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Abstract. Alternative splicing of the human telomerase reverse transcriptase subunit (hnTERT)
suppresses telomerase activity during the development of human fetal kidney cells into mature
cells. Tumor cell differentiation is the process of turning abnormal tumor cells into ‘normal’ cells
accompanied by down-regulation of telomerase activity. However, the precise mechanism of
the regulation of telomerase activity in differentiated cells is not fully understood. In this study,
we observed the role of alternative splicing of hTERT in the regulation of telomerase activity in
all-trans-retinoic acid (ATRA)-induced, differentiated HL-60 cells. ATRA-induced down-
regulation of telomerase activity in differentiated HL-60 cells was associated with a decrease
in hTERT and an increase in human telomerase-associated protein-1 (hTP1) transcription.
Expression of full length variant h\TERT «'f#" mRNA decreased in a dose- and time-dependent
manner. The drop of hTERT g~ mRNA was time-dependent. hTERT o~ and hTERT o S~
mRNA were reduced dramatically after ATRA treatment. In the dose-effect study, hTERT «a*f*
and hTERT £~ maintained a relatively stable ratio when telomerase activity decreased largely
from treatment with 1 to 5 uM ATRA. Although the splicing pattern of hTERT mRNA was
altered in time-effect research, the change was not related to the ATRA-treated decline of
telomerase activity. The expression of alternative splicing variants of hTERT also decreased at
the protein level. All these results suggested that alternative splicing of hTERT mRNA may not
contribute to the suppression of telomerase activity during ATRA-induced HL-60 leukemia cell
differentiation.
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Introduction

immortality and carcinogensis. Moreover, forced
expression of telomerase activity in telomerase-negative

Human telomerase is a ribonucleoprotein enzyme
that maintains telomere length by catalyzing the addition
of hexameric repeats (TTAGGG), to telomeres (1, 2).
Telomerase activity can be detected in most cells that
have an increased ability to replicate, such as cancer
cells, germ-line cells and certain stem cells (3 —6), but
not in somatic cells (7, 8), suggesting that telomerase
plays a crucial role in cell proliferation and cellular
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cells resulted in immortalization (9) or even direct
conversion to tumor cells (10). Telomerase has thus
been proposed as a hopeful target for anticancer
therapies. It has been demonstrated that telomerase
activity is significantly suppressed in differentiated
HL-60 cells induced by various differentiating agents
(11—-14) including all-trans-retinoic acid (ATRA),
which has been widely used clinically as a chemo-
preventive and differentiation-inducer (15). Yamada
et al. reported that down-regulation of telomerase acti-
vity is an early event of cellular differentiation without
apparent telomeric DNA damage (16). However, the
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precise mechanism of regulating telomerase activity in
ATRA-induced, differentiated cells is not understood.

The hTERT transcript contains at least six alternate
splicing sites, including two deletions (« and ) and
four insertions of intron sequences into hTERT mRNA
(17, 18). Different sets of hTERT variants were also
detected in some normal ovarian tissues and myometrial
leiomyomas lacking telomerase activity (19). It has
been also found that the hTERT transcript is alterna-
tively spliced in cultured cancer cells with high
telomerase activity. When hTERT o~ was introduced
into telomerase-positive tumor cells, it could inhibit
telomerase activity and caused telomere shortening and
eventually cell death (20, 21). These results suggest
that alternative splicing of hTERT may effect a decrease
in telomerase activity in cells under certain conditions
such as fetation and tumorigenesis.

Although there is some comparability between fetal
development and cancer cell differentiation, it is still
unknown whether hTERT transcript splicing is involved
in the regulation of telomerase activity during the
differentiation of tumor cells. The present study aims to
investigate the role of alternative splicing of hTERT in
telomerase regulation in ATRA-induced, differentiated
HL-60 cells and provide a basis for testing if the
alternative splicing of hTERT can be served as one
target of anticancer therapy.

Materials and Methods

Cell culture

Human acute promyelocytic leukemia HL-60 cells
were cultured in RPMI-1640 medium supplemented
with 10% (v/v) heat-inactivated fetal bovine serum,
penicillin (100 IU/ml), streptomycin (100 xg/ml), and
2 mM L-glutamine at 37°C in a humidified atmosphere
containing 5% CO..

Reagents

ATRA was supplied by the Sixth Pharmaceutical
Company of Shanghai (China). All PCR primers used
in this study were synthesized by Sangon Co. (Shanghai,
China). M-MLYV reverse transcriptase (RT) and Random
Hexamers were purchased from Promega (Madison, WI,
USA). RPMI-1640 medium and Trizol reagent were
purchased from Gibco-BRL (Grand Island, NY, USA).

