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development of differentiation therapy for leukemia re-
2*-Deoxycoformycin (dCF), a specific and potent in- quires new and potent inducers of differentiation. Al-

hibitor of adenosine deaminase, has demonstrated sig- ternatively, a suitable combination of known differenti-
nificant antitumor effect on lymphoid malignancies. ation inducers might be effective therapy for AML or
The drug induced functional and morphologic differ- MDS, since combined treatment with some differentia-entiation of myeloid leukemia cells in combination tion inducers is synergistic for the induction of differen-with 2*-deoxyadenosine (dAd), but not dCF alone. NB4,

tiation, terminal cell division and apoptotic cell deatha cell line derived from a patient with t(15;17) acute
(5-8). The application of synergy between combinationspromyelocytic leukemia (APL) underwent granulo-
of differentiation inducers may lead to a potent differ-cytic differentia tion when treated with all-trans reti-
entiation therapy for some types of leukemia.noic acid (ATRA) or dCF plus dAd, but not with cyto-

Some nucleoside analogs can induce differentiationsine arabinoside. Pre-exposure of NB4 cells to ATRA
of leukemia cells (9-12). AraC, an analog of cytosinegreatly potentiated differentiation induced by dCF
that is effective in chemotherapy of AML, is effectiveplus dAd, but pretreatment with dCF plus dAd before
as a differentia tion therapy for patients with AML orexposure to ATRA was less effective. Differentiation
MDS, although most patients with complete remissionof NB4 cells was effectively induced by clinically appli-

cable concentrations of dCF in combination with dAd. underwent a hypoplastic or aplastic phase (13,14). The
These findings may provide useful information about limited success of differentiation therapy with low-dose
induction of differentiation in vivo. q 1997 Academic Press AraC led us to find potent analogs for use in differen

tiation therapy for AML and MDS. Although all the
nucleoside analogs have been used as cytotoxic drugs in
treatment of leukemia and lymphoma, some nucleoside

Differentiation therapy with ATRA leads to a pre- analogs might be effective as differentiation inducers
dictable clinical remission in APL patients (1,2). How- for control of leukemia cells. Therefore, we examined
ever, hyper-leukocytosis is observed during the induc- the differentiation-inducing activity of nucleoside ana-
tion of remission by ATRA in a high frequency of APL logs which are clinically used in treatment of leukemia
patients, leading to severe adverse effects in some pa- and lymphoma, and combined effect of the analogs and
tients. A more effective therapeutic strategy is needed ATRA or other non-toxic differentiation inducers.
for differentiation therapy. Although ATRA can induce
differentiation of many myelomonocytic leukemia cell MATERIALS AND METHODS
lines in vitro (3,4), ATRA is less effective in clinical

Chemicals and differentiation inducers. dCF was obtained fromtrials against other hematologic malignancies. Further
the Chemo-Sero-Therapeutic Research Institute (Kumamoto, Ja-
pan). dAd, ATRA and NBT were purchased from Sigma Chemical
Co.(St Louis, MO), and VD3 was from Wako Pure Chemicals (Osaka,1 To whom correspondence should be addressed. Fax: (81) 480-85-
Japan). dCF was dissolved in phosphate-buffered saline, and the4630. E-mail: honma@saitama-cc.go.jp.
stock solution was prepared in 0.1 M and kept at 47C.Abbreviations: AML, acute myeloid leukemia; APL, acute promy-

elocytic leukemia; MDS, myelodysplastic syndrome; ATRA, all-trans Cells and cell culture. Human myeloid leukemia K562, HL-60
and NB4 cells (15) were cultured in suspension in RPMI-1640 me-retinoic acid; AraC, cytosine arabinoside; VD3, 1a,25-dihydroxyvita-

min D3, dAd, 2*-deoxyadenosine; dCF, 2*-deoxycoformycin; NBT, ni- dium supplemented with 10% fetal bovine serum at 377C in a humidi-
fied atmosphere of 5% CO2 in air.troblue tetrazolium.
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Assay of cell growth and differentiation. Cell numbers were TABLE 1
counted with a Model ZM counter (Coulter Electronics, Luton, UK) Effect of dCF and dAd on Growth Inhibition and Erythroidafter culture for the indicated times. Erythroid differentiation was

