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Abstract

Reverse transcriptase activity of telomerase adds telomeric repeat sequences at extreme
ends of the newly replicated chromosome in actively dividing cells. Telomerase expression
is not detected in terminally differentiated cells but is noticeable in 90% of the cancer cells.
hTERT (human telomerase reverse transcriptase) expression seems to promote invasive-
ness of cancer cells. We here present proteomic profiles of cells overexpressing or knocked
down for hTERT. This study also attempts to find out the potential interacting partners of
hTERT in cancer cell lines. Two-dimensional gel electrophoresis (2-DE) of two different cell
lines U20S (a naturally hTERT negative cell line) and HelLa revealed differential expression
of proteins in hTERT over-expressing cells. In U20S cell line 28 spots were picked among
which 23 spots represented upregulated and 5 represented down regulated proteins. In
Hela cells 21 were upregulated and 2 were down regulated out of 23 selected spots under
otherwise identical experimental conditions. Some heat shock proteins viz. Hsp60 and
Hsp70 and GAPDH, which is a housekeeping gene, were found similarly upregulated in
both the cell lines. The upregulation of these proteins were further confirmed at RNA and
protein level by real-time PCR and western blotting respectively.

Introduction

Cancer cells have unlimited proliferation potential. One way of acquiring this involves reacti-
vation of a specialized reverse transcriptase called telomerase which solves the end replica-
tion problem by adding telomeric repeats on to the 3’ ends of template strands so as to
minimize on attrition of the lagging strands at their terminal 5’ ends. Telomerase activity is
found to be high in nearly 90% of cancerous cells as compared to normal differentiated
somatic cells which do not have detectable telomerase activity. The telomerase basically con-
sists of six main subunits viz. h\TERT (human telomerase reverse transcriptase), dyskerin,
p23, Hsp90, hTERC (human telomerase RNA component) and TEP1 (telomerase-associated
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protein 1) [1]. Out of these six subunits, " TERT and hTERC can reconstitute the classical
telomere lengthening in vitro and also perform many extracurricular functions of regulatory
nature in vivo [2]. Stabilization of telomere length of fibroblast and other cell types is
achieved by ectopic expression of hTERT in these cell lines which thus acquire infinite
replicative potential [3]. Immortalization of both cancer cells and normal stem cells can be
achieved by overexpression of telomerase [4-6]. Moreover, knowing the main roles of telo-
merase in cancer cells would be helpful in the development of exact therapeutic strategies on
the basis of telomerase inhibition [7,8]. Here, we have studied proteomic profile of cells fol-
lowing hTERT overexpression in two different cell lines viz., the human osteosarcoma cell
line U208, which is telomerase negative and HeLa, a cervical cancer cell line that has its own
telomerase activity.

Materials and methods
Cell culture

Two cell lines Viz., 1) U20S (an hTERT negative human osteosarcoma cell line) and 2) HeLa
cells (an hTERT expressing cervical cancer cell line) were obtained from National Centre for
Cell Science, Pune and grown in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone,
South Logan Utah,) with 10% fetal bovine serum (FBS) (Himedia). Cells were maintained at
37°C and 5% CO2 in a humidified CO2 incubator.

Transfection of cells and establishment of stable cell lines
overexpressing hTERT

One day before transfection HeLa and U20S cells were seeded in 6 well plates and grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and antibiotics (penicil-
lin/ streptomycin). Two micrograms each of pPBABE-puro empty vector and pBABE-puro
hTERT obtained from Addgene and 2 ug of each were transfected in to HeLa cells and U20S
cells by using lipofectamine 3000 (Invitrogen). After 48hrs, transfected cells were selected by
using 2ug/ml of puromycin and finally maintained in 1ug/ml of puromycin. Total protein was
extracted at passage number 5 for two-dimensional gel electrophoresis.

Wound healing assay

Cell migration required for healing artificially created wound was assayed at 0, 12, 24, 36 and
48 hrs for hTERT overexpressing HeLa and U20S cells. Briefly both HeLa and U20S cells
were separately seeded in 2 wells of a 6 well plate and cultured until confluency. Then by using
a pipette tip we made a straight scratch, simulating a wound. The plates were washed gently
and fresh DMEM replaced with supplements (serum, antibiotics). The cells were observed by
phase contrast microscopy.

