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8-Chloroadenosine Induced HL-60 Cell Growth
Inhibition, Differentiation, and G,/G, Arrest

Involves Attenuated Cx/slin D1 and Telomerase
and Up-Regulated p21*WAF!/CIP1
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Abstract 8-Chloroadenosine, an active dephosphorylated metabolite of the antineoplastic agent 8-chloroadeno-
sine 3',5'-monophosphate (8-Cl-cAMP), induces growth inhibition in multiple carcinomas. Here we report that 8-
chloroadenosine inhibits growth in human promyelocytic leukemia HL-60 cells by a Go/G; phase arrest and terminates
cell differentiation along the granulocytic lineage. The mechanism of 8-chloroadenosine-induced Go/G; arrest is
independent of apoptosis. The expressions of cyclin D1 and c-myc in HL-60 are suppressed by 8-chloroadenosine,
whereas the cyclin-dependent kinases inhibitor p21WAfCI"! is up-regulated. 8-Chloroadenosine has less effect on the
expressions of cyclin-dependent kinase (cdk)2 and cdk4, G; phase cyclin-dependent kinases, and only moderately
induces the expression of transforming growth factor B1 (TGFB1) and the mitotic inhibitor p27*'"'. Telomerase activity is
reduced in extracts of 8-chloroadenosine treated HL-60 cells, but 8-chloroadenosine does not directly inhibit the catalytic
activity of telomerase in vitro. Therefore, anti-proliferation of HL-60 cells by 8-chloroadenosine involves coordination

of cyclin D1 suppression, reduction of telomerase activity, and up-regulation of p2

TWAFVCIPY that arrest cell-cycle

progression at Go/G; phase and terminate cell differentiation. J. Cell. Biochem. 97: 166-177,2006. © 2005 Wiley-Liss, Inc.

Key words: 8-chloroadenosine; HL-60; differentiation; cyclin D1; p2

JWAFI/CIPT. talomerase

Intracellular adenosine 3',5'-cyclic-monophos-
phate (cAMP) and its chemical analogues
regulate the growth of carcinoma cells. For
example, 8-chloroadenosine 3',5'-cyclic-mono-
phosphate (8-Cl-cAMP), inhibits various type
of carcinomas in vitro and in vivo, and has
undergone clinical trials as an anti-cancer drug
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tetradecanoylphorbol-13-acetate; NBT, nitro blue tetrazo-
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TGFB1, transforming growth factor f1; TRAP, telomere
repeat amplification protocol.
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[Ally et al., 1989; Ramage et al., 1995; Tortora
et al.,, 1995, 1997; Cummings et al., 1996;
Langdon et al., 1998]. Pharmacokinetic studies
have shown that the anti-cancer effect of 8-Cl-
cAMP involves an active metabolite, 8-chloroa-
denosine [Langeveld et al., 1992; Cummings
et al., 1994; Halgren et al., 1998; Robbins et al.,
2001]. Further studies confirm similar cyto-
static effects of these two molecules against
tumor cells suggesting the involvement of a
common signaling pathway in the anti-neoplas-
tic process [Gandhi et al., 2001].
8-Chloroadenosine induces cell growth inhi-
bition, differentiation, and apoptosis in a spec-
trum of human carcinomas [Pepe et al., 1991;
Carlson et al., 2000; Yin et al., 2001]. Early
studies demonstrated that both 8-Cl-cAMP and
8-chloroadenosine regulate the expression of
protein kinase A (PKA) regulatory subunit
genes, which was proposed as the mechanism
for their anti-proliferative effects [Tortoraet al.,
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1989, 1997; Rohlff et al., 1993; Langeveld et al.,
1997; Noguchi et al., 1998]. In human promye-
locytic leukemia HL-60 cell, 8-Cl-cAMP sup-
presses PKA Rla expression [Rohlff et al., 1993],
inhibits cell proliferation, terminates cell differ-
entiation, and delays cell-cycle progression
[Pepe et al., 1991]. However, mechanisms for
8-Cl-cAMP in affecting cell-cycle kinetics,
growth inhibition, and differentiation in HL-
60 cells are not fully understood. Recently,
conflicting data have attributed effects of 8-CI-
cAMP and 8-chloroadenosine on carcinoma cells
to the regulations of PKA regulatory subunits
expression, and may be unrelated [Carlson
et al., 2000; Lamb and Steinberg, 2002]. Micro-
array data have shown that 8-Cl-cAMP and
8-chloroadenosine are closely parallel in down-
regulation of proliferation and transformation
genes in human neuroblastoma cells but differ
in the up-regulation of differentiation and
development genes [Park et al., 2002].

Chemical-induced growth arrest and dif-
ferentiation in HL-60 cell has been correlat-
ed to cell cycle related-cyclins, kinase, and
kinase inhibitors [Burger et al., 1994; Jiang
et al., 1994; Wang et al., 1996]. Go/G; arrest
related—but apoptosis independent—cell dif-
ferentiation was observed when phorbol ester
(12-O-tetradecanoylphorbol-13-acetate (TPA)),
1,25-dihydroxyvitamin D3 (1,25D3), retinoic
acid (RA), or DMSO were used to maturate
HL-60 cells towards granulocyte and/or mono-
cyte phenotype [Bestilny et al., 1996; Wang and
Studzinski, 1997]. Further, the expression of
telomerase, a critical enzyme involved in main-
taining carcinoma cell immortality and prolif-
eration, is also down-regulated in HL-60 cell
during the terminal differentiation induced by
TPA, RA, and DMSO [Bestilny et al., 1996].
However, these critical proteins in 8-chloroa-
denosine-treated HL-60 cell are unknown. Here
we report that 8-chloroadenosine induce
maturation of HL-60 phenotype towards gran-
ulocytes and changes of proteins correlated to
Go/G; arrest, and reduction of telomerase
activity.

MATERIALS AND METHODS

Materials

8-Chloroadenosine was synthesized and pro-
vided by Dr. L.H. Zhang. Other chemicals
were purchased from Sigma (St. Louis, MO). 8-
Chloroadenosine and TPA were dissolved in

DMSO. Final concentration for DMSO was 0.1%
and was used alone as a vehicle control.

