2.1% vs
control: 59.1 £ 0.6%, P <.05). At P17, the trend reversed as the
FGF2-treated ASCs exhibited a reduced G1-S phase transition
(S phase, FGF2-treated ASCs: 2.8 +0.2% vs control: 5.4+ 1.2%,
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g 1s 2 000151 each GAPDH expression level at the respective
P15 & 030 Lg 0.00104 passage (n = 3). B, Microscopic images of ASCs
g giz § 0'0005_ |ﬁ| IJ'I supplemented with FGF2 and/or SU5402
.% 0.05 E o.oooo- l‘j = i pretreatment. Pretreatment of SU5402 resulted in
g 0.00 FGFR1b FGFRIC 2" FGFR2b FGFR3b FGFR3c  FGFR4 a larger cell size and more flattened morphology
in both FGF2-treated and control ASCs. Scale
B C bar = 500 pm. C, Alamar blue assay for the
DMSO SU5402 I i - | evaluation of ASC proliferation in different culture
K 50 e conditions on day 3. SU5402 significantly
g Fa0 inhibited ASC proliferation with or without FGF2
Control| = supplement (n = 3). *P < .05, **P < .01, ***P < .001
| -f—,’ 30 = relative to control; #P < .01, ##P < 001 between
é 20 the indicated groups, Student's t test for panel
& 10 (A) and ANOVA with the Tukey's post hoc test for
| o . panel (C). DMSO, dimethyl sulfoxide; FGF2,
FGF2 Control Control FGF2  FGF2 fibroblast growth factor 2; FGFR, fibroblast
\ + + growth factor receptor; P, passage; GAPDH,
SU5402 SU5402

glyceraldehyde 3-phosphate dehydrogenase
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P < .01) with a lower fraction of cells in G2/M phase (FGF2-treated
ASCs: 22,5+ 1.2% vs control: 28.9 + 0.8%, P <.001) and a higher
GO/G1 fraction (FGF2-treated ASCs: 69.9 + 0.7% vs control: 60.2
+ 1.0%, P < .001; Figure 3B,C).

We employed the colony-forming assay to evaluate the effect of
FGF2 on the inherent self-renewal and proliferation efficacy at different
ASC passages. The FGF2-treated group exhibited a significantly higher
cell colony number at P5 (47 + 2 vs 16 *+ 1 colonies per dish, P < .001),

whereas a significantly lower colony number was noted in the

C
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FGF2-treated group at P10 (11 + 3 vs 40 + 9 colonies per dish, P < .001).
At P15, neither group showed any colony formation (Figure 3D,E).

3.4 | FGF2 upregulated FGFR1c expression in ASCs
Our quantitative PCR data revealed a remarkably higher mRNA
expression level of FGFR1c than other FGFRs in ASCs. FGF2 supple-
ment further upregulated FGFR1c relative to the control group at P5
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FIGURE 5 Expression and phosphorylation of STAT3 and ERK in adipose-derived mesenchymal stem cells (ASCs) with or without FGF2

treatment. A, ASCs in P4 were treated with FGF2 for 7 days, and STAT3, p-STATS3, ERK, and p-ERK expression was detected using Western

blot. B, Quantification of STAT3, p-STATS3, ERK, and p-ERK protein levels in FGF2-treated ASCs in P4 for 7 days relative to the control. FGF2
triggered transient and robust phosphorylation of ERK in ASCs, which gradually faded after 24 hours. In contrast, both STAT3 expression and
phosphorylation increased 24 hours after treating ASCs with FGF2, and the effect was sustained for at least 7 days (n = 4). C, STAT3 and p-
STATS levels in ASCs during long-term FGF2 treatment were detected using Western blot. D, Quantification of STAT3 and p-STAT3 levels in
FGF2-treated ASCs relative to the control in long-term culture. FGF2-treated ASCs exhibited a higher p-STAT3/STAT3 ratio until passage

