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Abstract: Background: The efficacy of chemotherapy in patients with hepatocellular carcinomas still poor due
to multidrug resistance. This study aimed to investigate the impact of the over-expressed mitochondrial human
telomerase reverse transcriptase on multidrug resistance of hepatocellular carcinomas. Methods: HepG2 and SK-
Hepl cell lines were used. And sensitivity to chemotherapeutic drugs was detected. Results: Mitochondrial human
telomerase reverse transcriptase over-expression in hepatocellular carcinomas cells could significantly reduce its
sensitivity to multiple chemotherapeutic drugs in vitro and in vivo. Hepatocellular carcinomas cells over-expressing
mitochondrial human telomerase reverse transcriptase showed a significantly higher mitochondrial membrane po-
tential, a markedly lower activated caspase-3 after drug treatment, and an increased mtDNA copy number, which
explained the drastically decreased drug-induced apoptosis of hepatocellular carcinomas cells with mitochon-
drial human telomerase reverse transcriptase over-expression. Conclusion: Over-expressed mitochondrial human
telomerase reverse transcriptase may increase the mtDNA copy number and inhibit the activation of mitochondrial

apoptotic pathway to contribute to the multidrug resistance of hepatocellular carcinomas cells.
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Introduction

Multidrug resistance (MDR) usually accounts
for the poor clinical response to chemotherapy
in hepatocellular carcinoma (HCC) patients.
The mechanisms underlying MDR have been
widely studied, but the specific cause is still
poorly understood. According to the available
studies, MDR is closely associated with some
genetic and/or epigenetic factors that can
increase the export and decrease the import of
chemotherapeutics; activate the DNA repair
pathway and promote the drug metabolism;
suppress the apoptosis pathway, etc [1-4].
Most of the chemotherapeutics, such as cispla-
tin, 5-fluorouracil and doxorubicin, may induce
cell apoptosis [5-7]. The abnormal expression
and dysfunction of apoptosis-associated mole-
cules, including p53, Bax, and Bcl-2, may con-
tribute to the resistance to drug-induced apop-
tosis in HCC cells [8], which otherwise requires
the participation of mitochondria [9]. In addi-
tion, studies have confirmed that the telomer-

ase is associated with the drug resistance of
tumor cells [10]. Therefore, telomerase may
serve as an MDR-associated molecule in HCC
cells, but the relationship between telomerase
and MDR remains elusive.

Telomerase, a reverse transcriptase, consists
of human telomerase reverse transcriptase
(hTERT) and telomerase RNA component
(TERC). Studies have shown that telomerase is
able to not only maintain the length of telo-
meres, but also play important roles in the cell
proliferation [11, 12], the DNA damage res-
ponse of cells [13, 14] and the cell apoptosis
[15, 16]. Telomerase is mainly localized in the
nucleus. It has been demonstrated that active
telomerase TERT can translocate from nuclei to
mitochondria under certain stress conditions
[17, 18]. The mitochondrial translocation of
TERT is associated with the tyrosine phosphory-
lation, which involves the tyrosine kinase Src
kinase family [19] and tyrosine phosphatase
Shp-2 [20].
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Mitochondrial TERT and nuclear TERT have dif-
ferent roles. Mitochondrial TERT can use mito-
chondrial tRNA instead of TERC as a template,
functioning as a reverse transcriptase (RADP)
[24]. Mitochondrial TERT binds to the RNA com-
ponent of mitochondrial RNA ribonuclease
(RMRP) and plays a role in the gene silencing at
the transcriptional level by influencing a compo-
nent similar to RNA dependent RNA polymerase
(RARP) [22, 23]. Moreover, mitochondrial TERT
can reduce the mitochondrial reactive oxygen
species (ROS) [24, 25] and attenuate DNA dam-
age [18] to inhibit the apoptosis pathway [26].

