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Abstract Bone marrow mesenchymal stem cells (BMSCs) are a type of adult stem cells with a wide

range of potential applications. However, BMSCs have a limited life cycle under normal culturing

conditions, which has hindered further study and application. Many studies have confirmed that

cells modified by telomerase reverse transcriptase (TERT) can maintain the ability to proliferate

in vitro over a long period of time. In this study, we constructed a gene expression vector to transfer

TERT into sheep BMSCs, and evaluated whether the TERT cell strain was successfully transferred.

The abilities of cell proliferation and differentiation were evaluated using the methods including

growth curve determination, inheritance stability analysis, multi-directional induction and so on,

and the results showed that the cell strain can be cultured to 40 generations, with a normal kary-

otype rate maintained at 88.24%, and that the cell strain can be transferred and differentiated into

neurocytes and lipocytes, proving that it retains the multi-directional transdifferentiation ability.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The bone marrow mesenchymal stem cell (BMSC) is a kind of
multi-potent adult stem cell originating from the bone marrow
stromal, and is a type of adult stem cell with a wide range of
potential applications in the fields of tissue engineering, and
cell and gene therapy (Augello et al., 2010; Austin-Page
et al., 2010; Dai et al., 2014; Machado et al., 2009;

Nakahara et al., 2009; Tögel et al., 2009; Yang et al., 2011).
In the present study, we found that the ability to proliferate
decreases along with the number of in vitro passage cultures

in BMSCs, which limits the application of BMSCs to a certain
extent (Bonab et al., 2006; Estrada et al., 2013). In recent
years, different kinds of immortalized cells have been obtained

by different methods, but there is no safe way to obtain
immortalized cells.
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Telomere is an important structure in maintaining chromo-
some stability and the life span of cells. Telomere length is
inversely proportional to the number of chromosome copies.

If the telomere length decreases to an extreme value, it will
no longer maintain its function of ensuring chromosome sta-
bility, which leads to cell death However, telomere contains

a reverse transcriptase known as telomerase reverse transcrip-
tase (TERT), which can catalyze reverse transcription of the
telomerase into telomere DNA, which is then synthesized into

chromosome ends and added to the length of the telomere,
thus resulting in continuous cell growth (Kim et al., 2009).
Many studies show that exogenous telomerase reverse tran-
scriptase does not produce canceration, and can maintain stem

cell self-renewal and multilineage differentiation potential.
Therefore, it is of great theoretical significance to study the
effect of TERT on the stable passage and differentiation of

MSCs.
Therefore, through introduction of the exogenously

expressed TERT gene, we further studied the life cycle and bio-

logical characteristics of BMSCs as a basis for further applica-
tion of mesenchymal stems cells in disease treatment and tissue
repair technology.

2. Materials and methods

All chemicals and culture media used in this study were of cell

culture grade and obtained from Sigma Chemicals Co., (St.
Louis, US) unless otherwise indicated. The plastic ware was
from Nunc (Roskilde, Denmark).

2.1. Tissue materials and cell culture

Sheep renal tissue was harvested from 12 month old small-
tailed Hen sheep which were provided by a slaughterhouse.

BMSCs were provided by the Experimental Center of the Col-
lege of Animal Science and Technology. Cells were inoculated
at a density of 2 � 104 cells/ml in DMEM containing 10%

FBS, and cultured at 37 �C in a 5% CO2 humidified incubator
after thawing at 37 �C. The culture medium was replaced after
24 h, and every 3 days afterward. When cells had grown to a

fusion of 80-90%, subculturing of the cells was performed at
a ratio of 1:3 with digestion by 0.25% trypsin.

