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A B S T R A C T

Human telomerase reverse transcriptase (hTERT) contributes to tumor progression as well as maintain-
ing telomere length, however, the mechanism by which hTERT promotes invasiveness is not yet completely
understood. This study aims to unravel the precise mechanism through which hTERT promotes cancer
invasion. We established an hTERT-overexpressed immortalized cell line (IHOK/hTERT). In orthotopic xe-
nograft models, IHOK/hTERT harbors higher tumorigenicity than IHOK/Control. IHOK/hTERT showed much
higher migration and invasion activities compared to IHOK/Control. IHOK/hTERT co-cultured with fi-
broblasts displayed increased invasion compared to IHOK/hTERT without fibroblasts. We screened for
genes that play an important role in intermodulation between cancer cells and fibroblasts using a microarray
and identified fibroblast activation protein (FAP). hTERT knockdown showed decreased expression of FAP
and early growth response (EGR)-1, one of the transcriptional regulators of FAP in IHOK/hTERT and oral
cancer cell line YD10B. Furthermore, EGR-1 knockdown in IHOK/hTERT and YD10B showed reduced in-
vasion and reduced cathepsin D expression compared to Control-siRNA cells. Taken together, this study
provides evidence that hTERT overexpression is responsible for the upregulation of the cysteine prote-
ase cathepsin D by regulating EGR-1 to activate invasiveness in cancer progression.

© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most common malignancy in the world. Oral squamous cell carci-
noma (OSCC) comprises approximately 10% of HNSCC, in general,
but almost one-third in specific geographic areas [1,2]. Despite the
advances in therapeutic approaches, an overall 5-year survival rate
of OSCC patients has been estimated for the lowest 25% [2].

Infection with human papilloma virus (HPV) is one of the leading
causes of HNSCC, especially cancer in the oropharynx and base of
the tongue. OSCC is the second most common high risk-HPV (hr-
HPV)-related cancer, and its incidence is gradually increasing [2,3].
hr-HPV causes human cancers by expressing two viral oncoproteins,
E6 and E7. The expressions of E6 and E7 alone are not sufficient for
cellular transformation, and additional genetic alterations are nec-
essary for malignant progression [4]. E6 and E7 have multiple binding
partners that exert oncogenic effects beyond the degradation of p53
and pRb. For example, E6, in concert with E6AP, induces telomerase

activity through the activation of human telomerase reverse tran-
scriptase (hTERT) via degradation of NFX1, a transcription repressor
of hTERT, thus contributing to cellular immortalization [5].

The catalytic subunit of telomerase, hTERT, is overexpressed in ap-
proximately 90% of human cancer cells, suggesting that hTERT is
indispensable for cancer progression [6]. In addition to maintaining the
telomere length for cellular immortalization, hTERT has been shown
to play an active role in tumor progression by inducing mobility, in-
vasion, and anti-apoptosis of cancer cells, supporting independent roles
for telomerase beyond telomere lengthening [7–9]. A recent finding pro-
vided evidence that hTERT is involved in invasion through the
modulation of matrix metalloproteinase (MMPs) expression [10]. In our
previous study, we also found that knockdown of hTERT reduced in-
vasiveness in both hr-HPV- and non-infected OSCC through down-
regulation of MMP2 and MMP9 expression [11]. MMPs play an
important role in various physiological and pathological processes. In
particular, MMPs are prime candidates for invasion and metastasis ac-
tivities. Although several MMP inhibitors have been investigated in
clinical trials for various cancers, none of these trials have demon-
strated satisfactory efficacy, likely due to the lack of inhibitor specificity
and unclear scientific mechanism [12–14]. Accordingly, it is neces-
sary to discover an effective molecular target and supporting mechanism
as a substitute for MMPs for current anticancer therapy.

* Corresponding author. Tel.: +82 2 2228 3031; fax: +82 2 392 2959.
E-mail address: jink@yuhs.ac (J. Kim).

1 Both authors equally contributed to this work as the co-first authors.

http://dx.doi.org/10.1016/j.canlet.2015.10.021
0304-3835/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Cancer Letters 370 (2016) 222–231

Contents lists available at ScienceDirect

Cancer Letters

journal homepage: www.elsevier.com/ locate /canlet

mailto:jink@yuhs.ac
http://www.sciencedirect.com/science/journal/03043835
http://www.elsevier.com/locate/canlet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2015.10.021&domain=pdf


A recent finding showed that cathepsin, but not MMPs, is sig-
nificantly associated with poor survival [15]. However, there are
fewer studies that connect cathepsins with carcinogenesis com-
pared with MMPs. Cathepsins are lysosomal cysteine proteases that
degrade the extracellular matrix (ECM) and thus play active roles
in the invasion and metastasis of cancer cells. Among the cathep-
sins, cathepsin D is an invasion promoter and plays a critical role
in various cancers including OSCC [16,17]. According to our previ-
ous study [18], cathepsin D expression in cancer cells was increased
by fibroblast stimulation in collagen gel-based co-cultured models,
suggesting that cathepsin D expression is related to cancer inva-
sion via crosstalk between cancer cells and stromal fibroblasts.

Here, this study aims at investigating the role of hTERT in in-
vasion related to crosstalk between cancer cells and stromal
fibroblasts. We demonstrate that hTERT induces invasion by modu-
lating cathepsin D via early growth response (EGR)-1 in HPV-16 E6/
E7-transfected immortalized human oral keratinocytes (IHOK) and
HPV-not related OSCC cells. This new discovery will contribute to
the development of a novel chemotherapeutic approach targeting
hTERT.

Materials and methods

Cell culture

IHOK was established by transfecting the pLXSN vector containing the E6/E7 open
reading frame of HPV-16 as previously described [19]. IHOK/hTERT and IHOK/
Control were constructed by using plpc-hTERT and pLXRN (Clontech, USA) vectors,
respectively. Each vector was transfected into a GP2-293 packaging cell line to produce
retrovirus particles that were subsequently used to infect IHOK. Four types of OSCC
cells (YD9, YD10B, YD32, and YD38) [20,21] and immortalized human gingival fi-
broblasts (hTERT-hNOF) were used for this study [22]. Details about the cell culture
procedures are described in the Supplementary Materials and Methods.

Co-culture

IHOK/hTERT, YD10B, and siRNA-transfected cells were co-cultured with hTERT-
hNOF to observe whether fibroblasts have an impact on protein expression. The
Supplementary Materials and Methods are described in details.

