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The present study assessed the cytotoxic effects on cell growth and senescence in human cancer (A-549,
AGS, HCT-116, MDA-MB-231, and U 87-MG) and normal (MRC-5 and mesenchymal stem cells)
cell lines treated with efavirenz (EFA), an inhibitor of non-nucleoside reverse transcriptase (RTase).
Following EFA treatment, the half-maximal inhibitory concentration (ICsy) values were approximately
15 uM, and the ICso value was significantly (p<0.05) lower in the cancer cell lines, compared to
normal cell lines. After determining the ICsy) values against EFA, each cell line was treated with
15 uM EFA for up to one week. Significant (p<0.05) decreases in endogenous RTase and telomerase
activity were observed in the cancer cell lines. RTase and telomerase activity were absent or detected
at very low levels in both EFA-untreated and treated MRC-5 and MSC normal cells. The cell doubling
time (CDT) was also significantly (p<0.05) prolonged by the decreased cell growth rate in the
EFA-treated cancer cell lines compared to the untreated cell lines. Furthermore, EFA-treated cancer
cells displayed a high number of cells with a high intensity of senescence-associated B-galactosidase
activity (SA-B-gal activity), compared to the untreated cells. The present study showed that inhibition
of RTase activity induces cellular senescence and arrests cell growth in human cancer cell lines; how-
ever, normal cell lines showed greater tolerance against EFA. RTase treatment could offer optional

chemotherapy for cancer treatment in human cancer cell lines with high RTase activity.
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Introduction

The basic cellular properties of cancer cells are charac-
terized by the unlimited cell growth and metastasis capacity
acquired with mainly various epigenetic alterations, such as
DNA methylations or histone modifications, and (or) genetic
alterations [16]. Recently, it has been re-highlighted that ge-
netic diversity and modification are highly contributed by
transposable elements (TEs) in the whole human genome [1,
12]. The TEs in the human genome consist of mainly Class
I (retrotransposons) and partially Class II (DNA transposons).
The part of Class I retrotransposons in the eukaryotic cell
is transcribed to RNA intermediate, subsequently re-converted
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into a complementary strand of DNA, and these cDNAs can
be transposed into other genomic locations with a “copy and
paste” mechanism [11]. The DNA transposition of the retro-
transposons can be incorporated into the regulatory regions,
such as promoter and enhancer, or exon region of their DNA,
and mutations of genes by DNA editing in the genome can
be induced by retrotransposon mechanisms [26]. Further, the
retrotransposons, previously called as such as ‘junk DNA’
and ‘molecular parasites’ can be also changed to structural
modifications of DNA, such as DNA methylation and histone
modification in eukaryotic cells [9]. Thus, it has been con-
tinually demonstrated that gene transcription and expression
may be dramatically changed by the transposition of the retro-
transposons [12, 26]. Numerous studies have also highlighted
that the transposition of retrotransposons is remarkably asso-
ciated with various diseases in humans, including cancer [21].

After transcription of the retrotransposons in the eukaryotic
cells, the converting retrotransposons into cDNA is com-
monly catalyzed by the endogenous non-telomeric reverse
transcriptase (RTase) activity that is usually encoded by Class
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I retrotransposons itself, and the endogenous RTase activity
is positively necessary for the transposition of retrotrans-
posons into other genomic locations with a cell [29]. Further,
the endogenous RTase activity is commonly expressed in
RNA viruses, including retroviruses and coronaviruses for
DNA intermediates and cDNA. Thus, the several inhibitors
of RTase activity that can limit the production of DNA inter-
mediates from retrotransposons and are widely used for the
treatment of acquired immune deficiency syndrome (AIDS)
by infection of human immunodeficiency virus (HIV) retro-
virus [13]. The nucleoside RTase inhibitors, such as abacavir
(Ziagen®) and lamivudine (Epivir®), and non-nucleoside
RTase inhibitors, such as efavirenz (EFA, Sustiva™) and ne-
virapine (NVP, Viramune®) are commonly used for blocking
of RTase activity [33]. Compared with nucleoside RTase in-
hibitors that competitively bind at the active site of the RTase,
the non-nucleoside RTase inhibitors non-competitively bind
at a hydrophobic pocket site distant from the catalytic active
site of the RTase enzyme and disrupt the activity of RTase
as per the altering active site conformation [30].