Two dimensional gel electrophpresis

We profiled cellular proteins after the overexpression of hTERT in HeLa and U20S cells.
2D-Gel electrophoresis was performed as reported by Diao S et al [9]. Briefly, isoelectric focus-
ing (IEF) was performed using an Ettan IPGphore 3 apparatus (GE healthcare) and using the
nonlinear IPG strips of 13 cm in the pH range of 3.0-10.0. A total of 250 pg protein was diluted
to 250 pl in a rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 1% DTT, 0.5% IPG buffer
and some traces of bromophenol blue) and the rehydration step was continued for 16 h at
room temperature. IEF was run following a step-wise voltage increase procedure in the
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following order, 500 V for 5 hrs, 1000 V for 1 h and 8000 V for 3.5 h. After IEF, the IPG gel
strips were placed in an equilibration buffer (5M urea, 10% SDS, 10% glycerol, 1.5 M Tris-
HCL, pH 8.8 and some traces of bromophenol blue) 1 and 2 for 15 min each and then kept in
SDS-page running buffer for 5 min. Equilibration buffer 1 contained 1% DTT while equilibra-
tion buffer 2 contained 2.5% iodoacetamide. Separation in the second dimension was per-
formed by SDS-polyacrylamide (12%) gel elctrophoresis at constant voltage of 120 volt till the
bromophenol blue dye front reached the lower end of the gels. Gels were fixed for 1 h in fixing
solution (50% methanol and 10% acetic acid) and stained in colloidal Coomassie G-250 stain
(that is compatible with downstream MS analysis, as peviously described [10] for 3 h, and then
destained with 10% acetic acid. The images were scanned with a scanner (Ettan IPGphor3).
Images were analysed by using ImageMaster 2D Platinum v7.0 gel analysis software-(GE
Healthcare Life Sciences). After analysis of spots and normalizing for the background we
excised 28 spots of our interest from the U20S and 23 from HeLa and submitted them for
mass analysis.

In-gel protein digestion and MALDI-TOF-TOF/MS analysis

Trypsin digestion of the excised bands were done according to Shevchenko et al. [11]. Briefly,
after distaining, the gel was washed twice with mili-Q water and the spots of interest excised
from the gel and cut into 1mm cubes. These small Imm cubes of gels were transferred to a

1.5 ml microcentrifuge tube pre-rinsed with 100% acetonitrile. Gel particles were further
washed with a solution of 100 mM ammonium bicarbonate in 100% acetonitrile and water.
After 15 minute of incubation on a rotatory shaker supernatant was discarded and this step
was repeated till completion of destaining. After destaining all the remaining liquids were
removed and enough acetonitrile was added to cover the gel particles which let the particles to
shrink together. Acetonitrile was removed completely and gel particles were dried down in a
vacuum centrifuge at room temperature. Further gel particles were swelled in a solution of

50 ul each of 10 mM DTT and 100 mM ammonium bicarbonate and incubated for 45 minute
at 56°C. After this incubation, tubes were cooled at room temperature and excess liquid
removed and replaced quickly by same volume as above of freshly prepared solution of 55 mM
iodoacetamide in 100 mM ammonium bicarbonate and further incubated for 30 min at room
temperature. The gel was washed again with a solution of acetonitrile and ammonium bicar-
bonate and dried down in a vacuum centrifuge. Enough sequencing grade modified trypsin
was added in the tube and incubated at 37°C for 30 minutes. 5ul of 25 mM ammonium bicar-
bonate was added to keep the gel moistened. Trypsin added tubes were further incubated at
37°C overnight. Next day supernatants were collected in new microfuge tubes and 10 pl of 1%
TFA and 10 pl of 100% acetonitrile were added to the gel and the mix sonicated for 20 min at
room temperature. Supernatants were taken and pooled and further dried in Speed vac and
submitted for mass analysis.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from U20S and HeLa cells using TRIzol reagent (Sigma). cDNA was
synthesized by using reverse transcription kit (Thermofisher) according to the manufacturer’s
protocol. 1 pg cDNA was used as template for PCR reaction using gene specific primers. The
real-time primers sequences are given in Table 1. Real Time PCR conditions were: 15 sec at
95°C for denaturation, 1 min at 60°C for both annealing and elongation over 40 cycles in
Applied Biosystems 7500. Data were normalized with reference to actin used as endogenous
control.
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Table 1. Primers used for PCR-based assays.