10 (n = 3 at P17 and n = 4 at other passages). *P < .05, **P < .01, ***P < .001, Student's t test. d, day; ERK, extracellular signal-regulated kinase;
FGF2, fibroblast growth factor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; h, hour; min, minute; P, passage; p-STAT3,
phosphorylated signal transducer and activator of transcription 3; STATS3, signal transducer and activator of transcription 3
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(3.37x 1072+ 7x 107" vs 232 x 1072+ 5x 10~* expression level
relative to GAPDH, P < .001). However, the FGF2-stimulated FGFR1c
upregulation diminished in the later passages (Figure 4A). Pre-
treatment with the FGFR1 inhibitor SU5402 resulted in a larger cell
size and more flattened morphology in both FGF2-treated and control
ASCs (Figure 4B). Alamar blue assay revealed that SU5402 signifi-
cantly inhibited ASC proliferation with or without FGF2 supplement
(Figure 4C). Collectively, these data suggest that FGF2 enhanced ASC
proliferation in the early passages through an FGFR1-mediated path-
way, particularly FGFR1c.

3.5 | Enhanced p-STAT3 expression induced by
FGF2 was lost after long-term culture

Our Western blot results revealed that FGF2 triggered transient and
robust phosphorylation of ERK in ASCs within minutes, which gradu-
ally faded after 24 hours. In contrast, the phosphorylation of STAT3
was initially suppressed upon FGF2 addition. Subsequently, both
STAT3 expression and phosphorylation increased 24 hours after
treating ASCs with FGF2, and the effect was sustained for at least
7 days (Figure 5A,B). During the long-term culture, FGF2-treated
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0.0 T
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FIGURE 6 Inhibition of the STAT3 signaling
pathway reversed the stimulation effect of FGF2
on adipose-derived mesenchymal stem cells
(ASCs) proliferation. A, Western blot analysis of
STAT3 and p-STAT3 in ASCs treated with FGF2
and the STATS3 inhibitor Stattic. B, Quantification
of the relative p-STAT3 protein levels revealed
the inhibitory effect of Stattic on the STAT3
signaling pathway (n = 3). C, Microscopy images of
ASC morphology with FGF2 and Stattic
treatment. ASCs were pretreated with 0.5 or 1 pM
Stattic for 2 hours before FGF2 was added to the
culture medium for 3 days. Inhibition of p-STAT3
by Stattic in FGF2-treated ASCs resulted in fewer
cells with flattened cell morphology. Scale

bar = 500 pm. D, Alamar blue assay of ASCs with
FGF2 and Stattic treatment showed Stattic
completely reversed the stimulatory effect of
FGF2 on increasing cell growth (n = 3). *P < .05,
**P < .01, **P < .001 relative to control;

###p < 001 between the indicated groups,
ANOVA with the Tukey's post hoc test. FGF2,
fibroblast growth factor 2; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; p-
STATS3, phosphorylated signal transducer and
activator of transcription 3; STATS3, signal
transducer and activator of transcription 3

o
o
N
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ASCs exhibited a higher p-STAT3/STAT3 ratio until passage 10 (P5:
1.2 £ 0.1-fold, P <.05; P10: 2.0 = 0.1-fold, P < .001 relative to the
control at the respective passage). In later passages, the phosphoryla-
tion of STAT3 exhibited no significant difference between the FGF2
treatment and the control groups (Figure 5C,D).

3.6 | STATS3 inhibition suppressed FGF2-induced
cell growth in early passages

To investigate the association between ASC proliferation and
STAT3 phosphorylation, we used a STAT3 inhibitor (Stattic) to
inhibit the phosphorylation of STAT3. Western blot analysis
showed that FGF2-induced p-STAT3 expression was reduced to a
level similar to the control after the addition of Stattic (0.5 uM Sta-
ttic: 1.37 + 0.10-fold; 1 pM Stattic: 1.29 + 0.14-fold relative to con-
trol ASCs, both P <.001 compared with FGF2-treated ASCs;
Figure 6A,B). Inhibition of p-STAT3 by Stattic in FGF2-treated
ASCs also resulted in fewer cells with flattened cell morphology
(Figure 6C). Alamar blue assay further confirmed that Stattic
completely reversed the stimulatory effect of FGF2 on increasing

cell growth (Figure 6D).
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A Control B