In eukaryotic cells, a high level of endogenous RTase ac-
tivity is consistently expressed in especially immortal cells,
such as including embryos, stem cells, and cancer cells [4,
18, 36]. And, previous studies have shown that stemness
characterizations are gradually decreased as per the malfunc-
tion of retrotransposons by inhibition of RTase activity with
NVP in the human mesenchymal stem cells [22]. Further,
inhibition of RTase activity was induced in the arrest of cell
growth and cellular differentiation in cancer cells with a high
level of RTase activity [28]. Thus, it has been suggested that
the inhibitors of RTase activity have been considered as a
potential agent for cancer treatment and chemotherapy. The
retrotransposons in the eukaryotic cells possess high functions
on the basic cellular properties, however, the detailed molec-
ular mechanism(s) and function(s) of retrotransposons are
fully elucidated and presently under debate. Most impor-
tantly, the investigation concerning the cellular cytotoxicity
and growth in the normal somatic cells was not fully exam-
ined in the cancer therapy and treatment with RTase inhibi-
tors.

To further investigate the roles of retrotransposons and
RTase activity on the basic cell growth and characterizations
in the various tissues-derived cancer and normal somatic cell
lines, the cells were exposed to EFA, a kind of non-nucleo-
side RTase inhibitor. The half-maximal inhibitory concen-
tration (ICso) value was first determined by cell viability as-

says in cancer and normal cell lines. The RTase activity was

detected by PCR-based protocol in the normal cell lines treat-
ed with EFA, and the basic cancerous cell properties, includ-
ing cell growth rate by cell doubling time (CDT) assay, rela-
tive telomerase activity by real-time quantitative telomeric re-
peat amplification protocol (RQ-TRAP) assay and the cellular
senescence assay using expression of galactosidase. Based on
the present results comparing cell growth in human cancer
and normal cells treated with EFA, we have examined another

possibility in cancer treatment using RTase inhibitors.

Materials and Methods

Cultivation of cancer and normal cells

The human cancer cell lines used in the present experiment
were A549 lung adenocarcinoma, AGS gastric adenocarcino-
ma, HCT-116 colorectal carcinoma, MDA-MB-231 breast ad-
enocarcinoma, and U 87-MG brain glioblastoma derived from
the ATCC (USA). The human normal cell lines were MRC-5
fetal lung fibroblasts (ATCC, USA) and mesenchymal stem
cells (MSC) isolated from dental tissue of the third molar.
The cellular properties of the isolated MSC were examined
in the early studies [17, 18]. The basic cell culture media was
advanced-Dulbecco's modified eagle medium (A-DMEM,
Gibco, USA) supplemented with 3% fetal bovine serum (FBS,
Gibco, USA), 1% L-glutamine and 1% penicillin-streptomy-
cin. All cancer and normal cells were grown at 37C in a
humidified atmosphere of 5% CO, in an incubator. The cells
at 70-80% confluence were dissociated with 0.25% tryp-
sin-EDTA solution (Gibco, USA), and harvested at 300 xg
for 5 min. And the cells were sub-cultured for further experi-
ment. The EFA stock solution was prepared by dissolving
in dimethyl sulfoxide (DMSO, Sigma, USA) at 100 mM and

freshly added to the cell culture medium.

Analysis of ICso value

The cellular cytotoxicity against EFA was examined by
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT, Sigma, USA) assay and the ICsy value in
each cell lines was determined as per MTT assay. In brief,
each of the cells was transplanted into a 6-well cell culture
plate at the density of 1x10* cells per well, cultured in A-
DMEM containing 0 (untreated control), 3.125, 6.25, 12.5,
25, and 50 pM EFA for 7 days. Following treatment, the
wells were washed with Dulbecco's phosphate buffered saline
(D-PBS) three times, and incubated with 1 ml of 5 mg/ml
MTT stock solution at 37°C for 4 hr After washed with D-
PBS, the formazan in each well was extracted with 200 pl



DMSO solution for 15-30 min. The melted formazan solution
was transferred into a new 96-well plate, and the quantity
of soluble formazan was measured with a plate reading spec-
trophotometer (Microdigital, Korea) at a wavelength of 570
nm. The cell viability rate in the untreated treatment was cal-
culated as 100% for relative comparison with each treatment
at least 3 replications. Moreover, the morphological changes
of the cells in each treatment were examined with an inverted
microscope (Nikon, Japan) placed with a CCD camera and
image program (IMT, Korea).

