
m
e
 
ig
 o
n
t 

o
ss
s
ts
in
ur
 
a
a

ra
t

re
97
 

nd

 not
 al,
ost
lytic
) has
ura

pres-
ase
opic
tive
RT
ren-

tions
sion
lly
 this

Suppression of telomerase reverse transcriptase
(hTERT) expression in differentiated HL-60 cells:
regulatory mechanisms
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Summary Telomerase activity, associated with cellular immortalization and tumorigenesis, is suppressed during terminal differentiation of
HL-60 promyelocytic leukaemic cells. However, it is poorly understood how telomerase activity is regulated in differentiated HL-60 cells. In the
present study, we demonstrate that the down-regulation of telomerase reverse transcriptase (hTERT) expression, the catalytic subunit,
occurs prior to the suppression of telomerase activity in differentiated HL-60 cells. In contrast, the expression of telomerase RNA template
(hTR) and telomerase associated protein (TP1) is not reduced. This down-regulation of hTERT expression is achieved through inhibition of
gene transcription, in which process new protein synthesis is required. Moreover, the rapid down-regulation of hTERT expression followed by
the inhibition of telomerase activity is a specific component of the differentiation programme and not simply a consequence of cell cycle arrest.
Serum-deprivation of HL-60 cells causes cell cycle arrest without differentiation and this does not result in a significant reduction in hTERT
mRNA levels within the first 24 h. Our findings suggest that hTERT expression is stringently controlled at transcriptional level in HL-60 cells.
The downregulation of hTERT expression in the HL-60 cell differentiation model may represent a general regulatory mechanism through
which telomerase becomes repressed during development and differentiation of human somatic cells.
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Human telomerase, a multicomponent ribonucleoprotein enzy
that extends chromosome ends with (TTAGGG)n telomeric rep
sequences, is generally inactive in human normal somatic cells
active in a variety of human tumour cell lines and primary mal
nant tissues (Harley et al, 1994; Kim et al, 1994). Activation
telomerase has been implicated in cell immortalization a
tumorigenesis. Telomerase is thus a potentially attractive targe
cancer therapy.

We and others (Albanell et al, 1996; Bestilny et al, 1996; H
et al, 1996; Xu et al, 1996) have demonstrated that the suppre
of telomerase activity in promyelocytic leukaemic cells follow
terminal differentiation induced by various differentiating agen
However, the mechanisms of telomerase inactivation dur
differentiation of HL-60 cells remain unknown. Only lately is o
understanding of the regulation of telomerase activity starting
emerge thanks to the identification of the human telomer
subunits (Feng et al, 1995; Harrington et al, 1997; Kilian et 
1997; Meyerson et al, 1997; Nakamura et al, 1997). Telome
subunits RNA template (hTR) and telomerase associated pro
(TP1) were found largely unchanged or even increased in diffe
tiated promyelocytic leukaemic cell lines (Meyerson et al, 19
Reichman et al, 1997). These results are in accordance with
observation that hTR and TP1 are expressed both in normal a
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malignant human cells and that their expression levels do
correlate with the biological activity of telomerase (Feng et
1995; Meyerson et al, 1997; Nakamura et al, 1997). M
recently, the RNA encoding the human telomerase cata
component called telomerase reverse transcriptase (hTERT
been cloned (Kilian et al, 1997; Meyerson et al, 1997; Nakam
et al, 1997). Accumulated data support the notion that the ex
sion of hTERT is a rate-limiting step in the control of telomer
activity. Telomerase activity can be reconstituted by the ect
expression of hTERT in human normal telomerase-nega
fibroblasts (Bodnar et al, 1998). A down-regulation of hTE
expression has been observed in HL-60 cells induced to diffe
tiate by treatment with all-trans retinoic acid (ATRA) (Meyerson
et al, 1997).

The present work was undertaken to further evaluate altera
in telomerase activity, as well as hTERT, hTR and TP1 expres
during terminal differentiation of HL-60 cells, and especia
address the regulatory mechanisms of hTERT expression in
model.