Week 16

FIGURE 7 Tumorigenesis assay of adipose-derived mesenchymal
stem cells (ASCs) with or without FGF2 treatment after long-term
culture. A, Chromosome spread assay of ASCs with or without FGF2
treatment at P12 exhibit no chromosome anomalies in the mitotic
phase. Chromosomes were detected by 4’,6-diamidino-
2-phenylindole (DAPI) staining (n = 10). Scale bar = 25 pm. B, Soft
agar assay of ASCs with or without FGF2 treatment at P10 and P15.
ASCs were encapsulated in agarose gel for 21 days. Crystal violet was
used to detect the colonies. There was no colony formation in either
FGF2-treated or control ASCs, whereas the positive control Hela
cells showed obvious colony formation (n = 6). C, ASCs with or
without FGF2 treatment were cultured until P15. An in vivo
tumorigenesis assay was performed by subcutaneous injection of

1 x 107 ASCs into the dorsum of nude mice. No tumor formation was
observed after 20 weeks (n = 5). FGF2, fibroblast growth factor 2; P,
passage

3.7 | FGF2-treated ASCs exhibited minimal risk of
tumorigenesis in vitro and in vivo

In the chromosome spread assay, P12 ASCs treated with FGF2
appeared to exhibit no chromosome anomalies in the mitotic phase
(Figure 7A). We also assessed anchorage-independent growth with
the soft agar colony formation assay and observed no colony forma-
tion in either FGF2-treated or control ASCs, whereas the positive con-
trol Hela cells showed obvious colony formation (Figure 7B). After

long-term in vitro culture, we further evaluated the tumorigenicity of

TRANSLATIONAL MEDICINE

FGF2-treated and control ASCs in vivo. A large quantity of
FGF2-treated or control P15 ASCs were injected subcutaneously on
the backs of nude mice, and no tumor formation was noted after
16 weeks (Figure 7C). Frozen tissue sections of dorsal skin, heart,
lung, and liver also showed no immunolabelled ASCs, suggesting no
ASC retention in the subcutaneous tissue or internal organs.

4 | DISCUSSION

In vitro expansion of ASCs is required to obtain a sufficient quantity
of cells for certain therapeutic purposes, and supplementing growth
factors in the culture medium is usually necessary to expedite the
expansion process. Moreover, depletion of growth factors during
serial passage of ASCs has been shown to induce autophagy and
senescence while downregulating stemness genes.?” Since the FGF2
pathway plays an important role in ASC self-renewal via both auto-
crine and paracrine effects, supplementing FGF2 for ASC expansion
has become a common practice.* Our study showed that FGF2
enhanced ASC proliferation in the early passages, but the proliferative
activity decreased to a level lower than that of the control group after
extensive passaging. This observation is consistent with the cell cycle
analysis, which revealed that FGF2 treatment significantly increased
G2/M cells in P5 ASCs. ASCs in long-term culture were shown to
exhibit increased proliferation indicated by the increased percentage
of cells in S and G2/M phases, which decreased in later passages.?°
Our study further revealed a relatively higher G2/M ratio in
FGF2-treated ACSs at P5 and P10 relative to the control ASCs, and
the proportion of G2/M phase ASCs in the FGF2-treated group
became significantly lower than that in the control group at P17.
Overall, the data collectively indicate that FGF2-treated ASCs reached
senescence earlier than non-treated cells during long-term cell
culture.

The first evidence of cell senescence is morphological changes.
During in vitro expansion, ASC morphology changed from a spindle
shape to a more flattened form and was accompanied by a decrease
in cell proliferation ability and a loss of differentiation potential. Con-
sistent with a previous study,?® we showed that FGF2-treated ASCs
maintained a slender morphology with a smaller cell size in the early
passages. Subpopulations of small and rapidly self-renewing MSCs
have been shown to exhibit higher proliferative activity than their
larger and more spread-out counterparts.?’*° One common cause of
premature senescence is the accumulation of DNA damage during
long-term in vitro culture and the subsequent checkpoint activation.>?
FGF2 has been shown to suppress the cellular senescence of human
MSCs through the suppression of p21, p53, and p16 mRNA expres-
sion.®2 Consistently, our findings showed that FGF2 maintained a
smaller cytoplasmic volume of ASCs with a shorter doubling time in
early passages. However, after long-term culture with FGF2, the ASCs
became liable to senescence with a trend towards a larger cell size,
increased SA-B-Gal staining, and enhanced p21 expression. We noted
that at different passages during in vitro culture, FGF2-treated ASCs
appeared to express a higher level of the senescence marker p21. This
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finding may be associated with the results of a study showing that
adult stem cells have evolved a unique p21-activation response to
DNA damage that leads to their immediate expansion and limits their
long-term survival.3®

