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ABSTRACT. Differentiation of human promyelocytic leukemia cells, HL-60, has been extensively studied.

In this study we utilizedd,25-dihydroxyvitamin @ (Q ) as a potent inducer and cellular superoxide production

as the functional differentiation marker. We examihed nitroblue tetrazolium (NBT) positiveells were
produced in the presence of D . Growth of HLe@ls tended to levelff whenthe curve was drawn on a
logarithmic scale but they grew linearly on a normal scale. When absolute numbers of NBT positive or negative
cells were plotted, NBT positive cethaly increased linearly in a normal scale, wheMB$ negativecells

remained constant after they doubled themselves. When cellspaesely inoculated in 0.3% agar and cultured

for 4 days in the presence of D , clusters of cells were stained with NBT. Each cluster of cells was composed
of one or two NBT negative and three to six NBT positive cells. After treatment with nocodazolg and D , cells
were cultured further in the presence ¢f D . It was demonstrated that only NBT positive cells increased abruptly.
Based on these results, differentiated cells might be produced and accumulate through mitosis. In the presence
of D; NBT negative cells remained constant in number and continued to produce NBT positive cells, working

as so-called stem cells.
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HL-60 cells became nitroblugetrazolium
INTRODUCTION (NBT) positive, but the rest remained negative
(9-11). There areseveral reasons for the
The human leukemic cell linéHL-60), presence of NBT negative cells : 1) the amount
derived from a patient with acute promyelocytic Qf D wasfficient; 2)the treatment period
leukemia, has been maintained in continuous waart;s 3) HL-60 cells used in these
culture (1). These promyelocytes can be previous experiments were heterogeneous; and
induced to differentiate into granulocytes (2-4), 4) a certain population of Hlel&might
macrophages or monocytés6), eosinophils  work asso-called stencells toproduce NBT
(7) and basophil{8) byvarious chemical positive cells. In thistudy we used a potent
inducers and culture conditions. Among various inducen,25kdihydroxyvitamin - D for
agents &,25-dihydroxyvitamin R and retinoic monocytic differentiaticell differentiation
acidarevery important clinically. Exposure to was assayed by the occurrence of the functional
D, has been found to result inrrtenal differentiation marker, inducible cellular
monocytic differentiation, morphologically and superoxji®duction. Weexaminedthese
functionally (9, 10) . pasbilities by cell kinetic analysis and
In the presence of D approximately 80% of microscopically.
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Japan

42



Blood Cells, Molecules, and Diseases (1995) 21(4) Feb. 28: 42-48 T. Matsuhisa and Y. Mori

MATERIALS AND METHODS no bidogical effect on celgrowth or on cell
differentiation rate was detected. Unless stated,
Culture cells the concentration of D was 25 nM.

HL-60 cells were supplied by these RESULTS
Japanese Cancer Research Resources Bank,
Tokyo. Cells were cultured in RPMI 1640 Concentration of 25-dihydroxyvitamin [
(Gibco), supplemented witipenicillin (100
u/ml), streptomycin (100 pg/ml) and 10% heat- In previeorts, the concentrations of
inactivated fetal bovine serum (Ce&lulture D, varied from 2 t420 nM indifferentiation
Laboratories, Ohio)Unlessstated cellswere experiments(10,14,15). As apreliminary
inoculated at a concentration of ZxI0 cells/ml in experimeéhgerefore, we determined the
5 ml of medium. Cells were grown at 37 C in an effective concentration, of Burisystem.
atmosphere of 5% CO . For thssay of cell HL-60 cellsvere inoculated a2xI0* cells/ml
population cells were suspended in 0.25% and cultured fodays inthe presence of
trypan blue in phosphate buffered saline (NaCl various concentrations of D . Cell numbers and
8.0 9/, KC10.2 g/l, NaHRO 1.154g/l, KH PO differentiatiorates were determined as
0.2 ¢g/l) and counted with thaid of a described in MATERIALS AND METHODS.

hemocytometer at indicated times. Thete of NBT positive cellsstarted to
increase atlxl0** M of D, and reached
Assayfor differentiation maximum athe concentration of abo&xI0®

M. At concentrations higher th&xI0® M the
Myeloid differentiation was assayed by the percentadeBif positivecells leveled off.

