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We previously reported that the telomere-targeting drug telo-
mestatin induces apoptosis accompanied by G-tail reduction and
dissociation of binding protein TRF2 from telomeres in cancer cell
lines but not normal or human telomerase reverse transcriptase
(hTERT)-immortalized cells. Because telomere-targeting drugs
induce growth arrest in normal cells at higher doses, their develop-
ment is dependent on the ability to predict toxicity before in vivo
use, but no models for this are available. Here, we established two
new cell lines, telomerase immortalized human fetal hepatocytes,
Hc3716-hTERT, and telomerase immortalized hepatic stellate cells,
NPC-hTERT. Examinations showed that Hc3716-hTERT maintained
normal mammalian cell morphology, cell growth, albumin expres-
sion, and wild-type p53 responsiveness, whereas NPC-hTERT main-
tained hepatic stellate-like morphology, expression of hepatic
stellate markers, a-smooth muscle actin, and secretion of type I col-
lagen, an extracellular matrix protein. Given our finding that telo-
mere G-tail length in Hc3716 cells was decreased in senescence
and increased by hTERT infection, we next examined the effect of
high-dose telomestatin-induced telomere dysfunction and G-tail
shortening on cellular functions in Hc3716-hTERT cells. Interest-
ingly, telomestatin decreased expression of cytochrome P450 (CYP)
family members CYP3A3 ⁄ 4, CYP3A5, and CYP3A7, mRNA and
induced albumin expression at both mRNA and protein levels.
These gene expression responses to telomestatin were similar to
those of the normal parental cell Hc3716. These established cell
lines thus represent the first model for predicting the side-effects
of telomere-targeting drugs in normal cells, and should be power-
ful tools in the development of these drugs. (Cancer Sci 2010; 101:
1678–1685)

T elomeres are special structures at the end of eukaryotic
chromosomes that play a role in chromosome end pro-

tection.(1,2) The first G-rich telomere repeat sequences,
5¢-(TTGGGG)n-3¢, were discovered in Tetrahymena by Black-
burn.(3) Telomeric DNA in humans consists of 5¢-(TTAGGG)n-
3¢ repeats, followed by a G-rich single-stranded 3¢-overhang, the
so-called telomere G-tail.(4) The telomere is gradually shortened
with cell division due to problems with end-replication. Telo-
mere repeat sequences are synthesized by telomerase, a cellular
ribonucleoprotein reverse transcriptase.(5) Expression of the
human telomerase catalytic subunit gene, hTERT, correlates
with the presence of telomerase activity in human cells,(6,7) and
introduction of the hTERT gene alone into normal cells is
sufficient to induce telomerase activity, followed by telomere
elongation and cell immortalization, without damage to the gen-
ome.(8,9) The status of changes in the G-tail has been controver-
sial, with one study reporting shortening at replicative
senescence,(10) and another reporting the maintenance of length
in human fibroblasts at senescence.(11) Our method to determine
G-tail length using the G-tail telomere hybridization protection
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assay (HPA)(12) showed that G-tail length in normal fibroblasts
and HUVEC cells gradually shortens with cell division, but that
introduction of the hTERT gene induces G-tail length elongation
in these hTERT-infected cells.(13) However, little is known
about G-tail length alterations in human hepatocytes during
replicative senescence or after hTERT infection.

G-quadruplex structures are special secondary structures con-
sisting of guanine-rich DNA sequences such as telomeres and
other important regulatory regions. Telomere G-tails can adopt a
G-quadruplex conformation both in vitro and in vivo, and many
leading compounds targeting G-quadruplex structures have been
reported to have anticancer effects. Telomestatin, originally iso-
lated as a highly potent telomerase inhibitor from Streptomyces
anulatus 3533-SV4,(14) enhances the stabilization of telomeric
G-quadruplex DNA,(15) and has 70-fold higher selectivity for
G-quadruplex DNA over duplex DNA. Telomestatin induces
telomere dysfunction through t-loop destruction, and might
therefore be useful in determining G-tail function.

