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Abstract

DIF-1 (differentiation-inducing factor-1; 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenylhexan-1-one) is a putative morphogen that
induces stalk cell formation in the cellular slime mold, Dictyostelium discoideum. It has been previously reported that DIF-1 exhibits
anti-tumor activity in mammalian cells. In this study, we examined the effects of six DIF analogues on DNA synthesis, cell growth,
erythroid differentiation, and cytosolic free calcium concentration ([Ca2+]i) in human leukemia K562 cells. The DIF analogues used here
were DIF-1, DIF-2 (which has pentanone in place of hexanone), DIF-3 (dechlorinated form of DIF-1), 2-MIDIF-1 (2-methoxy isomer of
DIF-1), DMPH (dechlorinated form of DIF-3), and THPH (4-hydroxy substitution of DMPH). DIF-3 proved to be the most potent
anti-leukemic agent among them, and the order of potency for causing growth inhibition, erythroid induction, and increases in [Ca“]i
was established as DIF-3 > DIF-1 > DIF-2 > DMPH > 2-MIDIF-1 > THPH in all the categories tested. The present results suggest new
routes for the development of more potent and effective anti-tumor agents. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The simple eukaryote, Dictyostelium discoideum, forms
a fruiting body that consists of spores and a multicellular
stalk at the end of its development. It has been shown that
CcAMP and chlorinated alkylphenones, called differentia-
tion-inducing factors (DIFs), are required for stalk-cell
differentiation (Bonner, 1970; Town et a., 1976; Kay et
al., 1989). DIF-1, 1-(3,5-dichloro-2,6-dihydroxy-4-metho-
xyphenyDhexan-1-one (Fig. 1) (Morris et a., 1987), is the
most active form of the DIFs (Fig. 2), and is suggested to
function at least in part via an increase in cytosolic free
calcium concentration ([Ca’"]) in D. discoideum
(Kubohara and Okamoto, 1994; Schaap et al., 1996; Azhar
et a., 1997).

DIF-2, 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphe-
nyDpentan-1-one (Fig. 1) (Morris et a., 1988), is the
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second most active form of naturally occurring DIFs (Fig.
2), and it has been suggested that this molecule has some
role(s) during the early development of D. discoideum
other than stalk-cell induction (Wurster and Kay, 1990).
DIF-3, 1-(3-chloro-2,6-dihydroxy-4-methoxyphenyl)
hexan-1-one (Fig. 1), is the first metabolite produced by
living Dictyostelium cells from DIF-1 (Morandini et al.,
1995) and has only 4% of the stalk-cell-inducing activity
of DIF-1 (Fig. 2). Two artificial DIF analogues, 2-MIDIF-1
(2-methoxy isomer of DIF-1) and THPH (1-(2,4,6-trihy-
droxyphenyl)hexan-1-one), are not active in stalk-cell in-
duction (Figs. 1, 2). DMPH (1-(2,6-dihydroxy-4-methoxy-
phenyhexan-1-one) is probably also a non-active form in
D. discoideum (Figs. 1, 2).

Recently, DIF-1 was found to suppress cell growth and
to induce erythroid differentiation in murine (B8) and
human (K562) leukemia cells (Asahi et al., 1995). It has
also been shown that DIF-1 increases [Ca®" ], and sup-
presses cell growth in rat pancreatic tumor AR42J cells
and human myeloid leukemia HL-60 cells (Kubohara,
1997; Kubohara et a., 1995a,b), and that DIF-1 promotes
retinoic acid-induced cell differentiation in HL-60 cells
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Fig. 1. Chemical structure of DIF analogues. DIF-1; 1-(3,5-dichloro-2,6-
dihydroxy-4-methoxyphenyl)hexan-1-one. DIF-2; 1-(3,5-dichloro-2,6-di-
hydroxy-4-methoxyphenyl)pentan-1-one. DIF-3; 1-(3-chloro-2,6-dihy-
droxy-4-methoxyphenyl)hexan-1-one. 2-MIDIF-1; 2-methoxy isomer of
DIF-1. DMPH; 1-(2,6-dihydroxy-4-methoxyphenyl)hexan-1-one. THPH;
1-(2,4,6-trihydroxyphenyl)hexan-1-one.