In the colony-forming assay, the superior colony-forming capabil-
ity of FGF2-treated ASCs at P5 was reversed at P10. Because cells
were seeded at low density in the colony-forming assay to determine
the inherent self-renewal and proliferation efficacy of cells, the stem
cells in this assay had the characteristics of isolated cells. In contrast,
an optimal cell density was used in the proliferation assay, and inter-
cellular communication via paracrine signaling and direct contact
could influence cell growth and related behaviors.3* Hence, it is possi-
ble that the FGF2-treated ASCs had been losing their stemness before
reaching P10, as suggested by the result of our data, whereas
enhanced proliferation was still observed for FGF2-treated ASCs
compared with the control at P10. In contrast, for stem cells isolated
from human exfoliated deciduous teeth, FGF2 supplement was shown
to enhance the colony-forming capability, but it did not enhance cell
proliferation.3* Therefore, MSCs from different sources may respond
differently to FGF2 stimulation.

Although FGF2 is widely used to maintain stem cell properties
in culture, the mechanism of FGF-regulated self-renewal is not
entirely clear. Dombrowski et al demonstrated that blocking FGFR1
signaling inhibited the proliferation and G1-S phase transition of
the cell cycle in human bone marrow-derived MSCs.2®> FGFR1 pro-
motes stem cell proliferation through multiple mechanisms that
together antagonize cyclin-dependent kinase inhibitors. Our data
also showed a higher level of FGFR1 mRNA expression, particularly
FGFR1c, in FGF2-treated ASCs throughout different passages. At
P5, the FGF2-treated ASCs exhibited a significant upregulation of
FGFR1c. However, the gene expression of FGFR1c diminished to a
level comparable to that of the control at P10 and P15, in concor-
dance with the decreased proliferative activity in later passages.
Moreover, the use of the FGFR1 inhibitor SU5402 suppressed the
effect of FGF2 on stimulating ASC proliferation. Therefore, FGFR1
may be a target of FGF2 in modulating the proliferation activity
of ASCs.

The FGF-FGFR signaling pathway is regulated at multiple levels,
and the way in which different downstream pathways are activated to
mediate the cellular response to FGF2 treatment has not been well
established.®® FGF2 likely acts as a mitogen via ERK activation, a mul-
tipotency factor through Sox2 induction, and an inhibitor of cellular
senescence through the PI3K-AKT pathway.® The involvement of
JAK/STAT signaling has been implicated in coordinating the processes
of intestinal stem cell proliferation, ensuring a robust cellular output in
the lineage.3” STAT3 plays a role in the self-renewal of human embry-
onic stem cells®® as a downstream transcription factor of the cytokine
leukemia inhibitory factor.3”%° Activated STAT3 has been reported to
promote self-renewal of rodent hematopoietic stem cells in vivo,**
and leptin seemed to increase ASC proliferation through activating
STAT3 protein and downstream gene expression.*? In line with our
study, Dong et al. also revealed that FGF2 regulates melanocytes via-
bility through the STAT3-transactivated PAX3 transcription.*®

Our data revealed transient but robust ERK phosphorylation
within minutes of FGF2 supplement of the ASC culture, followed by
the emergence of p-STAT3, which was maintained at least until day
7. Zaragosi et al also reported transient activation of ERK pathway in
ASCs within 24 hours upon FGF2 stimulation.** These results cor-
responded to a previous study showing that FGF-2 or FGF-4 pro-
moted the proliferation of bone marrow MSCs with upregulated
pERK1/2 and pAKT within minutes, but without a significant change
in STAT3 or p-STAT3 level** In this study, we also observed
enhanced STAT3 activation by FGF2 treatment throughout the earlier
passages, which diminished in the later passages. Moreover, the
blockage of STAT3 resulted in the reduced cell growth of ASCs.
Therefore, JAK/STAT signaling may mediate the effect of FGF2 on
enhancing the proliferation and self-renewal of ASCs in early pas-
sages, whereas further FGF2 supplement induces senescence and
suppresses proliferation due to refractory STAT3 expression.

