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A B S T R A C T

Human telomerase reverse transcriptase (hTERT), the essential catalytic subunit of telomerase, is associated with
telomere homeostasis to prevent replicative senescence and cellular aging. However, hTERT reactivation also has
been linked to the acquisition of several hallmarks of cancer, although the underlying mechanism beyond telo-
mere extension remains elusive. This study demonstrated that hTERT overexpression promotes, whereas its in-
hibition by shRNA suppresses, epithelial-mesenchymal transition (EMT) in lung cancer cells (A549 and H1299).
We found that hTERT modulates the expression of EMT markers E-cadherin, vimentin, and cytokeratin-18a
through upregulation of the c-MET. Ectopic expression of hTERT induces expression of c-MET, while hTERT-
shRNA treatment significantly decreases the c-MET level in A549 and H1299 through differential expression of
p53 and c-Myc. Reporter assay suggests the regulation of c-MET expression by hTERT to be at the promoter level.
An increase in c-MET level significantly promotes the expression of mesenchymal markers, including vimentin
and N-cadherin, while a notable increase in epithelial markers E-cadherin and cytokeratin-18a is observed after
the c-MET knockdown in A549.
1. Introduction

Cancer cells extended growth potential and bypassing cellular aging
is critically dependent on sustained telomere homeostasis and integrity.
Telomerase has a fundamental function in the maintenance of telomere
length. It is an RNA-dependent DNA polymerase ribonucleoprotein
complex that uses TERC as the template and adds TTAGGG repeats at the
telomeric end. Typically somatic cells lack telomerase activity due to
transcription suppression of hTERT. However, most cancers (~90%)
have a high expression of hTERT and active telomerase. Telomerase-
mediated telomere maintenance is a canonical pathway to escape the
Hayflick limit, a primary requirement of cellular immortalization [1, 2].
Recent studies suggest extracurricular activities of hTERT beyond its
canonical function [3, 4]. Increased hTERT level is associated with cancer
cell survivability, proliferation, and metastasis [5, 6]. However, the
mechanistic basis of its role in cancer metastasis is not clearly under-
stood. Thus, it becomes imperative to find out probable mediators of
metastasis under the influence of hTERT expression.
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c-MET is a disulfide-linked heterodimer activated through its nat-
ural ligand HGF and triggers various signaling pathways like PI3K,
Gab1, STAT, and β-catenin [7, 8]. HGF/c-MET signaling plays an
essential role in embryonic development, and disruption in HGF or
c-MET gene leads to embryonic lethality and defect in organ generation
[9, 10]. HGF/c-MET is also a potent angiogenic factor that incites
endothelial growth and motility to promote angiogenesis [11]. HGF
treatment induces EMT to favor the invasion and migration of cancer
cells [12, 13]. Deregulation of the c-MET signaling due to mutation,
gene amplification, or increased expression promotes cancer develop-
ment. HGF/c-MET expression was found unproportioned in most types
of tumors, including gliomas, sarcomas, carcinomas, and melanomas
[14, 15, 16, 17].

This study aimed to explore the role of hTERT in the early metastasis
stage, i.e., EMT and migration, and to determine the probable mediators
of such response. Our experiments with cultured cells show that hTERT
enhances the EMT and cell migration by upregulation of the c-MET
expression.
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2. Materials and methods

2.1. Cell culture and treatments

A549 (Human lung adenocarcinoma), H1299 (Human non-small cell
lung carcinoma), and 293T (Human embryonic kidney cell) were pur-
chased from NCCS, Pune. All the cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37 �C
under 5% CO2 in a humidified incubator. The 293T cell line was used to
produce lentivirus carrying shRNA sequences to target hTERT, p53 c-
Myc, and c-MET. Stably transfected cells were selected by puromycin. We
used 2μg puromycin/ml for A549 and 1.0μg puromycin/ml for H1299
cells. For HGF treatment, A549 cells were seeded in 6 well plates and
starved for 12 h, then treated with 20 ng/ml of HGF for 24 h A549 cells
were also treated with 8 μM of the c-MET inhibitor (SU11274) for 24 h in
complete media.