In addition, our previous studies showed that
hTERT gradually translocates from the nuclei to
the mitochondria accompanied by an increase
in the resistance index of drug-resistant HCC
cells [27]. Therefore, the mitochondrial translo-
cation of hTERT may be involved in the acquired
MDR of HCC cells. How the mitochondrial hTERT
regulates the drug resistance of HCC cells is
still unclear. In this study, we investigated the
effect of mitochondrial hTERT over-expression
on the resistance of HCC cells to multiple che-
motherapeutic drugs in vitro and in vivo, and
explored the relationship between mitochon-
drial translocation of hTERT and MDR in human
HCC cells.

Materials and methods
Cell lines and cell culture

HepG2 and SK-Hep1 cell lines were provided by
the Institute of Biochemistry and Cell Biology,
Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences. HepG2 cells and
SK-Hepl cells were maintained in 1640 medi-
um (Gibco, Life Technologies, Grand Island, NY)
containing 10% fetal bovine serum (FBS)
(Gibco, Life Technologies, Grand Island, NY),
100 U/mL penicillin and 100 yg/mL streptomy-
cin (Amresco LLC., Solon, OH) in an atmosphere
with 5% CO, at 37°C.

Lentivirus (PLeno-mito-hTERT-GTP) construc-
tion and cell transfection

Lentivirus (PLeno-mito-hTERT-GTP) was con-
structed by Invitrogen Biotechnologies Co., Ltd
through molecular cloning technology as
described previously [28, 29]. The mitochon-
drial targeted sequences (MTS), approximately
87 bp of combined mito-hTERT, were as follo-
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ws: 5-ATGTCCGTCCTGACGCCGCTGCTGCTGC-
GGGGCTTGACAGGCTCGGCCCGGCGGCTCCC-
AGTGCCGCGCGCCAAGATCCATTCGTTG-3’, and
the combined sequences were cloned into the
PLeno-GTP vector (Invitrogen, Life Technolo-
gies). The production of lentivirus containing
mito-hTERT or vector plasmid was performed
according to conventional protocols.

HepG2 cells and SK-Hep1 cells were seeded in
6-well plates (3x10* cells/well) and used for
lentivirus transfection when 70% confluence
was observed. The multiplicity of infection
(MOI) was calculated with the following formula:
MOI = (lentivirus concentration x lentivirus amo-
unt)/cell number. At 24 h after transfection, the
medium was refreshed with normal medium.
The transfection efficiency at 48 h was approxi-
mately 90-95%.

Immunofluorescence staining

Approximately 0.5x10° cells were seeded on
coverslips and then processed 24 h late. Briefly,
cells were washed thrice with PBS and incubat-
ed with 300-500 ul of 400 nM MitoTracker
Deep Red (Molecular probes, Invitrogen, Life
Technologies) at 37°C for 30 min. Then, cells
were fixed in 4% paraformaldehyde for 15 min
at room temperature, permeabilized with 0.3%
Triton X-100 (Amresco LLC., Solon, OH) for 10
min at 4°C and blocked with 2 mg/ml of BSA
(Amresco LLC., Solon, OH) for 1 h at 37°C, fol-
lowed by incubation with an rabbit anti-hTERT
monoclonal antibody (1:50, Abcam, Cambridge,
MA) and rabbit anti-activated caspase-3 (1:10,
Epitomics, Burlingame, CA) for 12 h at 4°C.
Thereafter, cells were incubated with Alexa
Fluor 488 or FITC goat anti-rabbit 1gG (1:1000)
(Abcam, Cambridge, MA) for 1 h at 37°C. DAPI
(Roche Diagnostics Corp., Indianapolis, IN) was
used for nuclear counterstaining. Immuno-
fluorescence figures were captured with a Leica
TCS SP2 Confocal Microscope (Leica Micro-
systems Inc., Buffalo Grove, IL) and were sub-
sequently analyzed with Image J.