(Kubohara, 1997). It is thus expected that DIF-1 or its
artificial analogues can be used in chemoprevention /dif-
ferentiation therapy against some sorts of cancer. How-
ever, the study of DIF-1 in the field of tumor biology has
started only recently, and many hurdles remain to be
cleared before DIF-1-like molecules can be used therapeu-
tically.

In this study, in order to evaluate the structure—effect
relation of DIF-1-like molecules and develop more potent
anti-tumor drugs, we examined the in vitro effects of six
DIF analogues (Fig. 1) on DNA synthesis, cell growth, cell
differentiation and [Ca’" ], in human leukemia K562 cells.
We show that DIF-3 is the most potent anti-leukemic agent
and discuss the chemical structure—effect relation.

2. Materials and methods
2.1. Cell line and chemicals

Human leukemia K562 cells were used in this study.
DIF-1 was purchased from Affiniti Research Products
(UK). DIF-2, DIF-3, and DMPH were kindly synthesized
by a chemical company after the method of Masento et al.
(1988). 2-MIDIF-1 and THPH were kind gifts from Dr.
R.R. Kay (MRC Laboratory of Molecular Biology, Cam-
bridge, UK). All the DIF analogues were stored at —20°C
as 10 mM solutions in ethanol. Alamar Blue (cell number
indicator) and fluo-3/AM were obtained from Wako
(Osaka, Japan).

2.2. Cell culture and assay for cell growth and erythroid
differentiation

K562 cells were maintained at 37°C (5-8% CO,) in
tissue culture dishesfilled with growth medium (RPM11640
medium with 10% hesat-inactivated fetal bovine serum, 25
mg/| penicillin, and 50 mg/| streptomycin; designated
RPMI).

To examine the effects of DIF analogues on cell growth
and erythroid differentiation, K562 cells were incubated in
multi(12)-well plates, with each well containing 1 ml of
RPMI (5 x 10" cells/ml) supplemented with or without
the reagents. On Day 3, 400 !l of the sample cell suspen-
sions were transferred into multi(24)-well plates (the re-
maining 600 w! of the samples in the 12-well plate were
further incubated for the assay for erythroid differentiation
on Day 5), and 1,/20 volume (20 pl) of Alamar Blue was
added to each well. After a 1-2 h incubation at 37°C
(5-8% CO,), 100 wl of the sample solution were trans-
ferred to a 96-well plate and absorbance at 570 nm (refer-
ence at 595 nm) was measured with a Microplate Reader
(Bio-Rad, Model 550). Cell number is given as a ratio of
the absorbance (control = 100). On Day 5, the rest of the
samples (600 .| each) was used for the assay for erythroid
differentiation; 60 ! of diaminobenzidine (DAB) solution
were added to each well, and the samples were left to
stand at room temperature for 30—60 min. Benzidine-
stained cells (hemoglobin-producing cells) were counted
with a microscope. The DAB solution was prepared just
before use, by mixing the stock DAB (3% (w/v) DAB in
90% acetic acid), H,O and H,0, (31% solution) at 1:5:1
(Asahi et al., 1995). It should be noted that, in order to
observe the clearest difference in anti-leukemic potential
of the DIF analogues, we examined the effects of the
analogues on cell growth and cell differentiation on Days 3
and 5, respectively.
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Fig. 2. Relative stalk-differentiation-inducing activity of DIF analogues.
Data are from previous reports (Masento et a., 1988; Wurster and Kay,
1990). ND: not determined.
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Fig. 3. Effects of DIF-1 on cell growth and erythroid differentiation in
K562 cells. K562 cells were incubated at 5x 10°* cells/ml without or
with 5-30 wM DIF-1. On Day 3, the relative cell number was optically
measured with Alamar Blue as described under Section 2 (control cell
number = 100). On Day 5, cells were stained with diaminobenzidine, and
the stained cells were counted microscopically. Data are given with the
means+ S.D. of three independent experiments (n= 3).