2.2. Reagents

HGF was procured from Peprotech and c-MET inhibitor (SU11274)
from Santa Cruz. Primary antibodies were purchased from Abcam
(hTERT), Cell Signalling Technology (Phospho-c-MET, vimentin, E-Cad-
herin, N-Cadherin), Santa Cruz (c-MET), Chemicon (Cytokeratin-18a),
and Thermo Fisher Scientific (β-Actin). Secondary antibodies, HRP con-
jugated anti-mouse and anti-rabbit IgG, and HRP conjugated anti-mouse
IgM were obtained from Santa Cruz. Secondary antibodies, FITC conju-
gated anti-mouse and anti-rabbit IgG were obtained from Santa Cruz.

2.3. Plasmids and transfection

pBABE-hTERT and control pBABE plasmids were purchased from
Addgene. The pLVX-p53 expression vector was created by cloning of
complete coding region of p53 in between EcoRI and BamHI of the pLVX-
puro expression vector. The shRNA target sequence for hTERT, p53 c-
Myc, and c-MET was synthesized from Sigma-Aldrich and cloned into the
pLKO1-shRNA and pLVX-shRNA vectors. Lentiviral particles were syn-
thesized by co-transfection of shRNA vectors (transfer vector), psPAX2,
and pMD2.G (helper plasmid) in the 293T cells. The sequence of hTERT,
p53, c-Myc, and c-MET shRNAs have been listed in the supplementary file
(Supplementary Table 1). Expression vectors and shRNA construct were
transfected using lipofectamine-3000 (Invitrogen) or metafectene (Bio-
ntex) as per the manufacturer's protocol.

2.4. Western blot analysis

Total cellular protein was extracted in cell lysis buffer [50 mM Tris-Cl
(pH 7.4), 150mM sodium chloride (NaCl), 1mM EDTA, 1mM EGTA, 0.5%
sodium deoxycholate, 1% NP40, 0.1% SDS and protease inhibitors].
Protein concentration was estimated by the Bradford method. 25–50 μg
of protein was run on SDS-PAGE and transferred to PVDF membrane
(Millipore) by wet transfer followed by blocking with 5% skimmed milk.
Blots were incubated with primary antibody overnight at 4�C and with
secondary antibody for 1 h at room temperature. Protein bands were
visualized by chemiluminescence (Luminata Forte Millipore) and
captured on X-ray film. β-Actin was used as an endogenous loading
control.

2.5. Immunofluorescence

Cells were seeded on the tissue culture-treated coverslip and allowed
to grow up to 30% confluence. Cells were washed with PBS and fixed in
4% paraformaldehyde for 15–30 min, followed by permeabilization of
cells by Triton X-100 for 10 min and blocked with 5% BSA (in PBS þ
0.05% Tween 20) for 1 h. Cells were incubated overnight with primary
antibodies {rabbit anti-c-MET (1:100) and rabbit anti-cytokeratin
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(1:300)} at 4�C. After overnight incubation, cells were washed with
PBST (PBS þ 0.05% Tween 20) and incubated with FITC tagged anti-
rabbit (1: 200) secondary antibody for 1 h at room temperature. Cells
were observed under the confocal laser scanningmicroscope (Nikon TiE),
and pictures were analyzed by Nikon NIS software.

2.6. Luciferase reporter assay

For the promoter-reporter assay, 1850 nucleotide-long region span-
ning from �1655 to þ195 nucleotides, including transcription start site
of the c-MET promoter was cloned in the pGL3 vector. A549 cells were
seeded in 6 well plates in triplicates and co-transfected with the pGL3-c-
MET promoter and different concentrations of shTERT plasmid (0.25 μg,
0.5 μg, and 1.0 μg). In another study, A549 and H1299, which stably
express the hTERT were transfected with pGL3-c-MET promoter
construct. After 36 h of pGL3-c-MET promoter transfection, total protein
extracted in cell lysis buffer provided in the assay kit (Biovision). Lucif-
erase activity was performed by luciferase reporter assay kit (Biovision)
and measured by Thermo Varioscan plate reader. Luciferase values were
normalized with total protein. All the experiments were performed in
triplicates, and statistical analysis was done by graph-pad software.
Bioinformatics analysis of c-MET promoter was performed for binding of
different transcription factors using TRANSFAC.

