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Introduction

Abstract
Objective:  Primary human cells undergo a finite number of cell divisions before entering a non-dividing state, which is con-
tributed by an incremental attrition of telomeres. Replenishment of telomerase enzyme to restore telomere ends has been lev-
eraged in biomedical research to prolong passages of primary human cells. Such cells still experience a non-proliferative state 
with variable differentiation features after a finite number of passages through incompletely understood mechanism. Here 
we show that compared to parental vascular smooth muscle cells  (vSMCs), primary human aortic vSMCs stably expressing 
human telomerase reverse transcriptase (hTERT) maintain the biochemical and functional phenotypes of parental cells up to 
30 passages. At this point, robust induction of p53 coincided with the proliferative failure despite intact telomerase enzyme 
activity. Intriguingly, the vSMCs maintained a stable profile of tissue factor, a potent procoagulant, spanning over all the pas-
sages. These data demonstrate a dissociation of proliferative and thrombotic functions of vSMCs and also raise a possibility of 
p53 as a potential inhibitor to induce a non-diving state even in the milieu of normal telomerase activity. 
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Primary human cells experience a limited life span 
and attain an irreversible G1 cell cycle arrest [1]. At that 
stage, the cells cease to respond to mitogenic stimuli and 
change their morphological and functional profiles, both of 
which further limit their use for experimental purposes [1]. 
These functional changes in cells over time are induced by 
various physiological and pathological stresses of which the 
attrition of telomere is one of the major contributors [2, 3]. 

The molecular causes of telomere shortening are 
thought to originate from “end replication problem”, the in-
ability of DNA replication machinery to complete DNA syn-
thesis at the lagging strand [2]. Eventually, this shortening 
leads to telomere uncapping, which is the disruption of the 

proper structure of the protective cap at the end of the tel-
omere [2]. This capping is crucial as it is recognized as DNA 
breaks, in turn activating DNA damage pathways resulting in 
cell cycle arrest [4,5]. Forced uncapping of telomeres through 
inhibition of the telomere binding protein induces loss of the 
telomeric overhang and leads to permanent failure to pro-
liferate, alters morphology and functional characteristics of 
cells, all of which characterize senescence [3, 6–9]. The in-
troduction of double stranded DNA break results in p53 in-
duction, through yet poorly understood mechanism [10, 11]. 
Ectopic expression of telomerase enzyme to ensure persistent 
regeneration of telomere ends at every passage circumvents 
the problem of telomere attrition [12]. This is expected to re-
sult in unlimited cell passages, thus this technique has been 
leveraged in biomedical research [13]. Despite the expression 
of telomerase enzyme, the cells still undergo proliferative fail-
ure after a finite number of passages through yet poorly char-
acterized mediators.  

Primary human vascular smooth muscle cells (vS-
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MCs) are a widely used cell-type in vascular biological re-
search. However, their limited passages (10-12 passages), 
batch-to-batch variation due to different donors introduce 
inter-experimental variability and high cost, limiting their use 
in biomedical research. We set out to obtain vSMCs cell lines 
that retain biochemical and functional characteristics of its pa-
rental cells and also allow more passages using stable expres-
sion of telomerase enzyme. Telomerase successfully retained 
the telomere length till 30-cell passages without compromising 
vSMCs thrombotic potential. However, despite intact telomer-
ase enzyme, these cells failed to propagate beyond 30 passages 
coinciding with p53 induction, a potent cell cycle inhibitor. 
Intriguingly, this proliferative failure was not accompanied by 
the changes in morphology or thrombotic phenotype.

Methods
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Vascular smooth muscle cells (vSMCs) (ATCC, USA) 
were grown in DMEM low glucose with 5% calf serum, 5% 
penicillin and streptomycin. The HEK-293T was grown as de-
scribed previously [14, 15]. Human umbilical vein endothelial 
cells (HUVECs) (Promocell, Germany) pooled from 3 donors 
were grown in endothelial growth medium-2 (EGM-2) (Pro-
mocell, Germany). EGM-2 was prepared by supplementing 
endothelial basal medium (EBM-2) with fetal bovine serum 
(2%), hydrocortisone (1μg/ml), fibroblast growth factor-1 
(10 ng/ml), epidermal growth factor (5 ng/ml), insulin-like 
growth factor (20 ng/ml), ascorbic acid (1 μg/ml) and heparin 
(90 μg/ml). 