Analysis of RTase activity

The endogenous RTase activity in the cells treated with
EFA was measured by PCR-based protocol as previously de-
scribed by Jeon et al. (2011) with minor modifications.
Briefly, the total protein of each treatment was 1x CHAPS
cell lysis buffer (TRAPeze®, Cell Signal Tech., USA) con-
taining 100200 U/ml RNase inhibitor (Gibco, USA). Firstly,
the samples were incubated at 4C for 30 min, and sub-
sequently centrifuged at 12,000 xg for 20 min at 4C, and
approximately 70% of the supernatant of the cell lysis was
transferred into a new tube. The concentration of total protein
was calculated with a spectrophotometer (Microdigital, Korea,
USA). The cDNA synthesis was followed with cell extract
with RTase activity. The reactions for cDNA synthesis were
contained with 2 pl of reverse transcription buffer (Qiagen,
USA), 10 pg of total protein derived from each sample, 10
ng of bacteriophage MS2 RNA (Sigma, USA), 1 mM of
dNTP mixture (Gibco, USA), 2 U of RNase inhibitor (Gibco,
USA), and 30 pmol of MS2 reverse primer in a final volume
of 20 pl, and were incubated at 37°C for 1 hr. The cDNA
samples were amplified with a PCR pre-mix kit (Intron,
Korea) containing 10 pM each of forward (5-CCTCCTCTCT
GGCTACCGA-3') and reverse (5-ACAGGCAGCCCGATC
TATTT-3") MS2 primers. The PCR protocol consisted of de-
naturation for 30 sec at 95C, annealing of 30 sec at 58°C,
and extension of 45 sec at 72°C in 35 cycles. The PCR prod-
uct and fragment were designed with 296 bp located at 2225~
2521 base from the 5° end of the MS2 RNA checked on
the 1.0% agarose gel. The quantification of the PCR product
was measured by a second derivative method using quantifi-
cation software equipped with LightCycler real-time PCR
machine (Rotor-Gene Q, Qiagen, USA).

Analysis of cell growth rate
After the determination of the ICsy value in each cell line,
the cell lines were treated at 15 pM EFA for 7 days. The
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effect on the growth inhibition by EFA treatment was ana-
lyzed by the evaluation of the cell doubling time (CDT)
assay. Shortly, the 1x10* cells per well were transferred into
a 6-well plate, and cultured in the A-DMEM media contain-
ing 15 uM EFA for 7 days. The cell culture media was
changed twice a week. After 7 days, the cells were trypsinized
and harvested, and the number of cells was measured with
a hemocytometer. The CDT was calculated following the for-
mula: CDT = In (log N¢Ny)/t, where t is the cell culture time
between N, and Nt, and N, and N; are the initial and final

cell numbers.

Analysis of telomerase activity

The analysis of relative telomerase activity in the EFA-
treated cells was employed with a relative-quantitative telo-
merase repeat amplification protocol (RQ-TRAP) assay, ap-
plying real-time PCR protocol and machine (Rotor-Gene Q,
Qiagen, USA). Shortly, the sample cells were collected and
lysed with CHAPS cell lysis buffer for extraction of total
protein from each treatment, as mentioned above. Following
the measure of protein concentration with a spectropho-
tometer (Microdigital, Korea), an RQ-TRAP assay with a re-
al-time PCR machine (Rotor-Gene Q, Qiagen, USA) was car-
ried out in each treatment. Each reaction contained 1 pg total
protein, 0.02 pg of telomerase TS (5'-AATCCGTCGGAGCA
GAGTT-3') primer, and 0.04 pg of anchored return ACX
(5'-GCGCGGCTTACCCTTACCCTTACCCTAACC-5") pri-
mer in the 20 pl Rotor-Gene™ SYBR green mixture (Qiagen,
USA). The amplification protocol of telomerase consisted of
94°C for 30 sec and 60°C for 90 sec in 40 cycles. The relative
level of telomerase activity was measured by a value of cycle
threshold with Rotor-Gene Q software (Qiagen, USA), refer-
ring to the level of telomerase activity in the MRC-5 fetal
fibroblasts.