Mouse orthotopic xenograft model

The animal studies were approved by the animal ethics committee at Yonsei Uni-
versity College of Dentistry. BALB/c male mice (16 ± 2 g, 4 weeks of age) were provided
from Orient Bio Incorporation (South Korea). Cells (5 × 105) were injected into the
dorsal tongue of 15 mice in each group. Three mice in the IHOK/Control-injected
group died during the procedure. The mice were then sacrificed after 6 weeks. The
tongues of the mice were fixed in 10% neutral formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin for morphologic analysis. The tumor
volume was assessed by two-dimensional measurements [23].

Immunofluorescence observation

Immunofluorescence staining was performed to detect protein expression of
hTERT between IHOK/Control and IHOK/hTERT. The details were described in the
Supplementary Materials and Methods.

BrdU incorporation assay

Cell proliferation was measured by the BrdU Flow Kit (BD Pharmingen™, UK)
according to the manufacturer’s instructions.

Telomerase repeat amplification protocol (TRAP) assay

Telomerase activity was measured by the Telomerase TeloTAGGG PCR ELISA
(Roche, Switzerland) according to the manufacturer’s instructions using 0.05 and
0.5 μg total protein.

Wound-healing migration assay

Cells (3 × 105) were seeded on 6-well plates and allowed to adhere overnight
in growth media containing 1% FBS to achieve up to 90% confluence. The mono-
layer was scratched using a sterile 200 μL pipette tip. After 24 h, wound closure was
evaluated by light microscopy (Olympus, Japan).

Invasion assay

Invasion assay was performed to compare the invasive activity between IHOK/
Control and IHOK/hTERT. The Supplementary Materials and Methods are described
in details.

Organotypic culture

Organotypic culture was performed to confirm the invasive activity between IHOK/
Control and IHOK/hTERT. The Supplementary Materials and Methods are described
in details.

Polymerase chain reaction (PCR)

Total DNA was extracted from each cell line using QIAamp DNA minikit (Qiagen,
Germany). The primer sequences are listed in Table S1. DNA was amplified by using
Accu Power Hot Start PCR Pre Mix (Bioneer, South Korea) with the following con-
ditions: 30 cycles of 30 s at 94 °C, 30 s at 60 °C, and 40 s at 72 °C. The amplified
products were separated on 1.0% agarose gel stained with 0.1 μg/mL of ethidium
bromide, and photographed under UV light (Bio-Rad, USA).

Reverse transcription–polymerase chain reaction (RT–PCR)

Total RNA was extracted from each cell line using a RNeasy plus mini kit (Qiagen,
Germany), and complementary DNA was synthesized using the 2.5× RT-&GO™
Mastermix (MP Biomedicals, USA) according to the manufacturer’s instructions. The
primer sequences are listed in Table S1. Details about the procedures of RT−PCR are
described in the Supplementary Materials and Methods.

siRNA transfection

Cells (1.5 × 105) were seeded in a 6-well plate for 24 h before transfection. hTERT-
specific siRNA, EGR-1-specific siRNA, and control siRNA were the products of Bioneer
Corporation (South Korea). Transfection of siRNA was performed using Lipofectamine
RNAi MAX (Invitrogen, USA) according to the manufacturer’s instruction. Total RNA
and proteins were extracted 48 h after transfection. The sequences of siRNA are listed
in Table S2.

Western blotting and zymography

Cells were lysed using a lysis buffer (Cell Signaling, USA) and used for western
blotting. Collected conditioned medium was used for zymography. Details about pro-
cedures are described in the Supplementary Material and Methods.

Microarray data analysis

Microarray was performed to find altered gene expressions between IHOK/
Control and IHOK/hTERT. The Supplementary Materials and Methods are described
in details.

Statistical analysis

Statistical analysis was performed using the Mann–Whitney U test to deter-
mine the statistical significance. All of the variables were tested in three independent
experiments, and each experiment was performed at least in triplicate. The results
are reported as the mean ± standard deviation (SD). The value of p < 0.05 was con-
sidered statistically significant.

Results

Construction of the hTERT-overexpressed cell line

To evaluate the functional significance and mechanism of hTERT
on cancer invasion, we established hTERT-overexpressed immor-
talized cells (IHOK/hTERT). No significant change in morphology was
observed between IHOK/Control and IHOK/hTERT (Fig. S1A). HPV-
16 E6 and E7 DNA infection was confirmed in IHOK/Control and
IHOK/hTERT by PCR (Fig. 1A). The mRNA expression levels of hTERT
exhibited much higher in IHOK/hTERT than IHOK/Control, confirm-
ing exogenous hTERT was successfully expressed in IHOK/hTERT
(Fig. 1B). The expression of hTERT was also confirmed by immu-
nofluorescence staining (Fig. 1C and D). Significant difference in
telomerase activity was observed between IHOK/Control and IHOK/
hTERT when TRAP assay was performed using 0.05 μg total protein
(Fig. 1E). No significant difference in proliferative activity was ob-
served between the two cell lines when a BrdU incorporation assay
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was performed (Fig. 1F). We confirmed that IHOK/Control and
IHOK/hTERT were derived from IHOK by autosomal short tandem
repeats (STR) profiling (Table S3).

Comparison of in vivo tumorigenesis between IHOK/Control and
IHOK/hTERT

To investigate the effect of hTERT on in vivo tumorigenesis, IHOK/
Control and IHOK/hTERT were injected into the dorsal tongues of
nude mice. After 6 weeks, 3 out of 12 mice (25%) in the IHOK/
Control-injected group showed tumor formation, while 12 out of
15 mice (80%) formed tumors in the IHOK/hTERT-injected group
(Fig. 2A and B). The tumor volume in IHOK/hTERT-injected mice was
significantly higher than in IHOK/Control-injected mice (Fig. 2C).
These results indicate that IHOK/hTERT harbors higher tumorige-
nicity than IHOK/Control.