Quantitative detection of telomerase ac-
tivity by PCR

hTERT construct and generation of viral 
particles

Retroviral construct-plasmid from Addgene 
(Cat#1771) pBABE puro-hTERT(telomerase reverse tran-
scriptase) was transfected in HEK293T packaging cells along 
with packaging, envelope and Reverse transcriptase vectors 
using Lipofectamine 2000 per manufacturer instructions. Me-
dium containing active viral particle collected after 48 h was 
centrifuged, snapped frozen and stored at -80 °C. For viral 
transduction, the vSMCs seeded at 50-60% confluence were 
treated with viral medium along with Polybrene 1ug/ml (Sig-
ma#107689). After determining the killing curve, Puromycin 
(Sigma#P9620) selection was initiated after 24 hours of trans-
duction.

 vSMCs were lyzed with 1x Lysis buffer, centrifuged 
at 14000RPM for 30 minutes. The supernatant is assayed for 
Telomerase activity using real time PCR (Allied Biotech Inc # 
MT3010) per manufacturer’s instructions. Telomerase activ-
ity is normalized to number of cells and ug of protein. Tel-
omerase from the cells lysate adds telomeric repeats onto a 
substrate oligonucleotide and the resultant extended products 
are subsequently amplified by the polymerase chain reaction.

Cell culture

Immunoblotting
Cells were lyzed in 50 mM Tris-HCl, pH 7.6, 150 mM 

NaCl, 30 mM EDTA, 0.5% Triton X-100 with complete pro-
tease inhibitor (Roche# 11873580001). Immunoblotting was 
performed as described previously[14] using antibodies; Vas-
cular smooth muscle cell actin mouse (Sigma# A2547), myo-
sine heavy chain rabbit (Santacruz# sc20641) and p53 mouse 
(Cell signaling# 9282) and smooth muscle cell kinase (Abcam 
# ab55475).

Immunofluorescence
Cells were grown in Chamber slides (BD falcon# 

354656) and fixed with 4% PFA and processed as described 
previously[14]. Alexa 647 goat anti-mouse was used as sec-
ondary antibody. 

vSMCs proliferation assay
5×103 vSMCs seeded in 48-well plates were synchro-

nized overnight by serum starvation with 0% calf serum (CS). 
Medium was then switched after 16–18 hours to the 5% CS. 
One µCi of 3[H] thymidine (Perkin-Elmer, Boston, MA) was 
added to each well overnight and the cells were harvested af-
ter 16–24 h of treatment. Cells were washed with ice-cold PBS 
thrice followed by the precipitation of protein in 10% trichlo-
roacetic acid in PBS for 30 min at 4 0C, washed with 90% etha-
nol and solubilized in 1 mL of 0.25 M NaOH with 0.1% SDS 
for 1 h. Samples were added to scintillation cocktail and radio-
activity measured by liquid scintillation counting (Beckman 
Coulter).

TF activity assay
vSMCs were lyzed using 50mM Tris buffered saline 

(pH 8.0) with 1% Triton X-100 and centrifuged at 14000g for 
20 min. TF levels were measured using human tissue factor 
chromogenic activity kit® (Assaypro #CT1002b) using manu-
facturer’s instructions. This kit measures the procoagulant 
activity/peptidyl activity in cell lysates and human plasma. 
The amount of factor Xa generated is measured by its ability 
to cleave highly specific chromogenic substrate for factor Xa, 
which is added to the reaction. TF levels are normalized to 
number of vSMCs and ug of protein.

Statistics  
Summary statistics are presented as mean and 

standard error of mean. Paired-t test was used to com-
pare two groups and p <0.05 was considered significant.

Results
hTERT/vSMCs retain parental phenotype 
up to passage 30

Primary human aortic vascular smooth muscle cells 
(vSMCs) stop growing after 12 passages, while those stably ex-
pressing telomerase enzyme (hTERT/vSMCs) could be propa-
gated up to 30 passages. We examined the markers of vascular 
smooth muscle cells in hTERT/vSMCs and compared to pa-
rental vSMCs at passage 3. HEK293T and human umbilical 
vein endothelial cells (HUVECs) served as controls. The re-
sults showed that hTERT/vSMCs even till passage 30 continue 
to express various smooth muscle cell markers such as alpha 
smooth muscle actin (Figure. 1A), heavy chain myosin (Fig-
ure. 1B) and smooth muscle light chain kinase (Figure. 1C) 
comparable to that of parental vSMCs. As expected, HEK293T 
and HUVECs showed no smooth muscle cell markers. These 
data strongly suggest that hTERT/vSMCs retain smooth mus-
cle phenotype up to 30 passages.
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hTERT /vSMCs tissue factor (TF) expres-
sion and activity remained unchanged up 
to  passage 30