We previously reported that telomestatin rapidly induces
apoptosis in cancer cells at concentrations that do not cause nor-
mal cells to die, and that this process is accompanied by dissoci-
ation of telomere-binding protein TRF2 from telomeres in
cancer cells.(16) These characteristics may suggest the potential
of telomestatin as a telomere-targeting anticancer drug.
Although little is known about its effects in normal cells, higher
doses induce cell growth arrest. Given that the telomere capping
structure, the t-loop, is essential to chromosome maintenance as
well as genomic stability in both normal and cancer cells, the
ongoing development of telomere-targeting anticancer drugs
depends on the availability of new cellular models able to evalu-
ate the characteristics of normal cells under the induction of
telomere dysfunction using higher doses of G-quadruplex DNA
stabilizers, such as telomestatin. The many types of normal cul-
tured cells now available are not suitable for this use because of
their relatively rapid mortality and accompanying loss of normal
functions, and new models have thus been sought.

Cultured human hepatocytes have broad research and clinical
potential. Although several published works have reported long-
term culture, this is generally considered difficult in both rodent
and human hepatocytes.(17,18) Several recent studies succeeded
in establishing immortalized human hepatocytes by introduction
of the hTERT gene.(19,20) However, the relation between cell
proliferation and G-tail length and cellular function in hTERT-
immortalized human hepatocytes is still unknown. Furthermore,
little is known about the effect of telomere-targeting drugs on
the cellular function of these cell lines and their usefulness for
toxicity testing, which may assist the prediction of side-effects
in vivo.
doi: 10.1111/j.1349-7006.2010.01576.x
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Here, we established immortalized fetal hepatocyte and hepa-
tic stellate cell lines using a retroviral vector expressing only
hTERT. We then investigated the cellular function of these
hTERT immortalized hepatocytes, as well as the effect of telo-
mestatin as a model telomere-targeting drug on cellular function,
including cell growth and hepatic functions such as expression of
the cytochrome P450 (CYP) superfamily and albumin (ALB).

Materials and Methods

Cell culture and drug treatment. Human fetal hepatocytes
(Hc3716) were obtained from Applied Cell Biology Research
Institute (Kirkland, WA, USA) (Data S1).

hTERT gene transduction by retroviral method. To produce
retrovirus supernatants, pMSCV-puro-hTERT or pFB-neo-
hTERT retrovirus constructs were transfected into the PT67
packaging cell line (Takara Bio USA, Madison, WI, USA)
with the FuGENE6 transfection reagent (Roche Diagnostics,
Mannheim, Germany). After 2 days, the supernatants were
collected and passed through a 0.22 lm filter (Millipore, Bill-
erica, MA, USA) after adding polybrene at a final concentra-
tion of 6 lg ⁄ mL. Filtered supernatants were then used to
infect the target cell. Retrovirus supernatants from pMSCV-
puro-hTERT were used to infect human fetal Hc3716 hepato-
cytes. Retrovirus supernatants from pFB-neo-hTERT were
used to infect non-parenchymal cells (NPC). After 24 h of
incubation with these viruses, the medium was replaced with
fresh complete medium containing puromycin (0.7 lg ⁄ mL) or
G-418 (600 lg ⁄ mL).