Differentiation of K562 Cellsassayed by benzidine staining (16). Myelomonocytic differentiation
was measured by reduction of NBT, non-specific a-naphthyl acetate

Glycophorine Aesterase, lysozyme and morphology using light microscopy of cyto-
Growth Benzidine- expressionspin preparations stained with May-Grünwald-Giemsa solution

Treatment (% of control) positive (%) (mean intensity)(Merck, Darmstadt, Germany) (5,6,9).

Flow cytometry. Expression of myelomonocytic antigen CD11b None 100 4.3 { 0.3 2.0 { 0.1
and CD14, and erythroid marker glycophorin A on the surface was dCF 103 { 2 5.2 { 0.3 2.1 { 0.1
determined by indirect immunofluorescent staining and flow cytome- dAd 79 { 2 10.8 { 1.6 2.9 { 0.3
try. Cells were incubated for 30 min at 47C in the presence of an dCF / dAd 47 { 1 74.3 { 6.3 12.9 { 1.8
appropriate monoclonal antibody. After three washes, cells were in-
cubated for 30 min at 47C with goat anti-mouse Ig-labeled with fluo- Cells were cultured with or without 1 mM dCF and 50 mM dAd for
rescein, then analyzed in an Epics EX flow cytometer (Coulter Elec- 5 days. Values represent the means{SD of three separate experi-
tronics, Hialeah, FL)(17). ments.

Cell cycle analysis. Cells were washed, fixed by 100% ethanol,
and left for 30 min on ice. After RNase treatment, cells were stained
with 50 mg/ml of propidium iodide in 1.12% sodium citrate and ana-

granulocytic differentiation of HL-60 cells in the pres-lyzed in a cytometer (18).
ence of dAd, mainly into myelocytes and metamyelo-

Determination of mRNA level by reverse transcription-PCR.
cytes (Table 2). This was confirmed by the results thatRNA was extracted by modification of the method of Chomczynski
a-naphthyl acetate esterase activity was not detectedand Sacchi (19). Total RNA (0.2 mg) from NB4 cells was converted to

first strand cDNA primed with random hexamer using a GeneAmp in the treated cells (data not shown). On incubation
RNA PCR kit (Takara Shuzo Co, Tokyo, Japan). The primers and with dCF plus dAd for 4 days, lysozyme activity was
profiles of the amplification reactions were as follows: bcl-2-F (for- increased about 2-fold (Table 2) and the growth was
ward); GGTGCCACCTGTGGTCCACCTG, bcl-2-R (reverse); CTT-

dose-dependently inhibited, 5.1 { 0.5 1 1005 M dCF inCACTTGTGGCCCAGATAGG, bax-F; TGCTTCAGGGTTTCATCC-
the presence of 50 mM dAd causing 50 % inhibitionAGG, bax-R; TGGCAAAGTAGAAAAGGGCGA, bcl-XL-F; CCAGCC-

GCCGTTCTCCTGGAT, bcl-XL-R; CCGGGATGGGGTAAACTGGGG, (IC50). This combined treatment also induced differen-
957C for 45 sec-607C for 45 sec-727C for 2 min for 35 cycles. The primers tiation of other human myeloid leukemia cells, such as
for c-myc and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promyelocytic leukemia NB4 cells (Fig. 1) and mono-were prepared as described (20). Amplification cycles were preceded

cytic leukemia U937 and THP-1 cells, although dCFby a denaturation step (957C for 2 min) and followed by an elongation
alone did not induce any differentiation-associatedstep (727C for 10 min). After amplification, PCR products were ana-

lyzed on 1.5% agarose gels with ethidium bromide staining. markers of the cells.
Combined treatment of dCF plus dAd significantly

induced differentiation of several myeloid leukemiaRESULTS
cells, but the drug in the clinically applicable concen-
trations (less than 5 mM dCF) seemed to be insufficientWe examined ability of several anticancer nucleo-