Gene name Real-time primers sequences (5°-3’)

HSP60 Forward primer- TGCCAATGCTCACCGTAAG
Reverse primer- ACTGCCACAACCTGAAGAC

HSP70 Forward primer- ACCAAGCAGACGCAGATCTTC
Reverse primer- CGCCCTCGTACACCTGGAT

HSP90 Forward primer- ACTACACATCTGCCTCTGGTGATGA
Reverse primers- TGTTTCCGAAGACGTTCCACAA

hTERT Forward primer- CGGCGACATGGAGAACAAG
Reverse primers- CCAACAAGAAATCATCCACCAAA

GAPDH Forward primer- GTCTTCACCACCATGGAGAAGGCT
Reverse primers- CATGCCAGTGAGCTTCCCGTTCA

ACTIN Forward primer- GGCACCCAGCACAATGAAG

Reverse primers- GCCGATCCACACGGAGTACT
https://doi.org/10.1371/journal.pone.0181027.t001

Western blotting

Western blotting was performed as previously described [12]. Stable U20S and HeLa cells
carrying pBABE-puro empty vector and pBABE-hTERT were lysed in RIPA buffer, (GCC bio-
tech). Cell lysates were quantified by Bradford assay and 40 pg of total protein was separated
by SDS polyacrylamide gel electrophoresis. Proteins resolved on SDS-PAGE gels were further
transferred by making sandwitch of (-ve pole) transfer pads-two Whatman filter paper-gel-
Polyvinylidene difluoride (PVDF) membrane (Millipore)-two Whatman filter paper-transfer
pads (+ve pole) clamped between transfer sheets. The whole assembly was fitted in the transfer
apparatus in a way that the membrane should be on the positive pole while the gel should be
on negative pole which facilitates the migration of negatively charged proteins towards positive
pole. Whole assembly is run at 80 volts of constant voltage at 4 degree for 2 hrs. The blots were
kept in blocking buffer (5% skimmed milk in 1xPBST) for two hours on a reciprocating
shaker. After blocking, blots were incubated with primary antibody against h\TERT (Santa
Cruz, USA, Sc-393013, lot# F0716), B-actin (Santa Cruz, USA, Sc-47778, Lot# 12208), HSP90
(Enzo-Life sciences, ADI-SPA-844-F), HSp70 (Enzo-Life sciences, ADI-SPA-757-F), GAPDH
and HSP 60 (Enzo-Life sciences, ADI-SPA-806-F), followed by incubation with secondary
antibodies i.e., Goat anti-rabbit immunoglobulin G (IgG), horseradish peroxidase (HRP)-
linked antibody (dilution, 1:5,000, Bangalore Genei, 114038001A) and Goat anti-mouse
immunoglobulin G (IgG), horseradish peroxidase (HRP)-linked antibody (dilution, 1:5,000,
Bangalore Genei, 114068001A). Luminata™ Forte western HRP substrate was used for band
visualization according to the manufacturer’s protocol. B-actin was used as an internal control
for protein expression. Quantification of protein expression was done by Image] software.
(Primary data related to methodology and results presented in this paper may be viewed in

S1 File)

Results
Overexpression of nTERT in U20S and Hela cell line

Overexpression of h"TERT in HeLa and U20S cells was confirmed by gqRT-PCR and western
blotting. Remarkably, hTERT mRNA expression was upregulated to approximately 180 fold in
U20S cells transfected with pBABE-puro-hTERT in comparison to vector transfected HeLa
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Fig 1. hTERT overexpression in HeLa and U20S cell lines. hTERT is overexpressed in U20S and HelLa
celllines. (A & D) mRNA level of hTERT in U20S & Hela cell lines was determined by quantitative real-time
PCR. (B & E) Western blotting confirms overexpression of h\TERT in U20S and HelLa cell line. (C & F)
Histograms depict densitometric quantification of the hTERT overexpression of three corresponding
independent Western blot experiments in U20S and HeLa cell lines.

https://doi.org/10.1371/journal.pone.0181027.9001

cells (Fig 1A) while in HeLa it is upregulated to 36 fold (Fig 1C). Overexpression of h-TERT in
U20S and HeLa cell lines was futher confirmed by western blotting (Fig 1B and 1D).