Telomerase assay. Telomerase activity was measured by
modified telomere repeat amplification protocol (TRAP) as
described previously Data S1.(21)
Fig. 1. Telomerase activity and human telomerase
reverse transcriptase (hTERT) mRNA expression in
hTERT-infected cells. (a) Expression of hTERT mRNA
by RT-PCR in parental cells and hTERT-infected cells.
GAPDH was used as an internal control. Hc3716,
human fetal hepatocytes; HepG2, a telomerase-
positive hepatoma cell line used as a control; NPC2,
non-parenchymal cells; TIG-3, telomerase-negative
normal human fetal fibroblasts. (b) Telomerase
activity was measured by telomere repeat
amplification protocol assay. ITAS, internal
telomerase assay standard. (c) Telomere length
analysis in hTERT-infected cells. A Southern blot
analysis for terminal-restriction fragment TRF was
carried out on parental and hTERT-infected cells at
different population doubling levels (PDL). M,
marker. (d) Telomere G-tail length in Hc3716 and
Hc3716-hTERT cells. Hc3716 (30 PDL) was used for
young cells, and Hc3716 (80 PDL) for senescent
cells. RLU, relative light unit.
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Telomere length assay by Southern blot analysis. Genomic
DNA was purified from cells using phenol–chloroform extrac-
tion. Purified DNA was then digested with Hinf I restriction
enzyme, and run on 0.9% agarose gel with 0.5 · TBE buffer.
Telomere length was measured using the TeloTAGGG telomere
length assay kit according to the manufacturer’s instructions
(Roche Diagnostics).

Quantification of telomere length and telomere G-tail length
by G-tail telomere hybridization protection assay. G-tail length
was measured using the G-tail telomere hybridization protection
assay.(12) Quantification of total telomere length (both double-
stranded and single-stranded) was carried out using telo-
mere HPA methods as described previously.(22) For the telomere
G-tail assay, 5 lg non-denatured DNA was used to measure
the G-tail, and 0.5 lg denatured DNA was used to measure total
telomere length. To normalize the luminescence of each sample,
we took 1 lL from each sample tube and measured the DNA
amount using NanoDrop (ND-1000; Thermo Fisher Scientific
Inc., Waltham, MA, USA). Probes for AE-labeling of telomeres
were supplied by Fujirebio (Tokyo, Japan).

RNA isolation and RT-PCR. Total RNA was extracted using
TRIzol reagent (Life Technologies Co., Carlsbad, CA, USA) in
accordance with the manufacturer’s instructions Data S1.

Western blot analysis. Monoclonal antibodies against human
proteins and their dilution were as follows: ALB (1:1000)
(Sigma, Aldrich Co., St Louis, MO, USA); a-fetoprotein (AFP;
1:1000) (Sigma); cytokeratin8 (CK8; 1:1000) (Sigma); cytokera-
tin18 (CK18; 1:4000) (Sigma); a-smooth muscle actin (aSMA;
1:1000) (Sigma); p53 (1:400) (Upstate Biotechnology, Lake
Placid, NY, USA); p21 (1:2000) (Upstate Biotechnology, Milli-
pore, Billerica, MA, USA); and b-actin (1:10 000) (Sigma). The
polyclonal antibody was cyclin dependent kinase4 (CDK4)
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1679
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Fig. 2. Morphology and growth curve of parental cells and human
telomerase reverse transcriptase (hTERT)-infected cells. (a) Cumulative
growth curve in Hc3716 human fetal hepatocytes and Hc3716-hTERT.
(b) Morphology of Hc3716 [88 population doubling levels (PDL);
senescent state] and Hc3716-hTERT (112 PDL). (c) Cumulative growth
curve in normal non-parenchymal cells (NPC2) and NPC2-hTERT. (d)
Morphology of NPC2 (24 PDL; senescent state) and NPC2-hTERT (28
PDL).
(1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
Data S1.