2.7. Colony formation assay

Cells were seeded in 6 well plates (1000 cells per well) and allowed to
grow. After 7–10 days, dishes were washed with PBS and fixed with 4%
paraformaldehyde and stained with 0.5% crystal violet. The number of
colonies was counted in each well, and Clonogenic survivability was
calculated.

2.8. Cell proliferation assay

Cells were knocked down for the expression of hTERT and seeded in
12 well plates in triplicate. In each well 2 � 104 cells were seeded and
allowed to grow. At regular intervals, cells were suspended by trypsini-
zation and counted by a haemocytometer.

2.9. Wound healing assay

Cells were seeded in 6 well plates and allowed to attach to the surface.
Cells were starved for 12 h, and the cell monolayer was scratched with
200 μl tips. After scratch, wells were washed and replenished with me-
dium supplemented with 1.0% FBS. Cell movement in the scratched zone
was captured at 0, 12, 24, and 36 h after scratching.

2.10. Statistical analysis

The data presented in this study are the mean� standard error (SE) of
at least three independent experiments. Statistical significance of results
was analyzed by unpaired t-test, two-way ANOVA followed by Tukey's
multiple comparisons. P-value � 0.05 was chosen to assess the signifi-
cance of the results.

3. Results

3.1. hTERT promotes the epithelial to mesenchymal transition and cell
migration in A549 and H1299

EMT plays a crucial role in cancer development by reverting epithelial
cells to a mesenchymal state. Therefore, we assayed the expression of
vimentin, N-cadherin, E-cadherin, and cytokeratin-18a as markers for the
two cellular states after knocking down of hTERT in A549. Vimentin and
N-cadherin are upregulated, while E-cadherin and cytokeratin-18a are
downregulated during EMT. hTERT knockdown is accompanied by a
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significant reduction of vimentin and N-cadherin in A549; in contrast, the
expression of epithelial protein E-cadherin was increased (Figure 1A).
Cytokeratin-18a is a characteristic intermediate filament of epithelial
cells, showed enhanced expression following hTERT knockdown in A549
(Figure 1B). Over-expression of hTERT causes up-regulation of mesen-
chymal proteins like N-cadherin and vimentin in A549 and H1299
(Figure 1C, E). However, the expression of E-cadherin and cytokeratin-
18a were reduced in hTERT overexpressing A549 cells (Figure 1C, D).
Further, the migratory potential of cells was studied by a wound-healing
experiment in hTERT knockdown in A549 and H1299 cells. Wound
healing experiment revealed that hTERT downregulation lowers cell
movability in A549 cells, while hTERT overexpression enhanced cell
Figure 1. hTERT promotes the epithelial to mesenchymal transition and cell migrati
vimentin on hTERT knockdown B) Immunofluorescence assay showing knockdown
hTERT overexpression in A549 leads to an increased expression of mesenchymal mar
cytokeratin-18a). E) hTERT expression plasmid was also transfected in H1299 cells, s
G) Migration assay in hTERT knockdown and overexpression in lung cancer cells (A54
the cell migration (Mean � SE, n ¼ 3). Full and non-adjusted images of immunoblo
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migration in H1299 (Figure 1F, G). We also performed the cell prolifer-
ation and survivability assay and found that hTERT promotes cell pro-
liferation. In the A549 cell line, about 25% inhibition was observed on
hTERT shRNA treatment. Overexpression of hTERT promotes cell pro-
liferation in the H1299 cell line (Supplementary Figure 1A, B). Knocking
down hTERT with shRNA also reduced the cell survivability by about
50% in A549 cells (Supplementary Figure 1C).