Induction of differentiation

Differentiation was assessed by morphological
changes identified by Giemsa staining, and changes in
CDI11b antigen expression were determined by flow
cytometry. Briefly, 1 x 10° HL-60 cells were treated
with 10 #uM ATRA for 1 — 3 days. At the time indicated,

cells were collected and subjected to flow cytometry or
morphological examination of differentiation. Experi-
ments were repeated three times.

Telomerase activity assay

Telomerase activity was assayed by the TRAP
method (22). In brief, telomerase was extracted with
CHAPS (3-[(3-cholamidopropyl)dimethyl ammonio]-1-
propane-sulphonate)-based telomerase lysis buffer
[10 mM Tris-HCI (pH 7.5), 1 mM MgCL,, 1 mM EGTA,
0.1 mM PMSF, 5mM p-ME, 0.5% CHAPS, 10%
glycerol]. Protein extracts were diluted appropriately,
and an aliquot of 0.5-ug protein was incubated with
0.1 g TS primer (5'-AAT CCG TCG AGC AGA GTT-
3" for 25 min at 30°C in the following reaction mixture:
20 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 63 mM KClI,
0.005% Tween-20, 1 mM EGTA, and 50 M of each
deoxynucleoside triphosphates (dNTPs). Following
elongation of the TS primer by telomerase, the mixture
was incubated at 85°C for 5 min before the addition of
3 U of Taq polymerase and 0.1 g ACX return primer
(5'-GCG CGG[CTT ACC]; CTA ACC-3'], 0.01 amol
internal control template TSNT(5'-AAT CCG TCG
AGC AGA GTT AAA AGG CCG AGA AGC GAT-3"),
0.1 ug internal control return primer NT(5'-ATC GCT
TCT CGG CCT TTT-3"), and the elongated products
were then amplified by PCR (29 PCR cycles at 94°C
30s, 60°C 30s). The PCR products were examined by
electrophoresis on a 10% non-denatured polyacrylamide
gel in 1 x TBE and stained with SYBR green I Nucleic
Acid Gel Stain (FMC, Rockland, ME, USA) for 15 min.
Relative telomerase activities were quantitated using
the Gel Document System GDS8000 (UVP, Cambridge,
UK).

RT-PCR analysis of telomerase subunits

Total RNA was isolated from HL-60 cells using
Trizol. The first-strand cDNA was synthesized using
M-MLV RT (Promega). The cDNA samples were
amplified in 50 gL of reaction mixture containing
200 uM each of the four dNTPs, 3 units of Tag DNA
polymerase (Promega), and 0.1 M of specific primers.
The primers used in this study are listed in Table 1.
Amplification of alternatively spliced hTERT cDNA
was performed with initial heating at 94°C for 90s,
followed by 35 cycles of 95°C for 25s, 68°C for 50 s,
and 72°C for 50 s. Other cDNA samples were amplified
with the following sequence for 28 cycles: 94°C for
30s, 60°C for 30s, and 72°C for 30s. The amplified
alternatively spliced hTERT product was separated by
electrophoresis on 10% polyacrylamide-urea gel and
other PCR products were separated on 2% agarose gel.
Gels were stained with ethidium bromide and photo-
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Table 1. The PCR primers used in this study

PCR products Primer sequences
hTERT 5'-CGG AAG AGT GTC TGG AGC AA-3' (sense)
5'-GGA TGA AGC GGA GTC TGG A -3' (antisense)
hTR 5'-TCT AAC CCT AAC TGA GAA GGG CGT AG-3' (sense)
5'-GTT TGC TCT AGA ATG AAC GGT GGA AG-3' (antisense)
hTP1 5'-TCA AGC CAA ACC TGA ATC TGA G-3' (sense)

5'-CCC GAG TGA AAA TCT TTC TAC GC-3' (antisense)

Splicing variants of hTERT

5'-GCC TGA GCT GTA CTT TGT CAA-3' (sense)

5'-CGC AAA CAG CTT GTT CTC CAT GTC-3' (antisense)

GAPDH

5'-CCA TGG AGA AGG CTG GGG-3' (sense)

5'-CAA AGT TGT CAT GGA TGA CC-3' (antisense)

graphed using the Gel Document System GDS8000
(UVP).