Results

Establishment of hTERT-infected human hepatocytes and
NPC. To establish hTERT immortalized hepatocytes and NPC,
hTERT retrovirus was infected into human Hc3716 hepatocytes
at nine population doubling levels (PDL), and NPC cells at eight
PDL. The resulting antibiotic-resistant cells were obtained as
hTERT hepatocytes and hTERT-NPC cells. These hTERT-
infected cells, Hc3716-hTERT and NPC2-hTERT, showed high
levels of hTERT mRNA using RT-PCR (Fig. 1a). Evaluation of
telomerase activity by a modified TRAP assay (Fig. 1b) showed
that control Hc3716 (six PDL) cells had low telomerase activity,
whereas hTERT-infected cells showed strong activity. Having
established that hTERT infection successfully reconstituted telo-
merase activity in Hc3716-hTERT and NPC-hTERT cells, we
assessed telomere length by Southern blot analysis (Fig. 1c).
Terminal restriction fragment (TRF) length analysis indicated
that telomeres were lengthened in the hTERT-infected cells
compared with non-infected normal cells (Fig. 1c). Although
telomere length is known to decrease with cellular senescence in
human hepatocytes, technical difficulties have prevented close
investigation of G-tail length, and to our knowledge no studies
have been reported. We therefore measured telomere G-tail
length using our novel, previously developed method, G-tail
telomere HPA.(12) Results showed that telomere G-tail length
decreased with senescence, but was elongated in hTERT-
infected Hc3716 cells (Fig. 1d).

Growth characteristics and cell morphology in hTERT
hepatocytes and hTERT NPC cells. We first cultured human fetal
hepatocytes with a Hepatocyte Medium BulletKit (Cambrex
Co., Charles City, IA, USA) containing 10% FBS but without
human serum (HS). These divided for several passages only and
then rapidly stopped proliferating, before finally detaching from
the dish. After optimization for O2 concentration, culture dish,
feeder layer culture, and serum species, we found that human
serum was the key factor for the maintenance of human hepato-
cytes. From these trials we formulated a culture medium that
effectively supports the growth of human hepatocytes, which we
termed the ‘‘hepatocytes medium kit’’ containing 5% FBS and
10% HS.

To examine the ability of Hc3716-hTERT and NPC-hTERT
to bypass replicative senescence, we cultured control Hc3716,
Hc3716-hTERT, control NPC, and NPC-hTERT with 5% FBS
and 10% HS culture medium. After 86–90 PDL, cell prolifera-
tion virtually ceased in control Hc3716 with entry into replica-
tive senescence (Fig. 2a). When cultured without 10% HS, the
proliferation potential of Hc3716 and Hc3716-hTERT dramati-
cally decreased, and finally the cells stopped growing (data not
shown). In contrast, Hc3716-hTERT grew at a similar rate to
Hc3716 and actively doubled to the last count of the study at
day 800 (population doubling approximately every 2.5 days).

Hc3716 showed a typical cobblestone-like morphology when
in a confluent monolayer (Fig. 2b). The cells became flattened
and enlarged as the number of passages increased, particularly
after 86 PDL. Hc3716-hTERT showed a similar morphology in
a confluent monolayer and appeared to be in a state of contact
inhibition of growth, because they did not pile up on each other.

Cell proliferation virtually ceased in control NPC after 30
PDL. In NPC-hTERT, however, proliferation continued for
more than 50 PDL (approximately one population doubling
every 4 days) (Fig. 2c). NPC-hTERT appeared closely similar
to non-infected cells and NPC cells and NPC-hTERT showed a
typical spindled morphology (Fig. 2d). Taken together, these
characteristics, including cell growth, contact inhibition, and cell
morphology, showed that the Hc3716-hTERT and NPC-hTERT
1680
lines were normal hepatocytes and NPC-like cells, respectively,
with normal cell-like characteristics.

Hc3716-hTERT expressed ALB but not AFP. To determine
whether Hc3716-hTERT had the functional properties of
hepatocytes, we examined the expression of several hepatic
marker proteins, ALB, AFP, CK8, and CK18 by Western blot
analysis. AFP and ALB are the first secreted proteins
produced by the embryonic liver, whereas CK8 and CK18 are
expressed in adult hepatocytes. To examine ALB expression,
cells were washed with PBS three times to remove human
ALB derived from HS, cultured in media without HS for
3 days, and detected by Western blot analysis. Hc3716-hTERT
(40 PDL) expressed much more ALB than control Hc3716
(40 PDL) (Fig. 3a). AFP expression was not detected in either
Hc3716-hTERT or Hc3716, whereas the hepatic cancer cell
line HepG2 expressed AFP at high levels (Fig. 3b). Hc3716-
hTERT (40 PDL) as well as control Hc3716 also expressed
either CK8 or CK18 but not AFP, a marker of immature or
tumorous hepatocytes such as HepG2. NPC-hTERT did not
express CK8 or CK18 (Fig. 3c).