Western blot assay

Cells and tissue homogenate were lysed in lysis
buffer. The mitochondrial proteins were extract-
ed with a mitochondrial protein extraction kit
(Nanjing Keygen Biotech. Co. Ltd., Nanjing,
China) according to the manufacturer’s instruc-
tions. The extraction of nucleoproteins was per-
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Figure 1. Increased expression of mito-hTERT in cells after transfection with PLeno-mito-hTERT-GTP lentivirus (A)
Agarose Gel Electrophoresis of Plasmid DNA. Left Lane 1: MTS-hTERT (4000 bp). Left Lane 2: PDOWN-vehicle
(1000 bp). Right Lane 1: PLe-plasmid after EcoRI/Xhol cutting (5000 bp). Right Lane 2: PLe-MTS-hTERT-plasmid
after EcoRI/Xhol cutting (5000 bp+4000 bp). Lane 3: PDOWN-MTS-hTERT-vehicle after EcoRI/Xhol cutting (4000
bp+1000 bp). (B) DNA sequencing of MTS-hTERT fusion gene. MTS (87 bp) was located in 50-136 bp (yellow). (C)
Immunofluorescence staining shows that the co-localization (yellow) of mitochondrial hTERT (green) and mitochon-
dria (red) in non-transfected and lentivirus-transduced HepG2 and SK-Hep1 cells. Nuclei were counterstained blue
with DAPI. Magnification: 1200x. N: nuclear hTERT, C: cytoplasmic hTERT, I: intermediate hTERT. (D) Histogram
represents the quantitative analysis of co-localization signals, comparing the average fluorescence intensity per
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unit area. *P<0.01. (E) Western blot shows expression of mitochondrial and nuclear hTERT: mitochondrial hTERT
was normalized to GAPDH and nuclear hTERT was normalized to PCNA. (F) Histogram Histogram represents the
quantitative analysis of gray ratio, *P<0.05. #P>0.05.

Table 2. The relative inhibition rate of 5-FU

Drug (ug/ml) HepG2 HepG2-PLE  HepG2-mito-hTER
1 0.111+0.020 0.120+0.004 0.053+0.005

2 0.2204£0.013 0.228+0.013 0.181+0.001

4 0.350+0.006 0.310+£0.015 0.207+0.016%***
8 0.442+0.023 0.430£0.019 0.320+0.006***
16 0.606£0.018 0.594+0.004 0.499+0.018%***
32 0.678+0.011 0.717+0.024 0.555+0.019%* **

Footnotes: HepG2-mito-hTERT vs. HepG2 cells, *P<0.05; HepG2-mito-

hTER vs. HepG2-PLE, **P<0.05; mean + SD, n=3.

Table 1. The relative inhibition rate of CDDP

Drug (ug/ml) HepG2 HepG2-PLE HepG2-mito-hTERT
1 0.372+0.024 0.318+0.013 0.120£0.018***
2 0.47940.010 0.463+0.001 0.246+0.014%***
4 0.589+0.005 0.572+0.005 0.344+0.003***
8 0.604+0.017 0.609+0.006 0.478+0.007***
16 0.680£0.005 0.694+0.004 0.6230.006***

Detection of sensitivity to chemothera-
peutic drugs by CCK-8 assay

SK-Hep1l cells and HepG2 (1x10%each)
were seeded into 96-well plates. After
incubation for 24 hg, CDDP (1, 2, 4, 8,
and 16 g/ml), DOX (0.15, 0.3, 0.6, 1.25,
and 2.5 g/ml) and 5-FU (4, 2, 4, 8, 16,
and 32 g/ml) (Sigma) at different con-
centrations were added. After incuba-
tion at 37°C for 24 h, 10 yL of CCK-8
(Do jindo Laboratories, Rockville, MD)
was added to each well, followed by
incubation at 37°C for 2 h. The absor-
bance was measured at 450 nm with a
microplate reader (Thermo Scientific,
Tewksbury, MA). The relative inhibitory
rate of cell growth was determined with
the following formula: inhibitory rate =
(1_OD450 [treatment]/OD
100%.

