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Objective: The aim of our study was to investigate the effect of Transforming growth factor beta-1 (TGF-β1) gene 
therapy on the surface markers, multilineage differentiation, viability, apoptosis, cell cycle, DNA damage and sen-
escence of human Dental Pulp-derived Mesenchymal Stromal Cells (hDPSC).
Methods: hDPSCs were isolated from human teeth, and were cultured with 20% Fetal Bovine Serum (FBS) in minimum 
essential media-alpha (α-MEM). TGF-β1 gene transfer into hDPSCs was performed by electroporation method after 
the plasmid was prepared. The transfection efficiency was achieved by using western blot and flow cytometry analyses 
and GFP transfection. Mesenchymal stem cell (MSC) markers, multilineage differentiation, cell proliferation, apoptosis, 
cell cycle, DNA damage and cellular senescence assays were performed by comparing the transfected and non-trans-
fected cells. Statistical analyses were performed using GraphPad Prism.
Results: Strong expression of TGF-β1 in pCMV-TGF-β1-transfected hDPSCs was detected in flow cytometry analysis. 
TGF-β1 transfection efficiency was measured as 95%. Western blot analysis showed that TGF-β1 protein levels in-
creased at third and sixth days in pCMV-TGF-β1-transfected hDPSCs. The continuous TGF-β1 overexpression in 
hDPSCs did not influence the immunophenotype and surface marker expression of MSCs. Our results showed that 
TGF-β1 increased osteogenic and chondrogenic differentiation, but decreased adipogenic differentiation. Overex-
pression of TGF-β1 increased the proliferation rate and decreased total apoptosis in hDPSCs (p<0.05). The number 
of cells at “S” phase was higher with TGF-β1 transfection (p＜0.05). Cellular senescence decreased in TGF-β1 trans-
fected group (p＜0.05). 
Conclusions: These results reflect that TGF-β1 has major impact on MSC differentiation. TGF-β1 transfection has 
positive effect on proliferation, cell cycle, and prevents cellular senescence and apoptosis. 

Keywords: Dental Pulp-derived Mesenchymal Stem Cells, TGF-β1, Proliferation, Apoptosis, Multilineage differentiation, Gene 
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Introduction 

  Mesenchymal Stromal Cells (MSCs) are multipotent 
stem cells with a superior capacity for self-renewal, and 
are capable of differentiating into adipocytes, osteoblasts, 
chondrocytes (1, 2). In these days, MSCs have been broad-
ly used in regenerative medicine (3). Dental Pulp-derived 
Mesenchymal Stem Cells (DPSCs) have become a popular 
research topic in that they are similar to other mesen-
chymal stem cells, easy to obtain and are used in re-
generative medicine and tissue engineering (4). In vitro 
and in vivo studies have been previously performed to un-
derstand the biology of DPSCs. The first study in this area 
were performed with stem cells obtained from the pulp 
of wisdom teeth by Gronthos et al. (2000). These cells dif-
ferentiated into dentin or pulp-like structures (5). Later, 
the same researchers reported that they obtained stem 
cells from exfoliated deciduous teeth (6). DPSCs differ-
entiate to many cell types, and their multipotent proper-
ties have been compared with Bone Marrow Stem Cells 
(BMSCs) (7). The proliferation, availability and cell 
counts of DPSCs were reported to be higher when com-
pared to BMSCs (8). DPSCs differentiate into adipogenic 
osteogenic and chondrogenic cell lines; besides epithelial 
cells, they also have the ability to differentiate into neural 
and vascular cells. They express the cytokeratin-18 and 19, 
which are epithelial markers (9). The differentiation of 
mesenchymal stem cells usually involves the use of signal-
ing factors as recombinant proteins or gene therapy that 
can functionally activate genes (10). Transforming Growth 
Factor Beta 1 (TGF-β1) activates mainly SMAD tran-
scription factors with complex cellular responses (11). It 
has great effect on a multiplicity of other pathways such 
as Mitogen-Activated Protein Kinase (MAPK), Jun N-ter-
minal Kinase (JNK), and the phosphatidylinositol 3-kin-
ase/Akt/mTOR pathways (12, 13). TGF-β1 also up-regu-
lates the cyclin-dependent kinase inhibitors (14, 15). In 
point of this variation of implications on the molecular 
network, it may be not surprising that the effects of TGF-
β1 are mainly related with the cell type, the cellular ni-
che and the differentiation state (16, 17). Upon TGF- β 

binding to its specific receptor, a heterotetrametric re-
ceptor complex of two Type-I (Tβ RI) and two Type-II 
receptors (Tβ RII) are formed; then constitutively active 
TβRII phosphorylates activates TβRI (18). The activated 
serine/threonine kinase TβRI phosphorylates the specific 
receptor-regulated SMADs (R-SMADs) SMAD2 and 
SMAD3, which form hetero-oligomers with the co-SMAD 
SMAD4. They translocate from the cytoplasm to the nu-
cleus, where they regulate transcription of target genes 