Western blot

Cellular proteins of equal amount (50 xg) derived
from control and ATRA-treated HL-60 cells were sepa-
rated on 10% SDS-polyacrylamide gels and transferred
to nitrocellulose membranes. After blocking with block
solution (5% milk, 0.1% Tween-20, 10 mM Tris-HCI
pH 7.5, 150 mM NaCl) for 2h, the membrane was
exposed to a mouse anti-hTERT polyclonal antibody
(23) with a 1:1000 dilution at 4°C overnight. The
membrane was subsequently incubated with a horse-
radish peroxidase-conjugated secondary antibody
(1:1000) for 1h at room temperature. Bands were
developed using the SuperSignal West Pico Kit (Pierce,
Rockford, IL, USA). As a control, the bottom portion
of the membrane was removed and probed with goat
polyclonal antibody (C-11; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) recognizing actin.

Results

Differentiation of HL-60 cells induced by ATRA

HL-60 cells were induced to differentiate to a
granulocytic or monocytic phenotype by treatment with
10 uM ATRA. The morphological changes to HL-60
cells were observed by Giemsa staining. After treatment
with ATRA for 24 h, the nucleus of some HL-60 cells
became indented; and after treatment for 48 h, nuclear
segmentation was visible. Prolonged incubation for
72h with ATRA resulted in more nuclei becoming
constricted, indented, or segmented and a decrease in the
cell size (Fig. 1A). Expression of the CDI11b antigen,
which is the specific marker for HL-60 cell differentia-
tion towards granulocytes and monocytes, was also
detected by flow cytometry. Its expression rate increased

with exposure time, and the expression rate (22.7 +
1.73%) of the 72-h group was about 5-fold higher than
that of the control group (4.8 £ 0.55%) (Fig. 1B). These
results indicate that treatment with ATRA at 10 uM
for 72 h could induce HL-60 cell differentiation. This
incubation period was used for subsequent studies.

Down-regulation of telomerase activity by ATRA in a
time- and dose-dependent manner

In the process of differentiation of HL-60 cells
induced by ATRA, down-regulation of telomerase
activity was observed in a time- and dose-dependent
manner. Telomerase activity in HL-60 cells began to
decrease after 12-h exposure to 10 uM ATRA and
decreased sharply after 48-h exposure. Telomerase
activity was barely detectable when the cells were
treated with ATRA for 72 h. The relative telomerase
activity was 85.66%, 82.14%, 37.96%, and 8.06% of
the control for 12, 24, 48, and 72 h treatments, respec-
tively (Fig. 2A). After 72-h exposure of HL-60 cellsto 1,
2, 5, and 10 uM ATRA, telomerase activity was
89.43%, 44.14%, 5.72%, and 1.61% of that in the
control cells, respectively (Fig. 2B).

Expression of telomerase subunits at mRNA level in
ATRA-induced differentiated HL-60 cells

To investigate the regulatory mechanisms involved in
ATRA-induced down-regulation of telomerase activity,
expression of three telomerase subunits (h'TR, hTERT,
and hTP1) was examined at the mRNA level using
RT-PCR. hTERT expression was initially measured
using primers for a region of the transcript upstream
of the reverse transcriptase domain. Among the three
subunits, the change in hTERT expression was the most
significant. It began to decrease after treatment with
1 #M ATRA and declined to a very low level following
treatment with 10 uM ATRA for 72 h. In contrast,
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Fig. 1. ATRA-induced HL-60 cell differentiation. A: Representative morphological changes of HL-60 cells untreated (A) or
treated with ATRA (10 zM) for 24 h (B), 48 h (C), and 72 h (D), respectively. The arrows indicate differentiated cells. Magnifica-
tion x400. B: Expression of CD11b differentiated antigen in HL-60 cells increased depending on time, untreated (A) or treated
with ATRA (10 M) for 24 h (B), 48 h (C), and 72 h (D), respectively. The representative results of three independent experi-

ments are shown.

hTP1 mRNA expression increased in a dose-dependent
manner. With treatment with 1, 5, 10 uM ATRA, hTP1
mRNA expression was 136%, 199%, and 300% of the
control, respectively. There was no obvious change in
hTR mRNA expression after ATRA treatment (Fig. 3).

Expression of splicing variants of hTERT in ATRA-
induced, differentiated HL-60 cells