450 [vehicle control]

Footnotes: HepG2-mito-hTERT vs. HepG2 cells, *P<0.05; HepG2-mito-

hTER vs. HepG2-PLE, **P<0.05; mean * SD, n=3.

formed with a nucleoprotein extraction kit
(Nanjing Keygen Biotech Co. Ltd., Nanjing,
China) according to the manufacturer’s instruc-
tions. The nuclear and mitochondrial protein
concentrations of tissues and cells were deter-
mined with a BCA protein quantification kit
(Beyotime, Shanghai, China). Proteins of equal
amount from tissues and cells (100 pg) were
separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred onto polyvinyli-
dene fluoride (PVDF) membranes. After incuba-
tion in 5% skim milk in TBST buffer (10 mM Tris
HCI, pH 8.0, 150 mM NaCl, and 1% Tween-20)
for 1 h at room temperature, the membranes
were incubated overnight with hTERT (Abcam,
1:500) or GAPDH (Epitomics, 1:3000) at 4°C
and then with a horseradish peroxidase conju-
gated secondary antibody (Abcam, Cambridge,
MA, 1:2000) for 2 h at room temperature. The
film was exposed and developed in the pres-
ence of ECL substrate (Thermo Scientific,
Tewksbury, MA) for 1 min, and the densitometry
of protein bands was quantified and analyzed
with Gel-Pro Analyzer Software (Media Cyber-
netics, Inc., Rockville, MD).
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Detection of cell apoptosis by FCM
after Annexin V-PE/7-AAD staining

Non-transfected and lentivirus-transfected
HepG2 cells were plated into a 6-well plate at a
density of 1x10° cells/ml and treated with 0.5
mg/ml DOX, 5 g/ml CDDP, or 10 g/ml 5-FU for
24 h. Cells (>1x107) were then centrifuged at
1000 rpm for 5 min re-suspended with PBS,
stained with the Annexin V-PE/7-AAD kit (Roche
Diagnostics Corp., Indianapolis, IN) and incu-
bated for 15 min. A total of 5x10° cells were
detected for FCM of apoptotic cells (BD
FACSVantage SE; Becton Dicknson Company,
Franklin Lakes, NJ, USA) at 488 nm. Data were
analyzed using CellQuest software.

DNA extraction and real-time Q-PCR

Non-transfected and lentivirus-transfected
HepG2 cells were grown in a 6-well plate and
treated with 0.5 g/ml DOX, 5 g/ml CDDP, or 10
g/ml 5-FU for 24 h. Total DNA was extracted
with  DNA extraction Kkits (Qiagen China,
Shanghai, China). Q-PCR was carried out
according to the manufacturer’s instructions
(Takara, Dalian, China). The copy number of
mtDNA was calculated as 22°, where ACt dif-
fers in the nuclear and mitochondrial genomes.
MYH10 was designed to expand a 116-bp frag-
ment from the nuclear genome with a forward
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Table 3. The relative inhibition rate of DOX

Drug (ug/ml) HepG2 HepG2-PLE ~ HepG2-mito-hTER
0.15 0.383+0.020 0.385+0.006 0.165+0.023***
0.3 0.420+£0.006 0.400+0.008 0.229+0.007***
0.6 0.547+0.005 0.522+0.005 0.410£0.011***
1.25 0.634+0.015 0.628+0.020 0.509+0.066* **
2.5 0.750+0.008 0.741+0.008 0.562+0.009%* **

Footnotes: HepG2-mito-hTERT vs.
hTER vs. HepG2-PLE, **P<0.05; mean + SD, n=3.

HepG2 cells, *P<0.05; HepG2-mito-

Table 4. The relative inhibition rate of CODP

Drug (ug/ml) SK-Hep1l SK-Hep1-PLE SK-Hepl-mito-hTER
1 0.189+0.029 0.190£0.026 0.083+0.017***
2 0.284+0.042 0.277+0.042 0.151+0.063***
4 0.368+0.019 0.376+0.021 0.234+0.021***
8 0.479+0.048 0.497+0.065 0.3870.022***
16 0.69910.016 0.709+0.020 0.624+0.013***

weeks, these mice were intraperitone-
ally injected with 1.5 mg/kg DOX, 25
mg/kg 5-FU or 2 mg/kg CDDP (Sigma)
once daily for one week and twice
weekly in the following week. Control
mice were injected with PBS of equal
volume. The tumor volume was mea-
sured with a Vernier caliper on days 7,
14, 21, and 28 and calculated as fol-
low: volume = length x width?/2. All
the mice were sacrificed on day 28,
and the xenograft tumors were
photographed.