(19, 20). Senescence would result in a stable cell cycle ar-
rest and, MSCs lose their self-renewal ability (21). The su-
perior proliferative ability and regenerative potential are 
primary phenotypes of MSCs (22). Loss of therapeutic po-
tential would limit their utilization in transplantation 
medicine. TGF-β1 has been reported to induce sen-
escence in some tumor cells (23, 24). However, whether 
TGF-β affects senescence of DPSCs has still not been 
elucidated. Also, the effects on apoptosis, cell cycle and 
DNA damage of DPSCs of TGF-β1 overexpression have 
not been investigated yet. The aim of our study is to inves-
tigate the surface markers, multilineage differentiation, vi-
ability, apoptosis, cell cycle, DNA damage and senescence 
of Human Dental Pulp-Derived Mesenchymal Stromal 
Cells (hDPSC) which transfected by TGF-β1 gene.

Materials and Methods

Isolation and Culture of hDPSCs
  hDPSCs were obtained from Erciyes University 
Genome and Stem Cell Center, Kayseri, Turkey. The cells 
were thawed rapidly in a 37-degree water bath, and were 
transferred into plates at a density of 5,000 cells/cm2 in 
α-MEM (Biological Industries, Beit-Haemek, Israel) sup-
plemented containing 2 mM L-glutamine (Gibco, USA), 
100 U/ml penicillin, 100 μg/ml streptomycin (Lonza, 
MD, USA), 20% Fetal Bovine Serum (Biological Indus-
tries, Beit-Haemek, Israel) and 100 μM L-ascorbic acid 
2-phosphate (Sigma-Aldric, USA). All the cell cultures 
were maintained at 37oC in a humidified atmosphere con-
taining 5% CO2. The culture medium was changed every 
2∼3 days, and the cell cultures were monitored regularly 
under an inverted microscope (Leica). When the cells 
reached 70%∼80% confluence, they were harvested by us-
ing 0.05% Trypsin/EDTA (Lonza, MD, USA) and were 
sub-cultured for further experiments.

Preparation of pCMV-TGF-β1-ha Plasmid
  The plasmid TGF-β1 (Sino Biological Inc, China) was 
amplified in Escherichia coli host strain DH5α, and was 
purified by plasmid isolation with the Endo-Free Maxi-
prep Plasmid Isolation Kit (Qiagen, Germany) according 
to the manufacturer’s protocol. Ampicillin was used to se-
lect plasmid TGF-β1 (pCMV-TGF-β1-ha)- transformed 
cells. The DNA concentration was detected by measuring 
the UV absorbance at 260 nm with an ultraviolet spectro-
photometer. UV spectroscopy showed that the A260/A280 
absorbance was between 1.8 and 1.9, which indicated that 
no protein or RNA was present. The detailed information 
regarding the structure of plasmid TGF-β1 and agarose 
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Fig. 1. Continuous overexpression of TGF-β1 in hDPSCs and morphology in monolayer culture. Morphology of non-transfected hDPSCs 
(A) and TGF-β1 transfected hDPSCs under inverted microscope (Leica, Germany) (B). Fluorescence microscope examination showing the 
efficiency after pCMV-GFP transfection with 1,200 v, 20 ms, 1pulse (C). After transfection at 48 h, flow cytometry analysis for TGFβ1 
expression between non-transfected hDPSCs and TGF-β1 transfected hDPSCs. Transfection efficiency was found 95% (D). Western blot 
analysis for TGF-β1 protein detection after transfection. TGF-β1 protein increasing at 3 and 6 days in TGFβ1 transfected hDPSCs (E). 
Hygromicin-B resistant TGF-β1 transfected hDPSCs (F). Viability test between non-transfected hDPSCs and TGF-β1 transfected hDPSCs 
with Count & Viability assay kit (Muse, Millipore, USA), The values shown are the means±SD from three independent experiments, 
***p=0.0005 (G). Agarose gel electrophoresis of pCMV-TGFβ1 plasmid DNA amplified in E.coli DH5α before transfection into hDPSCs. 
Red ring shown that used for transfection into hDPSCs (H). Microscope magnification are 10x and scale bar is 20μm for figure 1A and 
1B. For figure 1C microscope magnification is 20×, scale bar is 50μm.

gel electrophoresis imaging are shown in Fig. 1.

TGF-β1 Gene Transfection
  The transfection procedure was performed as follows: 

TGF-β1 gene transfer into hDPSCs was performed by 
electroporation method after the plasmid was prepared. 
The stem cells were incubated in 20% FBS and 2 mM glu-
tamine supplemented with α-MEM and at 37°C in an in-
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cubator containing 5% CO2. The cells were centrifuged at 
350 g for 5 min, the collected cells were resuspended in 
Ca2+ and Mg2+-free PBS and washing process was com-
pleted. The 1×106 cells were resuspended in 45 μl Neon 
buffer R and 5 μl of TGF-β1 plasmid containing 1 μg/ml 
DNA was added on the cells. DPSCs were transfected with 
pCMV-TGFB1-ha (Sino Biological Inc, China) by using 
Neon Transfection System (Invitrogen, USA).