Difference of migration and invasion activities between IHOK/Control
and IHOK/hTERT

To investigate whether hTERT induces migration and invasion
to enhance tumorigenicity, we examined the effect of hTERT on cell

migration by a wound healing assay. IHOK/hTERT displayed a
2.5-fold increase in migratory activity compared to IHOK/Control
(Fig. 3A and B). To determine whether hTERT is involved in the in-
duction of cell invasion, we performed an invasion assay in the
presence and absence of fibroblasts in the lower layer. IHOK/hTERT
showed a 2-fold increase in invasive activity compared to IHOK/
Control in the absence of fibroblasts in the lower well (Fig. 3C and
D). When epithelial cells were stimulated by fibroblasts, IHOK/hTERT
showed a 4-fold increase in invasiveness compared to IHOK/
Control (Fig. 3C and D). IHOK/hTERT co-cultured with fibroblasts
showed higher invasive activity than IHOK/hTERT cultured without
fibroblasts (Fig. 3D). In addition, we confirmed the invasive activ-
ity of IHOK/hTERT using an organotypic culture. IHOK/hTERT
displayed a 1.8-fold increase in invasive activity compared to IHOK/
Control (Fig. 3E and F). Taken together, IHOK/hTERT showed higher
invasiveness than IHOK/Control. The co-cultured condition with fi-
broblasts facilitated the invasiveness of IHOK/hTERT.

Overexpressed genes in IHOK/hTERT compared to IHOK/Control

We performed a large-scale genomic screening three times to
identify altered gene expression patterns between IHOK/Control and

Fig. 1. Construction of the hTERT-overexpressed cell line. (A) HPV-16 E6 and E7 DNA expressions in IHOK/Control and IHOK/hTERT. (B) The mRNA expression of hTERT in
IHOK/Control and IHOK/hTERT was measured by RT–PCR. GAPDH was used as a loading control. (C) Immunofluorescence examination of hTERT expression in IHOK/Control
(upper) and IHOK/hTERT (lower). hTERT (green), nucleus (DAPI; blue) (magnification: 200×, Scale bar: 50 μm). (D) Fluorescence intensity of hTERT in IHOK/Control and
IHOK/hTERT. hTERT expression was normalized to each DAPI intensity. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U
test (**p < 0.01). (E) Telomerase activity of IHOK/Control and IHOK/hTERT. Telomerase activity was measured by the TRAP assay using 0.05 and 0.5 μg total protein. Hela is
a positive control of telomerase activity. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test. (F) BrdU assay of IHOK/
Control and IHOK/hTERT. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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IHOK/hTERT. We first screened invasion-related genes because the
invasion activity of IHOK/hTERT was higher than that of IHOK/
Control. MMP2 and MMP9 showed a 1.36-fold and 1.79-fold increase
in IHOK/hTERT compared with IHOK/Control, respectively (Table 1).
Although these microarray data were not confirmed at the mRNA
levels, gelatin zymography showed higher MMP2 and MMP9 ac-
tivities in IHOK/hTERT than in IHOK/Control (Fig. S1). Based on the
observation that the difference in invasion activity between the two
cell lines was much higher when co-cultured with fibroblast com-
pared to mono-cultured conditions, we analyzed the genomic screen
to identify the genes that are associated with functions modulat-
ing fibroblasts. Fibroblast growth factor 2 (FGF2), FGF11, fibroblast
growth factor receptor 3 (FGFR3), and fibroblast activation protein
(FAP) were up-regulated in IHOK/hTERT compared with IHOK/
Control (Table 2). To confirm the microarray data, mRNA expression

of FAP, FGF2, FGF11, and FGFR3 was measured in the two cell lines.
Among them, FAP showed the highest expression level in
IHOK/hTERT compared to IHOK/Control (Fig. 4A and B).

FAP and EGR-1 expression regulated by hTERT

To evaluate whether hTERT regulates FAP expression, we used
siRNA to knock down the expression of hTERT in IHOK/hTERT. Ex-
pression of hTERT mRNA was reduced up to 59% in IHOK/hTERT
transfected with hTERT-siRNA (Fig. 4C and D). Increased FAP ex-
pression with hTERT overexpression was reduced up to 50% following
hTERT knockdown, confirming that hTERT regulates FAP (Fig. 4C–E).
To investigate the mechanism underlying hTERT-mediated regula-
tion of FAP, the levels of transcription factors that modulate FAP
expression were screened [24]. Only the mRNA and protein

Fig. 2. Comparison of in vivo tumorigenesis between IHOK/Control and IHOK/hTERT. (A) Representative pictures of tumor masses from IHOK/Control-injected mice (upper)
and IHOK/hTERT-injected mice (lower). (B) Representative microscopic pictures of IHOK/Control and IHOK/hTERT in vivo tumorigenicity. Cells (5 × 105) were injected into
dorsal tongues for each cell line. After 6 weeks, the mice were sacrificed (magnification: 40×, scale bar: 200 μm). (C) Tumor volume of IHOK/Control-injected mice and IHOK/
hTERT-injected mice. Tumor volume was assessed by two-dimensional measurements. The results are shown as the mean value ± SD (n = 15) and were analyzed by the
Mann–Whitney U test (*p < 0.05).
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expression of EGR-1 were significantly down-regulated by trans-
fection of IHOK/hTERT with hTERT-siRNA (Fig. 4C, D, and F). No
significant difference in mRNA expression of specificity protein 1
(Sp1), E2F transcription factor 1 (E2F1), and homeobox A4 (HOXA4)

was observed between control cells and hTERT-siRNA transfected
cells (Fig. S2). In addition, we verified that FAP was regulated via
EGR-1 (Fig. S4A, B, E, and F). To confirm the results obtained in IHOK/
hTERT, we screened mRNA and the protein expression of hTERT, FAP,

Fig. 3. Difference of migratory and invasive activities between IHOK/Control and IHOK/hTERT. (A) The wound-healing migration assay of IHOK/Control and IHOK/hTERT
(magnification: 40×, scale bar: 200 μm). The confluent monolayer was scratched. After 24 h, wound closure was evaluated. (B) The number of migrated cells was normal-
ized by dividing by the number of total cells to rule out the effect of cell proliferation and presented as the % of migration. The results are shown as the mean value ± SD
(n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05). (C) The invasion assay of IHOK/Control and IHOK/hTERT in the absence (w/o fibroblasts) or presence
(w/fibroblasts) of fibroblasts in the lower layer (magnification: 100×, scale bar: 200 μm). After 48 h, invaded cells were counted by light microscopy. (D) The number of
invaded cells was normalized by dividing by the number of total cells to rule out the effect of cell proliferation and presented as the % of invasion. The results are shown as
the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05). (E) The organotypic culture of IHOK/Control and IHOK/hTERT. Samples were stained
with cytokeratin to confirm invaded cells (magnification: 100×, scale bar: 200 μm). (F) All invaded cells were counted and presented as the % of invasion. The results are
shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05).
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and EGR-1 in several OSCC cells. We selected OSCC cell line YD10B
because this cell line showed high levels of hTERT, FAP, and EGR-1
expression (Fig. S3A and B). hTERT depletion resulted in signifi-
cantly reduced protein expression of FAP and EGR-1 compared with
control cells (Fig. S3C–E). In addition, we also verified that FAP was
regulated via EGR-1 in YD10B (Fig. S4C, D, G, and H), confirming the
mechanism underlying hTERT-mediated regulation of FAP via EGR-1
in OSCC.