3.2. c-MET expression is regulated by hTERT

hTERT expression promotes cell proliferation and metastasis and in-
hibits cell death [18]. It has been reported that hTERT expression
on in A549 and H1299. A) Immunoblot analysis of E-cadherin, N-cadherin, and
of hTERT in A549 cells increased the expression level of cytokeratin-18a. C, D)
ker (N-cadherin and vimentin) and decreased epithelial markers (E-cadherin and
howing increased mesenchymal protein (vimentin) on hTERT overexpression. F,
9 and H1299), hTERT down-regulation reduced, while overexpression promoted
ts were shown in the supplementary material (Figure SM 1).
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activates the Wnt/beta-catenin signaling and promotes the expression of
growth controlling genes like EGFR, bFGF, and VEGF independent of
telomerase activation [19, 20, 21]. The hepatocyte growth factor is also a
growth-promoting factor secreted by the stromal cells, while its receptor
is expressed on tumor cells [22]. Here, we have explored the possible
crosstalk between HGF-c-MET signaling and hTERT expression in lung
cancer cells. The expression level of total and phospho c-MET decreased
gradually with the increase of hTERT-shRNA concentration (0.25–1.0 μg
per ~0.6� 106 cells) (Figure 2A). Immunofluorescence of c-MET protein
Figure 2. c-MET expression is regulated by hTERT. A) Immunoblot analysis of phosp
in A549. hTERT shRNA reduced the c-MET expression in a dose-dependent manner
positive association between hTERT and c-MET expression. C, D) hTERT overexpress
MET expression. E) Immunofluorescence of the c-MET protein in hTERT overexpre
stimulated by HGF (20 ng/ml) for 24 h. Expression of phospho and total c-MET were
effect on the c-MET expression in cells knocked down for hTERT expression. G) Sim
starved and treated with HGF. Western blots showed that hTERT overexpression has
non-adjusted images of immunoblots were shown in the supplementary material (Fi
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upon hTERT knockdown in A549 cells also shows decreased c-MET level
(Figure 2B). Further, hTERT protein overexpressed in A549 and H1299
by transfecting the pBABE-hTERT expression vector. hTERT over-
expression induced c-MET protein expression in A549 and H1299 cells
(Figure 2C, D) as also confirmed by immunofluorescence assay
(Figure 2E). HGF produced by stromal cells activates c-MET signaling and
also promotes its expression through paracrine signaling [23, 24]. So, we
treated the A549 cells with HGF ligand to explore the correlation be-
tween hTERT expression and HGF-c-MET signaling. HGF treatment in
ho-c-MET, c-MET proteins after treatment with different doses of hTERT shRNA
. B) Immunofluorescence of c-MET in hTERT knockdown A549 also shows the
ion in A549 (left panel) and H1299 (right panel) shows the increased level of c-
ssing A549 cells. F) hTERT knockdown A549 cells were starved for 12 h then
analyzed by western blotting. HGF treatment showed no significant promoting

ilar to the previous experiment, for pBABE-hTERT transfection, A549 cells were
a synergistic stimulatory effect with HGF on the expression of c-MET. Full and
gure SM 2)



Table 1. Putative binding factors on the c-MET promoter.

Transcription
Factor

Sequence
(core sequence bold)

site Matrix
similarity

c-Myc gCCGCGcgcg �101 0.943

c-Myc agacagaCACGTgctggggc �180 0.992

Nf-kB1 atTTCCCt �271 1

β-catenin gagagCAAAGc �569 0.969

TP53 CATGAttgaacaagt �1102 0.864

FOXO3 gcgTTGTTtattta �1532 0.921
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A459 cells induced phosphorylation and increased c-MET protein
expression, hTERT downregulation with shRNA drastically reduced
c-MET phosphorylation and expression (Figure 2F). However, HGF
treatment in pBABE-hTERT transfected A549 cells synergistically pro-
motes the expression and activation of c-MET protein (Figure 2G). We
also used the inhibitor SU11274 to block the activation of the c-MET
protein. SU11274 treatment in A549 and pBABE-hTERT transfected
A549 cells drastically reduced the phosphorylation and expression of the
c-MET protein (Supplementary Figure 2).

3.3. hTERT expression induced c-MET promoter activity

hTERT and c-MET overexpression were reported in lung cancer, and
the expression of these two proteins are known to promote cancer pro-
gression [25, 26]. To demonstrate the effect of hTERT on c-MET
promoter-based transcription, we co-transfected c-MET
promoter-luciferase with hTERT shRNA plasmid (pLKO1-hTERT-shRNA)
or hTERT expression plasmid (pBABE-hTERT) into A549 and H1299 lung
cancer cells. Promoter luciferase assay showed that hTERT knockdown
reduced the c-MET promoter activity in A549 cells in a shRNA
concentration-dependent manner (Figure 3A). However, hTERT over-
expression increased the promoter activity by about 2-fold in A549 and
H1299 cells (Figure 3B). Further, the promoter region (1850 bp) of the
c-MET gene was scanned employing the TRANSFAC database to find
probable transcription factor binding sites. After analysis, we found total
1387 transcription binding elements (matrix score �8.5). Some of the
transcription factor binding elements shown in Figure 3C and listed in
Table 1 are known to interact or be regulated by hTERT [27, 28, 29].