Cell Culture

Human promyelocytic leukemia HL-60 cells
were maintained as a suspension in RPMI 1640
medium supplemented with 10% FBS and
cultured at 37°C, 5% CO5/95% air. The viability
of cell in culture was monitored by trypan blue
exclusion.

MTT Method for Cell Growth

HL-60 cell growth was measured by
methylthiazoletetrazolium (MTT) assay [Hirano
et al., 1994]. Briefly, 4 x 10® cells/well were
seeded to 96-well plates and cultured with
different concentrations of 8-chloroadenosine
for 7 days or as indicated, and compared to
vehicle control (0.1% DMSO). Then, MTT stock
solution was added (50 pg/well) and continu-
ously cultured for another 3 h. Suspensions of
HL-60 cells were collected by low speed centri-
fugation and cell pellets were dissolved in
DMSO. ODs57¢ nm was read on microplate reader
(Bio-Rad model 450) with ODggs nm as the
reference. A relative growth inhibition rate
was calculated as: ODs7¢ nm Sample x 100%/
OD570 nm Control.

NBT Reduction for Cell Differentiation

Morphological assessment of differentiation
of HL-60 cell was performed by nitro blue
tetrazolium (NBT) reduction as described pre-
viously [Newberger et al., 1979; Bestilny et al.,
1996]. Briefly, 2 x 10* cells/ml were seeded
in 35 mm dishes with 8-chloroadenosine and
cultured for 5 days or as indicated. Then, cells
were incubated with continuous shaking for
60 min at 37°C with 0.2% NBT in PBS contain-
ing TPA (200 ng/ml). Cytospin slides were
prepared in Gimsa-Wright staining. The per-
centage of cells (200 cells for each slide) contain-
ing reduced blue-black formazan deposits was
determined.

Quantification of Cell Cycle and Apoptosis
by Flow Cytometry

HL-60 cells were assessed for cell-cycle
analysis and apoptosis as described [Nicoletti
et al., 1991]. Briefly, 1 x 106 cells were collected
by a centrifugation at 200g and fixation in ice-
cold 70% ethanol for 45 min. Cells were washed
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and re-suspended in 1 ml of PBS. Flow cyto-
metry was performed after addition of pro-
pidium iodide (50 pg/ml with 0.1% Triton
X-100) for 15 min at room temperature. DNA
content was measured with a FACS-scan
(Becton Dickinson, SCANVantage SE), and
cell-cycle distribution and apoptotic content in
sub-diploid were calculated using CellQuest
software.

DNA Fragmentation

DNA fragmentation was measured using a
DNA/histone-complex ELISA kit (Roche) for
10,000 cells/well of HL-60 cultured in 96-wells
plate as described [Zhu et al., 2005]. After 24 h,
cells were dosed with 8-chloroadenosine and
grown for additional 24—120 h. Comparative
values of DNA fragmentation between controls
and treatments were based on using the same
cell number in each assay.

Western Blots Analysis of Cell Extracts

Protein samples in whole cell lysates were
prepared from 8-chloroadenosine and TPA
(100 ng/ml) treated HL-60 cells and Wes-
tern blots performed as previously described
[Thompson et al., 2002]. Briefly, 100 pg proteins
were subjected to 12.5% polyacrylamide gel
electrophoresis followed by transfer to nitro-
cellulose membrane. Antibodies for cyclin
D1 (SC-246), c-myc (SC-042), p21WVAFVCIPL
(SC-397), p278P1 (SC-528), cyclin-dependent
kinase-2 (cdk2) (SC-163), cdk4 (SC-260), trans-
forming growth factor p1 (TGFp1) (SC-146), B-
actin, biotin labeled secondary antibodies, and
streptavidin/alkaline phosphatase were all pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA). Immunoblots were quantified by
densitometry (AlphaEase DIAS, CA) and ex-
pressed as percentage of control, mean + SEM,
n =4 for cyclin D1 and p21WVAFVCP1 and n=3
for all others.

Measurement of Telomerase Activity by
TRAP-ELISA Method in Cell Extracts

Cell extractions and assays for telomerase
activity in HL-60 cells were performed using
telomere repeat amplification protocol (TRAP)—
PCR-ELISA Kits (Roche Applied Science,
Indianapolis, IN). Briefly, 2 x 10° cells after 8-
chloroadenosine treatment were collected and
washed twice with PBS and then suspended in
lysis reagent on ice for 30 min. Cell lysates were
centrifuged at 16,000g for 20 min at 4°C. The

supernatants were collected and protein con-
centration measured by Dc Protein Assay Kits
(Bio-Rad, Hercules, CA). Substrate oligonucleo-
tide, biotin 5'-tip labeled P1-T'S primer used for
the telomerase-catalyzed primer elongation,
PCR amplification P2 primer, and cell extracts
(3 pg total protein) were added to the reaction
mixture (50 pl). Cell extract pre-treated with
1 mg/ml RNase A or isolated from HEK 293 cell
was used as negative or positive controls. TRAP
reactions were performed in a PCR thermal
cycler (GeneAmp 9600, Perkin Elmer) including
telomerase-catalyzed primer elongation at 25°C
for 20 min, telomerase inactivation for 5 min at
94°C, and PCR amplification for 30 cycles at
94°C for 30 s, 50°C for 30 s, and 72°C for 90 s.
Samples were then kept at 72°C for 10 min and
maintained at 4°C. The amplification product
(5 pl) with denaturation reagent (20 ul) were
incubated at room temperature for 10 min
before addition of hybridization buffer (225 pl)
containing digoxigenin-labeled probe with com-
plementary telomeric repeat sequences. The
mixture (100 pl) was added to a streptavidin
pre-coated microtiter plate and incubated for 2 h
at 37°C in shaking bath (300 rpm). After
washing, peroxidase substrate tetramethylbe-
zidine was added and ODgs5 nm determined.