Invasion activity modulated by cathepsin D via EGR-1

To evaluate the importance of hTERT and EGR-1 in cell inva-
sion, we used siRNA to knock down the expression of hTERT and
EGR-1 in IHOK/hTERT and YD10B. The invasive activity was mark-
edly decreased both in hTERT-siRNA and EGR-1-siRNA transfected
cells compared with control cells, indicating that hTERT and EGR-1
regulated by hTERT play a critical role in upregulating cell inva-
sion in OSCC (Figs. 5A–C and 6A–C).

To better understand the molecular mechanism by which EGR-1
promotes invasive activity, the activities of MMP2 and MMP9 were
measured following EGR-1 depletion. No significant change in MMP2
and MMP9 activities was observed between control cells and EGR-
1-siRNA transfected cells (Fig. 5D–F). Cathepsin D, another candidate
protease, was measured following EGR-1 depletion. The expression

of cathepsin D showed statistically significant decrease in EGR-1-
siRNA transfected cells compared with control cells (Fig. 5G and H).
To search whether the regulation of cathepsin D expression by EGR-1
is related to fibroblasts stimulation, we examined cathepsin D ex-
pression in EGR-1-siRNA transfected cells in co-cultured condition
with fibroblasts. In the presence of fibroblasts, no significant dif-
ference in cathepsin D expression was observed between
monocultured (Fig. 5G and H) and co-cultured conditions (Fig. 5I and
J). To confirm the effects of EGR-1 on the induction of cathepsin D
in OSCC cells, YD10B was transfected with EGR-1-siRNA. Cathep-
sin D expression was significantly decreased following EGR-1
depletion (Fig. 6D–G), indicating that cathepsin D is regulated by
EGR-1 to modulate invasive activity. The presence of fibroblasts did
not potentiate down-regulation of cathepsin D in YD10B.

Discussion

hTERT has been reported to have various functions in the in-
duction of cancer development and progression [7,8,25]. Despite
these observations, the precise molecular mechanisms of these hTERT
functions have not been fully elucidated yet. In this study, we elu-
cidated, for the first time, the mechanism underlying hTERT-
mediated regulation of the cysteine protease cathepsin D, which is
mediated by EGR-1.

To determine the molecular mechanism driving hTERT-mediated
tumor progression, we established an artificially manipulated OSCC
cell line (IHOK/hTERT) by overexpressing hTERT in IHOK. IHOK/
hTERT harbored higher in vivo tumorigenesis than IHOK/Control.
Accumulating evidence shows that hTERT is correlated with tumor
cell migration and invasion, independent of telomere-lengthening
function [7,26,27]. Thus, we assumed that the main driving force
leading to higher in vivo tumorigenesis in IHOK/hTERT may be at-
tributed to the high migratory or invasive potential, because no
difference in proliferating activity was found between IHOK/
Control and IHOK/hTERT. Providing evidence of a causal relationship
between proliferating activity and hTERT in vitro is diverse accord-
ing to cell types. Stable overexpression of hTERT in a hepatocellular
carcinoma did not affect cell proliferation [8]. In contrast, hTERT
transfection in osteosarcoma cells promoted cell proliferation [25].
The proliferation of hTERT-knockdown colorectal cancer cells was
inhibited after a prolonged period of time, suggesting that telomerase
activity remained after knockdown may be sufficient to maintain
telomere length and sustained growth [7]. Considering that BrdU
assay performed in our study did not reflect long-term proliferat-
ing effect of hTERT, we could focus on evaluating invasive activity
of hTERT.

To identify genes that could contribute to and promote cell in-
vasion by hTERT, microarray analysis was performed by comparing
gene expression between IHOK/Control and IHOK/hTERT. Among the
numerous invasion-related genes, cancer studies focused on the
gelatinases, MMPs, because they degrade type IV collagen, the main
component of the basement membrane. Specifically, MMP2 and
MMP9 are shown to play a crucial role in the invasion and metas-
tasis of OSCC. In our study, IHOK/hTERT showed higher expression
and activity of MMP2 and MMP9 compared with IHOK/Control,
which is consistent with our previous results [11].

Interestingly, the difference in invasive activity between two cell
lines in co-cultured conditions was enhanced compared with mono-
cultured condition (Fig. 3C and D). Cancer studies have acknowledged
that the stromal microenvironment plays a pivotal role in carcino-
genesis through crosstalk between cancer cells and stromal
fibroblasts [28,29]. Previously, we reported a reciprocal interac-
tion between cancer cells and stromal fibroblasts: IL1α, released from
the carcinoma, induced cytokine secretion in fibroblasts, inducing
cancer cell invasion. Collectively, we hypothesized that hTERT may

Table 1
Invasion-related overexpressed genes in IHOK/hTERT compared with IHOK/Control.

Description Gene
symbol

IHOK/hTERT/IHOK/Control
intensity

Matrix metalloproteinase 9 MMP9 1.791236099
Nuclear factor of kappa light

polypeptide gene enhancer in B-cells
inhibitor, alpha

NFKBIA 1.435109233

TNF receptor-associated factor 4 TRAF4 1.407743952
Vascular endothelial growth factor A,

transcript variant 6
VEGFA 1.381553311

Matrix metalloproteinase 2 MMP2 1.366809303
TNF receptor-associated factor 4 TRAF4 1.237399983
Apoptotic peptidase activating factor 1,

transcript variant 3
APAF1 1.183889472

Vascular endothelial growth factor A,
transcript variant 1

VEGFA 1.168283047

v-akt murine thymoma viral oncogene
homolog 1, transcript variant 1

AKT1 1.147317564

Bone morphogenetic protein 2 BMP2 1.136742457
SATB homeobox 1, transcript variant 1 SATB1 1.130307847
Adrenergic, beta-2 ADRB2 1.104408898
Tumor necrosis factor TNF 1.10148696
Forkhead box K1 FOXK1 1.045099253
Vestigial like 4, transcript variant 2 VGLL4 1.038220356
Snail homolog 2 SNAI2 1.023804641
Nucleolin NCL 1.015369219
Golgi reassembly stacking protein 1 GORASP1 1.015262462
PIN2/TERF1 interacting, telomerase

inhibitor 1
PINX1 1.011766675

p53 and DNA-damage regulated 1 PDRG1 1.007545115
Cadherin 1 CDH1 1.000712434

Table 2
Fibroblast-related overexpressed genes in IHOK/hTERT compared with IHOK/Control.