3.4. p53 and c-Myc play a critical role in hTERT mediated regulation of c-
MET expression

c-MET was closely associated with its promoter activity, and
TRANSFAC based promoter analysis reveals the binding sites for some
transcription factors like Nf-kb, c-Myc, p53, and FOXO3. Recent studies
demonstrate the interaction of hTERT with NF-kB p65 subunit and c-Myc
to regulate the expression of IL-6, TNF-α, and heparinase [27, 30]. hTERT
also promotes MDM2 mediated ubiquitination and proteasomal degra-
dation of FOXO3a to upregulate the ITGB1 in gastric cancer cells [31].
5

Similarly, hTERT expression antagonized the p53 induced apoptosis in
colon carcinoma cells [32]. To explore whether p53 and c-Myc protein
levels in lung cells are regulated by hTERT, we transfected the hTERT
shRNA and pBABE-hTERT expression plasmid in A549 cells.
shRNA-mediated hTERT knockdown leads to increased expression of
tumor suppressor protein p53. In contrast, the c-Myc level was found
downregulated in hTERT knockdown A549 cells (Figure 4A). Whereas
ectopic overexpression of hTERT in A549 leads to the reduction of p53
expression, hTERT overexpression promotes the c-Myc expression in
A549 cells (Figure 4B). There was no significant change in expression of
c-Myc and p53 after HGF treatment in hTERT knockdown A549 cells
(Figure 4C). Next, we investigated the role of p53 and c-Myc in the
regulation of c-MET protein expression. We transfected the A549 cells
with the p53 shRNA. Knocking down p53 leads to an increase in c-MET
protein level in A549 cells (Figure 4D), and HGF treatment in p53
knockdown cells further increases the expression and phosphorylation of
the c-MET protein (Figure 4E). In contrast, p53 overexpression in A549
and H1299 leads to a significant reduction in c-MET expression (Sup-
plementary Figure 3A), irrespective of HGF treatment (Supplementary
Figure 3B). In cell knocked down for both hTERT and p53, c-MET
expression remained unaffected (Supplementary Figure 3C). The c-Myc is
an oncoprotein which is known to activate the expression of several cell
survival/proliferative genes [33]. shRNA-mediated downregulation of
c-Myc caused concurrent reduction in c-MET expression in A549
(Figure 4F). HGF treatment in c-Myc knockdown A549 cells did not show
any significant increase of phosphorylation and expression of c-MET
(Figure 4G). Co-transfection of hTERT and c-Myc shRNA in A549
Figure 3. hTERT expression induced c-
MET promoter activity. A) A549 cells
were co-transfected with vector and
hTERT shRNA plasmid with pGL3-c-
MET promoter construct. c-MET pro-
moter activity was assayed using a
Luciferase reporter kit. c-MET promoter
activity decreased with hTERT down-
regulation in a dose-dependent manner
(Error bars represent mean � SE, n ¼ 3).
B) The luciferase promoter-reporter
assay in cells overexpressing hTERT,
pBABE-hTERT and control plasmids
were co-transfected with pGL3-c-MET
promoter construct in A549 and H1299
cells. Results show an increase in c-MET
promoter activity on hTERT over-
expression in A549 and H1299 lung
cancer cells (Mean � SE, n ¼ 3). Lucif-
erase assay in A549 and H1299 was
done independently, and the values of
promoter activity were normalized for
total cell protein and are shown relative
to activity in control cells. C) Bioinfor-
matics analysis of the c-MET promoter
region showed many putative transcrip-
tion factor-binding sites for FOXO3, p53,
beta-catenin, NF-kB1, and c-Myc.