We also examined the expression of hepatocyte nuclear factor
(HNF)4 and CYP3A7 mRNA by RT-PCR (Fig. 4a). Hepatocyte
nuclear factor 4 is well known as a liver-enriched differentiation
factor, whereas CYP3A7, originally isolated from fetal liver,(23)
doi: 10.1111/j.1349-7006.2010.01576.x
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Fig. 3. Characterization of human fetal hepatocytes (Hc3716) and telomerase immortalized human fetal hepatocytes (Hc3716-hTERT).
(a) Protein expression of albumin (ALB) in Hc3716 and Hc3716-hTERT were examined by Western blot analysis. Purified ALB (5 ng) was used as a
positive control. (b) Protein expression of a-fetoprotein (AFP) in Hc3716 and Hc3716-hTERT was examined by Western blot analysis. HepG2,
hepatoma cell line used as a positive control. (c) Protein expression of cytokeratin8 (CK8) and cytokeratin18 (CK18) in Hc3716 and Hc3716-hTERT
were examined by Western blot analysis. b-actin was used as a loading control.
accounts for up to 50% of total fetal hepatic CYP content.(24)

Although expression of HNF4 and CYP3A7 was not detected in
proliferating states, both mRNA were induced when the cells
reached confluence (Fig. 4a). Moreover, CYP3A4 and CYP3A7
are known to be induced by nifedipine and rifampicin. Induction
of CYP3A4 and CYP3A7 by these compounds was partial in
normal Hc3716 cells, but both CYP3A4 and CYP3A7 were up-
regulated in Hc3716-hTERT (Fig. 4b), suggesting that Hc3716-
hTERT maintains normal hepatocyte characteristics.

Characterization of NPC-hTERT. To determine the characteris-
tics of NPC-hTERT, we examined the expression of aSMA, a
marker for activated hepatic stellate cells (HSC) by Western blot
analysis. Human HSC strain LI90, established from a mesenchy-
mal liver tumor of a 55-year-old Japanese woman,(25) was used
as the positive control in the present study. NPC-hTERT (26
PDL) as well as untransduced NPC (14 PDL) also expressed
aSMA, whereas Hc3716-hTERT (40 PDL) did not (Fig. 5a).

Hepatic stellate cells constitute a major cell type responsible
for liver fibrosis following their activation into fibrogenic myofi-
broblast-like cells.(26–29) Activated HSC are considered the
major source of extracellular matrix in hepatic fibrosis.(30) Fol-
lowing liver injury, HSC undergo an activation process in which
quiescent vitamin A storing cells transform into proliferative,
smooth muscle actin-positive myofibroblast-like cells that
secrete extracellular matrix proteins, especially type I colla-
gen.(26) We examined the expression of collagen type I mRNA
and HGF mRNA in NPC-hTERT (26 PDL) by RT-PCR and
compared it with NPC (14 PDL) (Fig. 5b). Expression levels of
collagen type I mRNA and HGF mRNA in NPC-hTERT (26
PDL) were similar to those of NPC (14 PDL), whereas Hc3716-
hTERT did not express collagen type I mRNA. From these
results, we identified NPC and NPC-hTERT as HSC.

HC3716-hTERT cells maintain p53-dependent DNA damage
signals, similar to normal Hc3716 hepatocytes. To study the
Waki et al.
molecular basis of DNA damage response to topoisomerase poi-
son, normal and hTERT-infected cells were treated with the
indicated concentrations of adriamycin for 24 h. p53 proteins
were accumulated in response to adriamycin (a topoisomerase II
inhibitor) in a dose-dependent manner in both normal and
hTERT-infected cells, including Hc3716-hTERT and NPC-
hTERT (Fig. 6). As expected, the p53 target, cyclin-dependent
kinase inhibitor p21waf1 ⁄ cip1 ⁄ sdi1, was also induced by adria-
mycin in hTERT-infected cells (Fig. 6). We found that Hc3716-
hTERT and NPC-hTERT maintained wild-type p53.