The Culture Conditions of TGF-β1 Transfected 
hDPSCs
  After TGF-β1 gene transfection was performed accord-
ing to the specified procedure, these cells were cultured 
in an incubator that had 5% CO2 and 95% humidity in 
α-MEM with 20% FBS without containing hygromycin 
selective antibiotics for 48 hours recovery. After 48 hours, 
TGF-β1 was cultured in broth medium that had 50 μg/ml 
hygromycin on TGF-β1 transfected cells. The cells were 
selected for 2 weeks by changing the broth medium every 
three days with a broth medium that had Hygromycin; 
and it was made sure that TGF-β1 plasmid was trans-
ferred to the chromosome in a stable way. On the second 
day of the culture, the TGF-β1 expression was measured 
with flow cytometry analysis in the transfected cells. On 
the 3rd and 6th days, the TGF-β1 protein expressions were 
analyzed with western blot analysis. Some of the cells that 
were selected for 14 days were seeded as 100 cells/ cm2, 
and the CFU-F test was performed; and the hygrom-
ycin-resistant TGF-β1 transfected hDPSC colonies were 
visualized with crystal violet. When it was proven that the 
TGF-β1 transfection was performed successfully, the pos-
itive and negative MSCs markers and the surface marker 
expressions of the cells were analyzed with flow cytometry; 
and adipogenic, osteogenic and chondrogenic differ-
entiation tests were carried out on these cells.

Western Blot for TGF-β1 Protein Detection
  For western blot analyses, 3 and 6-day transfected cells 
and non-transfected cells were used. Total protein was ex-
tracted with RIPA buffer (10 mM Tris-HCl, pH 7.8, 1% 
NP-40, 0.1% Na-deoxycholate, 150 mM NaCl, 1 mM 
EDTA, 1 mM PMSF, 1 mg/ml each of aprotinin, leu-
peptin and pepstatin, 1 mM Na3VO4 and 1 mM NaF) on 
ice. From each protein sample, 50 μl was denaturated for 
5 minutes at 95oC in the loading buffer that contained 
Tris, glycerol, SDS, B-mercaptoethanol. Protein samples 
were loaded and separated by 12% SDS-polyacrylamide 
gel electrophoresis. Then the separated proteins were 
transferred to a PVDF membrane (BioRad, USA) in a 
semi-dry transference system (BioRad, the USA). After 

that, the membrane was incubated in TBS-t buffer 
(BioRad, USA) blocked in blocking solution (0.25% 
Tropix I Block) for 1 hour at room temperature, and was 
then incubated with anti-TGFB1 primary antibody (Cell 
Signaling, USA) 1：1000 in blocking solution overnight at 
＋4oC. Then the membrane was washed in TBS-t 3 times 
for 30 minutes, and was incubated with HRP conjugated 
secondary antibody (Dako, USA) 1：1000 in blocking sol-
ution for 1 hour at room temperature. After washing, the 
membrane was treated with ECL Solution (Thermo 
Scientific, the USA), and the exposed bands were scanned 
by imagining system (BioRad, USA).

Flow Cytometry for TGF-β1 Protein Expression
  The cells that were transfected for two days and -as a 
control group- non-transfected cells were used for flow cy-
tometry analyses. Harvested cells were washed twice with 
PBS, and were fixed with 1% paraformaldehyde for 10 mi-
nutes at room temperature. Then the cells were washed 
and permeabilized with 0.5% Tween20 for 5 minutes. 
After the washing step, the cells were incubated with an-
ti-TGF-β1 primary antibody (Cell Signaling, USA) 1：50 
in 1% Ig-G free BSA (Sigma) for 45 minutes at 37oC. After 
the incubation, the cells were incubated with Fitc con-
jugated secondary antibody (Abcam, UK) 1：100 in 1% 
BSA for 1 hour at room temperature. Then, the cells were 
washed again by centrifugation and analyzed by flow cy-
tometry Navios (Beckman Coulter, USA). The cells were 
first gated on the basis of light-scatter properties to screen 
out debris; and cells surface phenotypes were verified 
through antibody. The data were analyzed with KALUZA 
software (Beckman Coulter, USA). More than 50% stain-
ing was regarded as positive.