Overexpression of hnTERT in U20S and HelLa cell line enhances the
migration rate of these cells

The biological consequence of hTERT overexpression in HeLa and U20S cells was studied
employing wound healing assay which revealed increased migration rate of h-TERT overex-
pressing U20S cells (Fig 2A and 2B) and HeLa cells (Fig 2C and 2D) in comparison to vector
transfected cells.

hTERT overexpression alters the proteomic profile of human cervical
cancer and human osteosarcoma cells

U20S is a telomerase negative cell line and it has an ALT pathway to maintain the telomere
length and thus it offers a clean baseline for observing any alteration in protein expression
after hnTERT overexpression in this cell line. After staining and analysis of gels by ImageMas-
ter 2D Platinum v7.0 gel analysis software-(GE Healthcare Life Sciences), 28 spots (Table 2)
showed differentially expressed proteins in U20S cells out of which 23 were upregulated
and 5 were down regulated (Fig 3A). In HeLa cells we excised 23 spots (Table 3) representing
differentially expressed proteins out of which 21 were up regulated and 2 were downregu-
lated (Fig 3B) proteins. Most of these differentially expressed proteins seemed to be func-
tionally associated with tumorigenesis. We found proteins involved in intermediate filament
formation, glycolysis, antioxidant activity, heat shock proteins, apoptosis, nucleotide-sugar
biosynthesis, metastasis, xenobiotic metabolism, ubiqutination and glycosylation [Tables 2
and 3]
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Table 2. List of proteins differentially expressed following hTERT overexpression in U20S cells.

PBABE vector

PBABE HTERT

<)

PBABE vector

PBABE hTERT

Ohe 12he 28he

=

Migration distance (um)

=)

Migration distance (um)

36he ashe

&
§
o

BN pBABE-Vector
PBABE-hTERT

Wl pBABE-Vector
PBABE-hTERT

Fig 2. hTERT overexpression enhances the migration of cancer cells. A) Microscopic images of in vitro
wound healing at 0, 12, 24, 36 and 48 h after the creation of wounds in U20S cells. B) Histogram represents
quantification of the effect of hnTERT overexpression on cell mobility (% migration) in U20S cell line. C)
Microscopic images of in vitro wound healing at 0, 12, 24, 36 and 48 h after the creation of wounds in HelLa
cells. D) Histogram representing quantification of the effect of hnTERT overexpression on cell mobility (%

migration) in HeLa cell line.