To examine whether the splicing of hTERT was
involved in the regulation of telomerase activity in
ATRA-induced HL-60 cell differentiation, expression of
alternatively spliced hTERT with the full length func-
tional and the defective RT region was examined using
primers spanning the RT region of hTERT. This region
contains potential o and g splicing sites. The hTERT
mRNA with a full length RT region was identified as
hTERT «'f". mRNAs containing a defective RT region
from alternative splicing were identified as hTERT «~,
hTERT g7, and hTERT « f°, representative of «
deletion, £ deletion, and both deletions, respectively.
Analysis of mRNA showed that all four alternative
splicing forms of hTERT transcripts were observed in
untreated HL-60 cells. In the dose-effect study, expres-
sion of the full-length hTERT a"f" mRNA decreased
significantly in a dose-dependent manner after ATRA
treatment. hTERT o~ mRNA decreased dramatically
upon treatment of ATRA and became undetectable on
1 uM ATRA. hTERT o f~ mRNA were also reduced
to a very low level with 1 uM ATRA treatment and
almost invisible at 5 uM ATRA (72 h). hTERT S~ was

also downregulated quite a bit by 1 uM ATRA and
then a relatively steady expression remained with the
treatment of 5 or 10 uM ATRA (Fig. 4A). To analyze
the distribution of alternative splicing variants of
hTERT, each variant’s percent of the control total
hTERT mRNA was quantitated and summarized. This
analysis showed a relative stable ratio of hTERT a'f"
and hTERT S~ when telomerase activity decreased
dramatically from 1 to 5 M ATRA treatment (Table 2).

In time-effect research, the full-length hTERT o' f"
mRNA was decreased to a rather low level when cells
were treated with 10 uM ATRA for 24 h (Fig. 4C).
hTERT o  and hTERT « f~ mRNA could not be
detected at that time. hTERT #~ mRNA decreased in a
time-dependent manner. The variant’s distribution assay
demonstrated the pattern of hTERT splicing was altered.
However, the change of hTERT mRNA splicing was
unconcerned with ATRA-treated decline of telomerase
activity (Table 3).

These results indicated that ATRA decreased the
expression of both the functional and three non-func-
tional hTERT mRNAs, suggesting that hTERT splicing
might not play a role in ATRA-induced down-regulation
of telomerase activity in HL-60 cells.

To further verify the results at the mRNA level, we
examined the expression of these variants at the protein
level. It is unclear at present whether all alternative
splicing variants of hTERT are translated or not, and
also, there is no available antibody that can recognize
one certain variant specifically. In order not to miss the
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Fig.2. ATRA-induced down-regulation of telomerase activity in HL-60 cells in a time (A)- and dose (B)-dependent manner.
ATRA, 10 uM (A); time, 72 h (B). Results are from two similar experiments.
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Fig. 3. Expression of telomerase subunits in HL-60 cells treated
with ATRA at concentrations of 0, 1, 5, and 10 M for 72 h, respec-
tively. Results shown here are from one representative experiment.

change of every variant at the protein expression level,
a versatile antibody that has the ability to detect all
possible translation products of hTERT mRNA should

be used. In this study, we applied a polyclonal antibody
against the translation product of human hTERT gene
segment from the 1784 to 2369 bp (23). Since all
splicing variants comprise some or the entire segment,
this antibody can theoretically recognize them. As
shown in Fig. 4B, two bands with molecular weight
>116 KDa and approx. 100 kDa were detected. This
result is similar with the previous report (23). The
>116 kDa band was the protein containing the full
length of hTERT, because the molecular weight of the
hTERT protein is 125 kDa. The 110 kDa protein may be
one of the spliced variants of hTERT, although it is not
clear which variant it is. Consistent with expression at
the mRNA level, ATRA down-regulated the expression
of both hTERT proteins in a dose-dependent manner,
while the expression of the internal control protein actin
was not affected.
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Table 2. The distribution of hTERT splicing variants and relative telomerase activity at different ATRA concentra-

tion (72 h)
Splicing variants Control* 1 uM 5uM 10 uM
hTERT a' " 35.70% 27.23% 17.5% 4.39%
hTERT o~ 16.70% 0% 0% 0%
hTERT a5~ 14% 2.15% 1.15% 28%
hTERT S~ 33.60% 16.4% 13.9% 22.0%
relative telomerase activity 100% 89.43% 5.72% 1.61%

*Control, cell not treated by ATRA; Percentage of each variant (%) = (Each variant in one sample / Total h\TERT
mRNA of Control cells) x 100%.

Table 3. The distribution of hTERT splicing variants and relative telomerase activity at different time (ATRA,

10 uM)
Splicing variants Control* 24h 48h 72h
hTERT «'f" 29.80% 4.2% 2.71% 2.38%
hTERT o~ 4.10% 0% 0% 0%
hTERT o - 2.50% 0% 0% 0%
hTERT g~ 63.60% 38.6% 7.03% 6.8%
relative telomerase activity 100% 82.14% 37.96% 8.06%

*Control, cell not treated by ATRA; Percentage of each variant (%) = (Each variant in one sample / Total hTERT
mRNA of Control cells) x 100%.