Immunophenotypic Characteristics of Experiment 
Groups
  Expression of a panel of surface markers was analyzed 
in hDPSCs upon expansion for 3 passages with or without 
TGF-β1 transfected. The cells were stained in parallel 
with the following monoclonal mouse antihuman anti-
bodies: CD90-FITC, CD44-PE, CD105 PerCP5.5, CD73- 
APC, CD34-FITC, CD45-PE, CD11b-PerCP5.5, HLA-DR- 
APC (BD Bioscience, Heidelberg, Germany). Then, the 
cells were washed again by centrifugation, and were ana-
lyzed by flow cytometry Navios (Beckman Coulter, USA). 
The cells were first gated on the basis of light-scatter prop-
erties to screen out debris; and cells surface phenotypes 
were verified through antibody. The data were analyzed 
with KALUZA software (Beckman Coulter, the USA). 
More than 50% staining was regarded as positive.
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Adipogenic Differentiation
  TGF-β1 transfected hDPSCs and non-transfected 
hDPSCs from passage three (3,000 cells/cm2) were seeded 
in 6-well plates to induce adipogenic differentiation. 
When they reached 90∼100% confluency, the growth me-
dium on the cells was replaced with adipogenic differ-
entiation medium. For this, hMSC adipogenic induction 
medium (Lonza, MD, USA) and adipogenic maintain me-
dium (Lonza, MD, USA) were used. Firstly, the cells were 
cultured for 3 days with induction medium (induction me-
dium contained adipogenic basal medium, 10% FBS, 0.5 
mM isobutyl-methylxanthine (IBMX), 10-6 M dexametha-
sone, 10 μg/ml insulin, 200 μM indomethacin, and 1% 
antibiotic/antimycotic). Next, they were cultured for 3 
days with adipogenic maintain medium (maintain me-
dium contained adipogenic basal medium, 10 μg/ml in-
sulin, 10% FBS and 1% antibiotic/antimycotic. This cycle 
was repeated 3 times for 21 days and replaced with a fresh 
medium every three days; and was stimulated for 21 days. 
The presence of intracellular lipid droplets, which in-
dicates adipogenic differentiation was confirmed by 
AdipoRed Assay Kit (Lonza MD, USA). 

Osteogenic Differentiation
  TGF-β1 transfected hDPSCs and non-transfected 
hDPSCs in P3 were seeded on 0.1% gelatin coated 12-well 
plate (3,000 cells/cm2); and 24 hours later, the growth me-
dium was replaced with hMSC Osteogenic differentiation 
medium (Lonza, MD, USA) and the medium was replaced 
twice a week. Osteogenic differentiation medium con-
tained 100 nM dexamethasone, 0.05 μM ascorbate-2-phos-
phate, 10 mM β-glycerophosphate, 1% antibiotic/ anti-
mycotic and 10% FBS. At the end of the second week, cal-
cium storage in differentiated cells was demonstrated by 
staining with 1% alizarin red. 

Chondrogenic Differentiation
  For chondrogenic differentiation, TGF-β1 transfected 
hDPSCs and non-transfected hDPSCs in P3 were seeded 
on 12-well plate (250,000 cells/well) using micromass cul-
ture technique. After 24 h, the growth medium was re-
placed with hMSC Chondrogenic differentiation medium 
(Lonza, MD, USA) and was stimulated for 24 days by re-
placing with fresh medium twice a week. Chondrogenic 
differentiation kit contained chondrogenic basal differ-
entiation medium supplemented by dexamethasone, ITS- 
premix, pyruvate, ascorbate-2-phosphate, proline, genta-
micin-amphotericin-1000 (GA-1000) and 10 ng/ml TGF-
β3. At the end of 24 days, the extracellular matrix compo-
nents in differentiated cells was demonstrated by staining 

with safranin-O.

Cell Proliferation Assay
  In order to determine the proliferation rate of TGF-β1, 
transfected DPSCs and non-transfected DPSCs in culture, 
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was performed. The cells were seeded 
at 5,000 cells/cm2 in a 96-well plate in standard DPSC cul-
ture medium. All conditions were performed in triplicate. 
After day 1, day 2, day 3, day 4 and day 5 of culturing, 
the culture medium was replaced with 500 μg/ml MTT 
in standard DPSC culture medium containing 20% FBS. 
Following 4 h of the incubation, the MTT solution was 
removed and dimethylsulfoxide was added to dissolve the 
formed formazan. The absorbance was measured at a 
wavelength of 560∼750 nm with a Glomax Multi Detec-
tion System microplate reader (Promega, USA).

Annexin V & Dead Cell Assay for Apoptosis
  Apoptotic cells were detected by using a fluorescein con-
jugated annexin V kit on a Muse EasyCyte flow cytometer 
following the manufacturer’s instructions.

Cell Cycle Assay
  For each assay, the cells were collected, fixed in 70% 
ethanol, washed with PBS, and dissolved in a hypotonic 
buffer containing propidium iodide. The samples were 
collected using a flow cytometer (Muse EasyCyte, Merck 
Millipore, Germany), and were analyzed with EasyCyte 
software according to the standard procedure.

DNA Damage Assay
  To determine the DNA damage in TGF-β1 transfected 
and non-transfected hDPSCs the H2A.X Activation Dual 
Detection Kit, which included two directly conjugated an-
tibodies, was used (Muse, Merck Millipore, Germany). A 
phospho-specific anti-phospho-Histone H2A.X (Ser139)- 
Alexa Fluor®555 and an anti-Histone H2A.XPECy5 con-
jugated antibody was used to measure the total levels of 
Histone H2A.X. The samples were collected using a flow 
cytometer (Muse EasyCyte, Merck Millipore, Germany), 
and were analyzed with EasyCyte software according to 
the standard procedure.