Immunohistochemistry
The xenograft tumors were collected

from nude mice, fixed in 10% neutral
buffered formalin (NBF) and embed-

Footnotes: SK-Hep1-mito-hTERT vs. SK-Hep1 cells, *P<0.05; SK-Hep1-

mito-hTER vs. SK-Hep1-PLE, **P<0.05; mean * SD, n=3.

primer: 5’-ttgccagaccatgggattgtctca-3' and a
reverse  primer:  5'-ttcctaccgaacgaggactc-
caaa-3'. The mtDNA D-loop was designed to
expand a 199-bp fragment from the mitochon-
drial genome using 5'-gatttgggtaccacccaag-
tattg-3' and b5-aatattcatggtggetggeatgta-3'.
PCR was carried out at 94°C for 4 min, followed
by 35 cycles of 94°C for 20 s, 60°C for 30 s
and 72°C for 30 s, and the Ct value was calcu-
lated [30, 31].

Detection of mitochondrial membrane poten-
tial (MMP)

Non-transfected and lentivirus-transfected
HepG2 cells were grown in a 6-well plate and
treated with 0.5 g/ml DOX, 5 g/ml CDDP, or 10
g/ml 5-FU for 12 h. Cells were incubated with
40 nM TMRE (Molecular probes, Invitrogen) for
30 min, and then the MMP was detected as the
percentage of cytoplasmic signal in the total
cytoplasmic area based on images obtained by
confocal laser scanning microscopy. Data were
analyzed with Image J.

In vivo drug sensitivity assay

The in vivo drug sensitivity assay was per-
formed according to a previously described
method [32]. Approximately 1.0x107 HepG2
cells transfected with lenti- mito-hTERT vector
or control vector were subcutaneously injected
into nude mice at both armpits. After two
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ded in paraffin. Sections (5 m) were
obtained, deparaffinized in xylene and
rehydrated in a series of ethanol. The
classical SP staining method was per-
formed in the sections. The expression of PCNA
(Epitomics) and hTERT was determined by cal-
culating the proportion of positive cells in each
section with Image J software.

Statistical analysis

Data are presented as mean * standard devia-
tion (SD). Statistical analysis was done with the
STATISTICA program (StatSoft, Tulsa, OK). A
value of P<0.05 was considered statistically
significant.

This study has been approved by the ethical
committee of Xingiao Hospital affliated to Third
Military Medical University.

Results

Increased expression of mito-hTERT after
transfection with PLeno-mito-hTERT-GTP
lentivirus

It has been reported that MTS can promote the
import of nuclear genome coding proteins into
the mitochondria [28, 29]. To over-express the
mitochondrial hTERT in HCC cells, MTS (87 bp)
was connected to hTERT sequences and the
MTS-hTERT sequences were subsequently
cloned into the PLeno- GTP vector (Figure 1A).
DNA sequencing showed that the PLeno-mito-
hTERT-GTP vector was constructed successful-
ly (Figure 1B). Three types of hTERT can be

Am J Transl Res 2015;7(1):88-99



Mitochondrial telomerase on drug resistance of HCC

Table 5. The relative inhibition rate of CDDP

cantly higher growth inhibition ratio

Drug (ug/ml) SK-Hep1l

SK-Hep1-PLE SK-Hepl-mito-hTERT

after treatment with CDDP (1-16 g/

ml) (Table 1), 5-FU (4-32 g/ml) (Table

1 0.182+0.031 0.173+0.055 0.145+0.022

2 0.575+0.025 0.570+£0.035 0.275+0.058*** 2P) and D.OXVEQ.15-2-.5 g/mi) (Table II|3)

4 0.639+0.040 0.643+0.040 0.458+0.042*** ( <0'05)'. this _reSIStar?ce gradually

8 0.80140.005 077940.011 0.67040.064% reducedwiththeincreaseindrugconcen-
.801+0. . +0. . +0. :

trations.

Footnotes: SK-Hep1-mito-hTERT vs. SK-Hep1 cells, *P<0.05; SK-Hepl-mito-

hTER vs. SK-Hep1-PLE, **P<0.05; mean * SD, n=3.