Telomestatin inhibits cell growth in Hc3716-hTERT cells. Telo-
mestatin is known to induce telomere dysfunction by destruction
of the telomere t-loop structure through binding to the G-quad-
ruplex structure of the G-tail. We reported that cancer cell lines
were sensitive to apoptosis by telomestatin treatment.(16)

Although the mechanism of this difference in sensitivity
between normal cells and a cancer cell line is still unclear,
higher doses of telomestatin treatment might induce telomere
dysfunction, accompanied by G-tail reduction. To examine the
effect of telomere dysfunction on cellular functions of Hc3716-
hTERT, we used telomestatin as an inducer of telomere
dysfunction through G-tail reduction. To determine the effects
of telomestatin on cell growth, Hc3716-hTERT cells were cul-
tured in the presence of telomestatin at concentrations of 0, 5,
and 25 lM for 5 days. When Hc3716-hTERT cells were treated
with telomestatin at 25 lM, the cells ceased growing and cell
death was induced. G-tail lengths were examined by G-tail telo-
mere HPA (Fig. 7a). Total telomere length was also examined
using HPA assay with the denaturation of genomic DNA before
assay (Fig. 7b). When Hc3716-hTERT cells were treated with
telomestatin at 25 lM for 5 days, a remarkable reduction in
G-tails was observed (Fig. 7a). We also measured total telomere
length using the telomere HPA. Results showed no significant
difference in total telomere length after treatment with telomest-
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1681
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Fig. 4. (a) mRNA expression of hepatocyte nuclear factor 4 (HNF4)
and cytochrome P450 (CYP) ⁄ 3A7 in normal human fetal hepatocytes
(Hc3716) and those infected with human telomerase reverse
transcriptase (Hc3716-hTERT) were examined by RT-PCR. C, confluent
monolayers; P, proliferative phase. (b) Induction of CYP ⁄ 3A4 and
CYP ⁄ 3A7 after treatment with nifedipine and rifampicin in Hc3716
and Hc3716-hTERT was examined by RT-PCR. GAPDH was used as an
internal control. Control, no treatment.

Fig. 5. (a) Characterization of normal non-
parenchymal cells (NPC2) and those infected with
human telomerase reverse transcriptase (NPC2-
hTERT). Protein expression of a-smooth muscle actin
(a-SMA) in NPC2 and NPC2-hTERT were examined
by Western blot analysis. Cyclin dependent kinase 4
(CDK4) was used as an internal control. LI90,
hepatic stellate cell line derived from mesenchymal
liver tumor. (b) mRNA expression of collagen type I
and hepatocyte growth factor (HGF) in NPC2 and
NPC2-hTERT was examined by RT-PCR. GAPDH was
used as an internal control.

Fig. 6. DNA damage response to topoisomerase poison in human
telomerase reverse transcriptase (hTERT)-infected cells. (a)
Accumulation of p53 and induction of p21 in normal (Hc3716) and
infected (Hc3716-hTERT) human fetal hepatocytes were examined by
Western blot analysis. Adr, adriamycin. (b) Accumulation of p53 and
induction of p21 in normal (NPC2) and infected (NPC2-hTERT) non-
parenchymal cells were examined by Western blot analysis. Gel
staining, loading control.
atin for 5 days (Fig. 7b), which is similar to the findings with
cancer cells. Telomestatin did not affect total telomere length,
but G-tail lengths were decreased by treatment with telomestatin
at 25 lM in Hc3716-hTERT cells, suggesting that high doses of
telomestatin can induce telomere dysfunction through G-tail
reduction in Hc3716-hTERT.