sides to induce differentiation of human erythroleuke- to use as an agent of differentiation therapy of AML,
since the concentrations were similar to IC50 concentra-mia K562 and promyelocytic leukemia HL-60 cells, and

found that dCF effectively induced differentiation of tion of HL-60 cells. Therefore, we next examined the
differentiation-inducing effect of dCF plus dAd in theK562 and HL-60 cells in the presence of dAd. Neither

dCF nor dAd alone induce erythroid differentiation of presence of clinically applicable concentrations of
ATRA or VD3 (Table 2). The NBT reducing activitiesK562 cells even in a high concentration of the drugs,

but combined treatment with dCF and dAd effectively of cells treated with 3 nM VD3 and 10 mM dCF plus
50 mM dAd were 1.4 and 1.8 A560/107 cells, respectively.induced the hemoglobin-producing cells in a dose-de-

pendent manner (Table 1 and data not shown). Expres- The combined effect of VD3 and dCF/dAd was more
than additive to induction of NBT reduction of HL-60sion of glycophorin A, another typical erythroid differ-

entiation marker, was expressed in untreated K562 cells (6.4 A560/107 cells). Similar results were obtained
in induction of the other differentiation-associated phe-cells, and the expression was greatly enhanced by dCF

plus dAd, but not by dCF or dAd alone. With respect notypes, such as lysozyme production, expression of
CD11b (b-integrin subunit, expressed by both granulo-to growth-inhibitory effect, the combined treatment of

dCF and dAd was prominent but the single treatment cytes and monocytes), morphologic changes (Table 2)
and expression of CD14, a late monocytic cell surfacewas modest (Table 1). We next examined the effect on

differentiation of HL-60 cells. NBT reduction, a typical marker (data not shown). ATRA at clinically applicable
concentrations and the drugs also cooperated in induc-marker of myelomonocytic differentia tion of the cells,

was significantly induced by dCF alone and the induc- tion of differentiation of HL-60 cells (Table 2).
AraC effectively induced differentiation of K562 anding effect was augmented in the presence of dAd (Fig.

1). Morphologic examination reveals that dCF induces HL-60 cells, but not differentiation of promyelocytic
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FIG. 1. Induction of NBT reduction of HL-60 and NB4 leukemia cells by dCF and dAd. Cells were cultured with various concentrations
of dCF in combination with 0 (j), 30 (l), or 50 (m) mM dAd for 5 days.

NB4 cells. On the other hand, differentiation of NB4 and then incubated with ATRA for 5 days. The results
were almost same to those of the simultaneous treat-cells was significantly induced by dCF plus dAd in a

dose-dependent manner (Fig. 1 and Table 3). ATRA also ment (Figs. 2A and 2B), indicating that effect of the
pretreatment was just additive. For the post-treatmentinduced differentiation of the cells, and the combined

effect of ATRA and dCF plus dAd was additive when with dCF plus dAd, cells were treated with ATRA for 2
days and then with various concentrations of dCF in thethe cells were simultaneously treated for 5 days (Fig.

2A). To determine effect of pretreatment with dCF plus presence of 40 mM dAd (Fig. 2C). The treatment was
more effective than that of the simultaneous treatmentdAd on ATRA-induced NBT reduction, NB4 cells were

treated with various concentrations of dCF in the pres- in induction of NBT reduction of NB4 cells, suggesting
that the priming effect of ATRA was synergistic to treat-ence of 40 mM dAd for 2 days, washed in fresh medium,

TABLE 2

Effect of dCF and dAd on Differentiation of HL-60 Cells Treated with VD3 or ATRA

Morphologic change (%)