A common concern regarding the use of stem cell therapies is the
risk of tumorigenicity.*>**” Previous studies have shown that in vitro-
expanded ASCs exhibited a low level of telomerase activity after pas-
sage 10,2° without evidence of alternative mechanisms for telomere
lengthening.*® Hence, ASCs were considered to exhibit a low risk of
tumorigenicity up to P20.1° However, a recent study found that the
FGF2-FGFR1 pathway is critical for the adipose tissue-stimulated
transformation of skin and mammary epithelial cells.*’ Despite the
establishment of many safeguard mechanisms to prevent tumorigene-
sis in human cells, this finding raised the concern of possible transfor-
mation when extensively culturing ASCs with FGF2. Our in vitro and
in vivo studies revealed a minimal tumorigenicity risk from
FGF2-treated ASCs after long-term culture. These findings confirm
that FGF2-treated ASCs are unlikely to develop one of the hallmarks
of malignant transformation and can be considered amenable for cell
therapy purposes.

FGF2 supplement in prolonged culture of ASC possibly alters not
only the proliferative, self-renewal ability, but also the genetic and epi-
genetic changes related to apoptosis, DNA damage repair, or tumorige-
nicity. In a study conducting long-term ASC culture, elevated
expression of tumor suppression gene p53 with decreased CDK1
(required for entry into M phase) and Bcl-2 (anti-apoptotic gene) expres-
sion in later passages was noted, indicating that ASCs might undergo
apoptosis to inhibit malignant transformation.?® According to Gharibi
et al, FGF2 supplement upregulated stemness gene Oct4 only at initial
passages of ASC culture, and increased expression of senescence gene
p16 and DNA repair gene Pold3 was noted at later passages.’® There-
fore, FGF2 supplement in long-term ASC culture may increase cell
senescence, apoptosis, and DNA damage repair to prevent tumorigenic-

ity. The underlying mechanism awaits further investigation.

5 | CONCLUSIONS
In the present study, we demonstrated that FGF2 exerts positive effects
in the early passages of ASC culture, resulting in the maintenance of cel-

lular morphology and the expedition of proliferative kinetics. However,
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after prolonged in vitro expansion of ASCs with FGF2, negative effects
of increased cell size, arrested proliferation, and increased senescence
are noted. This phenomenon may be mediated through FGFR1c and the
downstream STAT3 signaling pathway. Despite the low risk of tumorige-
nicity of FGF2-treated ASCs, the continuous supplement of FGF2 during
long-term ASC culture may adversely affect the cells in later passages. In
conclusion, FGF2 supplement for ASC expansion is desirable for limited
passages to expeditiously obtain ASCs with efficacy for therapeutic

purposes.

ACKNOWLEDGMENTS

The authors acknowledge the technical assistance of the staff at the
Eighth Core Lab of National Taiwan University Hospital. This research
was supported by the Ministry of Science and Technology, Taiwan
(MOST 107-2314-B-002-176, 108-2628-B-002-020), and National
Taiwan University Hospital (107-53769, 108-54129).

CONFLICT OF INTEREST
The authors declare no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

Y.C.: conception and design, collection and assembly of data, data
analysis and interpretation, manuscript writing; K.H.L.: collection and
assembly of data, data analysis; T.H.Y.: provision of study material and
administrative support; N.C.C.: conception and design, data analysis
and interpretation, manuscript writing, financial support, final approval

of manuscript.

DATA AVAILABILITY STATEMENT
The data sets used or analyzed during the current study are available
from the corresponding author upon reasonable request.

ORCID

Nai-Chen Cheng "2 https://orcid.org/0000-0003-4071-5628

REFERENCES

1. Gimble JM, Guilak F. Differentiation potential of adipose derived
adult stem (ADAS) cells. Curr Top Dev Biol. 2003;58:137-160.

2. Aust L, Devlin B, Foster SJ, et al. Yield of human adipose-derived
adult stem cells from liposuction aspirates. Cytotherapy. 2004;6(1):
7-14.

3. Hoogduijn MJ, Lombardo E. Concise review: mesenchymal stromal
cells anno 2019: dawn of the therapeutic era? Stem CELLs TRANSLATIONAL
MepiciNe. 2019;8:1126-1134.