Figure 4. p53 and c-Myc play a critical role in hTERT mediated regulation of c-MET expression. Immunoblot analysis is showing the p53 and c-Myc expression as
influenced by (A) hTERT downregulation and (B) over-expression in A549. (C) p53 and c-Myc expression were observed in A549 cells after hTERT knockdown and
treatment with HGF. (D) Immunoblot analysis of c-MET, phospho c-MET expression in p53 knockdown A549 cells. (E) Western blot analysis of c-MET and Phospho-c-
MET in p53-shRNA transfected A549 cells followed by HGF treatment showed that p53 knockdown increased the c-MET level, and HGF treatment further elevated the
expression and phosphorylation of c-MET. (F) Western blot analysis of Phospho-c-MET and c-MET in c-Myc knockdown A549. (G) Western blot analysis of c-MET and
Phospho-c-MET in A549 cells knocked down for c-Myc and treated with HGF. c-Myc downregulation reduced the c-MET level, and further HGF treatment in c-Myc
knockdown A549 cells does not significantly restore c-MET expression. Full and non-adjusted images of immunoblots were shown in the supplementary material
(Figure SM 3)
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exhibited much lower level of c-MET expression than the individual
hTERT and c-Myc shRNA (Supplementary Figure 3D). These results
suggest that p53 and c-Myc play an important role in c-MET protein
expression, which is induced by hTERT.

3.5. c-MET induced EMT is positively associated with hTERT expression

HGF/c-MET signaling triggers tumor growth and metastasis [34].
A549 cells knocked down for c-MET expression by shRNA showed
decreased expression of mesenchymal protein vimentin and increased
expression of the epithelial protein E-cadherin (Figure 5A). HGF treat-
ment of A549 cells significantly reduced the expression level of E-cad-
herin and cytokeratin-18a, whereas it promotes the vimentin
expression. However, knocking down c-MET expression with shRNA
abolished the HGF induced EMT (Figure 5B & Supplementary
Figure 4A). However, hTERT downregulation reversed the HGF medi-
ated EMT by restoring expression of the epithelial markers E-cadherin
and cytokeratin-18a (Figure 5C, D). In contrast, hTERT over-expression
showed a synergistic effect with HGF and promoted the EMT by
increasing the vimentin and suppressing E-cadherin (Figure 5E). To
validate that HGF/c-MET mediated EMT is associated with hTERT
expression, hTERT-shRNA or pBABE-hTERT transfected cells were
treated with the SU11274 (c-MET inhibitor). The results showed that
SU11274 treatment reduced the mesenchymal feature in A549 by
6

reducing the vimentin and increasing the E-cadherin (Supplementary
Figure 4B). The combined treatment with SU11274 and hTERT shRNA
in A549 additively downregulates the mesenchymal protein vimentin
and promotes E-cadherin and cytokeratin-18a expression (Figure 5F and
Supplementary Figure 4C). In contrast, treatment of SU11274 in
pBABE-hTERT transfected A549 cells inhibits the hTERT-induced EMT
by increasing the E-cadherin and cytokeratin-18a and inhibiting the
vimentin expression (Figure 5G and Supplementary Figure 4D). A549
cells were transfected with p53-shRNA showed enhanced vimentin
expression and decreased expression of E-cadherin and cytokeratin-18a
in response to treatment with HGF (Supplementary Figures 5A & B).
However, p53 over-expression promotes the epithelial feature (an in-
crease of E-cadherin and cytokeratin-18a, and decreased vimentin
expression) in HGF stimulated A549 cells compared to control cells
treated with HGF ligand (Supplementary Figure 5C & D). Knocking
down c-Myc expression promoted expression of the epithelial markers
E-cadherin and cytokeratin-18a and suppressed vimentin. HGF treat-
ment in the vector control A549 promoted the expression of the
mesenchymal features (higher vimentin level and lower E-cadherin and
cytokeratin-18a compared to the non-HGF treated A549). In contrast,
HGF treatment in c-Myc-shRNA transfected A549 cells did not show a
significant stimulatory effect on EMT markers (Supplementary Figure 5E
& F). These results reflect that c-MET induced EMT is positively asso-
ciated with hTERT expression in A549 cells.