β-galactosidase Assay for Senescence
  The experiments were performed according to the man-
ufacture’s protocol of the β-galactosidase assay kit (Pro-
mega) for TGF- β1 transfected hDPSCs and non- trans-
fected hDPSCs on the 7th day. Briefly, cell lysates were 
prepared with 1× reporter lysis buffer (RLB); and 150 μl 



Hasan Salkın, et al: The TGF-β1 Overexpression in hDPSCs  175

Fig. 2. Flow cytometer analysis showed that non-transfected DPSCs (A) and TGF-β1 transfected DPSCs (B) were positive for CD90, CD44, 
CD105 and CD73, which are MSC specific markers and were negative for CD34, CD45, CD11b and HLA-DR, which are hematopoietic 
stem cell.

of lysates were added into each well; and then, 150 μl 
Assay 2× buffer was added into each well. The incubated 
reactions were continued at 37oC until a faint yellow color 
developed. The reaction was stopped by adding 150 μl 
of 1M sodium carbonate. The absorbance was read at 420 
nm. 

Statistical analysis
  Statistical analyses were performed using GraphPad 
Prism version 6.00 for windows (GraphPad Software, San 
Diego California, the USA). A two-tailed, unpaired Stu-
dent’s t-test was applied for analyzing the difference be-
tween average responses of TGF-β1 transfected hDPSCs 
and non-transfected hDPSCs. Three levels of significance 
were considered: *p＜0.05, **p＜0.01, and ***p＜0.001.

Results

Culture of hDPSCs
  The best part of hDPSCs after isolated by enzymatic di-
gestion was attached to culture flasks, and the majority 
of the cells displayed a fibroblast-like, spindle-shaped 
morphology during the early days of incubation. These 
cells began to proliferate after 2∼3 days of incubation. 
After plating for 10∼12 days, these primary cells reached 
80% confluence during their first passage. During their 
later passages, there were no changes in the morphology 
and growth in the majority of these hDPSCs (Fig. 1A). 

Transfection Efficiency
  To determine the efficiency of TGF-β1 gene trans-
fection into hDPSCs, pCMV-GFP was transfected into 
hDPSCs at various electroporation parameters. GFP-pos-
itive hDPSCs were quantified under a fluorescence micro-
scope 3 days after transfection. Optimal transfection effi-
ciency was obtained at 1,200 v, 20 ms, 1 pulse (Fig. 1C). 
Considering this transfection efficiency, 1,200 v, 20 ms, 1 
pulse was selected for the transfection of pCMV-TGFβ1. 
Flow cytometry analysis detected strong expression of 
TGF-β1 in pCMV-TGF-β1-transfected hDPSCs. TGF-
β1 transfection efficiency was measured as 95% (Fig. 
1D). Also, western blot analysis showed that TGF-β1 pro-
tein levels increased on the third and sixth days in 
pCMV-TGF-β1-transfected hDPSCs (Fig. 1E). To select 
the TGF-β1, transfected hDPSCs in monolayer culture 
were used 75 μg/ml Hygromycin B (Sigma-Aldrich, USA) 
and hygromycin resistant colonies (Fig. 1B) were stained 
with 0.05% crystal violet (Sigma-Aldrich, USA) (Fig. 1F).

Immunophenotypic Analyses
  To investigate immunophenotype of TGF-β1 trans-
fected DPSCs and non-transfected DPSCs, we charac-
terized MSC-specific markers via flow cytometer analysis. 
Both groups at passage 3 revealed the similar typical im-
munophenotype (CD11b−, CD34−, CD45−, HLA DR−, 
CD90＋, CD105＋, CD44＋, CD73＋) of MSC no matter 
whether they were cultured with or without continuous 
TGF-β1 overexpression for 7 days (Fig. 1C). These re-
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Fig. 3. Osteogenic and chondro-
genic differentiation was increa-
sed remarkable by overexpression 
of TGF-β1 in DPSCs. However, adi-
pogenic differentiation was reduced 
significantly in TGF-β1 transfected 
DPSCs compare with non-transfected 
hDPSCs. Particularly adipogenic dif-
ferentiation was impaired by TGF-β
1. Osteogenic differentiation and ali-
zarin red staining (A), Chondrogenic 
differentiation and safranin-o stain-
ing (B), Graphic show adipored as-
say fluorimetric measurement results 
for adipogenic differentiation (C). 
Microscope magnifications are 4×.
Scale bar is 100 μm. *p＜0.05.

sults indicate that continuous TGF-β1 overexpression in 
hDPSCs did not influence the immunophenotype and sur-
face marker expression of MSCs (Fig. 2).