NBT CD11b Bla Mye Met Mono
Growth reduction Lysozyme expression

Treatment (% of control) (A560/107 cells) (U/106 cells) (%) /Pro /Gr

None 100 0.6 { 0.2 0.16 { 0.02 4 { 1 99 1 0 0
dCF 99.4 { 0.6 0.9 { 0.2 0.17 { 0.01 3 { 1 99 1 0 0
dAd 96.1 { 1.4 1.0 { 0.1 0.17 { 0.02 4 { 1 98 2 0 0
dCF/dAd 69.4 { 4.4 1.8 { 0.2* 0.23 { 0.03 6 { 1 78 19 3 0
VD3 96.4 { 1.8 1.4 { 0.1* 0.23 { 0.04 10 { 2 68 8 2 22
VD3/dCF/dAd 47.4 { 4.5 6.4 { 1.4** 0.61 { 0.08** 34 { 3 34 14 1 51
ATRA 95.1 { 2.6 1.2 { 0.4* 0.18 { 0.03 38 { 4** 62 18 20 0
ATRA/dCF/dAd 48.4 { 3.1 8.5 { 1.5*** 0.26 { 0.04 48 { 2** 24 27 49 0

HL-60 cells were cultured with 1 mM dCF or/and 50 mM dAd in the presence or absence of 3 nM VD3 or 4 nM ATRA for 4 days. Values
are the means { S.D. of three separate experiments.

Statistical analyses; *Põ0.01, **Põ0.001, ***Põ0.0001 compared with the data of untreated cultures. Bla/Pro; blasts and promyelocytes,
Mye; myelocytes, Met/Gr; metamyelocytes and mature granulocytes, Mono; monocytes.
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TABLE 3 tion. The enhancing effect of ATRA was significantly
obtained after 1 day of incubation, and reached a maxi-Expression of CD11b on NB4 Cells Treated
mum after 2 days (data not shown).with dCF/dAd and ATRA

Exposure of NB4 cells to dCF plus dAd induced G1
CD11b accumula tion: 32.4 { 3.2 % of untreated cells and 52.1

expression { 4.4 % of the treated cells in G1 phase, when cultured
Regimen Days 1–2 Days 3–7 (%)

with 10 mM dCF plus 40 mM dAd for 2 days. ATRA
significantly enhanced the G1 accumulation of the1-1 None None 1.9 { 0.4

1-2 ATRA 4.9 { 0.9 dCF/dAd-treated cells, although ATRA at 40 nM alone
1-3 dCF/dAd 8.4 { 1.4 did not affect the pattern of cell cycle distribution (data
1-4 ATRA/dCF/dAd 52.8 { 3.8 not shown).
2-1 dCF/dAd None 7.3 { 1.2 Continuous treatment with dCF and dAd caused sig-
2-2 ATRA 50.6 { 4.1 nificant growth inhibition for 4 days, but thereafter the

growth-inhibitory effect was minimum. ATRA at 40 nM3-1 ATRA None 3.8 { 1.1
3-2 dCF/dAd 71.9 { 4.4 hardly affected the proliferation of NB4 cells, but com-

bined treatment with 40 nM ATRA and 10 mM dCF
NB4 cells were cultured for 2 days in the presence or absence of plus 40 mM dAd induced complete growth arrest of the

10 mM dCF plus 40mM dAd or 40 nM ATRA. On day 2, the cultures cells: the cell number increased until day 4 but didwere washed with fresh medium, and the cultures reincubated in
not change thereafter (Fig. 3). The treated cells werethe presence or absence of the same concentration of dCF plus dAd

or ATRA. Means { SD of three determination. mainly metamyelocytes.
To understand a relationship between the complete

growth arrest induced by combination of dCF/dAd
ment with dCF plus dAd. Similar results were observed with ATRA and expression of apoptosis-associated
when examined the other differentiation-associated genes. NB4 cells express significant amounts of c-myc,
phenotypes, such as expression of CD11b (Table 3) and bcl-2, bcl-XL, and bax mRNA when determined by re-
morphologic changes (data not shown). NB4 cells were verse transcription-PCR (Fig. 4). ATRA or dCF plus
incubated with ATRA various times and then the prim- dAd significantly reduced the expression of c-myc and

bcl-2 mRNA, while the bcl-XL expression was inhibiteding effect was examined in the dCF-induced NBT reduc-