MATERIALS AND METHODS

Chemicals and cell culture

ATRA, actinomycin D (ACD) and cycloheximide (CHX) wer
purchased from Sigma (St Louis, MO, USA), dimethyl sulphox
(DMSO) from Merck (Darmstadt, Germany) and dihydrox
vitamin D3 (VD3) from Abbott Laboratories (North Chicago, IL
1156



Down-regulation of hTERT in differentiated HL-60 cells 1157

fe
calf

ays
 test.
ith

same

er for
no-
1b-

etail

CR)
ger
tion
 to
nts-
col
and
et al,

– II
r

ysis
ol

lated
 kit.
y at
 of
um
sing
LV

 by
hTR
nger
g of

 31

A
ors
s

hTERT –

100 50.0 25.0 12.5 6.25 3.12 1.56

– C

– ChTERT –

A
RNA (ng)

2 x 103 5 x 103 104 105

Competitors

hTERT –

hTERT –

– C

– C

10

0.1

0.1

1

hT
E

R
T

/C
om

pe
tit

or

1 10 100 1000

RNA input (ng)

HL-60 cells

HL-60 cells + ATRA

10

0.1

0.1

1

hT
E

R
T

/C
om

pe
tit

or

HL-60 cells
HL-60 cells + ATRA

103 104 105 106

Competitors

Figure 1 Validation of quantitative detection of hTERT mRNA by using
competitive RT-PCR. (A) Serial dilutions of RNA derived from untreated
(upper) and ATRA-treated HL-60 cells (lower) for 8 h were coamplified with
the fixed number of competitors (5 × 103 molecules). The resulting PCR
products were resolved in 4% of Metaphor gels stained with ethidium
bromide and photographed. The images were analysed by densitometry. The
signal intensity ratio of hTERT mRNA to the competitor was plotted against
the amount of RNA present in each lane. (B) The fixed amounts of total RNA
(50 ng) derived from untreated (upper) and ATRA-treated HL60 cells (lower)
for 8 h were co-amplified with the different numbers of competitors and the
ratio of hTERT mRNA to the competitor was plotted against the number of
competitors present in each lane. C: Competitor
USA). HL-60 cells were grown in RPMI-1640 medium (Li
Technologies, Paisley, UK) supplemented with 10% fetal 
serum (FCS), 100 U ml–1 penicillin and 2 mM L-glutamine. For the
induction of differentiation, the cells at 0.25–0.5 × 106 per ml were
treated with 2 × 10–6 M ATRA, or 5 × 10–7 M VD3, or 1.25% v/v
DMSO and harvested at various time points. Viable cells alw
exceeded 90% as determined by the trypan blue exclusion dye
For serum starvation, HL-60 cells were washed twice w
phosphate-buffered saline (PBS) and then incubated in the 
medium but without FCS.

Assays for differentiation

CD11b antigen expression was chosen as the specific mark
HL-60 cell differentiation towards both granulocytes and mo
cytes. CD11b antigen determination and the isolation of CD1
positive and -negative cells have been described in d
elsewhere (Xu et al, 1996).

Telomerase activity assay

A commercial telomerase polymerase chain reaction (P
enzyme-linked immunosorbent assay (ELISA) kit (Boehrin
Mannheim, Stockholm), based on telomeric repeat amplifica
protocol (TRAP) introduced by Kim et al (1994), was used
determine telomerase activity in control and differentiating age
treated HL-60 cells according to the manufacturer’s proto
during 25 PCR cycles (Xu et al, 1998). Protein extraction 
measurement was performed as described previously (Xu 
1996).

RNA extraction and reverse transcription

Total cellular RNA was extracted by using the ULTRASPEC™
RNA kit (Biotecx Lab., Houston, TX, USA). To purify nuclea
RNA, cells were first suspended in ice-cold NP-40 containing l
buffer (10 mmol Tris, pH 7.4, 10 mmol sodium chloride, 3 mm
magnesium chloride and 0.5% NP-40), centrifuged at 800 g for
5 min and washed three times with the same buffer. The iso
nuclei were then subjected to RNA extraction with the above
RNA yield and purity were determined spectrophotometricall
260–280 nm (Perkin-Elmer, Lambda Bio) and the integrity
RNA verified by electrophoretic size separation in 1% ethidi
bromide-stained agarose gels. cDNA was synthesized u
random primers (N6) (Pharmacia, Uppsala, Sweden) and MM
reverse transcriptase, as described earlier (Xu et al, 1998).