vSMCs are highly thrombogenic consistent with their 
high TF expression and activity compared to endothelial and 
THP-1 cells [14]. We compared TF expression in parental vS-
MCs, hTERT/vSMCS, HUVECs and HEK 293T using both 
immunoblotting and immunofluoresence. The expression lev-
els of TF remained unchanged up to 30 passages in hTERT/
vSMCs (Figure. 2A). TF expression was seen both in the cy-
tosol and the membrane, suggesting proper localization of the 
protein in the hTERT/vSMCs (Figure. 2B). The expression of 
TF corroborated with TF activity (Figure. 2C). There was no 
significant difference in TF activity in parental compared to 
hTERT/vSMCs. All of the above data indicate that hTERT/
vSMCs retain a stable TF profile and thrombogenicity for ex-
tended passages.

Cell proliferation reduced after passage 30

                                                                    Figure 1: hTERT/vSMCs retain the contractile markers 
A) vSMCs retain parental phenotype after 30 passages. Parental vSMCs (passage 3), stably transduced hTERT/vSMCs (passage 30), HU-
VECs and HEK 293T cells were harvested and the cell lysates were immunoblotted using SMC actin antibody and reprobed using β-actin 
antibody, where the later served as a loading control. Representative blot of three experiments is shown. 
B) The SMC marker, myosin heavy chain expression remained unchanged up to 30 passages. Parental vSMCs (passage 3), hTERT/vSMCs 
(passage 30), HUVECs and HEK 293T cells were harvested and probed using heavy chain myosin and β-actin antibodies. Representative 
blot of three experiments is shown. 
C) Smooth muscle cell myosin light chain kinase expression remained unchanged up to 30 passages. Parental vSMCs (passage 3), hTERT/
vSMCs (passage 30), HUVECs and HEK 293T cells were harvested and probed as above. Representative blot of two experiments is shown.

hTERT /vSMCs retain telomerase expres-
sion up to passage 30

Reduced activity of telomerase and attrition of tel-
omere length with further cell passages contribute to prolif-
erative failure [2]. Therefore, we first confirmed the activity 
of telomerase in late passage hTERT/vSMCS using quantita-
tive PCR (Figure. 4A). Telomerase activity showed no signifi-
cant reduction with passage 30 of hTERT/vSMCS compared 
to parental or early passage of hTERT/vSMC. These data rule 
out the possibility of compromised telomerase activity as the 
cause of proliferative. On the other hand, it supports the no-
tion that the cells lost the ability to proliferate despite normal 
telomere length and raises the possibility of other mediator.  

We examined the cell proliferation at different passages 
using 3[H] thymidine inclusion, which is a direct measure of 
DNA replication (Figure. 3). The results revealed that there 
was no significant difference between parental vSMCs (passage 
3) and hTERT/vSMCs 3, 7, 8, 11 and 15 passages. However, a 
trend towards reduced cell proliferation emerged with hTERT/
vSMC at passage 21 (p= 0.058) and became significant at pas-

Increase in p53 expression with extended 
passages of hTERT/vSMCs

 We further probed for potential mediators of prolif-
erative failure after passage 30. p53 is a well-established robust 
inducer of cell cycle arrest [16–20]. Therefore we posited that 

sage 30 (p = 0.006) (Figure.3). These results indicate that prolif-
erative failure of hTERT transduced vSMCs after 30 passages.

https://www.jscholaronline.org/
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                                                              Figure 2. hTERT/vSMCs retain stable TF expression and activity 
A) TF expression remained unchanged up to 30 passages of hTERT/vSMCS. Parental vSMCs (passage 3), hTERT/vSMCs (passage 30), HUVECs and HEK 
293T cells were harvested and the cell lysates were immunoblotted using tissue factor and GAPDH antibodies. GAPDH served as a loading control. Rep-
resentative blot of three experiments is shown. 
B) Parental vSMCs (passage 3) and hTERT/vSMCs (passage 30) were fixed and stained for tissue factor antibody. DAPI was used to stain nuclei.
C) Parental vSMCs (p3), hTERT/vSMCs (passage 3 and 30) were harvested and the cell lysates were assayed for TF activity using Actichrome TF assay kit®  
per manufacturer instructions. The levels of TF were normalized using protein content as measured by Bradford method. Representative result of three ex-
periments is shown. The error bars represent standard error of mean. No significant differences were found between the parental vSMCs and hTERT/vSMCs 
at different passages as measured by Paired t- test. 