Table 6. The relative inhibition rate of DOX

Similarly, SK-Hepl cells over-express-
ing mito-hTERT showed a significantly
higher growth inhibition ratio after
treatment with CDDP (1-16 g/ml)

Drug (pug/ml) SK-Hep1l

SK-Hep1-PLE SK-Hepl-mito-hTERT

(Table 4), 5-FU (2-8 g/ml) (Table 5)

0.15 0.548+0.014 0.512+0.006  0.112+0.008%*** and DOX (0.15-1.25 g/ml) (Table 6)
0.3 0.665+0.022 0.628+0.008 0.294+0.007*** (P<0.05), when compared with nega-
0.6 0.715+0.006 0.764+0.020  0.475+0.009%** tive control and parental cells.

1.25 0.823+0.013 0.811+0.006  0.740+0.018%**

Footnotes: SK-Hep1-mito-hTERT vs. SK-Hep1 cells, *P<0.05; SK-Hepl1-mito-

hTER vs. SK-Hep1-PLE, **P<0.05; mean + SD, n=3.

found in cells: nuclear TERT (N), mitochondrial
TERT (C) and intermediary TERT (l). The co-
localization of hTERT and mitochondria in
HepG2 cells and SK-Hepl cells was examined
by immunofluorescence staining (Figure 1C).
The nuclei and mitochondria of these cells were
visualized by DAPI and Mitotracker staining,
respectively. When compared with negative
control and parental cells, co-localization sig-
nals significantly increased in HepG2 cells and
SK-Hepl cells transfected with PLeno-mito-
hTERT-GTP lentivirus (P<0.01) (Figure 1D). The
expression of mitochondrial hTERT and nuclear
hTERT in HepG2 cells and SK-Hep1 cells was
detected by western blot assay (Figure 1E). The
mitochondrial hTERT was normalized to GAPDH,
and nuclear hTERT was normalized to PCNA. In
contrast to negative control and parental cells,
mitochondrial hTERT expression significantly
increased in HepG2 cells and SK-Hepl cells
transfected with PLeno-mito-hTERT-GTP lentivi-
rus (P<0.05), while nuclear hTERT expression
remained unchanged (P>0.05) (Figure 1F).

Effect of mito-hTERT over-expression on drug
resistance

Our previous findings showed that hTERT gradu-
ally translocates from the nuclei to the mito-
chondria accompanied by an increases in the
resistance index of drug-resistant HCC cells
[27]. In this study, when compared with nega-
tive control and parental cells, HepG2 cells
over-expressing mito-hTERT showed a signifi-

93

Mito-hTERT over-expression reduces
cell apoptosis induced by chemo-
therapeutic drugs

Most chemotherapeutics (such as cisplatin,
5-fluorouracil and doxorubicin) exert the anti-
tumor effects through inducting apoptosis
[5-7]. Thus, the effect of mito-hTERT over-
expression on the drug-induced apo-
ptosis was examined by immunofluorescence
staining and flow cytometry. First, cell apopto-
sis was verified by immunostaining of activated
caspase-3 (Figure 2A). When compared with
negative control HepG2 cells and SK-Hepl
cells, the activated caspase-3 significantly
decreased in HepG2 cells and SK-Hep1 cells
over-expressing mito-hTERT after CDDP, 5-FU
and DOX treatment (Figure 2C) (P<0.05).
Furthermore, flow cytometry revealed that
apoptotic cells after treatment with different
drugs decreased markedly in HepG2 cells over-
expressing mito-hTERT when compared with
negative control and parental cells (Figure 2B)
(P<0.05).

Effect of mito-hTERT over-expression on MMP

MPT is closely related to the apoptosis [9]. Our
results showed the MMP increased dramati-
cally in HepG2 cells over-expressing mito-hTERT
when compared with negative controls and
non-transfected cells after CDDP, 5-FU and
DOX treatment (Figure 3A, 3B) (P<0.05).