Analysis of cellular senescence

After treatment of EFV for 1 week, the cellular senescence
(aging) was examined with the senescence-associated (-gal-
actosidase (SA-B-gal) activity using a SA-B-gal staining kit
(Cell Signaling Technology, USA), as per the manufacturer’s
protocol. In Brief, the untreated control and EFA-treated cells
were washed with D-PBS twice, and fixed with fixative sol-
ution for 30 min. After being washed with D-PBS, each cell
was stained with the SA-B-gal staining solution at 37C
overnight. After being again washed with D-PBS, each cell
was observed under an inverted microscope (Nikon, Japan)

placed with a CCD camera and image program (IMT, Korea).
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The cells presented with blue color were considered as a sen-
escent cell.

Statistical Analysis

All treatment group was independently performed over at
least three replicates, and all data are exhibited as mean +
standard error of the mean (mean = SEM). The statistical sig-
nificance differences were carried out by one-way analysis
of variance (ANOVA) applying SPSS statistics software
(version 15.0, IBM, USA). The level of statistical significance
was examined at p<0.05.

Results

Determination of ICso value

Following EFA administration for 7 days, the cell growth
pattern was examined under an inverted microscope, as repre-
sentatively displayed in Fig. 1. And the cell viability rate
was investigated with MTT assay in each cell line, as shown
in Fig. 2A. The cell viability rate was gradually decreased
along with increasing EFA treatment concentration. In partic-

ular, the viability rate in the cancer cell lines was highly
down-regulated at over 25 uM EFA (Fig. 2A). Further, the
1Cso value was determined in each cell line, based on the
survival rate by MTT assay. The ICso value was 12.8+1.33,
10.9+1.02, 15.3+1.44, 13.9+1.91 and 14.7+2.23 pM in AGS,
A-549, MDA-MB-231, HCT-116, and U 87-MG cancer cell
lines, respectively (Fig. 2B). Whereas, the ICsy value was
22.5+1.23 and 27.4+1.21 in the MRC-5 fibroblasts and MSC
cell lines, respectively. The ICso value against EFA was sig-
nificantly (p<0.05) exhibited at a high value in the normal
cell lines, including MRC-5 fibroblasts and MSC, compared

with those of cancer cell lines.

Analysis of RTase activity

To analyze RTase activity, a PCR-based protocol using
MS2 RNA was carried out in each cell line treated with
EFA-treated cell lines. The RTase activity in the positive con-
trol using commercial RTase enzyme was considered as
100% for relative comparison with each cell line, as shown
in Fig 3A and B. The RTase activity was 81.7+£5.23, 73.5+
3.20, 82.1£3.13, 67.9+£2.99, and 57.5+1.23 in the untreated

EFA treatment

EFA treatment

Fig. 1. Pattern of cell growth in AGS, A-549, MDA-MB-231, HCT-116, U 87-MG, MRC-5, and MSC cell lines treated with

25 uM EFA for 7 days (x200). Scale bars; 100 pm.
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Analysis of cell growth and determination of ICsy values by MTT assay in AGS, A-549, MDA-MB-231, HCT-116,

U 87-MG, MRC-5, and MSC cell lines treated with EFA. (A) Cell growth curves by MTT assay in each cell line.
(B) Mean = SEM of ICso values of each cell line in triplicate. a, b, ¢, and d indicate significant (»p<0.05) differences

among each cell line.

A-549, AGS, HCT-116, MDA-MB-231 and U 87-MG cell
lines, respectively. The RTase activity was not detected in
the normal cell lines, including MRC-5 and MSC cell lines.
Whereas, the RTase activity was 9.0+1.18, 3.2+1.25, 3.1+
2.16, 0, and 0 in EFA-treated A-549, AGS, HCT-116, MDA-
MB-231, and U 87-MG cell lines, respectively. The RTase
activity was significantly (p<0.05) decreased by the EFA

treatment in the cancer cell lines, compared with their un-

treated counterparts.

Analysis of cell doubling time

Following the determination of ICsy value in each cell line,
the cells were treated at 15 pM EFA for 7 days. The effect
on the cell growth by EFA treatment was analyzed by cell
doubling time (CDT) assay with counting cell number, as
shown in Fig. 4. The mean CDT was 25.9+2.98, 30.1+3.45,
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Fig. 4. Analysis of cell doubling time (CDT) in untreated (grey
bras) and 15 pM EFA-treated (black bars) AGS,
A-549, HCT-116, MDA-MB-231, U 87-MG, MRC-5,
and MSC cell lines. Asterisks (*) indicate a significant
(p<0.05) difference between untreated control and EFA
treatment.