RESULTS

8-Chloroadenosine Inhibits HL-60 Cells
Growth and Promotes Cell Differentiation
Towards Granulocytes

8-Chloroadenosine led to growth inhibition in
HL-60 cells after 5—7 days treatment (Fig. 1A)
with an ICsq value of 1.35 uM at day 7 (Fig. 1B).
Prior to maximal growth inhibition, morpholo-
gical changes of HL-60 cells were observed after
3 days of treatment with 8-chloroadenosine. A
granulocyte-like maturation of HL-60 cell was
observed with 2—16 pM range of 8-chloroade-
nosine. These effects were characterized by a
decreased cell size and the appearance of less
prominent nucleoli along with segment or band
nuclei (pictures not shown). Biochemical char-
acterization of granulocytic maturation induced
by 8-chloroadenosine in HL-60 cells was fur-
ther confirmed by measuring reduction of
water-soluble dye NBT to formazan deposits
[Newberger et al., 1979; Bestilny et al., 1996].
The maximal NBT reduction (up to 40%) for
8-chloroadenosine (16 uM) treated HIL-60
cells was observed at day 5—-9, with a 50% of



8-Chloroadenosine Altered Cyclin D1 and p21 in HL-60

169

120~ 50
— 100
2 40
o 4
[]
5 8o 3
s
= 30 @
2 g
9 60 8
S 5
g 20 3
£ 40 &
[3)
o
H0
20+
o o
0 1 2 3 4 5 6 7 8 9 10
Time (day)
B 120~ r50
~ 100
L 40
g &
& 80 =
D
< r30 ®
2 e
O 60 Q
O o
=3
S 40 &
o
= 10
20
0- 0

o -
N
S
(=]

8

8-Chloroadenosine (uM)

Fig. 1. Growth inhibition and granulocytic differentiation
of HL-60 cell by 8-chloroadenosine. A: Time course for 8-
chloroadenosine inhibited cell growth (O) and nitro blue
tetrazolium (NBT) reduction (V). HL-60 cells were continuously
cultured in 8-chloroadenosine (16 pM) for 9 days. B: Dose
response for 8-chloroadenosine inhibited cell growth (day 7) and
NBT reduction (day 5). Cell proliferation and differentiation were
measured every day by methylthiazoletetrazolium (MTT) and
NBT reduction. Relative growth rate in 8-chloroadenosine
treated cells were normalized with vehicle control (0.1% DMSO)

maximum of NBT reduction (ECsg) observed at
5.75 uM at day 5 (Fig. 1A,B).

8-Chloroadenosine Induces Gy/G,
Arrest and Apoptosis

Flow cytometric analysis indicated that 8-
chloroadenosine induced a Go/G; phase accu-

ateach day, and indicated as 100% for staring at day zero for time
course and concentration zero for dose response at day 7. NBT
positive cells treated by 8-chloroadenosine were expressed as the
percentage of total cells of measurement (200 cells for each
sample of slide). NBT positive in vehicle controlsatday0, 3, 5, 7,
and 9 were also performed and all less than 5% that were
indicated at day 0 and concentration zero for day 5. Values
represent the mean =+ SEM of five experiments performed in
triplicate.

mulation, reduction of cells in the S phase and
Gs + M phase after 24 h treatment (Table I). The
percentage of cells in the Gy/G; phase was
increased from 34.5+2.3% (control) to 65.1 +
3.7% (16 uM of 8-chloroadenosine, P < 0.05),
whereas the percentage of cells in the S phase
were decreased from 55.5 +3.2% to 31.3 +1.1%
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TABLE 1. Changes in HL-60 Cell-Cycle Phase Distribution by

8-Chloroadenosine

Cell-cycle phase distribution (%)?

Group Concentration (uM) Go/G, S Ge+M
Control — 34.5+2.3 55.5+3.2 10+£0.9
8-CIA 2 54.8 4.6 39.1 +2.7* 6.14+1.4%
4 58.0+2.1% 37.7+1.9*% 4.3+0.7*%

8 65.24-4.3* 32.6 &+ 3.0% 2.14+1.3*

16 65.1+3.7*% 31.3+1.1* 3.7+1.1*

#HL-60 cells were treated with 8-chloroadenosine (8-ClA) or a vehicle control for 24 h. DNA contents were
determined by FACS analysis. Data were expressed as the percentage of cells in different phase of cell cycle
from one experiment repeated four times (mean + SEM, n=3).

*P < 0.05 as compared with control.

(P<0.05), and in the Gy+M phases were
also decreased from 10.0£0.9% to 3.7+1.1%
(P < 0.05). Similar effects on G¢/G; arrest with
treatment of 8-chloroadenosine at longer time
period of 48—96 h but were not sustained at
120 h (not shown). A lower rate of apoptosis for
8-chloroadenosine was maintained over 120 h
at dose of 2 uM (8.24 +£1.82%) and at 24 h at
16 uM concentration (7.77 +1.42%, Table II).
The apoptotic rate was increased only when the
concentration of 8-chloroadenosine was increas-
ed (66—330 uM) above the concentrations to
affect growth, differentiation and Go/G; phase
arrest in these cells.

DNA fragmentation data confirmed that 8-
chloroadenosine-induced apoptosis at 24 h had
only occurred at a high dose range, 66 uM
(Fig. 2). Such increased rates of DNA fragmen-
tation reached maximum at 72 h and showed
a dose-related manner at 8-66 pM con-
centrations range, and the rate was decreased

TABLE II. Apoptosis in 8-Chloroadenosine
Treated HL-60 Cell

Treat Concentration Apoptosis
Group?  time (h) (uM) rate (%)
Control 24 — 1.65+0.71
120 — 2.10+0.94
8-CIA 24 2 5.99+0.53
24 4 5.59+0.58
24 8 590+1.13
24 16 7.77+1.42
24 66 14.14+2.90
24 330 24.7+2.11
48 2 5.96+1.02
72 2 12.3+1.82
96 2 7.03+1.61
120 2 8.24+1.82

SHL-60 cells were treated with 8-chloroadenosine (8-ClA) or
vehicle controls. DNA contents were determined by FACS
analysis. Data were expressed as the percentage of cells in sub-
diploid area (apoptosis) of the analysis from one experiments
repeated four times (mean + SEM, n = 3).

when the treatment time was prolonged to
96-120 h. At 8 and 16 uM 8-chloroadenosine,
the DNA fragmentation was increased 30%—
50% of controls at 72—120 h. There was no
change of DNA fragmentation for 2 uM 8-
chloroadenosine at 24—96 h treatment, and
less than a 20% increase was found at 120 h
treatment, consistent with those observations
by flow cytometry assay.