https://doi.org/10.1371/journal.pone.0181027.9002

Spot no. |Protein Identification Sequence Coverage (%) | pl Mass (kDa) |Expression level |Score
1 Immunoglobulin gamma heavy chain variable region, partial 56.1% 10 109 Downregulation 51
2 UDP-glucuronic acid decarboxylase 1 isoform 3 21.8% 96 |28 Upregulation 47
3 Glyceraldehyde-3-phosphate dehydrogenase isoform 2 23.9% 79 |32 Upregulation 68
4 Heat shock protein HSP 90-beta isoform c 21.1% 4.8 83 Upregulation 99
5 Heat shock 70kDa protein 8 isoform 1 variant, partial 33.7% 5.2 71 Upregulation 152
6 hCG2038865, partial 31.9% 10.3 | 102 Upregulation 46
7 L-lactate dehydrogenase B chain isoform LDHB 11.4% 57 |37 Upregulation 44
8 Unnamed protein product 21.0% 4.6 51 Upregulation 100
9 dnaJ homolog subfamily C member 12 isoform X1 30.2% 5.9 137 Upregulation 40
10 Alternative protein CDH6 49.4% 11.9 | 101 Downregulation 43
11 Alpha-enolase isoform X1 14.1% 6.7 47 Upregulation 49
12 PDZ and LIM domain 2 (mystique), isoform CRA_c, partial 19.9% 13 178 Upregulation 53
13 Heat shock 60kDa protein 1 (chaperonin) 12.4% 9.1 60 Upregulation 72
14 hCG1789535 15.6% 9.3 |50 Downregulation 15
15 hCG2040343, partial 55.6% 10.8 |79 Upregulation 31
16 Enolase 1 variant, partial 21.0% 7.7 |47 Upregulation 73
17 Mucin, partial 66.7% 12.8 |27 Upregulation 38
18 Immunoglobulin M heavy chain, partial 100.0% 4.2 28 Upregulation 36
19 Glutathione S-transferase P 17.6% 4.1 23 Upregulation 81
20 BiP protein, partial 15.2% 5.1 71 downregulation 67
21 Ubiquitin carboxy-terminal hydrolase L1, partial 19.2% 5.2 23 downregulation 40
22 hCG2045028 35.9% 6 44 Upregulation 36
23 Unnamed protein product 10.4% 6.8 |26 Upregulation 36
24 Unknown, partial 61.5% 5 45 Upregulation 35
25 RAMP2 13.7% 54 |19 Upregulation 41
26 Annexin A5 45.6% 48 |35 Upregulation 155
27 T-complex protein 1 subunit beta isoform 1 20.7% 6 58 Upregulation 89
28 StAR-related lipid transfer protein 7, mitochondrial precursor 12.4% 9.5 43 Upregulation 41
https://doi.org/10.1371/journal.pone.0181027.t1002
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Fig 3. Two dimensional gel electrophoresis of hTERT overexpressing (A) U20S and (B) HeLa cell line.
Total proteins were extracted from hTERT overexpressing U20S and Hela cells and separated non-linearly
on IPG strip of PH 3—10, followed by electrophoresis through 12% polyacrylamide gels. The gels were further
stained and analyzed by image master 2D platinum software.

https://doi.org/10.1371/journal.pone.0181027.g003

Upregulation of Hsp90, Hsp70 and Hsp60

We found significant over-expression of heat shock proteins Hsp70 and Hsp60 in hTERT
overexpressing U20S and HeLa cells. Hsp90 was upregulated in only U20S cells. Hsp90 is an
important subunit of telomerase and it helps in stabilizing a functional telomerase structure
and in primer loading and extension [13]. Hsp70 is overexpressed in most of the cancer cells
though its expression in cancer cells is typically a poor marker for prognosis [14]. Heat shock
protein 60 (HSP60) plays a crucial role in malignant cell survival [15]. To confirm regulation
of Hsp60 and Hsp70 by hTERT, we performed qRT-PCR (Fig 4A and 4B) and western blotting
(Fig 4C & 4D) to check their expression in U20S and HeLa cells carrying pBABE-Vector and
pBABE-hTERT expression construct. QRT-PCR and Western blotting confirmed the upregu-
lation of Hsp90 at transcript as well as protein level in U20S cells (Fig 4E).

Upregulation of GAPDH

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is basically a glycolytic enzyme and a
well-known housekeeping marker and commonly used as an endogenous control to assess
cancer related gene expression. However, reports indicate implication of GAPDH in other
diverse functions independently of its role in energy metabolism. Deregulation in the expres-
sion level of GAPDH are found in many cancer cells [16]. Expression of GAPDH was
enhanced in both U20S and HeLa cells overexpressing hTERT. To confirm the upregulation
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Table 3. List of proteins differentially expressed following hTERT overexpression in HeLa cells.