Figure 5. c-MET induced EMT is positively associated with hTERT expression. (A) Western blot showing increased E-cadherin expression and decreased vimentin
expression following c-MET knockdown A549 cells. (B) c-MET knocked down A549 cells were starved for 12 h and treated with HGF (20 ng/ml) for 24 h. Western
blots show inverse relationship between expression of c-MET and epithelial marker E-cadherin and a direct relationship with mesenchymal marker vimentin. C) hTERT
knockdown A549 cells were treated with HGF and analyzed for expression of E-cadherin and vimentin. shRNA targeting hTERT. Western blots show that knocking
down hTERT expression promoted the expression of epithelial marker E-cadherin and decreased the mesenchymal protein vimentin in cells. D) Immunofluorescence
staining of cytokeratin-18a was done in hTERT knockdown A549 cells treated with HGF. HGF treatment reduced the cytokeratin level, while hTERT-shRNA treatment
restored the cytokeratin expression. E) Stably hTERT over-expressing A549 cells were starved and then stimulated by HGF (20 ng/ml), leading to increased expression
of vimentin and suppression of E-cadherin synergistically. F) hTERT downregulated A549 cells were treated with the 8 μM SU11274 (c-MET inhibitor), and expression
of E-cadherin and vimentin were detected by western blotting. G) Immunoblot analysis of epithelial marker E-cadherin and vimentin following SU11274 (8 μM)
treatment in hTERT over-expressing A549 cells showed lower expression of this mesenchymal marker. Full and non-adjusted images of immunoblots were shown in
the supplementary material (Figure SM 4)
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4. Discussion

Telomerase activation is crucial for genomic integrity and cellular
immortalization. Its activation is prominent in dividing cells such as stem
and cancer cells [35]. Telomerase consists of RNA (TERC) and protein
components (hTERT); TERC works as a template for hTERT; together,
they constitute RNA-dependent DNA polymerase activity. Unlike in the
somatic cells, cancer cells show high telomerase activity due to increased
transcriptional activity of hTERT [36]. Recent studies suggest the
7

telomere-independent function of the telomerase protein component
(hTERT) [3, 37]. hTERT has been shown to play a crucial role in the
regulation of EMT and invasion process [18, 38, 39]; however, the pre-
cise pathway or mechanism apart from its canonical role remains elusive.
Some studies have shown that hTERT is associated with the regulation of
gene expression involved in cell survivability, angiogenesis, differentia-
tion, cell cycle, and proliferation [40]. hTERT interaction with chromatin
remodeling protein BRG1 and β-catenin activates the Wnt/β-catenin
target genes, giving a probable explanation for hTERT mediated gene
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regulation [19]. hTERT also forms a complex with the p65 subunit of
Nf-kB and activates the NF-kB target genes like IL-6, IL-8, and TNF-α
inflammatory factors. A recent study also showed that hTERT interacts
with MDM2 (E3 ubiquitin ligase) and increases the ubiquitination of
FOXO3a, which subsequently induces ITGB1 expression [31].

hTERT promotes the epithelial to mesenchymal transition through
activation of wnt/β-catenin signaling, increasing the snail, vimentin, and
other EMT proteins [18]. However, hTERT/ZEB1 interaction directly
suppresses the epithelial protein E-cadherin in colorectal cancer [41].
hTERT expression also promotes the remodeling of extracellular matrices
(ECM) by activating MMPs and heparinase [29, 42]. Our study provides a
new molecular pathway of hTERT induced epithelial to mesenchymal
transition and migration. Here, we have demonstrated that hTERT pro-
motes the EMT by activating the c-MET signaling. hTERT mediated
activation of c-MET promotes the expression of vimentin (mesenchymal
protein) while inhibiting E-cadherin and cytokeratin-18a (epithelial
markers).