Fig. 3. Analysis of PCR-based RTase activity using MS2
RNA and their primers. (A) Representative gel
image of RTase activity with each cell extract
of untreated (1-7 lane) and EFA-treated (10-14
lane) cell line. Lane 1-7: untreated A-549, AGS,
HCT-116, MDA-MB-231, U 87-MG, MRC-5,
and MSC, lane 8; negative control with H,O in-
stead of cell extract, lane 9; positive control using
1 IU of commercial RTase enzyme, Lane 10-14;
EFA-treated A-549, AGS, HCT-116, MDA-MB-
231, and U-87-MG. (B) Mean+SEM (n=3) of rel-
ative RTase activity in the untreated (black bars)
and EFA-treated (white bars) cell lines. The
RTase activity in positive control was considered
as 100% for relative comparison with each cell
line. *, Significant (p<0.05) difference between
the untreated and EFA-treated treated cell line.
ND: Not detected.

48.6+2.02 hr in EFA-treated MRC-5 and MSC cell lines,
respectively. The mean CDT was significantly (p<0.05) ex-
tended by the decrease of cell growth in the cell lines treated
with EFA.

Analysis of telomerase activity
Following 15 uM EFA treatment, the level of telomerase
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Fig. 5. Analysis of telomerase activity by RQ-TRAP in the
untreated control (grey bars) and 15 pM EFA-treated
(black bars) AGS, A-549, HCT-116, MDA-MB-231,
U 87-MG, MRC-5, and MSC cell lines. The telomer-
ase activity in untreated MRC-5 was measured as
100% for relative comparison with each cell line.
Asterisks (*) indicate a significant (p<0.05) difference
between untreated control and EFA treatment.




activity for a useful characterization of malignancies was
measured by RQ-TRAP assay, as shown in Fig. 5. The rela-
tive telomerase activity was 801+41.4, 782+35.9, 913+33.3,
855+19.2, 568+13.6, 100+8.8 and 112+6.7 % in the untreated
AGS, A-549, HCT-116, MDA-MB-231, U 87-MG, MRC-5
and MSC cell lines, respectively. The level of telomerase ac-
tivity in the normal cell lines, including MRC-5 fibroblasts
and MSC was detected at a basal level. However, the level
of telomerase activity in the cancer cell lines, including
A-549, AGS, and HCT-116 was detected at a high level, com-
pared with those of normal cell lines. And the relative telo-
merase activity was 210+20.8, 232+25.2, 301+50.7, 223+30.8,
197+13.5, 95+7.3 and 99+7.6 % in the EFA-treated AGS,
A-549, HCT-116, MDA-MB-231, U 87-MG, MRC-5 and
MSC cell lines, respectively. The telomerase activity was sig-
nificantly (p<0.05) down-regulated in the EFA-treated cancer
cell lines, and the level of telomerase activity tended to be
slightly decreased in the EFA-treated MRC-5 fibroblasts and
MSC, than those of untreated MRC-5 fibroblasts and MSC,
but was not significantly (p<0.05) different.

Control

Treatment

MRC-5

Control

Treatment
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Analysis of SA-B-GAL activity

The senescence-associated B-galactosidase activity (SA-B-
GAL activity) highly expressed in senescent or apoptotic cells
was detected in the EFA-treated cell lines, as shown in Fig.
6. The high intensity and frequency of cells stained with blue
color was generally considered to be a cell with high SA-B-
GAL activity, and the EFA treatment was induced into the
increase of cell with high SA-B-GAL activity in cancer and
normal cell lines. The frequency of cells with high SA-f-
GAL activity was occasionally observed in the untreated nor-
mal MRC-5 fibroblasts and MSC, implying that the cells al-
ready reached the senescent status before EFA treatment.
Further, the cell shape was gradually changed to enlarged,
flattened, and star-shaped morphological alternation in the
EFA-treated cells, compared to those of untreated control

cells.