Description Gene
symbol

IHOK/hTERT/IHOK/Control
intensity

1st 2nd 3rd

Fibroblast growth factor 2 FGF2 1.932276 2.00641 2.446
Fibroblast growth factor 11 FGF11 6.05235 3.24537 2.76532
Fibroblast growth factor

receptor 3
FGFR3 7.36015 4.76887 1.712476

Fibroblast activation protein FAP 3.35802 4.00645 4.68621

227Y.-J. Park et al./Cancer Letters 370 (2016) 222–231



stimulate the stromal microenvironments with tumor-associated
proteolytic enzymes and thus facilitate cancer cell invasion.

To confirm our hypothesis, we collected microarray data to
compare gene expression between IHOK/Control and IHOK/hTERT.
Among the genes that were increased in IHOK/hTERT, we focused
on overexpressed fibroblast-related genes, such as FGF2, FGF11,
FGFR3, and FAP (Table 2). Among these genes, FAP showed the great-
est difference between the two cell lines. FAP, a membrane gelatinase
of the serine protease family, is one of the controlling factors in ECM.
FAP itself induces degradation of localized ECM and cell invasion
in epithelial tumors [30–33]. It is commonly known that FAP is
mainly expressed in activated fibroblasts during wound healing or
within tumor stromal fibroblasts [34]. However, its expression has
also been shown in some types of malignant epithelial cells
[32,33,35]. It is also involved in the control of fibroblast growth and
epithelial–mesenchymal interactions during carcinogenesis
[30–32,36–39]. In our study, we showed that FAP expression was
regulated by hTERT, as evidenced by reduced FAP expression fol-
lowing hTERT depletion.

To better understand the precise molecular mechanism of hTERT-
mediated invasive activity related to stromal interaction, mRNA
expressions of transcription factors that regulate FAP expression were
assessed. Among these transcription factors, only mRNA expres-
sion of EGR-1 was reduced by transfection with hTERT-siRNA in
IHOK/hTERT, indicating that hTERT could regulate FAP via EGR-1,
a regulatory factor of FAP. Consistent with these results, knock-
down of hTERT in YD10B OSCC cells reduced the expression of FAP
and EGR-1. The knockdown of hTERT also showed reduced inva-
siveness in IHOK/hTERT and YD10B. To evaluate the importance of
EGR-1 in the induction of invasiveness, an invasion assay was per-
formed after EGR-1 knockdown in IHOK/hTERT and YD10B. EGR-1
depletion resulted in a significant reduction of invasion in both cell
lines, indicating that EGR-1 plays a crucial role in the induction of
invasiveness in OSCC. The present study shows that EGR-1 acts as
a positive regulator of tumor progression in OSCC. However, there
are contradictory findings of the roles of EGR-1, depending on the
cell type. EGR-1 has been considered to be a tumor suppressor in
breast, lung, and brain tumors, and a tumor promoter in kidney and

Fig. 4. FAP and EGR-1 regulation by hTERT. (A) mRNA expression for FAP, FGF2, FGF11, and FGFR3 in IHOK/Control and IHOK/hTERT. mRNA expressions for FAP, FGF2, FGF11,
and FGFR3 were measured by RT–PCR and GAPDH was used as a loading control. (B) Densitometric analysis of FAP, FGF2, FGF11, FGFR3 mRNA expression in IHOK/Control
and IHOK/hTERT. mRNA expression was normalized to each GAPDH mRNA expression. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–
Whitney U test (*p < 0.05). (C) mRNA expression of hTERT, FAP, and EGR-1 after transfection with hTERT-siRNA in IHOK/hTERT. GAPDH was used as a loading control. (D)
Protein expressions of FAP and EGR-1 after transfection with hTERT-siRNA in IHOK/hTERT. β-actin was used as a loading control. (E, F) Densitometric analysis of FAP and
EGR-1 protein expression after transfection with hTERT-siRNA in IHOK/hTERT. Protein expression was normalized to each β-actin expression. The results are shown as the
mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05).
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Fig. 5. Invasive activity modulated by cathepsin D via EGR-1 in IHOK/hTERT. (A) The invasion assay of IHOK/hTERT transfected with hTERT-siRNA and EGR-1-siRNA (mag-
nification: 100×, scale bar: 200 μm). After 48 h, invaded cells were counted by light microscopy. (B, C) The number of invaded cells was normalized by dividing by the number
of total cells to rule out the effect of cell proliferation and presented as the % of invasion. The results are shown as the mean value ± SD (n = 3) and were analyzed by the
Mann–Whitney U test (*p < 0.05). (D) MMP2 and MMP9 activities were examined by gelatin zymography in IHOK/Control, IHOK/hTERT, and EGR-1-siRNA transfected IHOK/hTERT.
HT1080 was used as a positive control. (E, F) Densitometric analysis of MMP2 and MMP9 activities in IHOK/Control, IHOK/hTERT, and EGR-1-siRNA transfected IHOK/hTERT.
The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05). (G) Protein expression of EGR-1 and cathepsin D of EGR-
1-siRNA transfected IHOK/hTERT in the absence of fibroblasts (w/o fibroblasts). β-actin was used as a loading control. (H) Densitometric analysis of cathepsin D protein
expression in EGR-1-siRNA transfected IHOK/hTERT. Cathepsin D protein expression was normalized to each β-actin expression. The results are shown as the mean value ± SD
(n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05). (I) EGR-1 and cathepsin D protein expression of EGR-1-siRNA transfected IHOK/hTERT in the presence of
fibroblasts (w/fibroblasts). β-actin was used as a loading control. (J) Densitometric analysis of cathepsin D protein expression in EGR-1-siRNA transfected IHOK/hTERT co-
cultured with fibroblasts. Cathepsin D protein expression was normalized to each β-actin expression. The results are shown as the mean value ± SD (n = 3) and were analyzed
by the Mann–Whitney U test (*p < 0.05).
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endothelial cell tumors [40–42]. One possible explanation for such
differences in the roles of EGR-1 is that its signal transduction
pathway is different in different cancer cells. We assessed whether
EGR-1 induces MMP2 and MMP9 expression based on previous
reports [43,44]. However, the activities of MMP2 and MMP9 were
not reduced after EGR-1 knockdown in IHOK/hTERT in our study.