Quantitative determination of hTERT, hTR and TP1
expression by competitive RT-PCR

PCR primer sequences and conditions were described
Nakamura et al (1997). The competitive templates of hTERT, 
and TP1 fragments, constructed by mimic PCR, were 21 bp lo
than their wild-type counterparts. cDNA corresponding to 50 n
RNA was co-amplified with appropriate competitors (5 × 103, 104

and 103 molecules for hTERT, hTR and TP1 respectively) in 25µl
of reaction mixture. PCR was performed using 32, 31 and
cycles for hTERT, hTR and TP1 respectively. In addition, β2-
microglobulin (β2M) expression was used as a control for RN
loading and RT efficiency and co-amplified with its competit
(2.5 × 104 molecules) with the following RNA-specific primer
British Journal of Cancer (1999) 80(8), 1156–1161© 1999 Cancer Research Campaign
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Figure 2 Telomerase activity and its subunits hTERT, hTR and TP1
expression in HL-60 cells treated with DMSO. (A) hTERT, hTR, TP1 and β2M
cDNA were co-amplified with their competitors, respectively, and PCR
products were resolved in 4% Metaphor gels stained with ethidium bromide.
C: Competitor. (B) The ethidium bromide-stained PCR products shown in
panel A were photographed and the images analysed by densitometry. The
intensity ratio of the target mRNA to the competitor normalized to the ratio of
β2M/Competitor in each lane was expressed as the percentage of that in
untreated HL-60 cells. Telomerase activity at each time point, determined by
using telomerase PCR–ELISA kit, was expressed as the percentage of that
in untreated HL-60 cells. Data shown is one representative of two separate
experiments
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Figure 3 hTERT expression in CD11b+ and CD11b2 HL-60 cells treated
with VD3. The cells were incubated with 5 × 10–7 µM of VD3 for 72 h and
CD11b+ and CD11b+ cells were separated by using Mini-MAX. Total cellular
RNA was extracted and subjected to competitive RT-PCR analysis for
hTERT expression. C: Competitor
(5′-primer: GAATTGCTATGTGTCTGGGT; 3′-primer: CATCTT-
CAAACCTCCATGATG) during 25 cycles (94°C for 30 s, 60°C
for 30 s and 72°C for 60 s) (Xu et al, 1998). PCR products we
resolved in 4% Metaphor agarose gels stained with ethid
bromide, visualized in UV light and photographed. Volumet
integration of signal intensities was performed by using the N
image software (Version 1.58). The relative levels of hTERT, h
and TP1 mRNA were given by the ratio of the target to compet
signal intensity and normalized to the ratio of β2M to its
competitor.

Determination of cell cycle distribution by flow
cytometry

By using the Cycle TEST™ PLUS DNA Reagent kit (Becto
Dickinson, San José, CA, USA) DNA profile was determined
untreated and treated HL-60 cells. Briefly, 1 × 106 cells were
treated with trypsin and RNAase, stained in propidium iod
and evaluated by flow cytometry (Becton-Dickinson). The c
British Journal of Cancer (1999) 80(8), 1156–1161
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percentage in G0/G1, S and G2/M phases was calculated by u
Mod Fit LT for Mac V2 software (Becton-Dickinson).

RESULTS AND DISCUSSION

Validation of quantitative RT-PCR for hTERT, hTR and
TP1 expression

As shown in Figure 1A, the signal ratio of the hTERT and c
amplified competitor PCR products, with a less than 20% coe
cient variation (CV), corresponded well to the dilution factor 
RNA derived from HL-60 cells. A linearity of hTERT assay wa
also demonstrated at the fixed amount of RNA input with differ
numbers of competitors (Figure 1B). Similar results were obtai
with hTR and TP1 quantification (data not shown).

Differential regulation of telomerase subunit
expression during differentiation of HL-60 cells

As reported previously, differentiating-agents DMSO, ATRA a
VD3 induce HL-60 cells to undergo terminal differentiation whic
was accompanied by the suppression of telomerase activity (
et al, 1996; Xu et al, 1996; Meryerson et al, 1997).