2.3. Measurement of DNA synthesis

DNA synthesis was observed by measuring 5-bromo-
2'deoxy-uridine (BrdU) incorporation using a BrdU label-
ing and detection kit |11 (Boehringer Mannheim, Germany).
Briefly, K562 cells were incubated for 2 h at 37°C (5%
CO,) in multi(96)-well plates (4 x 10* cells/well), with
each well containing 100 .l of RPMI supplemented with
or without 10-60 wM DIF analogues. (Prior to the cell
incubation, the wells were coated with poly-p-lysine; 50
wl of poly-p-lysine (0.2 mg/ml) solution were added to
each well and incubated for 1 h at room temperature. The
poly-D-lysine solution was aspirated, and the wells were
washed with RPMI and used for cell incubation.) Ten
microliters of BrdU-labeling reagent were added to each
well and incubated for 2 h at 37°C (5% CO,). Cells were
precipitated by centrifugation (350 X g, 10 min), and the
supernatants were aspirated carefully. Cells were fixed
with 70% ethanol (0.5 M HCI) and used for the assay for
BrdU incorporation according to the manual. Finally, the
quantity of BrdU taken up by the cells was detected by
measuring absorbance at 405 nm (reference; 492 nm) with
a microplate reader.

2.4. Measurement of [Ca? ],

K562 cells were collected by centrifugation (1200-1400
rpm, 3 min) and incubated (10° cells/ml) for 30—40 min
in a calcium assay buffer (137.5 mM NaCl, 5 mM KCl,
1.5 mM CaCl,, 0.8 mM MgCl,, 5.5 mM glucose, 0.6 mM
NaHCO,, 20 mM HEPES pH 7.2—7.4 adjusted by NaOH,
0.1% (w/v) bovine serum abumin) in the presence of
fluo-3 /acetoxymethyl ester form (1 wg,/ml). It should be
noted that because some of the DIF analogues affect fura-2

fluorometry, we used fluo-3 as a calcium indicator in this
study. The fluo-3-loaded cells were washed with the assay
buffer two to three times by centrifugation and suspended
in the same buffer (10° cells/ml).

Fluo-3 fluorometry was carried out at 30°C in a cuvette
(2 ml cell suspension per cuvette) using a fluorescence
spectrophotometer (F4010, Hitachi, Japan). The fluores-
cence intensity (emission at 530 nm excited by 490 nm
light) of fluo-3 was monitored. The [Ca’" ], was calculated
according to the formula:
[Ce* ] = K2

Frax — F

where F is fluorescence (at 530 nm) intensity; F,,, and
F.in are the fluorescence intensities obtained by adding
0.2% (w/v) Triton X-100 (F,,,) followed by the addition
of 10 mM EGTA (F,;,); and K, is the dissociation
constant of fluo-3 (400 nM).

3. Results
3.1. Effects of DIF-1 on cell growth and cell differentiation

K562 cells, derived from a patient with chronic myel-
ogenous leukemia (Lozzio and Lozzio, 1975), can be
induced to differentiate into erythroid cells or macrophages
under appropriate conditions (Sutherland et al., 1986). We
have previously shown that DIF-1 suppresses cell growth
and induces erythroid differentiation in this cell line (Asahi
et a., 1995). We first examined and confirmed the effects
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Fig. 4. Effects of DIF analogues on DNA synthesis in K562 cells. K562
cells were incubated in 96-well pates (4x 10* cells/well) with various
concentrations of DIF analogues for 2 h. BrdU was then added to each
well and incubated for 2 h. The cells were assayed for BrdU incorpora
tion as described under Section 2. Data are given with the mean values+
S.D. (n= 4; 4-well determination was performed) of relative absorbance
at 405 nm (reference at 492 nm). *P < 0.001; **P < 0.005; ***P < 0.02
(by Student’s t-test).
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Fig. 5. Effects of DIF analogues on cell growth and erythroid differentia
tion in K562 cells. K562 cells were incubated at 5x 10* cells/ml without
(control) or with 20 wM DIF analogues. On Day 3, the relative cell
number was optically measured with Alamar Blue as described under
Section 2 (A). On Day 5, cells were stained with diaminobenzidine, and
the stained cells were counted microscopicaly (B). Data are given with
the means+ S.D. of three independent experiments (n= 3; A) and of six
independent experiments (n=6; B). *P < 0.05; **P < 0.001 (by Stu-
dent’s t-test).