Discussion

The present study investigated the growth inhibition effect
in the various types of cancer (A-549 lung adenocarcinoma,

MsC

Fig. 6. Changes of cell morphology and SA-B-GAL activity in the untreated control and 15 uM EFA-treated AGS, A-549,
HCT-116, MDA-MB-231, U 87-MG, MRC-5, and MSC cell lines (x200). The high incidences of SA-B-GAL activity
(blue color) were expressed in the cell lines treated with 15 puM EFA. Scale bars; 50 um.
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AGS gastric adenocarcinoma, HCT-116 colon carcinoma,
MDA-MB-231 breast adenocarcinoma, and U 87-MG brain
glioma) and normal somatic cell lines (MRC-5 lung fibro-
blasts and mesenchymal stem cells, MSC) treated with EFA,
a kind of non-nucleoside RTase inhibitor commonly used for
antiretroviral medication, such as human immunodeficiency
virus (HIV). Following EFA treatment for 1 week in cancer
and normal cell lines, the basic cellular properties, including
cell growth rate, level of telomerase activity, and frequency
of cellular senescence. When the ICsy value was estimated
by MTT assay in cancer and normal cell lines, the lower
ICso value was exhibited in the various types of cancer cell
lines than those of normal cell lines (MRC-5 fibroblasts and
MSC). Further, the present study demonstrated that inhibition
of RTase activity using EFA is highly induced in the de-
creased rate of cell growth, down-regulation of telomerase
activity, and high incidence of cellular aging or senescence
in the cancer cell lines. While, the delay of cell growth and
cellular senescence is more weakly exhibited in the normal
cell lines, including MRC-5 fibroblasts and MSC.

A retrovirus, including HIV, belongs to the viral family
Retroviridae and is a type of reverse-transcribing virus with
a single-stranded RNA genome. When the virus invades a
host cell, the viral RNA genome is converted into double-
stranded DNA via RNA-DNA hybrid by their endogenous
reverse transcriptase (RNA-dependent DNA polymerases,
RTase) activity. Their gene replication and proliferation rely
essentially on the RTase activity in the virus [8]. Thus, RTase
inhibitors of several types, including nucleoside analog RTase
inhibitors, nucleotide analog RTase inhibitors, non-nucleoside
RTase inhibitors, and nucleoside RTase translocation in-
hibitors are commonly applied for the treatment of HIV.
Azidothymidine (AZT, Zidovudine®) was first approved for
HIV treatment and AIDS, as a kind of nucleoside analog
RTase inhibitor [13]. The EFA and NVP, known as a repre-
sentative non-nucleoside RTase inhibitor that allosterically
binds to a distinct site away from the binding pocket at the
active site of the RTase enzyme inhibit the RTase activity
and also used for HIV and AIDS treatment [30].

The human genome is commonly composed of protein-
coding and noncoding DNA sequences, and the major compo-
nents of the noncoding DNA sequences (approximately over
45%) are transposable elements (TEs), including retrotrans-
posons (class I TEs) and DNA transposons (class II TEs),
previously known as junk DNA [1, 12]. Further, the major
part of TEs are DNA retrotransposons and are usually tran-
scribed into single-stranded RNA intermediates. Further, the

single-stranded RNA intermediates are converted to dou-
ble-stranded complementary DNA (cDNA) by endogenous
RTase activity in the cell itself and incorporated into a new
DNA sequence, known as the “copy-and-paste” mechanism
in eukaryotic cells, including humans. Whereas, class 1I trans-
posons are incorporated with a "cut and paste" mechanism
[11]. Thus, the retrotransposon DNA can lead to the ex-
pansion of their genome, unlike transposons. Recently, nu-
merous studies have highlighted that retrotransposon is highly
related to the modification of gene expression by insertion
of the retrotransposon cDNAs into promoters, exons, and oth-
er regulatory parts [26]. Further, it has been shown that en-
dogenous RTase activity is essential for the synthesis of dou-
ble-stranded ¢cDNA from transcribed single-stranded retro-
transposons RNAs [25]. The intrinsic role and function of
endogenous RTase activity in the cell are still unclear until
now, however, a high level of RTase activity is expressed
in the embryonic cells, germ cells, and cancer cells with carci-
noma cells with especially unlimited cell growth capacity [4,
17, 36]. Further, it has been previously reported that the in-
hibition of endogenous RTase activity with NVP and AZT
RTase inhibitors is induced to inhibit cell growth in the hu-
man germ cells and cancer cells, like inhibition of viral
growth [6, 28]. And the early another study has shown that
retardation of cell growth and loss of cellular character-
izations of mesenchymal stem cells by inhibition of endoge-
nous RTase activity with NVP is induced in the adult mesen-
chymal stem cells derived from human wisdom teeth [22].
The present study has also shown that the inhibition of cell
growth is displayed in the cancer and normal cell lines treated
with EFA. Until now, the number of reports and our results
have shown that inhibition of RTase activity is induced into
delayed or arrested cell growth. Even though the explanation
concerning the causes of the delayed cell growth by RTase
inhibition is not fully demonstrated in eukaryotic cells, pre-
vious reports have suggested that inhibition of the endoge-
nous RTase activity in cancer cells may result in cell growth
and differentiation by epigenetic modification with retro-
transposons [27]. The inhibition of high RTase activity in
tumor cells also leads to the arrest of cell growth and cellular
differentiation by damage to the formation of double-stranded
RNAs and the subsequent production of small regulatory
RNAs, such as microRNA [27]. Further, it has been shown
that inhibition of RTase activity with dapivirine is induced
in the arrest of cell growth by the activation of JNK and
PI3K/Akt pathway [24]. Whereas, up-regulation of RTase ex-
pression was induced in tumor growth and metastasis by the