Since telomerase is a multicomponent reverse transcrip
enzyme, the control of telomerase activity may operate at mult
levels. So far, no studies have addressed the gene expression
of all three telomerase subunits during terminal differentiat
of HL-60 cells. Moreover, previous reports produced conflicti
results with regard to hTR expression in differentiated promye
cytic leukaemic cells (Bestilny et al, 1996; Meyerson et al, 199
The extended evaluation of the gene expression of all three te
erase components, hTERT, hTR and TP1 was performed on H
cells treated with differentiating agents. In the presence of DM
or ATRA, the level of hTERT mRNA declined rapidly; only les
than 10% of the control level remained after 24 h (Figure 
Clearly, the down-regulation of hTERT expression is an ea
event in differentiated HL-60 cells. Compared to DMSO 
ATRA-treated cells, a relatively high level of hTERT sti
remained in VD3-treated HL-60 cells after 120 h (data not shown
The explanation for this discrepancy is that VD3 treatment induces
differentiation in 60–70% of HL-60 cells and that remaining und
ferentiated HL-60 cells constitutively express hTERT mRN
This was documented in Figure 3, showing that hTERT expres
remained at a high level in undifferentiated CD11b2 cells but was
hardly detectable in CD11b+ cells after the exposure of HL
© 1999 Cancer Research Campaign
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Figure 4 hTERT expression and cell cycle distribution in ATRA-treated and
serum-deprived HL-60 cells. Exponentially growing cells were treated with
2 µM ATRA or serum-starved for 24 h and harvested for RNA extraction and
cell cycle analysis. (A) Expression of hTERT mRNA in ATRA-treated and
serum-deprived HL60 cells. C: Competitor. (B) The ethidium bromide-stained
PCR products shown in panel A were photographed and the images were
analysed by densitometry. The signal intensity ratio of hTERT mRNA to the
competitor normalized to the ratio of β2M/Competitor in each lane was
expressed as the percentage of that in untreated HL-60 cells. (C) DNA
content flow cytometric profiles in ATRA-treated and serum-deprived HL-60
cells for 24 h. The experiments were performed twice with similar results
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Figure 5 The transcription rate of hTERT gene in ATRA-treated HL60 cells
determined by using competitive RT-PCR. (A) Nuclear RNA was extracted
and subjected to RT-PCR with hTERT competitors. β2M was coamplified with
its competitors. C: Competitor. (B) The transcription rate of hTERT gene was
expressed as the percentage of that in untreated HL-60 cells according to the
signal intensity ratio of hTERT/competitor. The analysis was performed twice
with similar results
cells to VD3 for 72 h. The data indicate that the down-regulation
hTERT expression during the terminal differentiation of HL-
cells is a differentiation-related event. Consistent with this, wh
another myeloid leukaemic cell line, K562 cells, known not to
terminally differentiated by treatment with ATRA, were incubat
with 2 µM of ATRA, there was no detectable change in hTE
mRNA levels within 96 h (data not shown).

In contrast, up to 70% increase in TP1 mRNA was observe
HL-60 cells incubated with all three differentiating agents (Figu
2). hTR expression levels of differentiated HL-60 cells remain
largely unchanged as compared to the control cells (Figure 2).

The observation that suppression of telomerase activity
accompanied by down-regulation of hTERT mRNA, but not h
and TP1 expression in differentiated HL-60 cells supports 
notion that hTERT is the rate-limiting determinant of telomera
activity. Down-regulation of hTERT expression in HL-60 ce
differentiation model may represent a general regulatory path
through which telomerase becomes inactivated during deve
ment and differentiation of human somatic cells. Unlike hTER
the expression of hTR is loosely controlled and is up-regulate
many human malignant and normal cell types with a correlatio
active proliferation status, but not telomerase activity (Greid
1998). A recent investigation (Beattie et al, 1998) showed that
coexpression of hTERT protein and hTR is capable of recon
tuting enzyme activity of telomerase in vitro, suggesting that 
core enzyme complex may consist of only two compone
hTERT and hTR. Taken together, TP1 expression may be re
dant in terms of the regulation of telomerase activity.

Regulatory mechanisms of hTERT expression in
differentiated HL-60 cells

Since hTERT expression is the determinant for the contro
telomerase activity and it has been shown that the inductio
British Journal of Cancer (1999) 80(8), 1156–1161
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hTERT expression is required for telomerase activation dur
cellular immortalization and tumour progression, elucidation 
the regulatory mechanisms of hTERT expression will certai
contribute to a better understanding of telomerase activity con
at the molecular level.