2.2. Construction of eukaryotic expression vector pcDNA 3.1-
EGFP-TERT

Total RNAwas extracted from the sheep renal tissue, and rever-
sely transcribed into cDNA which was used as a template. A

TERT primer was designed containing the Hind III and EcoR
I restriction enzyme cutting site, Fwd: CCCAAGCTTGCCAC
CATGA AGGTGCAGGACTGCG (Hind III), Rev:

CGGAATTCTG TCCAAGATGGTCTTGAAGTCT (EcoR
I). PCR amplification conditions: 94 �C, 8 min; 94 �C, 40 s;
56 �C, 30 s; 72 �C, 2 min; 35 cycles. The amplified bands were

extracted and sequenced after the reaction was terminated.
The recombinant plasmid containing the TERT gene and the
plasmid pcDNA3.1-EGFP were cut by Hind III and EcoRI
restriction enzymes, respectively, and the enzyme fragments

were added into T4 DNA ligase to perform the overnight liga-
tion. Double enzyme cutting and sequence identification of the
fragments ligated by Hind III and EcoR I were carried out.
2.3. Liposome transfection and Screening of TERT-BMSCs

0.8 lg of normally sequenced plasmids was mixed with 3 ll of
liposome in 100 ll of serum-free DMEM culture medium.
Then, the mixture was slowly added into a culture containing

70–80% fused cells after 20 min of incubation at room temper-
ature (RT). After the cells were transfected for 24 h, fluores-
cence was observed under a fluorescence microscope, and the
cells were screened by adding G418 with a final concentration

of 300 lg/ml. After 7 d, the G418 concentration was reduced
by half and cells continued culturing.

2.4. Determination of growth curve

P5 and P40 TERT-BMSCs as well as BMSCs were selected
and inoculated at a concentration of 2 � 104 in 24-well plates.

The growth curve was determined by calculating the number
of cells in 3 wells per day for 9 consecutive days.

2.5. Inheritance stability analysis

Numerous metaphase cells were selected from P10, P20 and
P40 TERT-BMSCs and BMSCs. Then, using BEION chromo-
some karyotype analysis software, the number of chromo-

somes was analyzed, and the chromosome number and
structural stability of the TERT-BMSCs during subculturing
was measured.

2.6. RT-PCR analysis

Total RNA was extracted and reversely transcribed into

cDNA for use as a template. A primer for the study gene
was designed (Table 1). The targeted band was amplified by
PCR, and the amplified band was extracted and sequenced

after the reaction was terminated.

2.7. Multi-directional induction and differentiation

The P30 TERT-BMSCs were selected and inoculated at

2 � 105 cells/ml in 4-well plates. The culture medium super-
natant was discarded and replaced with an adipogenic induc-
tion culture medium (DMEM-F12 + 10% FBS + 1 lM of

dexamethasone + 17 lM of pantothenic acid + 5 mM of
indometacin + 1 lM of insulin + 0.5 mM of IBMX) when
cells had grown to a fusion of 70–80%, and the culture med-

ium was replaced every 3 d. Cells were cultured for two weeks.
For neuroblast induction, the pre-induction medium (DMEM-
F12 + 10%FBS + 1 mM BME) was first added, and was then

replaced with induction medium (DMEM-F12 + 5 mM BME)
after 12 h of induction. The induction continued for 24 h, and
changes were observed under a microscope.

2.8. Identification of induction differentiation

Identification of adipogenic induction: The culture medium
was discarded after two weeks of cell induction. Cells were

then rinsed three times with PBS, and then rinsed three times
with distilled water after 20 min of fixation with 10%
formaldehyde, then stained with Oil-Red O for 20 min at

RT. The results were observed under a microscope. RT-PCR



Table 1 Details of primers used for gene expression through RT-PCR.

Sr. no. Gene Primer sequence Product size (bp) Annealing temp

�C
Source Accession no.

1 GAPDH CTTCATTGACCTTCACTACATGG(F) 356 57 Ovis aries NM_001190390.1

TGCAGGAGGCATTGCTGACAA(R)

2 NSE AGACCTCATCCTGCCTGTGC(F) 190 58 Ovis aries XM_004006922.1

GGCGTCCTTGCCATACTTG(R)

3 GFAP CCGCATCACCATTCCTGTTC(F) 123 60 Ovis aries XM_004012992.1

CGCATCTCCACGGTCTTCAC(R)

4 PPAR CGTCAGGGTTCCACTATGGAGTT (F) 175 55 Ovis aries NM_001100921.1

GACATCCCCACAGCAAGGCACTT (R)

5 Leptin CCAGGATGACACCAAAACCCTCA (F) 163 57 Ovis aries KC526876

GATTGCCAATGTCTGGTCCATCT (R)

6 TERT AGCAGGCGGCTGTAGGTG(F) 191 56

GCGTTCTTTCTCCAGGTCATCA(R)
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were used to detect the expression of the specifically expressed
gene PPAR and Leptin. Identification of neuroblast induction:

The culture medium was discarded after cell induction was ter-
minated. Cells were fixed for 20 min by adding 95% ethanol,
and rinsed twice. After staining with toluidine blue dye solu-

tion for 40 min at 50–60 �C, and rinsing with distilled water
for 2 min, cells were observed under an inverted microscope.
Expression of the specifically expressed gene NSE and GFAP

were detected by RT-PCR.