Spot | Protein Identification Sequence pl | Mass Expression Score
no. Coverage (%) (kDa) level
1 Keratin 18 29.3% 5.3 |48 Upregulation 68
2 Chain A, Crystal Structure Of The Globular Domain Of Human Calreticulin 32.8% 46 |60 Upregulation 53
3 Chain A, Structural Basis Of Human Triosephosphate Isomerase Deficiency. 47.2% 6.5 |27 Upregulation 88
Mutation E104d And Correlation To Solvent Perturbation.
4 Glyceraldehyde-3-phosphate dehydrogenase isoform 2 31.4% 7.9 |32 Upregulation 75
5 Peroxiredoxin 1, isoform CRA_b, partial 34.6% 6.5 |21 Upregulation 47
6 Peroxiredoxin-1 62.3% 9.2 |22 Upregulation 130
7 Chain K, Acetyl-Cypa:cyclosporine Complex 36.4% 7.8 |18 Upregulation 73
8 Calcium-activated chloride channel regulator family member 3 29.4% 9.2 |30 Upregulation 47
9 Chain A, Human Heart L-lactate Dehydrogenase H Chain, Ternary Complex With 27.3% 5.7 |37 Upregulation 52
Nadh And Oxamate
10 Mitochondrial ribosomal protein L46, isoform CRA_d 29.5% 9.1 |19 Upregulation 34
1 F-actin-capping protein subunit alpha-1 33.2% 54 |33 Upregulation 47
12 Chain A, Structural Basis For The Interaction Of Human &#946;-defensin 6 And 59.2% 10.2 | 57 Upregulation 45
Its Putative Chemokine Receptor Ccr2 A nd Breast Cancer Microvesicles
13 Heat shock 70kDa protein 14.0% 6 73 Upregulation 69
14 Galactose-1-phosphate uridyl transferase 100.0% 9.5 |32 Upregulation 40
15 T cell receptor alpha, partial 46.5% 9.6 |78 Upregulation 40
16 PR domain containing 8, isoform CRA_b 39.8% 76 |19 Upregulation 44
17 T cell receptor alpha chain V-J-region, partial 9.6% 9.5 |12 Upregulation 39
18 Unnamed protein product 19.3% 5.4 |59 Upregulation 36
20 Chaperonin (HSP60) 29.4% 5.5 |60 Upregulation 79
21 Chromosome 14 open reading frame 68, isoform CRA_a 60.8% 12.1 |78 Upregulation 41
22 Cofilin 1 (non-muscle), isoform CRA_c, partial 38.7% 9.4 | 158 Downregulation | 49
23 Unnamed protein product 10.4% 6.8 | 126 Downregulation | 36

https://doi.org/10.1371/journal.pone.0181027.t1003

of GAPDH by hTERT we performed qRT-PCR (5A & 5B) and western blotting (Fig 5C and
5D) in both U20S and HelLa cell line. We found hTERT causes upregulation of GAPDH at
transcriptional level only, there being no conspicuous change at protein level in either cell line.

Discussion

Telomerase components perform many functions apart from its canonical role in telomere
lengthening. One such extracurricular function of hTERT is the regulation of cell’s signaling
pathways. Many types of cancer do not express telomerase and being telomerase negative can-
not manifest extracurricular activity of telomerase. They have ALT pathway to maintain telo-
mere length. Remarkably, hTERT could be expressed at very high levels even in cells with a
basal endogenous level of expression and allowed normal viability. Telomerase negative cells
nevertheless offer a good experimental system to study the effect of hTERT overexpression on
expression of other genes. Human osteosarcoma is a primary malignant tumor of the bone
and the U20S cell line derived from it is telomerase negative. In the present study, we docu-
ment, for the first time significant effect of h\TERT overexpression on the proteomic profile of
U20S cells. Here, we found Hsp90, Hsp70 and Hsp60 upregulated after h\TERT overexpres-
sion in this cell line. Heat shock proteins usually act as molecular chaperones and are expressed
at high levels in many cancers, although Hsp overexpression is only a poor prognosis in terms
of survival and response to therapy in specific cancer types [17]. Heat shock protein 90
(Hsp90) is an abundant molecular chaperone that helps in conformational maturation and

PLOS ONE | https://doi.org/10.1371/journal.pone.0181027  July 13,2017 8/14


https://doi.org/10.1371/journal.pone.0181027.t003
https://doi.org/10.1371/journal.pone.0181027