Reduced Cyclin D1 Expression in
8-Chloroadenosine Treated HL-60 Cells

Western blots indicated that cyclin D1 ex-
pression in HL-60 cell was decreased when cells
were treated with 8-chloroadenosine. The inhi-
bitory effect of 2 uM 8-chloroadenosine was seen
at 24 h (19 +10% of control, P < 0.05) and this
effect was maintained for 48—120 h (39 + 8%,
48h;27+5%,72h;12 +4%,96h; 15 +5%,120h;
Fig. 3A, top panel). The inhibition of cyclin D1
expression was enhanced when the 8-chloroa-
denosine concentrations were increased from 2
to 16 uM at 24 h (F'iig. 3A, bottom panel, 16 +5%
for 2 puM 8-chloroadenosine and were not
detectable at 4—16 uM). Conversely, TPA (100
ng/ml), a chemical inducer of HL-60 cell
maturation along monocytic lineage, induced
cyclin D1 expression at 24 h (305 £ 39% of con-
trol, P<0.05). The expression of two cyclin-
dependent kinases, cdk2 and cdk4 (both closely
associated with cyclin D1), was only slightly
reduced following 8-chloroadenosine treatment
(2 uM, 24—-120 h) and reduced in TPA-induced
differentiation cells (100 ng/ml, 24 h) as com-
pared with the vehicle controls (Fig. 3B, top two
panels). The TPA-induced increases in cyclin D1
and decreases in cdk2/cdk4 are consistent with
previous reports [Akiyama et al., 1993; Burger
et al., 1994; Horiguchi-Yamada et al., 1994].
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SDS—PAGE gel, and Western blots analysis using different
antibodies were carried out as described in ““Materials and
Methods.” Mixture of cell extracts from vehicle control (Control)
at 0—120 h was used for most of blots except the one of showing
cyclin D1 with various concentrations of 8-chloroadenosine
was prepared at 24 h. Cell extracts for TPA-treatment (TPA,
100 ng/ml) were prepared at 24 h. Blots of B-actin (43 kDa) were
used as internal control for protein loading. Data represent data
from one of three repeated experiments and are quantified by
densitometry.
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Induced p21WAFVCIPT apd p27K1P!
Expressions in 8-Chloroadenosine
Treated HL-60 Cells

HL-60 cells express endogenous trace levels
of p21WAFVCIPL a1d basal levels of p27¥F!
(Fig. 3B, middle two panels). The expression of
p21 WAFVCIPL o induced by 8-chloroadenosine
(2 uM) after 24 h treatment (136 + 12% of con-
trol, P < 0.05), reached the maximum at 48—96 h
(296 +46%,48 h; 204 + 52%, 72h; 271 + 55%, 96
h) and was maintained until 120 h (150 + 24%).
There was also a smaller induction of p27¥F1 by
8-chloroadenosine, with a shorter duration of
the effect (147 +28%, 24 h; 153+ 30%, 48 h;
120 £22%, 72 h; 112+15%, 96 h; 109 & 10%,
120 h). The TPA-differentiated HL-60 cells (24
h) showed potent inductions of both p21WVAFY
CIP1 (355 4+ 84% of control, P < 0.05) and p27¥IF!
(267 £ 71% of control, P < 0.05), results that are
consistent with previous reports in literature
[Jiang et al.,, 1994; Schwaller et al., 1995;
Millard et al., 1997].

We also tested alterations of transcriptional
factor c-myc [Philipp et al., 1994; Alexandrow
and Moses, 1995] and transforming growth
factor TGFpB1 [Silberstein and Daniel, 1987;
Polyak et al., 1994; Alexandrow and Moses,
1995; Datto et al., 1995] in 8-chloroadenosine
treated HL-60 cells. Our data showed that
HL-60 cells had a high basal expression of
c-myc and with trace levels of TGFpl ex-
pression. Following treatment of HL-60 cells
with 8-chloroadenosine (2 pM) for 24—120 h, c-
myc expression was decreased (95 + 13%, 24 h;
64+ 17%, 48 h; 59+ 13%, 72 h; 10 +4% 96 h)
and in a measurably undetected level at 120 h.
In contrast, TGFB1 expression was increased
by 24 h exposure to 8-chloroadenosine treat-
ment (1124+8%, P>0.05), increased slightly
more at 48 h (1374+15%, P<0.05) and 72 h
(121 £ 16%), andreached a maximum effect at 96
h (159 + 23%, Fig. 3B, bottom two panels). TPA
also inhibited c-myc expression (measurably
undetected) but had no effect on the level of
TGFpB1 expression (89+25% of control,
P> 0.05) at the 24 h treatment point.

8-Chloroadenosine Attenuated Telomerase
Activity in Treated HL-60 Cells but did not
Directly Influence Enzyme Activity

Telomerase activity is important to maintain
immortality and continuous replication of HL-
60 cell [Bestilny et al., 1996]. Following treat-

ment of HL-60 cell with various concentrations
of 8-chloroadenosine (2—16 M) for 24—120 h,
telomerase activity in cells extract was decreas-
ed in a dose-dependent and time-dependent
manner (Fig. 4A,B). 8-Chloroadenosine, how-
ever, showed no direct effect on the catalytic
activity of telomerase when tested in vitro. The
values of telomerase activity measured in the
presence and absence of various concentrations
of 8-chloroadenosine were: 97.1 +8.1% (0.1 uM),
83.7+8.7% (1 uM), 91.6 +4.9% (4 uM), 82.4 +
6.2% (8 uM), and 80.7 +£9.6% (16 uM) as com-
pared to control activity of 100 + 11.2% (by four
different exp). These results indicate that 8-
chloroadenosine suppress the expression of telo-
merase in HL-60 cell without directly impairing
the catalytic activity to any significant degree.