Figure 3: hTERT/vSMCs retain the proliferative potential up to 
30 passages: Parental vSMCs (passage 3) and different passages 
of  hTERT/vSMCs cells serum starved in medium with 0% calf se-
rum  for 16 hours were added of 1 µCi 3[H] thymidine per well. The 
inclusion of 3[H] thymidine was assayed after 24 h of addition of ra-
dioactivity. Mean results of six samples are shown. Error bars = SEM. 
Compared to the parental passage 3 vSMCS, the hTERT/vSMCs p 
=0.708 for passage 8, p = 0.076 for passage 10, p = 0.47 for passage 12, 
p = 0.058 for passage 21 and p = 0.006 for passage 30.

Discussion
Proliferative potential of primary human aortic vS-

MCs abrogates after 12 passages. Our hTERT/vSMC cell 
lines not only were capable of extended proliferation up to 
30 passages, but also retained the biochemical and the pro-
liferative and thrombotic features similar to un-transduced 
parental primary human aortic vSMCs. Interestingly, in 
these cells, the proliferation still was inhibited with the in-
tact telomerase activity concurrent with the induction 
of p53, a potent and well-established mediator of cell cy-
cle arrest. In essence, passage 30 marked the dissociation 
of the proliferative and thrombotic potentials of vSMCs. 

p53 expression will be higher in later passages of hTERT/vS-
MCs compared to the parental vSMCs (Figure. 4B). Early pas-
sage hTERT/vSMCs and HUVECs were also included as con-
trols. HEK293T cells served as a positive control. Indeed, p53 
expression was virtually undetectable in parental and various 
passages of vSMCs and HUVECs. However, p53 increased with 
hTERT/vSMCs at passage 30 coinciding with the proliferative 
failure, raising a possibility of p53 as a candidate mediator of 
reduced proliferation of vSMCs after passage 30. Interestingly, 
TF expression remained unchanged till passage 30 (Figure. 4B).

https://www.jscholaronline.org/
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                                         Figure 4. p53 induction in hTERT/vSMCs in the milieu of intact telomerase activity
A) vSMCs retain Telomerase activity up to passage 30. Parental vSMCs-passage 3 and stably transduced vSMCs/hTERT- passage 3 and 30 
were lyzed and assayed for telomerase activity using quantitative telomerase activity kit per manufacturer’s instructions. Mean of two ex-
periments is shown. Error bars = SEM. No significant difference was found among the samples.
B) Induction of p53 in vSMCs-hTERT and unchanged TF expression with various passages of hTERT/vSMCs. Parental vSMCs (passage 
3) and stably transduced hTERT/vSMCs from various passages were harvested and the cell lysates were immunoblotted using p53 and TF 
antibodies and β-actin as loading control. Representative blot of three experiments is shown. 

There are multiple approaches to immortalize cell lines 
such as by stably expressing simian virus (SV40) T antigen, 
hTERT, HPV E6/E7, EBV, MycT58A, and p53 cell immortali-
zation systems with each method having specific limitations 
[21–28]. For example, Legrands et al used SV40 early region 
to immortalize arterial smooth muscle cells. Again those 
cells changed to multinucleated morphology, had chromo-
somes in the triploid range, and developed genomic aber-
rations and smooth muscle actin was significantly reduced 
[29]. The E6 and E7 open reading frames of human papillo-
mavirus type 16 were also used to immortalize cells [21, 30]. 
Though the cells continued for 1 year for up to 180 passages, 
the trade off was loss of morphological features and markers 
of smooth muscle cells, suggesting that the cells underwent 
transformation in cell-type other than vSMCs. On the oth-
er hand, hTERT, extended the proliferative-life span of cells 
without compromising the original phenotype [31], and re-

duced the frequency of dicentric and abnormal chromosomes 
[32]. Hence, we selected hTERT over the other approaches. 