production of the reactive oxygen species (ROS), and in-
duction of epithelial-mesenchymal transition (EMT) [2].
Based on studies until now, we estimated that the retrotrans-
posons contribute to the various roles and functions, including
expansion of the gene families and expression regulation of
various genes. Thus, the inhibition of retrotransposons and
RTase activity may result in diverse cell properties as well
as cell growth capacity related to gene expression.
Further, the present results have shown that inhibition of
RTase activity by EFA treatment induced cellular senescence
and aging via SA-B-GAL assay, as well as anti-proliferative
potential. The B-galactosidase in the cell is an enzyme for
the cleavage of disaccharide lactose to galactose and glucose.
In the eukaryotic cell, the pB-galactosidase enzyme is highly
exhibited in the aged and senescent cells, and the assay of
B-galactosidase expression and activity is a great protocol for
the investigation of cellular senescence and aging [19, 22].
The others reports have also shown that the treatment of aba-
cavir as an RTase inhibitor is induced to the cellular sen-
escence in the prostate cancer cells [6]. Generally, cellular
senescence is the loss of cell growth capacity and arrest of
the cell cycle, and the apoptosis stage is the programmed
cell death as per sequential cellular events from the senescent
stage [7]. Further, it has been reported that the senescent cells
are typically changed to enlarged, flattened, and vacuolated
morphological alternations [19]. The present study has shown
that enlarged and star-shaped cells are observed in the EFA-
treated cells, implying that the cells are reached to the
senescence. Thus, even though the present study did not in-
vestigate the apoptotic signal pathway and process, the cells
at the senescent stage by EFA treatments should have reached
to apoptosis stage. Taken together, inhibition of RTase activ-
ity by EFA or other RTase inhibitors can induce cellular sen-
escent and apoptotic stages as well as delayed cell growth.
In the human, previous studies have reported that RTase
activity is mainly expressed in the especially immortal cells,
such as tumor and stem cells than those of normal somatic
cells with limited cell growth capacity [22, 35]. The present
study also shows that RTase activity is more highly expressed
in the various cancer cell lines than those of normal cell lines,
such as MRC-5 fibroblasts and MSC. The early study has
also shown that RTase activity is detected at a very low or
undetected in normal cell lines [22]. However, the cell growth
rate in the normal MRC-5 fibroblasts and MSC without ex-
pression of RTase activity was interestingly arrested by in-
hibition of RTase activity with EFA treatment. The normal
somatic cell lines, such as MRC-5 with a very low RTase
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activity are still doubtful that their cell growth is arrested
by RTase inhibitors. However, the present study demon-
strated that the cellular cytotoxicity against EFA is slightly
higher in the cancer cell lines than those of normal cell lines.
Another report has shown that apoptotic cell death is also
higher in pancreatic cancer cells than in normal fibroblasts
[14]. The reason or analysis of the different cytotoxic effects
against EFA is still unclear and the induction of apoptosis
as well as arrest of cell growth by inhibition of RTase activity
is not fully demonstrated in the present study. The basic and
intrinsic mechanism(s) concerning the roles and functions of
RTase and retrotransposons on cell growth will further be
examined in normal somatic cells as well as cancer cells.