FIG. 2. Enhancement by dCF plus dAd of ATRA-induced NBT reduction of NB4 cells. A; Cells were incubated with various concentrations
of dCF in the absence (j) or presence of 40 mM dAd (l), 40 mM dAd plus 4 nM ATRA (m), or 40 mM dAd plus 40 nM ATRA (l) for 5 days.
B; Cells were incubated with various concentrations of dCF plus 40 mM dAd for 2 days. The cells were washed with fresh medium and
reincubated without (j) or with 40 mM dAd (l), 40 mM dAd plus 4 nM ATRA (m), or 40 mM dAd plus 40 nM ATRA (l) for 5 days. C; Cells
were cultured without (j) or with 40 mM dAd (l), 40 mM dAd plus 4 nM ATRA (m), or 40 mM dAd plus 40 nM ATRA (l) for 2 days, and
then reincubated with various concentrations of dCF plus 40 mM dAd for 5 days. Means { SD of three determinations.
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mia treated with dCF experienced conversion from
lymphoid to myeloid morphology (27,28). Exposure in
vitro of lymphoblastic cells to dCF induced expression
of myeloid surface antigens (29). Triozzi and Vicstein
had examined the effect of dCF on differentiation of
HL-60 cells (30). Their results indicate that dCF alone
does not induce differentiation of HL-60 cells, nor does
it interact with ATRA, VD3 or interferon-g in inducing
differentiation of the cells. Our present results also
show that dCF alone does not affect the differentiation
of HL-60 cells, but we now demonstrate that the drug
in combination with dAd can effectively induce mor-
phologic and functional differentiation of the cells.
The mechanism of action of dCF plus dAd in inducing
differentiation of leukemia cells is unclear, but may
be related to the accumula tion of dATP following
adenosine deaminase inhibition. Early studies demon-
strated that dCF in combination with dAd greatly in-
creased intracellular dATP levels (24-26). Starvation
or addition for a natural or synthetic nucleoside leads
to intracellular nucleotide pool imbalance, and in-
duces differentiation of some myeloid leukemia cells.

FIG. 3. Proliferation of NB4 cells in culture with ATRA and dCF An extremely high concentration of dAd alone did
plus dAd. Cells were cultured without (j) or with 40 mM dAd plus slightly induce differentiation of K562 and HL-601 mM dCF (m), 40 nM ATRA (l), or 40 nM ATRA and 40 mM dAd

cells. By preventing catabolism of dAd, dCF greatlyplus 1 mM dCF (h). The culture medium was replaced on days 4 and
enhanced the differentiation induced by dAd. How-7. The cumulative cell number was calculated from the counts and

the dilution used when feeding the culture. ever, it is not clear by what mechanism(s) the changes

by combined treatment with ATRA and dCF/dAd, but
not with ATRA or dCF/dAd. The decreased expression
of these mRNAs was prominent 24 hrs after the treat-
ment (data not shown). On the other hand, expression
of bax mRNA was hardly affected by the treatments.

DISCUSSION

dCF, a potent inhibitor for adenosine deaminase, has
found clinical applications for the treatment of several
types of lymphocytic leukemia, such as hairy cell leuke-
mia (21-23). On the other hand, the drug has been re-
ported to be less effective in clinical trials against my-
elogenous malignancies. By preventing the catabolism
of dAd to deoxyinosine, adenosine deaminase inhibitors
result in a high level of intracellular dATP, which in
turn inhibit ribonucleotide reductase (24). This may
lead to inhibition of DNA synthesis and cell prolifera-
tion of the malignant cells. High levels of adenosine
deaminase were found in T-lymphoblast cells (25), and
the selective action of dCF in this cell type has been
related to their peculiar purine enzyme pattern which,
by virtue of high deoxynucleoside-kinase and reduced
cytosolic 5*-deoxynucleotidase activity, seems to pre-
serve the dATP pool (26). FIG. 4. Down-regulation of bcl-2, bcl-XL and c-myc RNA in NB4

There are some reports concerning effect of dCF on cells treated with ATRA and dCF plus dAd. Cells were treated with
the indicated compounds for 48 hrs.differentiation of leukemia cells. Two cases of leuke-
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