Leveraging the findings that hypoxia increases the 
activity of the telomerase, Minamino T, et al. [13]  increased 
proliferative potential of the vSMCs by hTERT overexpres-
sion. They examined vSMC population doubling (span-
ning over 1.5 months) and demonstrated the absence of 
dedifferentiation vSMCs, while achieving prolonged vSMC 
survival. Though our work exploits s similar strategy of 
hTERT, there remain several differences. First, the present 
body of work examines vSMC population doubling span-
ning over 3-4 months and the fate of vSMCs after that, the 
point where Minamino T, et al’s study stopped. Second, the 
data indicate the dissociation of proliferation and throm-
botic potentials of vSMCs. The vSMCs continued to robustly 
maintain their tissue factor expression and activity (Figure. 2 

https://www.jscholaronline.org/
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Maintaining the differentiation as vSMCs
Our confirmation of the hTERT/vSMCs cell lines main-

taining phenotype, functionality and differentiation of prima-
ry human vSMCs arise from number of orthogonal tests. The 
cells retained ‘signature’ markers such as alpha smooth muscle 
cell and myosin heavy chain and smooth muscle myosine light 
chain kinase, which are the components of the contraction and 
relaxation machinery (Figure. 1). In addition, hTERT/vSMCs 
expressed comparable expression and proper localization of 
the thrombogenic marker - tissue factor, a critical feature of vS-
MCs (Figure. 2). The hTERT/vSMCs retained the proliferative 
potential in response to external stimuli like mitogenic factors 
and also the TF activity, an indicator of its thrombogenicity 
(Figure. 2 and 3). Interestingly, while the proliferative potential 
was compromised after passage 30, but the morphological and 
thrombogenic features remained unaffected suggesting that 
vSMCs retained their differentiation even while entering non-
replicative phase. This is contrast with several other cell types 
such as adipose-derived stromal cells, which loses their differ-
entiation while entering proliferative failure [35]. It is possible 
that hTERT expression helped the maintenance of vSMC differ-
entiation, a phenomenon also observed in other cell-types [36]. 

Role of p53 in as an inhibitor of cell proliferation
The p53, a master tumor suppressor gene, is a sequence spe-
cific transcription factor, which senses various stress signal. 
It is a well-established and potent inhibitor of G1, G2 and 
S phases cell cycle by activating number of cyclin inhibi-
tors and suppressing cyclin dependent kinases. Known tar-
gets of p53 include CIP1/WAF1, GADD45, WIP1, MDM2, 
EGFR, PCNA, CyclinD1, CyclinG, TGFa and 14-3-3s, an ar-
ray of genes that influence cell cycle[17,19]. p53 expression 
substantially increased after passage 30 coinciding with the 
proliferative failure raises a tantalizing possibility of p53 as a 
candidate mediator of this effect (Figure. 4B). The interrela-
tionship of p53 and telomerase is complex and likely to be dif-
ferent in primary human cells compared to cancer cells. For 
example, in cancer cell lines, the expression of p53 directly 
repressed telomerase mRNA and telomerase activity before 
inducing cell cycle arrest [37]. While, in human vSMCs cell 
line expression of p53 had no effect on telomerase activity 

(Figure. 4A), possibly due to the overexpression of hTERT in 
these cells. On the other hand, the loss of telomerase activ-
ity and the exposed telomere ends are known to induce p53 
[38]. However, in hTERT/vSMCs, p53 induction happened 
even in the presence of intact telomerase activity (Figure. 4A) 
suggesting other mechanism of p53 induction by passage 30. 

There can be several possible explanations of increased 
p53 in hTERT/vSMCs beyond 30 passages. Proliferating cells 
are known to accumulate different types of stresses such as DNA 
damage, heat shock and hypoxia, which can all induce p53 due 
to post-translational modifications [39–41]. Increase in reac-
tive oxygen levels with cell proliferation induces DNA damage 
and p53 resulting in cell-cycle arrest [42,43]. Enhanced lysoso-
mal activity with increased cell passages also serves as a potent 
signal modulating p53 activity [44]. All of the above cellular 
stresses result in cell cycle arrest through p53 induction [45,46].

The present study has limitations. As mentioned 
above, this study does not perform a complete characteri-
zation of vSMCs at genomic level. Though p53 is a well-es-
tablished mediator of cell cycle arrest and proliferative fail-
ure and the present data point towards this possibility, but 
further work is needed to demonstrate a conclusive role 
of p53 in the proliferative failure of vSMCs at passage p53. 

The present study does not rule of the possi-
bility of other mediators inhibiting cell proliferation. 
Overall, the above investigation demonstrates the generation 
of a functionally and morphologically intact human aortic 
vSMC cell line up to 30 passages. Our data further suggests 
p53 as a potential mediator of this proliferative failure in the 
milieu of intact telomerase enzyme. Overall, using telom-
erase is distinctly a better approach preserving the pheno-
type of primary human cells compared to other strategies.
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