4. Zhuang Y, Li D, Fu J, et al. Comparison of biological properties of
umbilical cord-derived mesenchymal stem cells from early and late
passages: immunomodulatory ability is enhanced in aged cells. Mol
Med Rep. 2015;11(1):166-174.

5. Chapman V, Markides H, Sagar DR, et al. Therapeutic benefit for late,
but not early, passage mesenchymal stem cells on pain behaviour in
an animal model of osteoarthritis. Stem Cells Int. 2017;2017:2905104.

6. Coutu DL, Galipeau J. Roles of FGF signaling in stem cell self-renewal,
senescence and aging. Aging. 2011;3(10):920-933.

7. Rider DA, Dombrowski C, Sawyer AA, et al. Autocrine fibroblast
growth factor 2 increases the multipotentiality of human adipose-
derived mesenchymal stem cells. Stem CeLs. 2008;26(6):1598-1608.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

# TRANSLATIONAL MEDICINE

Truong NC, Bui KH, Van Pham P. Characterization of senescence of
human adipose-derived stem cells after long-term expansion. Adv Exp
Med Biol. 2019;1084:109-128.

Han SM, Han SH, Coh YR, et al. Enhanced proliferation and differenti-
ation of Oct4-and Sox2-overexpressing human adipose tissue mesen-
chymal stem cells. Exp Mol Med. 2014;46:e101.

Zaman WS, Han SH, Coh YR, et al. Long-term in vitro expansion of
human adipose-derived stem cells showed low risk of
tumourigenicity. J Tissue Eng Regen Med. 2014;8(1):67-76.

Zaragosi LE, Ailhaud G, Dani C. Autocrine fibroblast growth factor
2 signaling is critical for self-renewal of human multipotent adipose-
derived stem cells. Stem CeLLs. 2006;24(11):2412-2419.

Ahn HJ, Lee WJ, Kwack K, Kwon YD. FGF2 stimulates the prolifera-
tion of human mesenchymal stem cells through the transient activa-
tion of JNK signaling. FEBS Lett. 2009;583(17):2922-2926.

Gharibi B, Hughes FJ. Effects of medium supplements on prolifera-
tion, differentiation potential, and in vitro expansion of mesenchymal
stem cells. Stem CeLLs TRANSLATIONAL MEDICINE. 2012;1(11):771-782.
Nawrocka D, Kornicka K, Szydlarska J, et al. Basic fibroblast growth
factor inhibits apoptosis and promotes proliferation of adipose-
derived mesenchymal stromal cells isolated from patients with type
2 diabetes by reducing cellular oxidative stress. Oxid Med Cell Longev.
2017;2017:3027109.

Kim S, Ahn C, Bong N, Choe S, Lee DK. Biphasic effects of FGF2 on
adipogenesis. PLoS One. 2015;10(3):e0120073.

Lai WT, Krishnappa V, Phinney DG. Fibroblast growth factor 2 (Fgf2)
inhibits differentiation of mesenchymal stem cells by inducing Twist2
and Spry4, blocking extracellular regulated kinase activation, and
altering Fgf receptor expression levels. Stem Ceits. 2011;29(7):1102-
1111.

Quarto N, Longaker MT. FGF-2 inhibits osteogenesis in mouse adi-
pose tissue-derived stromal cells and sustains their proliferative and
osteogenic potential state. Tissue Eng. 2006;12(6):1405-1418.
Kakudo N, Shimotsuma A, Kusumoto K. Fibroblast growth factor-2
stimulates adipogenic differentiation of human adipose-derived stem
cells. Wound Repair Regen. 2009;17(1):A7-A7.

Gimble JM, Bunnell BA, Chiu ES, Guilak F. Concise review: adipose-
derived stromal vascular fraction cells and stem cells: let's not get lost
in translation. Stem Ceis. 2011;29(5):749-754.

Danisovic L, Oravcova L, Krajciova L, et al. Effect of long-term culture
on the biological and morphological characteristics of human adipose
tissue-derived stem cells. J Physiol Pharmacol. 2017;68(1):149-158.
Pan Q, Fouraschen SM, de Ruiter PE, et al. Detection of spontaneous
tumorigenic transformation during culture expansion of human mes-
enchymal stromal cells. Exp Biol Med. 2014;239(1):105-115.