DISCUSSION

A human leukemia cell line (HL-60) has been
used as a model system to compare the ability of
certain chemicals to inhibit carcinoma cell
growth and induce a more differentiated phe-
notype. The exact mechanism by which these
agents induce these effects is not fully under-
stood though a number of target enzymes and
regulatory proteins have been proposed to play
a critical role(s) in the processes. Table III lists
several known chemical inducers of HL-60 cells
and some of the proposed mechanisms in-
volved. The inducers include TPA, 1,25D3,
DMSO, RA, and 8-Cl-cAMP and its derivative
8-chloroadenosine. In the present study, we
tested the dose- and time-dependent effects
exhibited by 8-chloroadenosine on cell growth
and differentiation in the model system of
human leukemia and compared its effects to
that reported for other inducers. We found that
8-chloroadenosine exhibits a similar potency of
growth inhibition (IC59=1.35 uM) and differ-
entiation (NBT reduction, EC50=5.75 pM) in
HL-60 cell. The time course of G;/Gy phase
arrest (24 h) in 8-chloroadenosine-treated HL-
60 cell is earlier than the appearance of
granulocytic markers (>72 h). These effects of
8-chloroadenosine are similar to those findings
observed in granulocytic inducers like DMSO
and RA [Bestilny et al., 1996], but differed from
those monocytic inducers like TPA and 1,25D3
[Burger et al., 1994; Zhang et al., 1994; Bestilny
et al., 1996; Wang et al., 1996].

A number of significant effects of 8-chloroa-
denosine were observed: these included a
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Fig. 4. 8-Chloroadenosine reduced telomerase expression in
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assayed with the telomere repeat amplification protocol (TRAP)-

reduction in cyclin D1 expression and telo-
merase activity. Conversely, an up-regulation
of p21WAF1/CIP1, p27KIP1, and TGFf1 genes
thought to be important in differentiation,
development and transformation, respectively,
were detected. All these genes changed by 8-
chloroadenosine with the cell-cycle kinetics in
HL-60 cell are not parallel to its prodrug, 8-Cl-
cAMP [Pepe et al., 1991; Park et al., 2002]. 8-
Chloroadenosine also reduced the expression of
c-myc in HL-60 cell, the transcriptional factor
believed to be required for cell growth and
progression of the cell cycle from G; phase to
S phase involving the G;-phase related cyclins
including cyclin D1 [Philipp et al., 1994;
Alexandrow and Moses, 1995]. A reduction of
c-myc was also detected in 8-Cl-cAMP treated
K-562 leukemia cell [Tortora et al., 1989].
Cyclin D1 is down-regulated when using
granulocytic inducers like DMSO and 8-chlor-
oadenosine but except RA [Burger et al., 1994].
However, an up-regulation of cyclin D1 has been
found in monocytic inducers like TPA and
1,25D3. [Akiyama et al., 1993; Burger et al.,
1994; Horiguchi-Yamada et al., 1994; Wang
etal., 1996]. So, the earlier decrease in cyclin D1
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ELISA protocol as described in ““Materials and Methods.” The
relative telomerase activity per microgramtotal cellular proteinis
expressed as a percentage of the telomerase activity detected in
vehicle control cells. Data represent the mean & SEM from five
separate experiments performed in triplicate. *, P<0.05 as
compared with control.

at 12—24 h is a factor for “phenotype selection”
to granulocytes, and it is accompanied with a
G1/Gy arrest and a slow process of maturation.
The decreased cyclin D1 may directly block cell-
cycle progression through G; phase to S phase
via the reduction of the activated complex of
cyclin D1 with cdk2/edk4 [Prall et al., 1997]. But
if there is no initial decrease in cyclin D1, cells
quickly maturate to monocytes, and then those
cells maturated along lineage of monocytes.
So, the alteration of cyclin D1 is a checkpoint
marker for the selection of promyelotic HL-60
cell towards different lineages of maturation
rather than the specific marker for G;/Gg arrest.

In certain instances, changes have been
shown to occur in HL-60 cells treated with the
various agents but not with 8-chloroadenosine.
For example, G1/Gy phase-related cdk2/cdk4
are reduced in these cells following treatment
with TPA, RA, or DMSO [Burger et al., 1994;
Horiguchi-Yamada et al., 1994], but are not
changed by 8-chloroadenosine. It is also true of
the Go/M/S cyclins and associated proteins, for
example, cyclin A, cyclin B, cdc2, and cdc25,
where the changes observed in differentiat-
ed HL-60 cells do not correlate with either
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phenotype selection or G;/Go growth arrest
[Hass et al., 1992; Horiguchi-Yamada and
Yamada, 1993; Burger et al., 1994; Horiguchi-
Yamada et al., 1994]. Even cyclin E, a G;-phase
cyclin, is increased in 1,25D3-treatment, de-
creased in TPA- and RA-treatments, but not
changed in DMSO-treatment [Burger et al.,
1994; Horiguchi-Yamada et al., 1994; Wang
et al., 1996].

In contrast, the expression of p21WAFVCIPL jg
up-regulated with five known inducers, and
accompanied with an up-regulation of p27¥F!
in three agents including TPA, 1,25D3, and 8-
chloroadenosine. p21WVAFVCIPL gnd p27XIPL are
known for their inhibition in cell-cycle progres-
sion and their regulatory effects on cell dif-
ferentiation. Even regarded as a universal
cdk-inhibitor [Xiong et al., 1993], p21WVAF/CIPL
is obviously characterized by its G; effects
[Gartel et al., 1996]. This suggests that the
induction of p21WVAFVCIPL in HI-60 cell by 8-
chloroadenosine is closely related to the role of
G1/Gg arrest and it may play a role in HL-60
differentiation while cell maturation is selected
[Freemerman et al.,, 1997; Li et al., 1998].
Further, the increased p21WAFYCIP1 i 8_chlor-
oadenosine treated HL-60 cell leads to a low rate
in apoptosis, consistent with other inducers
[Jiang et al., 1994; Schwaller et al., 1995;
Bestilny et al.,, 1996; Wang and Studzinski,
1997; Rahmani et al., 2003]. p27KIPI plays key
roles in HL-60 cell arrested in G; phase by TPA
and 1,25D3, but it is not correlated with HL-60
cell differentiation [Wang et al., 1996, 1998;
Millard et al., 1997]. In addition, transform-
ing factor TGFB1 activates p27<"! and/or
p21WAFVCIPL 1yt inhibits ¢-myc that regulates
cell-cycle progression [Silberstein and Daniel,
1987; Polyak et al., 1994; Alexandrow and
Moses, 1995; Datto et al., 1995]. So, we attribute
8-chloroadenosine-indued growth inhibition,
G1/Gy arrest and differentiation in HL-60 cells
to a correlation of up-regulation p21WVAFY/CIP1
and/or p27°"1 with the induced TGFB1 but
reduced c-myc.