2.9. Statistical analysis

Data analysis was performed on SPSS 9.2. The effects of dif-

ferent cryopreservation media on pre-freezing and post-thaw
viability of cells were tested by a one-way analysis of variance
(ANOVA).
Figure 1 Construction of eukaryotic expression vector

pcDNA3.1-EGFP-TERT. (A) The extracted sheep renal tissue

RNA under electrophoresis detection; (B) the TERT gene was

cloned after PCR amplification; (C) the enzyme-cut plasmid

pcDNA3.1-EGFP was re-ligated and transfected with TERT

fragments, from which the expressing plasmid was obtained, and

the TERT gene (C) was acquired using PCR amplification; (D)

The 6132bp band of pcDNA3.1-EGFP and the 1873bp band of

TERT (D) were acquired by double enzyme cutting.
3. Results

3.1. Eukaryotic expression vector pcDNA3.1-EGFP-TERT

Three bands (Fig. 1A) which were 5 s, 18 s and 28 s could be

clearly observed in the extracted sheep renal tissue RNA by
electrophoresis detection. A single band (Fig. 1B) with higher
specificity and a size comparable to that of the anticipated
fragment could be seen after PCR amplification, and the

sequencing results were the same as the sequence released in
NCBI, which proves that the sheep TERT gene was cloned.
The enzyme-cut plasmid pcDNA3.1-EGFP was re-ligated

and transfected with TERT fragments, from which the
expressing plasmid was obtained, and the TERT gene
(Fig. 1C) was acquired using PCR amplification. The 6132

bp band of pcDNA3.1-EGFP and the 1873 bp band of TERT
(Fig. 1D) were acquired by double enzyme cutting.

3.2. Derivation of TERT-BMSCs

The filtered TERT-BMSCs were subcultured. The cells had a
fast growth rate, requiring an average growth period of 3–
4 days for each generation. The morphology of the cells was

better than that of the BMSCs at higher passages. With the
passages increasing, BMSCs gradually grow wider and shorter,
eventually taking on a flat polygonal shape, indicating the slow

growth caused by cell aging (Fig. 2A and B). Meanwhile,
TERT-BMSCs maintained their spindle shape, and had no
obvious shortening or increase in the number of protuber-

ances, and showed no significant change in growth rate
(Fig. 2C and D). RT-PCR results show that TERT-BMSCs
can express the TERT gene (Fig. 2E).

3.3. Growth curve

The growth curves of TERT-BMSCs and BMSCs from both
P5 and P40, take on an ‘‘S” shape (Fig. 3), but there is a sig-

nificant difference between the growth curves of the BMSCs
and TERT-BMSCs. The BMSCs ordinarily remain latent for
the first 1–2 days, and then enter a logarithmic growth phase

on day 3, and a plateau phase on day 7 or 8, with a reduction
in the rate of proliferation. While TERT-BMSCs ordinarily
begin to grow rapidly from day 2, and enter the plateau phase



Figure 2 Derivation of TERT-BMSCs. (A) BMSCs in confluent culture at P3 (�100); (B) BMSCs in confluent culture at P40 (�100); (C)

TERT-BMSCs in confluent culture at P3 (�100); (D) BMSCs in confluent culture at P40 (�100). (E) RT-PCR results show that TERT-

BMSCs can express the TERT gene, Lane M 2000-bp ladder, lane 1 TERT (191bp), lane 2 negative control.

Figure 3 BMSC and TERT-BMSC growth curves, each value is expressed as mean ± standard error of the mean (SEM).

Table 2 Sheep MSC diploid normal rate of different

generations.