Some recent observations have suggested that telome
activity is growth-regulated, high in the actively cycling cultu
and low in the quiescent cells (Greider, 1998). As differentia
HL-60 cells eventually exit out of cell cycle, we thus ask wheth
the down-regulation of telomerase activity and hTERT express
is simply related to the cellular proliferation status. As shown
Figure 4, ATRA-treated HL-60 cells exhibited a rapid decline
hTERT expression and a slight cell cycle arrest within 24 h. On
contrary, 24 h of serum starvation of HL-60 cells had a sim
effect on the cell cycle arrest as ATRA-treatment, but there wa
clear change in hTERT mRNA level during this period (Figure 
A significant down-regulation of hTERT expression in serum
deprived HL-60 cells was observed after 48 h of incubat
without FCS (data not shown). It is evident from the present d
that the differentiation-triggered down-regulation of hTER
expression in HL-60 cells is a more active process, not simp
consequence of cell cycle arrest.

To determine whether hTERT transcripts are modulated
differentiated HL-60 cells due to alteration in transcription
activity in nuclei, nuclear RNA was isolated and the levels 
British Journal of Cancer (1999) 80(8), 1156–1161
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nascent hTERT mRNA was measured by competitive RT-PCR
method which gives identical results as nuclei run-off test
classical assay for transcription rate of gene expression (He
et al, 1993). As seen in Figure 5, the transcription rate of hTE
declined rapidly in ATRA-treated HL-60 cells and only a very lo
level of activity was recorded after 24 h. β2M as an internal control
for loading amounts of nuclear RNA was analysed in parallel
nuclear RNA.

We then asked whether post-transcriptional regulation affe
hTERT mRNA levels. To compare the stability of hTERT tra
scripts between untreated and ATRA-treated HL-60 cells, anal
of the hTERT mRNA half-life was performed by incubatin
HL-60 cells with ACD at 10µg ml–1 and purifying RNA at the
indicated time points. New RNA synthesis was blocked by AC
which was demonstrated by almost no 3H-thymidine incorporated
into HL-60 cells in the presence of 10µg ml–1 of ACD. HL-60
cells had been exposed to ATRA for 3 h prior to the addition
ACD. This caused a lower basic expression level of hTE
mRNA at time 0 compared to the control sample. The half-life
hTERT mRNA in the control HL-60 cells ranged between 2.6 a
3.8 h (median 3 h) in three experiments, whereas that of ATR
treated HL-60 cells was 2.4–3.2 (median 2.6 h) (Figure 6). T
difference in the stability of hTERT mRNA was not significan
but it is likely that the slightly shortened half-life of hTERT tran
scripts in differentiated HL-60 cells partially results in declin
© 1999 Cancer Research Campaign
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in the levels of hTERT mRNA. The short half-life of hTER
transcripts provides the explanation for the rapid reduction
hTERT mRNA and delay in the decline of telomerase activity w
a longer half-life seen in differentiated HL-60 cells.

Finally, we wanted to address the question whether ong
protein synthesis was required for differentiation-triggered do
regulation of hTERT expression. New protein synthesis was 
blocked in the presence of 100µg ml–1 of CHX, an inhibitor
of protein synthesis (Matikainen et al, 1996). HL-60 cells w
incubated with CHX at 100µg ml–1 for 20 min first, and thereafte
ATRA or DMSO was added to the culture for up to 4
Quantitative RT-PCR analysis showed that the downregulatio
hTERT transcripts induced by ATRA was blocked in the prese
of CHX (Figure 7). A similar result was obtained in DMSO p
CHX-treated HL-60 cells (data not shown). These observat
suggest that new protein(s) are involved in the hTERT mR
modulation process.

In summary, the suppression of telomerase activity is prec
by a down-regulation of hTERT mRNA but unrelated to 
expression of hTR and TP1 during differentiation of HL-60 ce
The onset of reduction of hTERT expression during cellular dif
entiation is at least in part independent of cell proliferation sta
We further demonstrate that the down-regulation of hTE
mRNA in differentiated HL-60 cells is achieved through inhibiti
of its transcription. In these regulatory processes, active pro
synthesis is required and the newly synthesized protein(s) pa
pate in either transcription inhibition or controlling of the stea
state level of hTERT mRNA. These findings provide new insig
into regulatory control of telomerase activity at the molecular le
and may be useful for future development of anti-telome
strategy against human malignancies.
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