In eukaryotic cells with linear DNA, the end of chromo-
somes consists of repeats of non-coding DNA sequences,
called telomeres and the telomere repeats with numerous pro-
teins generally protect against the loss and degradation of
DNA with each gene [31]. However, the telomeric repeats
are gradually shortened by cell division with semi-con-
servative DNA replication at the 3’-end of the chromosomes,
known as replicative senescence, and the cells with shortened
telomere end limit capacity of cell division, eventually enter
the cellular senescence and apoptosis in the normal somatic
cells [20]. Further, the immortal cells, including cancer and
undifferentiated embryonic stem cells possess a high level
of telomerase activity that their telomeric repeats can be con-
tinually lengthened or maintained with telomerase reverse
transcriptase (TERT) activity. Thus, the telomerase reverse
transcriptase (namely, telemetric RTase) is an RNA-depend-
ent DNA polymerase using telomerase RNA (TERC), a kind
of reverse transcriptase [10]. In the present study, the tele-
metric RTase (telomerase) activity was highly expressed in
the cancer cell lines, compared with those of normal cell
lines. Besides, the present study shows that telemetric RTase
activity as well as the endogenous non-telomeric RTase activ-
ity is also highly expressed in the cancer cell lines, compared
with those of normal cell lines. The present results showed
that the telemetric RTase activity and endogenous non-telo-
meric RTase activity were downregulated in the cancer cell
lines treated with RTase inhibitors, including EFA. It has
been reported that the eukaryotic cells generally display the
three main classes of RTase enzyme, including retroviruses,
retrotransposons, and telomerase, respectively, and there are
some important differences in their function and structure [3].
Based on present results, it is not still unclear whether RTase
inhibitors, including EFA, can bind to telomeric RTase en-
zymes, and inhibit their enzyme activity. The previous study
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has shown that the telomeric RTase activity is inhibited by
common nucleoside RTase inhibitors using nucleotide ana-
logs, including tenofovir and abacavir, while telomeric RTase
is not inhibited with non-nucleoside RTase inhibitors, includ-
ing NVP and EFA [15, 23]. The nucleotide analogs com-
petitively bind within the catalytic active site of the telomeric
RTase activity and inhibit their activity [32]. The inhibition
mechanisms of the RTase are different between nucleotide
analogs and non-nucleotide analogs that bind at the allosteric
site of the enzyme rather than an active site of the enzyme,
such as EFA. It is a well-known fact that telomeric RTase
activity is commonly decreased in stress-induced senescent
as well as replicative senescent cells [5]. Thus, we assumed
that the down-regulation of telomeric RTase activity with
EFA treatment may be induced by the inhibition of cell
growth and cellular senescence, rather than inhibition of their
activity via the direct EFA-binding enzyme.

In the present study, inhibition of endogenous RTase activ-
ity with EFA treatment, a kind of non-nucleotide RTase in-
hibitor is induced into delayed cell growth, down-regulation
of telomerase activity, and cellular senescence, however, the
sensitivity of cellular cytotoxicity against EFA is a slight dis-
tinction between cancer cells and normal somatic cells. The
more cytotoxicity of EFA was exhibited in the cancer cell
lines with high RTase activity than the normal cells with low
RTase activity. Otherwise, the arrest of cell growth by RTase
inhibition could offer potential cytotoxic chemotherapy in the
treatment of cancer cells. In the present study, both non-telo-
meric endogenous and telomeric RTase activity in the used
MSC was displayed at a low level. Theoretically, the constant
capacity of in vivo stem cells for unlimited cell growth to
self-renewal capacity is controlled by the genetic and epi-
genetic expression, and interaction and signals from stem-cell
niche microenvironment throughout the lifespan, however,
the in vitro adult stem cells isolated from stem-cell niche,
including MSC are generally exhibited to the limited cell
growth and self-renewal capacity [34]. Further, it has been
reported that the totipotent embryonic stem cells and pluri-
potent stem cells displaying unlimited cell growth and self-re-
newal capacity are tightly associated with high retrotrans-
poson expression [35]. Thus, we assumed that the possibly
high endogenous RTase activity in the adult stem cells in
vivo is exhibited for unlimited cell growth capacity, however,
oral administration of the EFA or other RTase inhibitors for
cancer therapy may have some side effects, including cellular
cytotoxicity, like the results of the present study. And, the

analysis concerning the roles and function of endogenous

RTase enzyme was insufficient in the present study, and fur-
ther detailed studies are necessary for the application of can-

cer therapy.
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