BMSCs (%) TERT-BMSCs (%)

P5 96.30% (52/54) 95.35% (41/43)

P20 72.22% (26/36) 92.00% (46/50)

P40 61.22% (30/49) 88.24% (45/51)
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in advance of day 5–6 due to the growth space constraints. It is
to be noted that there is a big difference between the prolifer-
ation rates of BMSCs and TERT-BMSCs.

3.4. The Inheritance stability of TERT-BMSCs

Through karyotype analysis, we found that the normal sheep
chromosome karyotype is 2n = 54, which includes 26 pairs

of autosomes and 1 chromosome pair. Statistical analysis of
the chromosome karyotypes of P5, P20 and P40 TERT-
BMSCs and BMSCs showed that the normal karyotype rates

of different passages of BMSCs were 96.30%, 72.22% and
31.22%, respectively, and the normal karyotype rates of differ-
ent passages of TERT-BMSCs were 95.35%, 92.00% and

88.24% (Table 2), respectively. This shows that the TERT-
BMSCs maintain excellent inheritance stability over a long
period of in vitro passage culturing.

3.5. Identification of adipogenic induction

The morphology of TERT-BMSCs begins to change after 24 h
of adipogenic induction, gradually changing from the spindle

shape to a large ovular shape. Small lipid droplets begin to
appear in cytoplasm after 3 days of transfection. Larger lipid
droplets appear in some of the cells after 5–6 days of transfec-

tion, presenting as a round or ovular shape (Fig. 4A). The lipid
droplets were stained red using oil-red O dye for observation
(Fig. 4B) after 9 days of transfection. Meanwhile, no red lipid

droplets were observed in the stained control group (Fig. 4C).
The expression of the specific PPAR and Leptin genes can be
detected by RT-PCR.

3.6. Identification of neuroblast induction

No obvious changes were observed in cell morphology after
pre-induction of TERT-BMSCs. Enhanced refraction was

observed in the BMSC cell bodies, which began to shrink



Figure 4 Adipogenic (A–C) and Neural (D–F) differentiation potential of sheep TERT-BMSCs. (A) Lipid droplets were seen in the

cytoplasm of visible after 9 days of culturing. (B) Oil red O-positive cells. (C) Gene expression profile. Lane 1 250/100bp ladder, lane 2

negative control, lane 3 up: PPAR (175bp); down: Leptin (163bp). (D) Condensed cell bodies and extended dendrites were seen after 24-h

culture. (E) Toluidine blue staining, (F) gene expression profile. Lane M 250/100bp ladder, lane 2,3 up: NSE (190bp); down: GFAP

(123bp), lane 3,4 negative control.
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and become rounder 3 h after addition of the induction agent.
After 12 h, protuberances began to appear and project out of

the cell bodies, causing the cells to form forked ends with large
protruding points that can make contact with other cell bodies
and points, resembling a synapse structure. The cells became
bipolar, multi-polar and tapered, with a morphology like that

of neurons after 24 h of induction. At this time, many cells had
already intertwined and interconnected with one another with
a reticular appearance (Fig. 4D). After staining with toluidine

blue, nissl bodies appeared as dark blue particles or patches
with blue cell nuclei (Fig. 4E). RT-PCR was able to detect
the expression of the specific NSE and GFAP genes.
4. Discussion

The mesenchymal stem cell (MSC) is a kind of adult stem cell

widely applied in tissue repair engineering, and cell and gene
therapy. However, MSCs, tend to age and stop proliferating
when subcultured in vitro, and there is no way to greatly

amplify these cells (Bourgine et al., 2014; Peng et al., 2015;
Zimmermann et al., 2003; Røsland et al., 2009; Okada et al.,
2016). The present study proves that telomere length may
shorten along with cell proliferation. Cells may age and die

as the continuously shortened telomere length cannot maintain
chromosome stability. Therefore, telomere length is important
in guaranteeing cell proliferation stability. Enhancing telom-

erase activity by introducing the exogenous TERT gene into
targeted cells is the primary method used in recent cell immor-
talization studies (Kaloyianni et al., 2015; Teng et al., 2014;