Effects of mito-hTERT over-expression on
mtDNA

mtDNA is an important indicator of mitochon-
drial function. In the present study, the effect of

Am J Transl Res 2015;7(1):88-99
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Figure 2. Mito-hTERT reduces cell apoptosis induced by chemotherapeutic drugs (A) Activited caspase-3 in lentivirus-transduced SK-Hep1 and HepG2 cells was
detected by immunofluorescence assay after treated with 0.5 mg/ml DOX, 5 mg/ml CDDP or 10 mg/ml 5-FU for 12 h. Magnification: 800x. (B) Apoptosis induced
by different drugs in non-transfected and lentivirus-transduced HepG2 cells was determined by flow cytometry after treated with 0.5 mg/ml DOX, 5 mg/m| CDDP

or 10 mg/ml 5-FU for 24 h. (C) Histogram represents the quantitative analysis of activited caspase-3, comparing the average fluorescence intensity per unit area.
*P<0.05.

94 Am J Transl Res 2015;7(1):88-99



Mitochondrial telomerase on drug resistance of HCC

B . .

o - .
R . .

&3 Untreated D unireated

HepG2-mso-TERT

£ X
o - .

HepG2-mio-TERT+5-FU

i
:
é

%

B8 control

C & untreat
© BB DOX treated €3 DOX traated 3 5-FU treated = DCPIT'.at}d
60+ T B CODP treated 20+ * 15 *
- D 5-FU treated - 5 |
: : : ; -
= § 5 5 .
P ¢ g £ 10-
3 g g §
! o L*] v
é g g g 54
E £ E
°'

wgf %
PO
& & «*& Q’Q&

& &S
& :
v
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quantitative analysis of MMP, comparing the average fluorescence intensity per unit area. *P<0.05. #P>0.05. C. MtDNA copy number in non-transduced and lenti-
virus-transduced HepG2 cells was detected by qRT-PCR before and after treated with 0.5 mg/ml DOX, 5 mg/ml CDDP or 10 mg/ml 5-FU for 2 h. *P<0.05. #P>0.05.
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Figure 4. Over-expression of mito-hTERT increases drug resistance in vivo (A) HepG2-PLE (left) cells and HepG2-mito-hTERT cells (right) were subcutaneously in-
jected into the armpit of nude mice. After two weeks, mice were intraperitoneally injected with 1.5 mg/kg DOX, 25 mg/kg 5-FU or 2 mg/kg CDDP in PBS once daily
for one week and twice weekly for 1 week. Control mice were injected with PBS. All the mice were sacrificed and xenograft tumors were collected on day 30 and
photographed. (B) Tumor volume was measured with a Vernier calliper on days 7, 14, 21, and 28, and calculated as follow: volume = length x width?/2. *P<0.01,
#P>0.05. (C) PCNA expression and hTERT distribution in xenografted tumors were examined by immunohistochemistry. Magnification: 400x. (D) Quantitative analy-
sis of PCNA expression normalized to the average fluorescence intensity per unit area, while mitochondrial hnTERT and nuclear hTERT expression was expressed as
the percentage of positive cells. *P<0.05, #P>0.05. (E) Western blot assay shows expression of mitochondrial and nuclear hTERT in xenograft tumors: mitochondrial
hTERT was normalized to GAPDH and nuclear hTERT to PCNA. (F) Histogram represents the quantitative analysis of gray ratio, *P<0.05. #P>0.05.
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mito-hTERT over-expression on mtDNA copy
number was investigated with a previously
described method [30, 31]. Q-PCR revealed a
significant increase was observed in the mtDNA
copy number of mito-hTERT over-expressing
HepG2 cells when compared with negative con-
trols and non-transfected cells before and after
CDDP, 5-FU and DOX treatment (Figure 3C)
(P<0.05).

mito-hTERT over-expression increases drug
resistance in vivo

The effects of mito-hTERT over-expression on
the drug resistance were further examined in
vivo with previously described methods [32]
(Figure 4A). The tumor volume in negative con-
trol group was significantly lower than that in
nude mice inoculated with mito-hTERT-over-
expressing HepG2 cells after CDDP, 5-FU or
DOX treatment (Figure 4B) (P<0.01). Moreover,
the tumor volume in negative control group was
not significantly different from that in PBS-
treated nude mice inoculated mito-hTERT-over-
expressing HepG2 cells (Figure 4B) (P>0.05).