Hc3716-hTERT cells showed similar characteristics of CYP
expression in response to telomestatin. To determine whether
G-tail length affects the function of Hc3716-hTERT cells,
expression of ALB and the CYP family was examined by RT-
1682
PCR and Western blot analysis after treatment with telomestatin
at 0, 5, and 25 lM. Unexpectedly, the ALB expression level
increased with increasing telomestatin concentration at both the
mRNA and protein levels (Fig. 8a). This ALB induction was
also observed in parental Hc3716 cells at the mRNA level, sug-
gesting that ALB induction by telomestatin is not due to intro-
duction of the hTERT gene or elongation of telomere length. We
examined CYP family expression after treatment with telo-
mestatin in Hc3716 and Hc3716-hTERT cells, including
CYP1A2, CYP2B6, CYP2C, CYP2D6, CYP2E1, CYP3A3 ⁄ 4,
doi: 10.1111/j.1349-7006.2010.01576.x
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CYP3A5, and CYP3A7. Interestingly, mRNA of CYP1A2,
CYP2B6, CYP2C, CYP2D6, and CYP2E1 was strongly induced
in telomestatin-treated Hc3716-hTERT cells (Fig. 8b, left). In
contrast, expression of CYP3A3 ⁄ 4, CYP3A5, and CYP3A7 was
decreased in these cells (Fig. 8b, left), which is opposite to the
effects of treatment with nifedipine or rifampicin (Fig. 4b). This
CYP family response to telomestatin is similar to that in telo-
mestatin-treated Hc3716 parental cells (Fig. 8b, right). Further
examination of the molecular mechanism of these responses of
the CYP family is required. CYP expression was clearly altered
by telomestatin treatment, and CYP responses to telomestatin
were similar to those of parental Hc3716 cells. Although con-
cerns have been expressed that hTERT expression might affect
the metabolism of compounds, no other immortalized cell line
bearing characteristics of normal mammalian cells are available
for use in the prediction of drug cytotoxicity. Taken together,
these results suggest that our established cell line, Hc-3716-
hTERT, represents a suitable tool for the prediction of drug
cytotoxicity in the development of telomere-targeting anticancer
drugs.
Waki et al.
Discussion

In this study, we established human hepatocyte immortalized
cells, HC3716-hTERT, and human hepatic satellite cells, NPC-
hTERT, which bear characteristics of normal cells. In HC3716-
hTERT, the telomere-targeting anticancer drug telomestatin
decreased CYP3A3 ⁄ 4, CYP3A5, and CYP3A7 expression and
induced ALB expression at both mRNA and protein levels, simi-
lar to the responses seen in the normal parental cell Hc3716.
These findings suggest that the combination of telomestatin and
Hc3716-hTERT might represent a useful new cellular model to
evaluate the characteristics of normal cells, and to predict the
toxicity of drugs under induction of telomere dysfunction.

Given that inappropriate culture induces senescence program-
ming in human cells, we first optimized the culture medium for
the growth and maintenance of human fetal hepatocytes by vary-
ing the concentration of FBS. The resulting culture medium con-
tained 5% FBS and 10% HS, and effectively supported the
growth of human fetal hepatocytes. Results clearly showed that
normal fresh HS promoted the growth of human fetal hepato-
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1683
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cytes and extended their lifespan to over 80 PDLs, compared to
10 PDLs with normal culture conditions (FBS alone). Hepato-
cytes finally reached senescence at 80 PDLs, at which time anal-
ysis of TRF and G-tail HPA length showed shortening of both.
The average TRF in senescent Hc3716 cells with optimal culture
medium was approximately 2.5 kb, which appears to be the
minimum length required for proper chromosome maintenance.

We combined the use of these optimal culture conditions with
forced expression of hTERT and subsequent telomerase activity
to establish and immortalize the Hc3716- and NPC-based cell
lines Hc3716-hTERT and NPC-hTERT. After several popula-
tion doublings, TRF length and HPA analysis showed that the
telomeres and G-tails in these hTERT-transduced cells were
lengthened (Fig. 1c). This finding indicated that these cells were
suitable for the evaluation of telomere-targeting drugs.