8-Chloroadenosine reduces telemorase activ-
ity, a critically important enzyme responsible
for the proliferation and immortality of HL-60
cells [Bestilny et al., 1996; Janknecht, 2004].
Other chemical differentiation inducers, for
example, TPA, DMSO, RA, and 1,25D3, also
inhibit the expression of telomerase in these
cells [Bestilny et al., 1996; Reichman et al.,
1997]. This suggests that the telomerase activ-

ity may serve as a cellular marker for the
differentiation process involved in HL-60 cells.
However, the exact mechanism by which 8-
chloroadenosine reduces telomerase activity at
transcriptional and/or translational levels war-
rants further investigation. In this regard,
recently a TGFBp1-p21WVAFVCIPL pathway has
been reported to negatively regulate human
telomerase reverse transcriptase (W"TERT) and
an up-regulation of telomerase associate pro-
teins (TP1) as shown by several investigators
[Reichman et al., 1997; Kagawa et al., 1999;
Harada et al., 2000; Henderson et al., 2000;
Rama et al., 2001, 2003; Newbold, 2002;
Zeng and Tu, 2003]. The telomerase-specific
inhibitors, Telomestatin (SOT-095) and poly-
cyclic acridines, were also shown to enhance
p21WAFLCIPL oypression in human leukemia
cells [Missailidis et al., 2002; Tauchi et al.,
2003], highlighting the importance of this
molecule in the process of mediating the effects
of 8-chloroadenosine on growth inhibition,
G1/Gg arrest and differentiation.

In summary, we have shown that 8-chloroa-
denosine inhibits cell growth, alters differentia-
tion, and arrests the cell cycle at G1/G, phase,
and that these effects correlated with reduced
levels of cyclin D1 and telomerase and increased
levels of p21WAFVCIPL 41 3 model system of
human leukemia.

REFERENCES

Akiyama N, Sasaki H, Katoh O, Sato T, Hirai H, Yazaki Y,
Sugimura T, Terada M. 1993. Increment of the cyclin D1
mRNA level in TPA-treated three human myeloid
leukemia cell linespHEL, CMK, and HL-60 cells. Bio-
chem Biophys Res Commun 195:1041-1049.

Alexandrow MG, Moses HL. 1995. Transforming growth
factor B and cell-cycle regulation. Cancer Res 55:1452—
1457.

Ally S, Clair T, Katsaros D, Tortora G, Yokozaki H, Finch
RA, Avery TL, Cho-Chung YS. 1989. Inhibition of growth
and modulation of gene expression in human lung
carcinoma in athymic mice by site-selective 8-Cl-cAMP.
Cancer Res 49:5650—5655.

Bestilny LdJ, Brown CB, Miura Y, Robertson LD, Riabowol
KT. 1996. Selective inhibition of telomerase activity
during terminal differentiation of immortal cell lines.
Cancer Res 56:3796—3802.

Burger C, Wick M, Muller R. 1994. Lineage-specific
regulation of cell-cycle gene expression in differentiating
myeloid cells. J Cell Sci 107:2047—-2054.

Carlson CC, Chinery R, Burnham LL, Dransfield DT. 2000.
8-Cl-adenosine-induced inhibition of colorectal cancer
growth in vitro and in vivo. Neoplasia 2:441-448.

Cummings J, Leonard RC, Miller WR. 1994. Sensitive
determination of 8-chloroadenosine 3’,5'-monophosphate



176 Zhu et al.

and 8-chloroadenosine in plasma by high-performance
liquid chromatography. J Chromatogr B Biomed Appl
658:183-188.

Cummings J, Langdon SP, Ritchie AA, Burns DJ, Mackay
J, Stockman P, Leonard RC, Miller WR. 1996. Pharma-
cokinetics, metabolism, and tumour disposition of 8-
chloroadenosine 3',5'-monophosphate in breast cancer
patients and xenograft bearing mice. Ann Oncol 7:291—
296.

Datto MB, Li Y, Panus JF, Howe DdJ, Xiong Y, Wang X.
1995. Transforming growth factor p induces the cyclin-
dependent kinase inhibitor p21 through a p53-indepen-
dent mechanism. Proc Natl Acad Sci USA 92:5545-5549.

Freemerman AJ, Vrana JA, Tombes RM, dJiang H,
Chellappan SP, Fisher PB, Grant S. 1997. Effects of
antisense p21WAFVCIPIMDASy hression on the induction
of differentiation and drug-mediated apoptosis in human
myeloid leukemia cells (HL-60). Leukemia 11:504—513.

Gandhi V, Ayres M, Halgren RG, Krett NL, Newman RA,
Rosen ST. 2001. 8-Chloro-cAMP and 8-chloro-adenosine
act by the same mechanism in multiple myeloma cells.
Cancer Res 61:5474—5479.

Gartel AL, Serfas MS, Tyner AL. 1996. p2l-negative
regulator of the cell cycle. Pro Soc Exp Biol Med 213:
138-149.

Halgren RG, Traynor AE, Pillay S, Zell JL, Heller KF, Krett
NL, Rosen ST. 1998. 8Cl-cAMP cytotoxicity in both
steroid sensitive and insensitive multiple myeloma cell
lines is mediated by 8Cl-adenosine. Blood 92:2893—
2898.

Harada K, Kurisu K, Sadatomo T, Tahara H, Tahara E, Ide
T, Tahara E. 2000. Growth inhibition of human glioma
cells by transfection-induced p21 and its effects on
telomerase activity. J Neuro-Oncol 47:39—46.

Hass R, Gunji H, Datta R, Kharbanda S, Hartmann A,
Weichselbaum R, Kufe D. 1992. Differentiation and
retrodifferentiation of human myeloid leukemia cells is
associated with reversible induction of cell-cycle regula-
tory genes. Cancer Res 52:1445-1450.

Henderson YC, Breau RL, Liu TJ, Clayman GL. 2000.
Telomerase activity in head and neck tumors after
introduction of wild-type p53, p21, p16, and E2F-1 genes
by means of recombinant adenovirus. Head Neck 22:
347-354.

Hirano T, Gotoh M, Oka K. 1994. Natural flavonoids and
lignans are potent cytostatic agents against human
leukemic HL-60 cells. Life Sci 55:1061—-1069.