Tsai et al., 2010; Wongkajornsilp et al., 2012). Hamada
et al., constructed an hMSC-TERT cell line in 2003, which
had biological characteristics that were no different than the
original generation of hMSCs, but the detailed molecular

mechanism and the function of telomerase remain unclear.
Construction of a eukaryotic expression vector, using the

pcDNA3.1-EGFP ring-opening as the expression vector by

the restriction enzyme EcoRI and Hind III can ensure the
proper insertion direction of exogenous fragments, and can
prevent the self-ligation of vectors, which improves recombina-

tion efficiency. Furthermore, the expression vector pcDNA3.1-
EGFP carries the EGFP gene and the Neo resistance gene,
which ensures that it can both express green fluorescence after
being introduced into the cell, and can be filtered in eukaryotic

cells by G418. In the present study, after constructing a
eukaryotic expression vector, we examined the vector from
the two dimensions of colony PCR and double enzyme cutting

of recombinant plasmids (Zhou et al., 2014). Two types of
bands were obtained from the results of double enzyme cut-
ting, with sizes comparable to expectations. One of these was

the band of the targeted gene, while the other was the band
of the vector, which proves that we successfully constructed
the vector.

Cells normally expressing the TERT gene were acquired by

G418 filtering after the introduction of the successfully con-
structed vector into the BMSCs by liposomes
(Wongkajornsilp et al., 2012). The acquired cells showed no

obvious difference in cell morphology as compared to normal
BMSCs when subcultured by amplification to the 40 th pas-
sage, while the normal BMSCs showed obvious cell aging

and degeneration in cell morphology when cultured to the 20
th passage. These results are analogous to those obtained by
(Yao and Hwang, 2012; Yin, 2012). According to the growth

curve, the proliferation rate of the BMSCs is obviously
decreased when subcultured to the 20th passage, while
TERT-BMSCs maintained a normal proliferation rate when
subcultured to the 40th passage, the growth curve of this cell

maintained the ‘‘S” shape, proving that TERT-BMSCs have
vigorous proliferation, as reported by (Simonsen et al.,
2002). We selected P10, P20 and P40 cells to study the inheri-

tance stability of TERT-BMSCs. Through chromosome kary-
otype analysis, we found that the cells maintained a karyotype
correction rate of 77.78% when subcultured to the 40th pas-

sage, which proves that TERT-BMSCs have higher inheritance
stability. However, it is necessary to further verify whether
TERT-BMSCs are capable of infinite passage culturing.
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Adipogenic differentiation assays show that TERT-BMSCs
can be differentiated to adipocytes. We find that indomethacin
is the most rapid adipogenic supplement, and in 3–4 days of

treatment on average, small oil droplets were observed under
the inverted microscope. After 7 days of incubation, the cells
were stained with Oil-Red O, and red oil vacuoles were obvi-

ous in the cytoplasm. The formation of large lipid droplets
on the 12th day in adipogenic-induced human MSCs was pre-
viously reported. RT-PCR of the differentiated cells shows the

adipogenic differentiation-specific genes such as PPAR and
Leptin were expressed.

Our neural differentiation assays showed that TERT-
BMSCs can differentiate to neurons. BME can support the

viability and differentiation of fetal mouse brain neurons
(Fortino et al., 2013) and is used as an effective inducer of neu-
ral differentiation in MSCs (Latil et al., 2012; Sanchez-Ramos

et al., 2000). BME induced dramatic modifications of cellular
shape and the expression of neural marker NeuN within 5 h.
Nestin expression is a necessary step for neural differentiation

of MSCs, and serum in culture medium can inhibit the
expression of Netein. We found that TERT-BMSCs also could
differentiate into neural cells under serum-free conditions.

RT-PCR results confirmed that the specific genes for neural
differentiation such as ESE and GFAP were expressed.

5. Conclusions

In the present study, the TERT eukaryotic expression vector
was successfully constructed and BMSCs were transfected.
Observation of cell morphology and detection of the biological

characteristics of BMSCs showed that no early aging occurred,
while the stem cell characteristics of the cells were maintained
and their life spans prolonged. TERT-BMSCs maintain the

potential for multi-directional differentiation after induction.
These results can be referenced in the future research of cell
immortalization, helping further the discussion of the immor-

talization mechanism, and laying a foundation for applying
the immortalization mechanism in the fields of tissue regener-
ation and repair, cell transplantation, and gene therapy, etc.
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