Tang Q, Chen Q, Lai X, et al. Malignant transformation potentials of
human umbilical cord mesenchymal stem cells both spontaneously
and via 3-methycholanthrene induction. PLoS One. 2013;8(12):
e81844.

Yamaoka E, Hiyama E, Sotomaru Y, et al. Neoplastic transformation
by TERT in FGF-2-expanded human mesenchymal stem cells. Int J
Oncol. 2011;39(1):5-11.

Cheng NC, Chang HH, Tu YK, et al. Efficient transfer of human
adipose-derived stem cells by chitosan/gelatin blend films. J Biomed
Mater Res B Appl Biomater. 2012;100(5):1369-1377.

Ravid O, Shoshani O, Sela M, et al. Relative genomic stability of adi-
pose tissue derived mesenchymal stem cells: analysis of ploidy, H19
long non-coding RNA and p53 activity. Stem Cell Res Ther. 2014;5
(6):139.

Wagner W, Bork S, Lepperdinger G, et al. How to track cellular aging
of mesenchymal stromal cells? Aging. 2010;2(4):224-230.

Eom YW, Oh JE, Lee JI, et al. The role of growth factors in mainte-
nance of stemness in bone marrow-derived mesenchymal stem cells.
Biochem Biophys Res Commun. 2014;445(1):16-22.


https://orcid.org/0000-0003-4071-5628
https://orcid.org/0000-0003-4071-5628

530

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

STEM CELLS

CHENG ET AL.

¥ TRANSLATIONAL MEDICINE

Kabiri A, Esfandiari E, Hashemibeni B, Kazemi M, Mardani M,
Esmaeili A. Effects of FGF-2 on human adipose tissue derived adult
stem cells morphology and chondrogenesis enhancement in Transwell
culture. Biochem Biophys Res Commun. 2012;424(2):234-238.

Colter DC, Class R, DiGirolamo CM, et al. Rapid expansion of
recycling stem cells in cultures of plastic-adherent cells from human
bone marrow. Proc Natl Acad Sci USA. 2000;97(7):3213-3218.

Sekiya |, Larson BL, Smith JR, Pochampally R, Cui J&;G, Prockop DJ.
Expansion of human adult stem cells from bone marrow stroma: con-
ditions that maximize the yields of early progenitors and evaluate
their quality. Stem Ceis. 2002;20(6):530-541.

Burton DG, Faragher RG. Cellular senescence: from growth arrest to
immunogenic conversion. Age. 2015;37(2):27.

Ito T, Sawada R, Fujiwara Y, Seyama Y, Tsuchiya T. FGF-2 suppresses
cellular senescence of human mesenchymal stem cells by down-
regulation of TGF-beta2. Biochem Biophys Res Commun. 2007;359(1):
108-114.

Insinga A, Cicalese A, Faretta M, et al. DNA damage in stem cells acti-
vates p21, inhibits p53, and induces symmetric self-renewing divi-
sions. Proc Natl Acad Sci USA. 2013;110(10):3931-3936.

Sukarawan W, Nowwarote N, Kerdpon P, Pavasant P, Osathanon T.
Effect of basic fibroblast growth factor on pluripotent marker expres-
sion and colony forming unit capacity of stem cells isolated from
human exfoliated deciduous teeth. Odontology. 2014;102(2):
160-166.

Dombrowski C, Helledie T, Ling L, et al. FGFR1 signaling stimulates
proliferation of human mesenchymal stem cells by inhibiting the
cyclin-dependent kinase inhibitors p21(Wafl) and p27(Kip1). Stem
CeLts. 2013;31(12):2724-2736.

Lanner F, Rossant J. The role of FGF/Erk signaling in pluripotent cells.
Development. 2010;137(20):3351-3360.

Beebe K, Lee WC, Micchelli CA. JAK/STAT signaling coordinates
stem cell proliferation and multilineage differentiation in the Dro-
sophila intestinal stem cell lineage. Dev Biol. 2010;338(1):28-37.

Chen H, Aksoy I, Gonnot F, et al. Reinforcement of STAT3 activity
reprogrammes human embryonic stem cells to naive-like pluripotency.
Nat Commun. 2015;6:7095.