Horiguchi-Yamada J, Yamada H. 1993. Differing responses
of G2-related genes during differentiation of HL60 cells
induced by TPA and DMSO. Mol Cell Biochem 119:29—
34.

Horiguchi-Yamada J, Yamada H, Nakada S, Ochi K,
Nemoto T. 1994. Changes of G1 cyclins, cdk2, and cyclin
A during the differentiation of HL60 cells induced by
TPA. Mol Cell Biochem 132:31-37.

Janknecht R. 2004. On the road to immortality: hTERT
upregulation in cancer cells. FEBS Lett 564:9-13.

Jiang H, Lin J, Su ZZ, Collart FR, Huberman E, Fisher PB.
1994. Induction of differentiation in human promyelocy-
tic HL-60 leukemia cells activates p21, WAF1/CIP1,
expression in the absence of p53. Oncogene 9:3397—-3406.

Kagawa S, Fujiwara T, Kadowaki Y, Fukazawa T, Sok-Joo
R, Roth JA, Tanaka N. 1999. Overexpression of the p21
sdi 1 gene induces senescence-like state in human cancer

cells: Implication for senescence-directed molecular for
cancer. Cell Death Differ 6:765—-772.

Lamb D, Steinberg RA. 2002. Anti-proliferative effects of 8-
chloro-cAMP and other cAMP analogs are unrelated to
their effects on protein kinase A regulatory subunit
expression. J Cell Physiol 192:216—224.

Langdon SP, Ritchie AA, Muir M, Dodds M, Howie AF,
Leonard RC, Stcokman PK, Miller WR. 1998. Antitu-
mour activity and schedule dependency of 8-chloroade-
nosine-3',5'-monophosphate (8-ClcAMP) against human
tumor xenografts. Eur J Cancer 34:384—-388.

Langeveld CH, Jongenelen CA, Heimans JdJ, Stoof JC.
1992. Growth inhibition of human glioma cells induced
by 8-chloroadenosine, an active metabolite of 8-chloro
cyclic adenosine 3',5-monophosphate. Cancer Res 52:
3994-3999.

Langeveld CH, Jongenelen CA, Theeuwes JW, Baak JP,
Heimans JJ, Stoof JC, Peters GJ. 1997. The antiproli-
ferative effect of 8-chloro-adenosine: An active metabolite
of 8-chloro-cyclic adenosine monophosphate, and distur-
bances in nucleic acid synthesis and cell-cycle kinetics.
Biochem Pharmacol 53:141-148.

Li ZR, Hromchak R, Mudipalli A, Bloch A. 1998. Tumor
suppressor proteins as regulators of cell differentiation.
Cancer Res 58:4282-4287.

Millard SS, Yan JS, Nguyen H, Pagano M, Kiyokawa H,
Koff A. 1997. Enhanced ribosomal association of p27¥P?
mRNA is a mechanism contributing to accumulation
during growth arrest. J Biol Chem 272:7093-7098.

Missailidis S, Stanslas J, Modi C, Ellis MdJ, Robins RA,
Laughton CA, Stevens MF. 2002. Antitumor polycyclic
acridines. Part 12. Physical and biological properties of
8,13-diethyl-6-methylquino[4,3,2-k1]acridinium iodide:
A lead compound in anticancer drug design. Oncol Res
13:175-189.

Newberger P, Chovaniee M, Greenberger J, Cohen H. 1979.
Functional changes in human leukemic cell line HL-60:
A model for myeloid differentiation. J Cell Biol 82:315—
322.

Newbold RF. 2002. The significance of telomerase activa-
tion and cellular immortalization in human cancer.
Mutagenesis 17:539-550.

Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi
C. 1991. A rapid and simple method for measuring
thymocyte apoptosis by propidium iodide staining and
flow cytometry. J Immunol Methods 139:271-279.

Noguchi K, Murata T, Cho-Chung YS. 1998. 8-Chloroade-
nosine 3',5'-monophosphate (8-Cl-cAMP) selectively
eliminates protein kinase A type I to induce growth
inhibition in c-ras-transformed fibroblasts. Eur J Cancer
34:1260-1267.

Park GH, Choe J, Choo HJ, Park YG, Sohn J, Kim MK.
2002. Genome-wide expression profiling of 8-chloroade-
nosine- and 8-chloro-cAMP-treated human neuroblas-
toma cells using radioactive human ¢cDNA microarray.
Exp Mol Med 34:184-193.

Pepe S, Tortora G, Noguchi PD, Marti GE, Washington GC,
Cho-Chung YS. 1991. Effects of 8-chloroadenosine 3',5'-
monophosphate and N®-benzyl-cyclic adenosine 5'-mono-
phosphate on cell-cycle kinetics of HL-60 leukemia cells.
Cancer Res 51:6263—-6267.

Philipp A, Schneider A, Vasrik I, Finke K, Xiong Y, Beach
D, Alitalo K, Eliers M. 1994. Repression of cyclin D1: A
novel function of MYC. Mol Cell Biol 14:4032—-4043.



8-Chloroadenosine Altered Cyclin D1 and p21 in HL-60 177

Polyak K, Kato J, Solomon MdJ, Sherr CJ, Massague J,
Roberts JM, Koff A. 1994. p27¥™®!: A cyclin-Cdk in-
hibitor, links transforming growth factor- and contact
inhibition to cell-cycle arrest. Genes Dev 8:9—22.

Prall OW, Sarcevic B, Musgrove EA, Watts CK, Sutherland
RL. 1997. Estrogen-induced activation of Cdk4 and Cdk2
during G1-S phase progression is accompanied by
increased cyclin D1 expression and decreased cyclin-
dependent kinase inhibitor association with cyclin E-
Cdk2. J Biol Chem 272:10882—10894.

Rahmani M, Yu C, Reese E, Ahmed W, Hirsch K, Dent P,
Grant S. 2003. Inhibition of PI-3 kinase sensitizes human
leukemic cells to histone deacetylase inhibitor-mediated
apoptosis through p44/42 MAP kinase inactivation and
abrogation of p21°TPVWAFL jhduction rather than AKT
inhibition. Oncogene 22:6231—-6242.