112 W-J Liu et al

Discussion

ATRA is a well-known acute promyelocytic leukaemia
(APL) cell differentiation inducer, and recently it is
reported that telomerase activity is downregulated
during the course of differentiation. Sharmaetal. (11)
demonstrated that differentiation-inducing agents do not
directly inhibit telomerase activity and speculated that
cellular differentiation induced by them was associated
with repression of transcription of one or more genes
encoding either the RNA or the protein subunits of
telomerase. The present and other studies confirmed this
hypothesis (11 — 14, 16). There was a drastic decrease of
hTERT mRNA in ATRA-induced, differentiated HL-60
cells. Repression of hTERT transcription is a common
event after treatment with differentiation inducers,
independent of the drug used. Recent data suggested that
the hTERT promoter E-box switching from Myc/Max
to Madl/Max binding during differentiation might be
responsible for this transcriptional reduction (24). Our
results showed that the telomerase activity had
decreased to nearly 5% that of untreated cells, while the
expression of h\TERT «'S” mRNA decreased to 50% of
the control level, which seemed to indicate that hTERT
transcription did not parallel telomerase activity. The
inconsistency of hTERT gene expression and telomerase
activity was also observed in other studies (25 —27). It is
because the regulation of telomerase activity is very
complex and many factors are involved in the process
from hTERT transcription to telomerase activation,
including those involved in the regulation at hTERT
post-transcription level such as protein expression,
protein phosphorylation/dephosphorylation, and pro-
tein-protein interaction, as well as the involvement of
other telomerase subunits (28 —32). In present study,
the expression of hTP1 increased markedly, appearing
to be among those other regulators. However, the
expression of hTP1 transcription in differentiated cells
seems to depend on the differentiation inducer and cell
line used (25, 33 —35). Since hTP1 was reported to play
a regulatory function in enzyme activity by truncation
from p240 to p230 (35), its role in the differentiation
process deserves further elucidation.

A better understanding of the mechanisms of telom-
erase regulation will provide a basis for further investi-
gation and manipulation of telomerase activity as a
potential therapeutic treatment. It is reported that the
alternative splicing of hTERT mRNA may have some
effect on the regulation of telomerase activity. The only
one confirmed variant that can be expressed as the
protein and exert telomerase activity is full-length
hTERT mRNA (hTERTa'f"). However, other splicing
variants’ function in the regulation of telomerase activity

is still not clearly known. During the development of
fetal kidney, telomerase activity in the kidney was only
present at those gestational ages when full-length
hTERT mRNA was expressed, with other spliced
transcripts continuing to express at later stages of
development. It has also been demonstrated that the S
splicing variant of hTERT continued to maintain a high
level of expression after telomerase activity disappeared
in fetal kidney tissue samples (36 —38). When hTERT
o, hTERT o, and hTERT S~ variants were intro-
duced into normal human fibroblast cells, none of the
three alternate splicing variants reconstituted telomerase
activity in such transformed cells. Furthermore, hTERT
o was found to inhibit telomerase activities in
telomerase-positive tumor cells and cause telomere
shortening, and even cell death eventually (20, 21). The
above experimental evidences suggest that the hTERT
o~ variant may exert a negative role in telomerase
regulation and the other two splicing variants hTERT
a f as well with hTERT B~ may have no positive
contribution to telomerase activity. Up to now, there is
also no report about the role of hTERT alternative
splicing variants on the regulation of telomerase activity
in differentiated leukemia cells induced by ATRA.
Current investigation showed none of the splicing
variants treated with ATRA maintained the same level
of expression as untreated cells at both the mRNA and
protein levels. The result is consistent with that of
Ding’s, which showed ATRA down-regulated the
expression of hTERT full length mRNA and g~ variant,
but did not affect splicing of hTERT (39). According
to our results, it was impossible for "TERT & to act as
an inhibitor of telomerase activity because it decreased
to an undetectable level. As for the other two splicing
variants hTERT o 4 and £, if they had a negative
role in telomerase activity, their level should increase
or remain steady. However, in fact, the supposition
was denied by the experiment results in which both of
them decreased after ATRA treatment with the fall of
telomerase activity. Furthermore, according to several
previous references (20, 21), these two variants may
have no positive role on telomerase activity. So our
studies showed that both of them were also not involved
in the regulation of telomerase activity during the
ATRA-induced differentiation. Additionally, our re-
search directly showed that there was no correlation
between the change of splicing variant’s distribution and
the decrease of telomerase activity. These results suggest
that alternative splicing of hTERT mRNA, unlike its
role in telomerase regulation during human fetal
development, might not contribute to telomerase regula-
tion in differentiated leukemia cells induced by ATRA.
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