of DIF-1 concentrations on cell growth and cell differentia-
tion in human leukemia K562 cells (Fig. 3).

DIF-1 at 5-30 wM suppressed cell growth and induced
erythroid differentiation in a dose-dependent manner (Fig.
3). The results on erythroid differentiation were amost
consistent with the previous results, but DIF-1 suppressed
cell growth more strongly in this study than in our previ-
ous one (Asahi et al., 1995).

3.2. Effects of DIF analogues on DNA synthesis, cell
growth and cell differentiation

In order to clarify the chemical structure—effect relation
of DIF-like molecules, we examined the effects of six DIF
analogues (Fig. 1) on DNA synthesis, cell growth, and cell
differentiation in K562 cells. DNA synthesis was inhibited
dose-dependently by the analogues, and the order of po-

tency for causing the inhibition was roughly DIF-3 > DIF-
1> DIF-2> DMPH > 2-MIDIF-1 > THPH (Fig. 4). DIF-3
at 40—60 M inhibited BrdU incorporation almost com-
pletely, but THPH at up to 60 wM did not affect it (Fig.
4).

The effects of the DIF analogues on cell growth and
erythroid differentiation were further examined (Fig. 5).
DIF-2 a 20 pM suppressed cell growth and induced
erythroid differentiation, but its effects were weaker than
those of DIF-1. By contrast, at the same concentration,
DIF-3 suppressed cell growth and induced erythroid differ-
entiation very strongly. DMPH was almost as effective as
DIF-2. Neither 2-MIDIF-1 nor THPH showed marked
effects on either cell growth or erythroid differentiation.
Since dead cells were not detected on Day 3, the reduction
in cell growth by the analogues was not due to cell loss as
aresult of the toxicity of the analogues (data not shown).

These results indicate that the actions of a DIF-like
molecule require a chlorine atom on the 3rd carbon and a
methoxy group on the 4th carbon in the benzene ring.

3.3. Effects of DIF analogues on [Ca?*].

It has been suggested that DIF-1 may function by
increasing [Ca”* ], in higher eukaryotic cells (Kubohara,
1997; Kubohara et a., 1995a,b). We thus examined and
compared the effects of DIF analogues on [Ca’" ] in K562
cells (Fig. 6). As expected, the DIF anaogues increased
[Ca®*] in K562 cells. DIF-3 was most potent, increasing
[Ca®*], from basal levels (70-100 nM) up to approxi-
mately 150 nM (Fig. 6).

3.4. Effects of DIF-3 on cell growth and cell differentiation

We further examined the effects of DIF-3 concentra-
tions on K562 cells (Fig. 7). DIF-3 a 5-30 wM sup-
THPH
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Fig. 6. Effects of DIF analogues on [Ca?" ], in K562 cells. Fluo-3-loaded
K562 cells were stimulated with 20 wM of DIF analogues, and fluores-
cence intensity was monitored for 4-5 min. Changes in [ca®* I were
calculated as described under Section 2. Data are given with the means+
S.D. of three independent experiments (n= 3). **P < 0.05 (by Student’s
t-test).
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Fig. 7. Effects of DIF-3 on cell growth and erythroid differentiation in
K562 cells. K562 cells were incubated at 5x 10* cells/ml without or
with 5-30 wM DIF-3. On Day 3, the relative cell number was optically
measured with Alamar Blue as described under Section 2. On Day 5,
cells were stained with diaminobenzidine, and the stained cells were
counted microscopicaly. Data are given with the means+ S.D. of three
independent experiments (n= 3).

pressed cell growth and induced erythroid differentiation
in a dose-dependent manner. DIF-3 at 30 wM markedly
suppressed cell growth and induced erythroid differentia-
tion by 80-90% (Fig. 7). These results confirm that DIF-3
has greater anti-leukemic activity than DIF-1 (Fig. 3).