@. PLOS | ONE hTERT associated proteomics

Hspeo HepT0

A) —_

a o

Relative expression
-

Relative expression
b 5

B)
g w @«
g o O
3 o~ o~
2 E) F) 2 2
3 s E=
2 e =
3 E
> =
5 . ;
. %
S 20
g s 3
sas Q Q
@
2 1.
B
@ 0
z -
) D) 159 HspbD Hela 159 Hsps 208

pBABE-Vector Hela
PBABE-hTERT Hela
pBABE-Vector U20S
pBABE-hTERT U20S

Actin

A

&

s

I

Fig 4. Validation of upregulation of heat shock proteins in U20S and HelLa cell lines. The hTERT induced upregulation of Hsp60 and hsp70
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protein level. D) Histogram shows the results by applying ImagedJ software. D) To confirm the upregulation of Hsp90 in U20S cell line E) QRT-PCR and
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stabilization of various oncogenic proteins leading to tumor cell survival and disease progres-
sion [18]. Hsp90 interacts with a variety of intracellular proteins and is involved in differentia-
tion, survival and cell growth [13]. It is demonstrated that inhibiting Hsp90 in osteosarcoma
cells induces apoptosis [18]. Jennifer McCleese (2009) reported that inhibitioin of Hsp90
results in loss of cell viability, induction of apoptosis, and inhibition of cell proliferation in
osteosarcoma cells [19]. It has also been shown that blocking HSP90 addiction inhibits tumor
cell proliferation, metastasis and development [20]. Moreover, Hsp90 is also a subunit of telo-
merase complex and it stabilizes telomerase and helps in loading of telomerase complex to
telomere [13]. Though there is no hTERT in U20S cells, its overexpression upregulated Hsp90
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Fig 5. Validation of GAPDH in HeLa and U20S cell lines. QRT-PCR was performed to check the hTERT
induced upregulation of GAPDH in (A) U20S and (B) HelLa cell lines. C) Represents results of Western
blotting to check the up-regulation of GAPDH at protein level while (D) represents histograms of respective
blots showing no prominent difference in expression of GAPDH at protein level.

https://doi.org/10.1371/journal.pone.0181027.9005

(Fig 4d) suggesting intactness of the circuitry of intercommunication between hTERT and
Hsps in telomerase negative cells.

Similar to Hsp90, the role of Hsp70 in cancer is very well studied. Being a molecular chaper-
one, Hsp70 is an important part of cellular networks, involving signaling, membrane, tran-
scriptional and organelles functions [21]. In many cancer increased expression of Hsp70 is
correlated with poor prognosis [21]. Lei Zhao et al. reported that viability of osteosarcoma
cells was adversely affected after knocking down of Hsp70 [22]. It is also demonstrated that
Hsp70 expression prevents apoptosis in osteosarcoma cells [23]. The role of Hsp70 in invasion
and metastasis of cancer cells are also very well studied [24]. Moreover, Hsp70 inhibitor in
cervical cancer also inhibits cancer cell proliferation [25]. R Ralhan et al. (1995) found that,
Hsp70 overexpression can be correlated with elevated proliferation and tumor size in uterine
cervical cancer [26]. Importantly, Hsp70 is a potent buffering system for cellular stress either
from extrinsic (physiological, viral and environmental) or intrinsic (replicative or oncogenic)
stimuli. For survival, cancer cells depend heavily on this buffering system [14]. Moreover,
reports have also shown association of hTERT with Hsp70. Hsp70 binds with hTERT when
hTR is absent and it gets dissociated when telomerase is folded into its active state [27] suggest-
ing a transient association of Hsp70 with telomerase. We found upregulation of Hsp70 both at
RNA level and protein level (Fig 4A & 4C). Another heat shock protein showing differential
expression in association with hTERT is Hsp60 which has been reported to interact with
hTERT in mitochondria [28]. Initially, Hsp60 was found only in mitochondria but since last
few year, studies confirmed its presence the cytosol, the cell surface and in the extracellular
space [29]. Inside the mitochondria it was reported that it binds mainly with Hsp10. However,
in addition to its association with Hsp10, other interacting molecules have also been identified
for Hsp60 in recent years [29]. Similar to Hsp70, the role of Hsp60 in cancer proliferation,
tumor cell survival and metastasis are very well demonstrated in both osteosarcoma and cervi-
cal cancer cells [30,31].
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We also found upregulation of Hsp60 and Hsp70 in HeLa cells which, unlike U20S, are tel-
omerase positive (Fig 4B & 4C). In the present study we have determined that h TERT may be
an important modulator of heat shock proteins in these cells. However, it will be necessary to
scan a wider range of cells for their responses in order to arrive at any generalization.