Rama S, Suresh Y, Rao AJ. 2001. Regulation of telomerase
during human placental differentiation: A role for TGF
1. Mol Cell Endocrinol 182:233—248.

Rama S, Suresh Y, Rao AJ. 2003. TGF B1 induces multiple
independent signals to regulate human trophoblastic
differentiation: Mechanistic insights. Mol Cell Endocri-
nol 206:123—-136.

Ramage AD, Langdon SP, Ritchie AA, Burns DdJ,
Miller WR. 1995. Growth inhibition by 8-chloro-cyclic
AMP of human HT29 colorectal and ZR-75-1 breast
carcinoma xenografts is associated with selective modu-
lation of protein kinase A isozymes. Eur J Cancer 31A:
969-973.

Reichman TW, Albanell J, Wang X, Moore MAS, Studzinski
GP. 1997. Downregulation of telomerase activity in HL60
cells by differentiating agents is accompanied by increas-
ed expression of telomerase-associated protein. J Cell
Biochem 67:13-23.

Robbins SK, Houlbrook S, Priddle JD, Harris AL. 2001. 8-
Cl-adenosine is an active metabolite of 8-Cl-cAMP
responsible for its in vitro antiproliferative effects on
CHO mutants hypersensitive to cytostatic drugs. Cancer
Chemother Pharmacol 48:451-458.

Rohlff C, Clair T, Cho-Chung YS. 1993. 8-Cl-cAMP induces
down-regulation of the RIa subunit and up-regulation of
the RIIB subunit of cAMP-dependent protein kinase
leading to type II holoenzyme-dependent growth inhibi-
tion and differentiation of HL-60 leukemia cells. J Biol
Chem 268:5774-5782.

Schwaller J, Koeffler HP, Niklaus G, Loetscher P, Nagel S,
Fey MF, Tobler A. 1995. Posttranscriptional stabilization
underlies p53-independece induction of p21WAF/CIP1/SDIL
in differentiating human leukemic cells. J Clin Invest
95:973-979.

Schwaller J, Pabst T, Koeffler HP, Niklaus G, Loetscher P,
Fey MF, Tobler A. 1997. Expression and regulation of
G cell-cycle inhibitors (p16MWK4A p15INKeB 1 gINR4C
p19™NE4Dy i human acute myeloid leukemia and normal
myeloid cells. Leukemia 11:54—-63.

Silberstein GB, Daniel CW. 1987. Reversible inhibition of
mammary gland growth by transforming growth factor-
B. Science 237:291-293.

Tauchi T, Shin-Ya K, Sashida G, Sumi M, Nakajima A,
Shimamoto T, Ohyashiki JH, Ohyashiki K. 2003. Activity
of a novel G-quadruplex-interactive telomerase inhibitor,
telomestatin (SOT-095), against human leukemia cells:
Involvement of ATM-dependent DNA damage response
pathways. Oncogene 22:5338—5347.

Thompson WJ, Ashikaga T, Kelly JJ, Liu L, Zhu B,
Vemavarapu L, Strada SJ. 2002. Regulation of cyclic
AMP in rat pulmonary microvascular endothelial cells by
rolipram-sensitive cyclic AMP phosphodiesterase (PDE4).
Biochem Pharmacol 63:797-807.

Tortora G, Clair T, Katsaros D, Ally S, Colamonici O,
Neckers LM, Tagliaferri P, Jahnsen T, Robins RK, Cho-
Chung YS. 1989. Induction of megakaryocytic differen-
tiation and modulation of protein kinase gene expression
by site-selective cAMP analogs in K-562 human leukemic
cells. Proc Natl Acad Sci USA 86:2849-2852.

Tortora G, Ciardiello F, Pepe S, Tagliaferri P, Ruggiero A,
Bianco C, Guarrasi R, Miki K, Bianco AR. 1995. Phase I
clinical study with 8-chloro-cAMP and evaluation of
immunologic effects in cancer patients. Clin Cancer Res
1:377-384.

Tortora G, di Isernia G, Sandomenico C, Bianco R,
Pomatico G, Pepe S, Bianco AR, Ciardiello F. 1997.
Synergistic inhibition of growth and induction of apop-
tosis by 8-chloro-cAMP and paclitaxel or cisplatin in
human cancer cells. Cancer Res 57:5107-5111.

Wang X, Studzinski GP. 1997. Antispoptotic action of 1,25-
dihydroxyvitamin D3 is associated with increased mito-
chondrial MCL-1 and RAF-1 proteins and reduced re-
lease of cytochrome c. Exp Cell Res 235:210-217.

Wang QM, Jones JB, Studzinski GP. 1996. Cyclin-depen-
dent kinase inhibitor p27 as a mediator of the G;-S phase
block induced by 1,25-dihydroxyvitamin D3 in HL60
cells. Cancer Res 56:264—267.

Wang QM, Chen F, Luo X, Moore DC, Flanagan M,
Studzinski GP. 1998. Lowering of p27%®! levels by its
antisense or by development of resistance to 1,25-
dihydroxyvitamin D3 reverses the G1 block but not
differentiation of HL60 cells. Leukemia 12:1256—1265.

Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R,
Beach D. 1993. p21 is a universal inhibitor of cyclin
kinases. Nature 366:701-704.

YinY, Allen PD, Jia L, Kelsey SM, Newland AC. 2001. 8-Cl-
adenosine mediated cytotoxicity and sensitization of
T-lymphoblastic leukemia cells to TNFa-induced apop-
tosis is via inactivation of NF-xB. Leuk Res 25:423—-431.

Zeng XL, Tu ZG. 2003. In vitro induction of differentiation
by ginsenoside Rh2 in SMMC-7721 hepatocarcinoma cell
line. Pharmacol Toxicol 93:275—283.

Zhang F, Godyn JJ, Uskokovic M, Binderup L, Studzinski
GP. 1994. Monocytic differentiation of HL60 cells in-
duced by potent analogs of vitamin D3 precedes the G,/G
phase cell-cycle block. Cell Proliferation 27:643—654.

Zhu B, Vemavarapu L, Thompson WdJ, Strada SJ. 2005.
Suppression of cyclic GMP-specific phosphodiesterase 5
promotes apoptosis and inhibits growth in HT29 cells.
J Cell Biochem 94:336—350.