Based on our previous study that cathepsin D expression was
increased by fibroblast stimulation in collagen gel-based co-
cultured models [18], cathepsin D expression was assessed following
EGR-1 depletion. Cathepsin D expression was significantly reduced
by transfection with EGR-1-siRNA in IHOK/hTERT and YD10B, in-
dicating that EGR-1 modulates the expression of cathepsin D to
induce invasive activity.

In our study, co-culture with fibroblasts did not potentiate down-
regulation of cathepsin D in EGR-1-siRNA transfected cells, suggesting
that fibroblasts cannot directly stimulate cancer cells to induce ca-
thepsin D expression. Further study will be required to elucidate
whether hTERT plays a direct role in cancer invasion by interac-
tion between cancer cells and fibroblasts. According to a previous
study with breast cancer cells, fibroblasts could not influence pro-
duction of cathepsin D [45]. The discrepancy from our previous
results that cathepsin D expression increased in OSCC cells by co-

culture with fibroblasts could be attributed to the use of collagen-
gel based co-cultured models [18].

In summary, our study showed that hTERT induces cancer in-
vasion via MMP2, MMP9 as well as cathepsin D. We also
demonstrated that hTERT down-regulation could inhibit cancer in-
vasion through modulating cathepsin D expression via EGR-1. This
study could contribute to, and provide insight for, the develop-
ment of potential therapeutic targets for cancer treatment.

Authors’ contributions

Conception and design: Young-Jin Park, Eun Kyoung Kim, Jin
Kim.

Development of methodology: Young-Jin Park, Eun Kyoung Kim.
Acquisition of data: Young-Jin Park, Eun Kyoung Kim, Sook Moon.
Analysis and interpretation of data: Young-Jin Park, Eun Kyoung

Kim, Jung Yoon Bae.
Writing, review, and/or revision of the manuscript: Young-

Jin Park, Eun Kyoung Kim, Jung Yoon Bae, Jin Kim.
Administrative, technical, or material support: Young-Jin Park,

Eun Kyoung Kim.
Study supervision: Jin Kim.

Fig. 6. Invasive activity modulated by cathepsin D via EGR-1 in YD10B. (A) The invasion assay of YD10B transfected with hTERT-siRNA and EGR-1-siRNA (magnification:
100×, scale bar: 200 μm). After 48 h, the invaded cells were counted by light microscopy. (B, C) The number of invaded cells was normalized by dividing by the number of
total cells to rule out the effect of cell proliferation and presented as the % of invasion. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–
Whitney U test (*p < 0.05). (D) Protein expression of EGR-1 and cathepsin D in EGR-1-siRNA transfected YD10B in the absence of fibroblasts (w/o fibroblasts). β-actin was
used as a loading control. (E) Densitometric analysis of cathepsin D protein expressions in EGR-1-siRNA transfected YD10B. Protein expression of Cathepsin D was normal-
ized to each β-actin expression. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05). (F) Protein expression of
EGR-1 and cathepsin D in EGR-1-siRNA transfected YD10B in the presence of fibroblasts (w/fibroblasts). β-actin was used as a loading control. (G) Densitometric analysis of
cathepsin D protein expression in EGR-1-siRNA transfected YD10B co-cultured with fibroblasts. Protein expression of Cathepsin D was normalized to each β-actin expres-
sion. The results are shown as the mean value ± SD (n = 3) and were analyzed by the Mann–Whitney U test (*p < 0.05).

230 Y.-J. Park et al./Cancer Letters 370 (2016) 222–231



Acknowledgements

This work was supported by Mid-career Researcher Program
through NRF grant funded by the MEST (NRF-2009-0078630).

Conflict of interest

The authors disclose no potential conflicts of interest.

Appendix: Supplementary material

Supplementary data to this article can be found online at
doi:10.1016/j.canlet.2015.10.021.

References

[1] J. Ferlay, H.R. Shin, F. Bray, D. Forman, C. Mathers, D.M. Parkin, Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008, Int. J. Cancer 127 (2010)
2893–2917.

[2] T. Ramqvist, T. Dalianis, Oropharyngeal cancer epidemic and human
papillomavirus, Emerg. Infect. Dis. 16 (2010) 1671–1677.

[3] K.K. Ang, J. Harris, R. Wheeler, R. Weber, D.I. Rosenthal, P.F. Nguyen-Tan, et al.,
Human papillomavirus and survival of patients with oropharyngeal cancer, N.
Engl. J. Med. 363 (2010) 24–35.

[4] C.H. Chung, M.L. Gillison, Human papillomavirus in head and neck cancer: its
role in pathogenesis and clinical implications, Clin. Cancer Res. 15 (2009)
6758–6762.

[5] L. Gewin, H. Myers, T. Kiyono, D.A. Galloway, Identification of a novel telomerase
repressor that interacts with the human papillomavirus type-16 E6/E6-AP
complex, Genes Dev. 18 (2004) 2269–2282.

[6] K. Masutomi, W.C. Hahn, Telomerase and tumorigenesis, Cancer Lett. 194 (2003)
163–172.

[7] Y. Shen, Y.W. Zhang, Z.X. Zhang, Z.H. Miao, J. Ding, hTERT-targeted RNA
interference inhibits tumorigenicity and motility of HCT116 cells, Cancer Biol.
Ther. 7 (2008) 228–236.

[8] P.C. Chen, J.R. Peng, L. Huang, W.X. Li, W.Z. Wang, Z.Q. Cui, et al., Overexpression
of human telomerase reverse transcriptase promotes the motility and
invasiveness of HepG2 cells in vitro, Oncol. Rep. 30 (2013) 1157–1164.

[9] X. Jin, S. Beck, Y.W. Sohn, J.K. Kim, S.H. Kim, J. Yin, et al., Human telomerase
catalytic subunit (hTERT) suppresses p53-mediated anti-apoptotic response via
induction of basic fibroblast growth factor, Exp. Mol. Med. 42 (2010) 574–582.

[10] D. Ding, P. Xi, J. Zhou, M. Wang, Y.S. Cong, Human telomerase reverse
transcriptase regulates MMP expression independently of telomerase activity
via NF-kappaB-dependent transcription, FASEB J. 27 (2013) 4375–4383.