Differentiation of hDPSCs after gene transfer of 
TGF-β1
  At the third passage of TGF-β1, the adipogenic, osteo-
genic and chondrogenic differentiation abilities of the 
transfected DPSCs and non-transfected DPSCs were 
assessed. It was observed that the cells accumulated cal-
cium deposits during the osteogenic differentiation of the 
cells; and it was determined that osteogenic differentiation 
occurred in both groups after osteogenic medium treat-
ment for 14 days, and calcium deposits was demonstrated 
by positive alizarin red staining. However, mineralization 
and differentiation in TGF-β1 transfected cells were ob-
served remarkably more compared to non-transfected cells 
(Fig. 3A). Chondrogenic differentiation was evaluated by 
histological staining. Chondrogenic medium-treated cells 
formed aggregates in monolayer culture. It was determi-
ned with safranin-o positive staining that more ex-
tracellular matrices were formed in the TGF-β1 trans-

fected DPSCs at the end of 21 days compared to non- 
transfected DPSCs (Fig. 3B). It was shown with adipored 
staining that the lipid droplets and triglycerides increased 
in the cells treated with adipogenic medium for 21 days 
(Lonza, MD, USA). Our results showed that TGF-β1 in-
creased osteogenic and chondrogenic differentiation, but 
reduced adipogenic differentiation (Fig. 3C). These results 
reflect that TGF-β1 has major impact on MSC 
differentiation.

Overexpression of TGF-β1 increases proliferation of 
DPSCs
  To analyze the impact of TGF-β1 gene transfection on 
proliferation of hDPSCs, we performed gene transfer into 
cells. Then, MTT assay was designed for five days after 
transfection between non-transfected and transfected cells. 
For the first 4 days, compared to controls (non-transfected 
cells), proliferation significantly increased in TGF-β1 
transfected cells (p＜0.05). But significant difference was 
not found only on the 5th day between the groups (Fig. 
4A). 
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Fig. 4. MTT assays results for 5 days were shown that proliferation significantly increased in TGF-β1 transfected cells (p＜0.05) (A). Early, 
late and total apoptosis results between TGF-β1 transfected hDPSCs and non-transfected hDPSCs at 7 days, n=3, p＜0.05 (B∼D). 

Early and late apoptosis decreased in TGF-β1 
transfected hDPSCs
  After 7 days of TGF-β1 transfection, early apoptosis 
was measured as 2.267±0.02% (n=3, p=0.0006), late 
apoptosis was measured as 2.633±0.1% (n=3, p=0.0132), 
and total apoptosis was measured as 4.90±0.12% (n=3, 
p=0.0004) in TGF-β1 transfected cells. In non-trans-
fected hDPSCs, early, late and total apoptosis values were 
measured as 4.267±0.21% (n=3), 3.250±0.11% (n=3) and 
7.467±0.21 (n=3), respectively (Fig. 4B∼D).

Cell Cycle, H2AX Activation and β-galactosidase Assay
  TGF-β1 transfection increased the number of cells at 
“S” phase (p＜0.05). There was no significant difference 
at DNA damage. Cellular senescence decreased in TGF-β
1 transfected group (p＜0.05) (Fig. 5). 

Discussion

  The effects of TGF-β1 are dependent on a diversity of 
several parameters such as culture media, pretreatment, 

incubation time, cell type and differentiation (25). One of 
these differences is also shown in this study by trans-
mission into MSCs of TGF-β1 with gene transfer. The 
aim of this study was to investigate the effect of TGF-β1 
gene therapy on the surface markers, multi lineage differ-
entiation, viability, apoptosis, cell cycle, DNA damage and 
senescence of hDPSC. On the other hand, according to 
our study results, we think that TGF-β1 overexpression 
with gene transfer may improve the biological potentials 
of the MSCs and can be a option instead of transmission 
of recombinant protein into cell from outside. Our results 
showed that TGF-β1 has no impact on MSC im-
munophenotype; however, there was increased growth and 
differentiation; and there was no evidence that it induces 
cellular senescence and apoptosis. The MSCs were com-
pared on the basis of their morphological properties, pro-
liferation rates, expression of common MSC markers such 
as positive CD90, CD105, CD44, CD73 and negative 
CD34, CD45 and in vitro differentiation potentials into 
adipocytes, osteoblasts, and chondrocytes (26). A combina-
tion of TGF-β1, PDGF, and β-FGF was sufficient to 
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Fig. 5. TGF-β1 gene transfection was increased the number of cells at the S phase in hDPSCs, p＜0.05 (A). Electroporation performed 
for transfection increased DNA damage in a small amount but this was no statistically significant difference, p＞0.05 (B, C). Cellular sen-
escence decreased in TGF-β1 transfected group in a statistically significant form. p＜0.05 (D). 

grow MSCs in a serum-free medium up to 5 passages. β-FGF, 
TGF-β, and PDGF signaling is also important for MSC 
growth (17). Our results showed that the continuous TGF-
β1 overexpression in hDPSCs did not negatively infl
uence the immunophenotype and surface marker ex-
pression of MSCs. The TGF-β1 signal pathway was 
shown to have a critical role in the osteogenic and chon-
drogenic differentiation of MSCs. TGF-β1 is also an in-
hibitor of adipogenesis via SMAD 3 signaling. Our results 
support these data reported in the literature on TGFB1, 
because TGF-β1 increased osteogenic and chondrogenic 
differentiation but decreased adipogenic differentiation. 
The activin/nodal pathway, which signals through the 