Carbognin E, Betto RM, Soriano ME, Smith AG, Martello G. Stat3 pro-
motes mitochondrial transcription and oxidative respiration during
maintenance and induction of naive pluripotency. EMBO J. 2016;35
(6):618-634.

Ying QL, Nichols J, Chambers I, Smith A. BMP induction of id proteins
suppresses differentiation and sustains embryonic stem cell self-
renewal in collaboration with STAT3. Cell. 2003;115(3):281-292.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Chung YJ, Park BB, Kang YJ, Kim TM, Eaves CJ, Oh IH. Unique effects
of Stat3 on the early phase of hematopoietic stem cell regeneration.
Blood. 2006;108(4):1208-1215.

Zhou Z, Neupane M, Zhou HR, et al. Leptin differentially regulate
STATS3 activation in Ob/Ob mouse adipose mesenchymal stem cells.
Nutr Metab. 2012;9(1):109.

Dong L, Li Y, Cao J, et al. FGF2 regulates melanocytes viability
through the STAT3-transactivated PAX3 transcription. Cell Death Dif-
fer. 2012;19(4):616-622.

Choi SC, Kim SJ, Choi JH, Park CY, Shim WJ, Lim DS. Fibroblast
growth factor-2 and-4 promote the proliferation of bone marrow
mesenchymal stem cells by the activation of the PI3K-Akt and
ERK1/2 signaling pathways. Stem Cells Dev. 2008;17(4):725-736.
Heslop JA, Hammond TG, Santeramo |, et al. Concise review: work-
shop review: understanding and assessing the risks of stem cell-based
therapies. Stem CELLs TRANSLATIONAL MEpiciNE. 201 5;4(4):389-400.
Amariglio N, Hirshberg A, Scheithauer BW, et al. Donor-derived brain
tumor following neural stem cell transplantation in an ataxia telangi-
ectasia patient. PLoS Med. 2009;6(2):e1000029.

Dlouhy BJ, Awe O, Rao RC, Kirby PA, Hitchon PW. Autograft-derived spi-
nal cord mass following olfactory mucosal cell transplantation in a spinal
cord injury patient: case report. J Neurosurg Spine. 2014;21(4):618-622.
Nava MB, Catanuto G, Pennati AE, et al. Lack of activation of telo-
mere maintenance mechanisms in human adipose stromal cells
derived from fatty portion of lipoaspirates. Plast Reconstr Surg. 2015;
135(1):114e-123e.

Chakraborty D, Benham V, Bullard B, et al. Fibroblast growth factor
receptor is a mechanistic link between visceral adiposity and cancer.
Oncogene. 2017;36:6668-6679.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Cheng Y, Lin K-H, Young T-H,

Cheng N-C. The influence of fibroblast growth factor 2 on the
senescence of human adipose-derived mesenchymal stem
cells during long-term culture. STEM CELLS Transl Med. 2020;
9:518-530. https://doi.org/10.1002/sctm.19-0234



https://doi.org/10.1002/sctm.19-0234

	The influence of fibroblast growth factor 2 on the senescence of human adipose-derived mesenchymal stem cells during long-t...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Cell isolation and culture
	2.2  Cell size analysis
	2.3  Proliferation and senescence assay
	2.4  Flow cytometry for cell surface antigen
	2.5  Differentiation of human ASCs
	2.6  Cell cycle analysis
	2.7  Colony-forming assay
	2.8  Quantitative PCR
	2.9  FGFR and STAT3 inhibition
	2.10  Western blot analysis
	2.11  Chromosome count
	2.12  Soft agar assay for in vitro tumorigenicity
	2.13  In vivo tumorigenicity assay
	2.14  Statistical analysis

	3  RESULTS
	3.1  Biphasic effect of FGF2 on the senescence changes of ASCs
	3.2  FGF2 maintained the immunophenotypes and differentiation capabilities of ASCs
	3.3  FGF2 enhanced ASC proliferation only in the early passages
	3.4  FGF2 upregulated FGFR1c expression in ASCs
	3.5  Enhanced p-STAT3 expression induced by FGF2 was lost after long-term culture
	3.6  STAT3 inhibition suppressed FGF2-induced cell growth in early passages
	3.7  FGF2-treated ASCs exhibited minimal risk of tumorigenesis in vitro and in vivo

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