Although these hTERT-infected cells have an immortal phe-
notype, several important phenotypic characteristics of the
parental cell were retained. For example, expression of CK8,
CK18, CYP family, and ALB were seen in both Hc3716 and
Hc3716-hTERT cells, but not in NPC-hTERT. The hTERT-
infected cells did not show typical oncogenic phenotype traits
such as anchorage-independent growth, contact inhibition, pile-
up, or expression of mutant p53 protein. Cellular functions
examined through the gene expression of hepatic markers such
as CYP, CK, and ALB were more strongly maintained in the
Hc3716-hTERT cells than in the parental cells, which was
expected given that hepatic differential function generally
decreases with proliferative aging in normal hetatocytes.
Hc3716-hTERT maintained the cellular functioning of young
normal hepatocytes regarding CYP, CK, and ALB expression.

NPC-hTERT showed the differential functions of HSC,
including expression of collagen type I and HGF mRNA
(Fig. 5b). Co-culture of Hc3716-hTERT with NPC-hTERT will
help to maintain the differentiated phenotype of hepatocytes in
vitro, for example, with regard to ALB and CYP.(31) NPC-
hTERT cells can therefore be used for basic research into
hepatic fibrosis.

The clinical use of telomere-targeting drugs in cancer therapy
requires an understanding of their effects in normal cells, but to
our knowledge, no such study or model has been reported. In
this paper, we examined cell growth and hepatic function,
including ALB and CYP expression, with or without telomesta-
tin treatment, in Hc3716-hTERT cells. At higher concentrations
of telomestatin, Hc3716-hTERT cells ceased proliferation,
accompanied by G-tail reduction. Interestingly, total telomere
length was not affected by treatment with telomestatin, suggest-
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ing that its antiproliferative effect in normal hepatocytes was
induced by telomere t-loop destruction accompanied by G-tail
reduction. Although we expected that ALB expression, a hall-
mark of hepatocytes, would be decreased by the telomere
dysfunction induced by higher doses of telomestatin, we unex-
pectedly found that expression was increased with higher doses
in hTERT hepatocytes. Although we did not undertake an
in vivo study, we speculate that if telomestatin and other telo-
mere-targeting drugs induce ALB expression in normal hepato-
cytes and secretion into blood, then the ALB level might be a
candidate marker of telomere dysfunction of normal heptocytes.

The CYP family of proteins is large and ubiquitous. The pro-
teins catalyze a multitude of reactions, including oxidation,
hydroxylation, and conjugation. Depending on the specific CYP
and compound, these CYP-dependent reactions may convert
active compounds to the inactive state, or vice versa; for exam-
ple, a pro-carcinogen to an active carcinogen, or a pro-drug to
an active drug. Therefore, even though anticancer drugs signifi-
cantly inhibit the growth of cancer, CYP-induced changes
should be examined before in vivo application. The two models
developed here might be helpful for this purpose. For example,
more than 30 known pharmaceutical drugs are known to be
metabolized by CYP2D6; if telomestatin is metabolized by
CYP2D6, and thereby loses its antitumor activity, telomestatin
might not suitable for in vivo application, owing to the CYP2D6
expression it induces (Fig. 8b).

Several limitations of this study warrant mention. First, CYP
expression varies with race and sex, but we did not investigate
these variables in the development of these models. Second, the
effects of hTERT infection are not completely predictable. This
unpredictability might hamper efforts to replicate our present
results. Finally, the response of genes in these in vitro cultured
cells are different from in vivo responses. Thus, further investi-
gation is required to establish conclusively the usefulness of
these cell lines in evaluating the toxicity of telomere-targeting
drugs.

In conclusion, these new predictive models of toxicity are
promising tools in the development of new telomere-targeting
anticancer drugs before application to in vivo studies.
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