TGF-β1 pathway, cooperates with FGF signaling in 
maintaining the pluripotency of embryonic stem cells. We 
found in this study that overexpression of TGF-β1 with 
gene transfer had higher proliferation rate and decreased 
total apoptosis in hDPSCs (p＜0.05); and the number of 
cells at “S” phase was higher with TGF- β1 transfection. 
However, there was no significant difference at DNA 
damage. Jian H et al. (2006) showed that TGF-β1 re-
vealed unique biological effects in specific cellular con-
dition of human MSCs, as it induces the proliferation of 
those cells, which is in contrast to the strong anti-
proliferative effect of TGF-β1 on many other cell types, 
suggesting that TGF-β1 may induce particular biological 
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responses through the integrated actions of β-catenin and 
SMAD proteins in the nucleus to regulate the expression 
of a specific set of TGF-β1 target genes. TGF-β single 
or in a mix with Platelet-Derived Growth Factor (PDGF) 
and Fibroblast Growth Factor (FGF) was suggested to be 
required to enable in vitro proliferation of MSCs (17-27), 
whereas other studies demonstrated that it induces cell-cy-
cle arrest in mesodermal cells (28, 29). Some of these con-
flicting results may be due to the heterogeneous composi-
tion of different MSC isolation methods or culture re-
quirement (30). In our study, we found that cellular sen-
escence decreased in TGF-β1 transfected group. 
Senescence result in a permanent cell cycle arrest and 
MSCs lose their self-renewal potential (21). The superior 
proliferative ability and regenerative potential are major 
phenotypes of MSCs (22). Loss of regenerative potential 
of MSCs would limit their practice in regenerative 
therapy. TGF-β1 has been reported to induce senescence 
in tumor cells and other cells (23, 24). Wu et al. (2014) 
studied the effect of TGF-β1 on senescence of BMMSCs. 
Their conclusion showed that treatment with TGF-β1 (1∼10 
ng/mL) increased SA-Gal activity and mtROS production 
in BMSCs in a dose-dependent form (31). However, 
Walenda et al. (2013) reported that TGF-β1 did not stim-
ulate early senescence. This was also evident, when they 
analyzed senescence-associated DNA methylation modi-
fies. They suggested that gene expression profiles of MSCs 
differed remarkably at relatively early (P 3∼5) and later 
passages (P 10). Nonetheless, they also reported that rela-
tive gene expression variations provoked by TGF-β1 in 
a time course-dependent manner were very parallel in 
MSCs of early and late passage. These results support the 
idea that TGF-β1 has great impact on MSC function and 
has similar molecular effects during culture expansion 
(25). It has been reported in previous transfection studies 
in the literature that transfected cells preserve the transfer 
efficiency even after long-term culture, and the transferred 
gene is expressed in a continuous manner after the gene 
transfer. Kim et al. (2014) studied the effect of TGF-β1 
overexpression on the chondrogenic differentiation of 
synovial stem cells; and the TGF-β1 gene product was 
transferred into synovial stem cells through retroviral 
vectors. Even on day 15 after the transfer, it was shown 
with the ELISA test that the TGF-β1 in the conditioned 
medium of the transfected cells were at high levels; and 
TGF-β1 protein levels increased gradually depending on 
time in the culture medium. To compare the MSC surface 
marker expressions in TGF-β1 transfected and non-trans-
fected synovial fluid stem cells, long-term culture was car-
ried out in the transfected cells for 21 days, and it was 