[11] Y.J. Park, E.K. Kim, S. Moon, D.P. Hong, J.Y. Bae, J. Kim, Human telomerase reverse
transcriptase is a promising target for cancer inhibition in squamous cell
carcinomas, Anticancer Res. 34 (2014) 6389–6395.

[12] L.M. Coussens, B. Fingleton, L.M. Matrisian, Matrix metalloproteinase inhibitors
and cancer: trials and tribulations, Science 295 (2002) 2387–2392.

[13] S. Zucker, J. Cao, W.T. Chen, Critical appraisal of the use of matrix
metalloproteinase inhibitors in cancer treatment, Oncogene 19 (2000) 6642–
6650.

[14] R.E. Vandenbroucke, C. Libert, Is there new hope for therapeutic matrix
metalloproteinase inhibition?, Nat. Rev. Drug Discov. 13 (2014) 904–927.

[15] N. Singh, P. Das, S. Datta Gupta, P. Sahni, R.M. Pandey, S. Gupta, et al., Prognostic
significance of extracellular matrix degrading enzymes-cathepsin L and matrix
metalloproteases-2 [MMP-2] in human pancreatic cancer, Cancer Invest. 31
(2013) 461–471.

[16] G. Kawasaki, Y. Kato, A. Mizuno, Cathepsin expression in oral squamous cell
carcinoma: relationship with clinicopathologic factors, Oral Surg. Oral Med. Oral
Pathol. Oral Radiol. Endod. 93 (2002) 446–454.

[17] T. Yogesh, T. Narayan, B. Shreedhar, R. Shashidara, Leekymohanty, The expression
of E-cadherin and cathepsin-D in normal oral mucosa, oral epithelial dysplasia
and oral squamous cell carcinoma: a comparative analysis between
immunohistochemistry and routine histopathology, J. Oral Maxillofac. Pathol.
15 (2011) 288–294.

[18] Z.M. Che, T.H. Jung, J.H. Choi, J. Yoon do, H.J. Jeong, E.J. Lee, et al., Collagen-based
co-culture for invasive study on cancer cells-fibroblasts interaction, Biochem.
Biophys. Res. Commun. 346 (2006) 268–275.

[19] H.J. Lee, H.Y. Guo, S.K. Lee, B.H. Jeon, C.D. Jun, S.K. Lee, et al., Effects of nicotine
on proliferation, cell cycle, and differentiation in immortalized and malignant
oral keratinocytes, J. Oral Pathol. Med. 34 (2005) 436–443.

[20] E.J. Lee, J. Kim, S.A. Lee, E.J. Kim, Y.C. Chun, M.H. Ryu, et al., Characterization
of newly established oral cancer cell lines derived from six squamous cell

carcinoma and two mucoepidermoid carcinoma cells, Exp. Mol. Med. 37 (2005)
379–390.

[21] E.J. Kim, Z.M. Che, Y.J. Park, Y.S. Hwang, K.Y. Kim, W. Jung da, et al.,
Morphogenesis and biological significance of spindle cell transformation in a
spindle cell carcinoma, Cancer Lett. 275 (2009) 61–71.

[22] R.P. Illeperuma, Y.J. Park, J.M. Kim, J.Y. Bae, Z.M. Che, H.K. Son, et al., Immortalized
gingival fibroblasts as a cytotoxicity test model for dental materials, J. Mater.
Sci. Mater. Med. 23 (2012) 753–762.

[23] H.Y. Lee, S.H. Oh, J.K. Woo, W.Y. Kim, C.S. Van Pelt, R.E. Price, et al.,
Chemopreventive effects of deguelin, a novel Akt inhibitor, on tobacco-induced
lung tumorigenesis, J. Natl Cancer Inst. 97 (2005) 1695–1699.

[24] J. Zhang, M. Valianou, J.D. Cheng, Identification and characterization of the
promoter of fibroblast activation protein, Front. Biosci. (Elite Ed.) 2 (2010)
1154–1163.

[25] S.T. Yu, L. Chen, H.J. Wang, X.D. Tang, D.C. Fang, S.M. Yang, hTERT promotes the
invasion of telomerase-negative tumor cells in vitro, Int. J. Oncol. 35 (2009)
329–336.

[26] J. George, N.L. Banik, S.K. Ray, Knockdown of hTERT and concurrent treatment
with interferon-gamma inhibited proliferation and invasion of human
glioblastoma cell lines, Int. J. Biochem. Cell Biol. 42 (2010) 1164–1173.

[27] P. Zhao, C. Wang, Z. Fu, Y. You, Y. Cheng, X. Lu, et al., Lentiviral vector mediated
siRNA knock-down of hTERT results in diminished capacity in invasiveness and
in vivo growth of human glioma cells in a telomere length-independent manner,
Int. J. Oncol. 31 (2007) 361–368.

[28] D.W. Jung, Z.M. Che, J. Kim, K. Kim, K.Y. Kim, D. Williams, et al., Tumor-stromal
crosstalk in invasion of oral squamous cell carcinoma: a pivotal role of CCL7,
Int. J. Cancer 127 (2010) 332–344.

[29] J.Y. Bae, E.K. Kim, D.H. Yang, X. Zhang, Y.J. Park, D.Y. Lee, et al., Reciprocal
interaction between carcinoma-associated fibroblasts and squamous carcinoma
cells through interleukin-1alpha induces cancer progression, Neoplasia 16
(2014) 928–938.

[30] J.E. Park, M.C. Lenter, R.N. Zimmermann, P. Garin-Chesa, L.J. Old, W.J. Rettig,
Fibroblast activation protein, a dual specificity serine protease expressed in
reactive human tumor stromal fibroblasts, J. Biol. Chem. 274 (1999) 36505–
36512.

[31] M.J. Scanlan, B.K. Raj, B. Calvo, P. Garin-Chesa, M.P. Sanz-Moncasi, J.H. Healey,
et al., Molecular cloning of fibroblast activation protein alpha, a member of the
serine protease family selectively expressed in stromal fibroblasts of epithelial
cancers, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 5657–5661.

[32] T. Kelly, Fibroblast activation protein-alpha and dipeptidyl peptidase IV (CD26):
cell-surface proteases that activate cell signaling and are potential targets for
cancer therapy, Drug Resist. Updat. 8 (2005) 51–58.