Yet another protein which was differentially overexpressed is GAPDH which is product of
a housekeeping gene and is commonly used as internal control in different experimental con-
dition. This enzyme is mainly used during glycolysis but it also has many diverse functions
independent of its role in glycolysis [32]. Recent findings including our own show that expres-
sion level of GAPDH is highly regulated in various cancer cells [16].

There are signs of involvement of GAPDH in cancer progression and it may serve as a new
marker or even a therapeutic target [16]. Moreover, it has been already shown that GAPDH
mediates many oxidative stress responses, including nuclear translocation of GAPDH and
induction of cell death. Craig Nicholls et al.(2012) reported that GAPDH interacts with telo-
merase RNA component hTR and inhibits telomerase activity which leads to telomere short-
ening and senescence in breast cancer cells [33]. Here we show that h\TERT overexpression
leads to the upregulation of GAPDH in both U20S and HeLa cell lines suggesting that
GAPDH may also interact with hTERT but in a positive manner. We do not find any cell
death after h TERT overexpression. Apart from heat shock proteins and GAPDH there are
many other proteins found to be differentially regulated. Keratin 18 is an intermediate filament
protein and can be used for detection of proliferating fractions in the breast cancer [34]. This
protein is found upregulated in HeLa cells following hTERT overexpression suggesting that
hTERT modulates the expression of cytoskeletal proteins in cancer cells. Another upregulated
protein we found is peroxiredoxin 1. This is an antioxidant enzyme associates with telomeres
and protects it from oxidative damage and preserves telomeres for extension by telomerase
[35]. Upregulation of peroxiredoxin in hTERT overexpressing HeLa cells indicates that
hTERT enhances the expression of peroxiredoxin 1 to protect telomeres from any oxidative
damage. It is well known that hTERT promotes EMT and during EMT there is change in
expression of some epithelial and mesenchymal markers; level of mesenchymal markers goes
up while that of epithelial markers goes down. CDH6 which is a type 2 cadherin and an epithe-
lial marker drives EMT during embryonic development and it is aberrantly re-activated in
cancer [36]. We found downregulation of CDH6 in U20S cells when hTERT is overexpressed
showing that hTERT promotes mesenchymal character in these cells. Another down regulated
protein we found is ubiquitin carboxyl-terminal hydrolase L1 (UCHLL1). It is a cysteine prote-
ase belongs to the UCH proteases family and has also acquired E3 ubiquitin-protein ligase
activity and stabilizes ubiquitin monomers in vivo [37]. This protein has heterogeneous
expression in cancer cells and performs both tumor inhibition and promoting functions [38].
Down regulation of this protein in U20S cells after h\TERT overexpression indicates that
hTERT modulates the expression of this deubiquitinating enzyme to avoid proteosomal degra-
dation of itself. Furthermore, apart from GAPDH another glycolytic enzyme upregulated is
alpha-enolase which is now used as a potential cancer prognostic marker and promotes inva-
sion in cancer cells [39] indicating promotion of invasion by hTERT via regulation of these
glycolytic enzymes. We also found that hTERT expression led to the increase in migration rate
of both U20S and HeLa cells indicating that higher level of hTERT is linked with high invasive
tumor phenotype.

In conclusion, this study shows that h-TERT expression alters the proteomic profile of osteo-
sarcoma and cervical cancer cells. Moreover, heat shock proteins are an important subset of
cellular proteins regulated by hTERT. GAPDH is also influenced by hTERT expression in both
the cell lines. The findings make it pertinent to further investigate the relevance of telomerase
associated molecules like peroxiredoxin-1 and alpha-enolase, as markers or therapeutic target.
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