determined that the surface marker expression of the cells 
was not affected even on the 21st day (32). These data sup-
port the results we obtained in the present study. In our 
study, it was shown by us that the MSC surface marker 
expressions of the TGF-β1 transfected hDPSCs in the 3rd 
passage (approximately on the 20∼21st days of the cul-
ture) were not affected in post-transfection cultures. The 
researchers showed that after the transfection with retro-
viral TGF-β1 transfected cells, the transfected cells 
formed aggregates by culturing with chondrogenic me-
dium; and even that these aggregates were larger, and dif-
ferentiated more chondrogenically in the transfected cell 
groups (32). In our study, it was determined that the TGF-
β1 transfected cells were cultured in 3 dimensional cul-
tures for 21 days with chondrogenic induction to form ag-
gregates; and the TGF-β1 gene transfer increased chon-
drogenic differentiation in hDPSCs. In a study reporting 
that TGF-β1 overexpression triggered homing in 
BMMSCs in renal ischemia-reperfusion injury, the TGF-
β1 plasmid was transfected into BMMSCs with lentiviral 
vectors; and the Fluorescent Method was used to de-
termine the transfection efficacy 48 hours after the trans-
fection (33). In our study, the TGF-β1 plasmid was trans-
ferred to hDPSCs with electroporation; and the trans-
fection efficacy was measured with flow cytometry at the 
48th hour as 95%. It was determined with western blot 
analysis that the TGF-β1 protein expression increased at 
a significant level on the 3rd and 6th days compared to 
non-transfected DPSCs; and the measurements of western 
blot analysis were supported by the flow cytometry. In ad-
dition, the transfection success was shown by us under flu-
orescence microscope with the transfer of the GFP plas-
mid to the cells. These reports in the literature about the 
stability of the gene that is transferred and the culture 
conditions after the transfection support the results of our 
study. It was also shown in our study with flow cytometry, 
western blot, CFU-F, hygromycin resistance, and surface 
marker expression multilineage differentiation tests that 
long-term gene transfer stability is obtained in cells. In a 
study in which transfection parameters were optimized 
with electroporation in DPSCs the transfection efficiency 
was measured with the flow cytometry and western blot 
analysis at the 48th and 72nd hours (10). The findings we 
mentioned in the study showing that the MSC surface 
marker expressions were not affected after the transfection 
were supported in the study conducted by Rizk et al. by 
showing that CD44 was positively expressed in TGF-β3 
transfected cells and CD45 was negatively expressed (10). 
These results show that TGF-β transfection affect the 
MSC surface markers. This situation shows that we pro-
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Table 1. This table shown that results statistically of viability, apoptosis, Cell cycle, DNA damage and senescence assay

Experiments
Avarege±SD 

(hDPSCs)
Avarege±SD 

(TGFB1 transfected hDPSCs)
Number of 

values
p-value

Viability 92.42±0.2682 94.97±0.1202 3 0.0005
Early Apoptosis 4.267±0.2048 2.267±0.01667 3 0.0006
Late Apoptosis 3.250±0.1041 2.633±0.1014  3 0.0132
Total Apoptosis 7.467±0.2048 4.900±0.1155  3 0.0004
Cell Cycle (S phase) 31.27+0.8192 34.70+0.6658 3 0.0313
DNA Damage 1.733±0.4096 2.733±0.2963 3 0.1191
Senescence 0.1768±0.001345 0.1668±0.001363 5 0.0008

duced cells, which can better differentiate without impair-
ing the immunophenotype, which affect their biological 
characteristics better, and which have better usage and 
yield potential in terms of regenerative medicine. In our 
study, there is hygromycin b resistance gene area as the 
eukaryotic selective marker in the plasmid which was 
transfected. The TGF-β1 transfected cells were used to 
guarantee the permanent integration of the transferred 
gene (to which hygromycin b antibiotic was transferred) 
to the chromosome in the complete medium at 50 μg/ml 
in the culture medium; and the experiments were estab-
lished with the hDPSC, which received the TGF-β1 gene 
permanently. Liu et al. conducted a study and also re-
ported that the long-term culture after transfection did not 
affect the cells negatively, and the stability of the trans-
ferred gene was ensured. The researchers transferred the 
Brain-Derived Neurotrophic Factor Gene (BDNF) to the 
cells with transfection in the differentiation of bone mar-
row-derived mesenchymal stem cells into nerve-like cells. 
Since the transferred plasmid geneticin (G418) has a se-
lective marker, the cells were selected for 14 days with se-
lective antibiotics as in our experiment plan. The ELISA 
test results showed that the BDNF gene product that was 
transferred was at high levels even after 2 months in cell 
supernatants (34). The long-term culture conditions of the 
transfected cells show that they do not affect them neg-
atively, which was also the case in our study. It was re-
ported by Kim et al. that TGF-β1 transfection not only 
increased the chondrogenesis but also increased the pro-
liferation in MSCs (32). In our study, the TGF-β1 trans-
fection increased the proliferation in hDPSCs at a sig-
nificant level. Despite these studies, which we mentioned 
as being associated with TGF-β1 transfection in the liter-
ature, there are no comprehensive studies conducted on 
how the TGF-β1 transfection affects the MSCs cell 
characteristics. The existing studies remain at pro-
liferation and multilineage differentiation level. Moreover, 
the variables such as cell cycle, DNA damage and cellular 

senescence of the Dental Pulp Mesenchymal Stromal Cells 
after TGF-β1 overexpression were investigated in our 
study. The present study of ours showed that TGF-β1 
overexpression affect Dental Pulp Mesenchymal Stromal 
Cells in a positive way. These results reflect that TGF-β1 
has major impact on MSC differentiation. TGF-β1 trans-
fection has no effect on cell surface markers. TGF-β1 
transfection has positive effects on proliferation, cell cycle 
and prevents cellular senescence and apoptosis (Table 1). 
In further studies, it will be essential to determine wheth-
er TGF-β1 can play a role in attempts to use MSC for 
therapeutic approaches. With this study, cells were pro-
duced with increased differentiation potentials and 
strengthened biological features that may be used in re-
generative medicine, tissue engineering, gene therapy and 
cellular therapy studies. 
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