The expression of mitochondrial TERT in xeno-
graft tumors was examined by immunohisto-
chemistry (Figure 4C) and western blot assay
(Figure 4E). Immunohistochemistry showed the
number of mito-TERT positive cells was signifi-
cantly higher in mito-hTERT-over-expressing
HepG2 cells group than that in negative control
group (P<0.05) (Figure 4D). Moreover, the
amount of nuclear-TERT-positive cells in mito-
hTERT-over-expressing HepG2 cells group was
comparable to that in control HepG2 cells
(P>0.05) (Figure 4D). Similarly, western blot
assay indicated that the expression of mito-
chondrial hTERT significantly increased in mito-
hTERT-over-expressing HepG2 cells group when
compared with negative control group (P<0.05),
while the expression of nuclear hTERT was
remained unchanged (P>0.05) (Figure 4F).

Discussion

The mechanisms underlying the MDR of HCC
cells, including congenital and acquired MDR,
are complex. Our previous results showed that
hTERT gradually translocates from the nuclei to
the mitochondria accompanied by an increase
in the resistance index of drug-resistant HCC
cells [27]. Therefore, mitochondrial transloca-
tion of hTERT may be involved in the acquired
MDR of HCC cells.
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The mitochondrion is a special organelle in the
eukaryotic cells and has a special transport
system. However, cytoplasmic proteins with a
MTS on the N terminal can translocate into the
mitochondria. MTS and mitochondrial outer
membrane protein receptor are involved in
almost all the processes of mitochondrial
translocation [23, 24]. Therefore, to over-
express mitochondrial hTERT in HCC cells, an
MTS (87 bp) was cloned into the hTERT
sequence to construct a PLeno-mito-hTERT-
GTP lentivirus. DNA sequencing and mitochon-
drial hTERT detection showed the PLeno-mito-
hTERT-GTP lentivirus was constructed succe-
ssfully.

Since 1997, many studies have confirmed that
the hTERT expression is associated with the
drug resistance of tumor cells [10]. Our previ-
ous studies also suggested that the increased
expression of mitochondrial hTERT in SK-Hepl/
CDDP cells is positively related to their drug-
resistance to multiple drugs [27]. Consistent
with these findings, the present study showed
that mitochondrial hTERT over-expression in
HCC cells could reduce their sensitivity to mul-
tiple chemotherapeutics.

When compared with parental cells, drug-resis-
tant cancer cells show enhanced mitochondrial
function, lower ROS and mtDNA damage after
injury [33]. In the present study, mitochondrial
hTERT over-expressing HCC cells also showed a
higher mtDNA copy number before and after
drug treatment, suggesting that mitochondrial
hTERT might increase mtDNA replication and
be involved in drug resistance of HCC cells,
which might be ascribed to following mecha-
nisms: mitochondrial TERT can function as
reverse transcriptase (RADP) [21]; mitochon-
drial TERT can play a role in gene silencing at
the transcriptional level [22, 23]; mitochondrial
TERT can reduce DNA damage [18] to inhibit
the apoptosis pathway [26].

Mitochondria play a key role in the cell apopto-
sis. In the early stage of apoptosis, mitochon-
drial changes (swelling or dilution) are revers-
ible. However, irreversible mitochondrial perme-
ability transition (MPT) occurs once mitochon-
drial injury continues, resulting in release of a
large number of pro-apoptotic molecules into
cytoplasm and activation of caspase family [9].
Our study revealed that mitochondrial hTERT
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over-expressing HCC cells had a higher MMP
and a lower caspase-3 activity after drug treat-
ment, which explains the decreased drug-
induced apoptosis in HCC cells over-expressing
mitochondrial hTERT.

These findings indicate that mito-hTERT may
serve as an anti-apoptotic regulator through
protecting the mitochondria. In addition, we fur-
ther validated the function of mitochondrial
hTERT in vivo that mitochondrial hTERT also
regulates the drug resistance in nude mice. In
summary, mitochondrial hTERT over-expression
can increase the sensitivity of HCC cells to che-
motherapeutics by increasing the mtDNA dam-
age and elevating cells apoptosis.
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