4, Discussion

It has been shown previously that the stalk-DIF (DIF-1)
of D. discoideum suppresses cell growth and induces
erythroid differentiation in murine and human leukemia
(B8 and K562) cells (Asahi et al., 1995) and also that
DIF-1 increases [Ca’ " ];, suppressing cell growth or induc-
ing apoptosis in some tumor cells (Kubohara, 1997; Kubo-
hara et al., 1995a,b). It has recently been shown that DIF-1
may be less toxic to normal mammalian cells than to some
tumor cells (Kubohara et al., 1998). Thus, it is expected
that DIF-1 or its analogues can be applied in chemopreven-
tion/differentiation therapy against cancer and/or may be
used as tools for cell science.

In this study, we examined the effects of six DIF
andogues (Fig. 1) on the human leukemia K562 cells. We
found that the chemical structure of the analogues affected
their ability to suppress cell growth and erythroid differen-
tiation, and to increase [Ca”" |, (Figs. 4-6) and that DIF-3
was the most potent anti-leukemic agent (Figs. 4-7). More
precisely, it was shown that one chlorine atom in DIF-3
was required for anti-leukemic activity (growth inhibition
and differentiation induction), since DIF-1 (containing two
chlorine atoms) and DMPH (no chlorine) were less effec-
tive on DNA synthesis, cell growth, and differentiation
than DIF-3 (Figs. 4, 5). Both the presence and the location
of the methoxy group in the alkylphenone appeared to be

of great importance for anti-leukemic activity, since 2-
MIDIF-1 (2-methoxy isomer of DIF-1) and THPH (no
methoxy group) showed no marked effects on cell growth
and erythroid differentiation (Fig. 5) and only a weak
effect on DNA synthesis (Fig. 4) and [Ca’"], (Fig. 6).
Furthermore, since DIF-2 was less effective than DIF-1
(Figs. 4-6), hexanone (the alkyl group in DIF-1) rather
than pentanone (in DIF-2) appeared to be important for
anti-leukemic activity. Other types of alkyl group should
be examined in the future. Although the fine mechanism of
the actions of DIFsin tumor cells remains to be elucidated,
there seems to be a connection between the anti-leukemic
activity of DIF analogues (Figs. 4, 5) and the increase in
[Ca’" ], that these analogues cause (Fig. 6).

It is of importance to note here that DIF-3 was the most
potent anti-leukemic agent among the analogues used in
this study, in spite of the fact that DIF-1 rather than DIF-3
is the most potent stalk-inducing factor in Dictyostelium
(Morris et a., 1987; Masento et a., 1988) (Fig. 2). The
reason for this difference is presently unknown because the
precise mechanisms of action of DIF analogues and even
the targets of DIF analogues are unknown both in Dic-
tyostelium and in tumor cells. If similar mechanisms are at
work in Dictyostelium and tumor cells, i.e, if the target
molecules of DIF analogues are common in the different
cells, the difference in the activity of DIF anaogues
observed in Dictyostelium and K562 cells may reflect
evolutional similarity and distinction of the target
molecules. In other words, mammals may have ligands
similar to DIF-3 that can suppress tumor growth in vivo.
However, future studies may yield quite different results.

At any rate, it will be necessary to examine the in vitro
and in vivo effects of many other DIF analogues on many
other tumor cellsin order to devel op more potent anti-tumor
agents in the near future. The present study should be of
value as a reference for future studies.
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