[33] H. Wang, Q. Wu, Z. Liu, X. Luo, Y. Fan, Y. Liu, et al., Downregulation of FAP
suppresses cell proliferation and metastasis through PTEN/PI3K/AKT and
Ras-ERK signaling in oral squamous cell carcinoma, Cell Death Dis. 5 (2014)
e1155.

[34] E.J. Hamson, F.M. Keane, S. Tholen, O. Schilling, M.D. Gorrell, Understanding
fibroblast activation protein (FAP): substrates, activities, expression and targeting
for cancer therapy, Proteomics Clin. Appl. 8 (2014) 454–463.

[35] R.F. Wang, L.H. Zhang, L.H. Shan, W.G. Sun, C.C. Chai, H.M. Wu, et al., Effects of
the fibroblast activation protein on the invasion and migration of gastric cancer,
Exp. Mol. Pathol. 95 (2013) 350–356.

[36] W.T. Chen, C.C. Lee, L. Goldstein, S. Bernier, C.H. Liu, C.Y. Lin, et al., Membrane
proteases as potential diagnostic and therapeutic targets for breast malignancy,
Breast Cancer Res. Treat. 31 (1994) 217–226.

[37] A. Aoyama, W.T. Chen, A 170-kDa membrane-bound protease is associated with
the expression of invasiveness by human malignant melanoma cells, Proc. Natl.
Acad. Sci. U.S.A. 87 (1990) 8296–8300.

[38] W.L. Monsky, C.Y. Lin, A. Aoyama, T. Kelly, S.K. Akiyama, S.C. Mueller, et al., A
potential marker protease of invasiveness, seprase, is localized on invadopodia
of human malignant melanoma cells, Cancer Res. 54 (1994) 5702–5710.

[39] J.D. Cheng, R.L. Dunbrack Jr., M. Valianou, A. Rogatko, R.K. Alpaugh, L.M. Weiner,
Promotion of tumor growth by murine fibroblast activation protein, a serine
protease, in an animal model, Cancer Res. 62 (2002) 4767–4772.

[40] J.C. Cheng, H.M. Chang, P.C. Leung, Egr-1 mediates epidermal growth factor-
induced downregulation of E-cadherin expression via Slug in human ovarian
cancer cells, Oncogene 32 (2013) 1041–1049.

[41] T. Sun, H. Tian, Y.G. Feng, Y.Q. Zhu, W.Q. Zhang, Egr-1 promotes cell proliferation
and invasion by increasing beta-catenin expression in gastric cancer, Dig. Dis.
Sci. 58 (2013) 423–430.

[42] E.D. Adamson, D. Mercola, Egr1 transcription factor: multiple roles in prostate
tumor cell growth and survival, Tumour Biol. 23 (2002) 93–102.

[43] W. Ning, Y. Dong, J. Sun, C. Li, M.A. Matthay, C.A. Feghali-Bostwick, et al.,
Cigarette smoke stimulates matrix metalloproteinase-2 activity via EGR-1 in
human lung fibroblasts, Am. J. Respir. Cell Mol. Biol. 36 (2007) 480–490.

[44] S.Y. Shin, J.H. Kim, A. Baker, Y. Lim, Y.H. Lee, Transcription factor Egr-1 is essential
for maximal matrix metalloproteinase-9 transcription by tumor necrosis factor
alpha, Mol. Cancer Res. 8 (2010) 507–519.

[45] N. Heylen, L.M. Vincent, V. Devos, V. Dubois, C. Remacle, A. Trouet, Fibroblasts
capture cathepsin D secreted by breast cancer cells: possible role in the
regulation of the invasive process, Int. J. Oncol. 20 (2002) 761–767.

231Y.-J. Park et al./Cancer Letters 370 (2016) 222–231

http://dx.doi.org/10.1016/j.canlet.2015.10.021
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0010
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0010
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0010
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0015
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0015
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0020
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0020
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0020
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0025
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0025
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0025
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0030
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0030
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0030
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0035
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0035
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0040
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0040
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0040
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0045
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0045
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0045
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0050
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0050
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0050
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0055
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0055
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0055
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0060
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0060
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0060
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0065
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0065
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0070
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0070
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0070
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0075
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0075
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0080
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0080
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0080
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0080
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0085
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0085
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0085
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0090
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0090
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0090
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0090
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0090
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0095
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0095
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0095
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0100
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0100
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0100
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0105
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0105
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0105
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0105
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0110
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0110
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0110
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0115
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0115
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0115
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0120
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0120
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0120
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0125
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0125
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0125
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0130
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0130
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0130
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0135
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0135
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0135
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0140
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0140
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0140
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0140
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0145
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0145
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0145
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0150
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0150
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0150
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0150
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0155
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0155
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0155
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0155
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0160
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0160
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0160
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0160
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0165
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0165
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0165
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0170
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0170
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0170
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0170
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0175
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0175
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0175
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0180
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0180
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0180
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0185
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0185
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0185
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0190
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0190
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0190
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0195
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0195
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0195
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0200
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0200
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0200
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0205
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0205
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0205
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0210
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0210
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0210
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0215
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0215
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0220
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0220
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0220
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0225
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0225
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0225
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0230
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0230
http://refhub.elsevier.com/S0304-3835(15)00652-7/sr0230

	 Human telomerase reverse transcriptase (hTERT) promotes cancer invasion by modulating cathepsin D via early growth response (EGR)-1
	 Introduction
	 Materials and methods
	 Cell culture
	 Co-culture
	 Mouse orthotopic xenograft model
	 Immunofluorescence observation
	 BrdU incorporation assay
	 Telomerase repeat amplification protocol (TRAP) assay
	 Wound-healing migration assay
	 Invasion assay
	 Organotypic culture
	 Polymerase chain reaction (PCR)
	 Reverse transcription–polymerase chain reaction (RT–PCR)
	 siRNA transfection
	 Western blotting and zymography
	 Microarray data analysis
	 Statistical analysis

	 Results
	 Construction of the hTERT-overexpressed cell line
	 Comparison of in vivo tumorigenesis between IHOK/Control and IHOK/hTERT
	 Difference of migration and invasion activities between IHOK/Control and IHOK/hTERT
	 Overexpressed genes in IHOK/hTERT compared to IHOK/Control
	 FAP and EGR-1 expression regulated by hTERT
	 Invasion activity modulated by cathepsin D via EGR-1

	 Discussion
	 Authors' contributions
	 Acknowledgements
	 Conflict of interest
	 Supplementary material
	 References