Effect of hTERT on c-MET expression has been observed at promoter
level through luciferase reporter assay. Our finding suggests the pro-
motional effect of hTERT on c-MET expression. Further, c-MET promoter
(1850 bp) analysis reveals the binding sites for transcription factors
known to interact or regulate through hTERT like p53 and c-Myc. p53 is a
tumor suppressor protein, targets the genes associated with growth,
survivability, angiogenesis, and metastasis [43, 44, 45, 46]. Activation of
p53 occurs in response to DNA damage, which further stimulates the
transcription of cyclin-dependent kinase (Cdk) inhibitory protein p21
and cell cycle arrest [47]. hTERT expression antagonizes the p53 induced
apoptosis independently of the telomerase activity [32]. Consistent with
these reports, our findings also suggest the role of hTERT in p53 protein
expression. shRNA-mediated silencing of hTERT increases the expression
of p53 protein in lung cancer cells (A549 and H1299), while hTERT
overexpression reduced the p53 level in cells.

c-Myc is a proto-oncogene belonging to the Myc family, which reg-
ulates cell cycle, proliferation, EMT, migration, apoptosis, and meta-
bolism. c-Myc is involved in regulating a broad spectrum of genes;
10–15% of all promoter regions contain c-Myc binding sites [48]. This
protein is overexpressed/activated in most cancers and is considered as a
Figure 6. A model is showing the role of hTERT in epithelial to mesenchymal
transition by enhancing the c-MET upregulation.
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molecular hallmark of carcinogenesis [49]. c-Myc is known to induce the
transcription activation of the catalytic subunit (hTERT) of telomerase in
transformed or proliferating cells [50]. Bo Tang et al. had shown that
hTERT interacts with c-Myc and regulates the expression of heparinase in
gastric cancer [27]. In our study, we have shown the positive cooperation
of hTERT on c-Myc expression. We found decreased c-Myc expression on
shRNA-mediated hTERT knockdown; however, hTERT overexpression
promotes the c-Myc expression in A549 cells.

Wild type p53 and c-Myc exerts opposing influences on c-MET protein
expression in lung cancer cells. The c-MET promoter contains binding
sites for p53 (�1102) and c-Myc (�101, �180) upstream to the tran-
scription start site. Wild-type p53 is reported to promote the c-MET
transcriptional repression through physical interaction with SP1 (c-MET
transcription activation factor) to inhibit its binding to the c-MET pro-
moter DNA [51]. However, p53 mutant exerts a dominant-negative effect
over wild-type p53 [52]; mutant p53 acquires oncogenic potential and
promotes the expression of c-MET [53]. Similarly, we found higher
expression of c-MET in cancer cells that lack p53 or express mutant p53
over wild-type p53 expressing cells (Supplementary Figure 6A and B).
Further, shRNA-mediated downregulation of p53 leads to an increased
cellular level of c-MET protein in A549. In contrast, ectopic expression of
p53 drastically reduced the c-MET expression. On the other hand, c-Myc
protein expression is positively correlated with c-MET expression in
large-cell medulloblastoma [54]. In our finding, shRNA-mediated
downregulation of c-Myc reduced the c-MET level in lung cancer cells.
Thus, it seems the availability of c-MET in cells depends on the
fine-tuning between p53 and c-Myc expression. In cancer cells, high-level
hTERT favors the c-Myc expression to promote the c-MET transcription
activation.

c-MET, receptor tyrosine kinase regulates the invasion and migration
during embryonic and cancer development [55, 56]. This protein is
upregulated in most tumors and is correlated to increased invasion and
migration with poor survival [57, 58]. Increased c-MET signaling stim-
ulates ERK, PI3K, and FAK to facilitate cell motility and invasion [59, 60].
Furthermore, c-MET expression and signaling dysregulation promote
angiogenesis through PI3K/Akt/mTOR pathway [61]. In our study, we
have shown that c-MET downregulation reduces cell proliferation and
survivability. Further study shows that c-MET silencing increases
epithelial proteins (E-cadherin and cytokeratin-18a) and represses the
mesenchymal protein (vimentin). More importantly, c-MET knockdown
inhibits HGF induced EMT. Similarly, c-MET targeting through SU11274
also reduces EMT in a concentration-dependent manner.

5. Conclusion

Here, we have reported an essential axis of molecular interactions
determining EMT induced by hTERT. We found that hTERT promotes c-
MET expression at the transcription level in a p53 and c-Myc dependent
manner (Figure 6). c-MET is an essential regulator of cancer malignancy;
Its expression helps the tumor cells to acquire epithelial to mesenchymal
transition.
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