phorbol myristate acetate (PMA) (Sigma Effect of D on cellgrowth was also
Chemical) inducedsuperoxide production, determined. It was fothat cell growth was
which has been considered akalimark for not affectedntil the concentration of 5xf0 M
mature myeloid cells. The method was of D . At concentrations higher td@® M
described previously (13,14). At least 300 cellscell debris was detected in the culture medium
were scored for each determinatiosing a and cell numbestarted to decrease. In the
hemocytometer. experiments thereafte;, D was used at the

concentration of 25 nM.
Chemicals

Cell growth

Nitroblue tetrazolium andod25-dihydroxy-

vitamin D, (lot number ECL2791) were Effect of D on calrowth wasexamined
purchased from Wak®&ure Chemicallndus- as a function of time. HL-60 cells in logarithmic
tries, Ltd. Otherchemicalswere ofanalytical phasavere inoculated at a concentration of
grade. A potent inducer,.D , was first dissolved2xI0* cells/ml in 55 mmpetri dishes. Cell
in dimethyl sulfoxide at aoncentration of 2.5 number was determined at the inditated
mM and diluted 100old with ethanol to a (Fidl). Incontrol series, which received only
concentration of 25M. This diluted Q was the \ehicle, cells grew linearly in a logarithmic
added to the cultummedium at aatio | pl of  scale, whereas cells which were treated wijth D
diluted D, to 1 ml of culturenedium.Final showedess growth than the control cells. The
concentrations ofdimethyl sulfoxide and celgrowth in D, treated culture, however,
ethanol wereless than 0.001% an€@.1%, increasedsteadily duringthe experimental
respectively. At these concentrations of vehicles period.
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results prompted us to calculate the absolute
/ numbers ofNBT positive and negativeells,
| respectively. Fig. Zdemonstrated that only
NBT positive cells grew linearly but NBT
3 | negative cells remained constant after doubling

11s/dish

E / . themselves in the presence qf D . The curve of
/// NBT positivecellswassimilar tothat oftotal
Vi cell growth as shown in Fig. 1 drawn in a
/ normal scale. Namely, gould be concluded
e w0 that increasing cells in Fig. were NBT

positive ones.

Fig. 1. Cell growth in the presence)(or absence (0) of {25 nM).

Cells were plated in 5 ml medium/dish at a concentratioPxItf 100
cells/ml. Cell numbers were determined at indicated times. The abscissa

is time in hour and the ordinate cell number/dish. Cell growth was plotted

in a normal scale.

cells/dish

Whenthese growth curves were drawn on
a normal scalethe curve of D treatecklls
becamdinear (Fig. 1), which suggested that in A
the presence of D a certain portion of HL-60 e
cells might become nondividing cells. On the
other hand, contratells showed exponential
growth.

v
x10

Fig. 2. Effects of D on NBT positive and negative cells. Cell number and
the percentage of NBT positive cells were determined at indicated times.
Differentiation assay The numbers dNBT positive and negative cells weralculated from

these data. The abscissa is time in hour and the ordinate cell number/dish.
Control (NBT positive ¢) and negative (0) )and,D treated cells (NBT

It has been documentékat HL-60cells  Posiive &) and negativex).
differentiate into monocytes or macrophages in
the presence of D (9-11Cell differentiation
was assayed by inducible cellularpsroxide

In this study we used HL-60 cells obtained
from the Japanese Cancer Research Resources

prOdUCtion as theuhctional differentiation Bank. This cell line mlght be heterogeneous. To

marker. NBT positive cells were determined as€xcludethe possibilitythat there were deast

described in MATERIALS AND METHODS. tWo cell lines:one proliferativeeells became
In control series this cell line produced 3-4% of NBT positive and thevther nonproliferative

NBT positive cells spontaneously. On the otherce"S remained NBT negative in the presence of
hand, the ratio of NBT positive total cells D,, nine cell lines were cloned from the original

began to increase after one generation time (45"-'60 cells by limiting dilution. Table 1 sr_\c_st_
hours) in the presence of,D . The fipsirt of that all the cloned cells became NBT positive in

the increasing curve was concave, but after thef€ Presence of D, ranging from 40 to 70%.
the increment wakinear andthe ratioleveled 1 Nis experiment demonstrated that the original
off after 120 hours. HL-60 cells were almost homogeneous in terms

The percentage of NBT positive total of capability of differentiation ithe presence of
cells increasedinearly fromthe 40th to the D= although the rates afifferentiation were

120th hour data not shown) and in Fig. 1 cells dIVerse.
grew Ilnearlye_xcept for the first 40 hours in a Table |. The percentage of NBT positive cells in nine clones
normal scale ithe presence of D These tWo anq original cells
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NBT positive cells (96) i} ;
4 e Fig. 3. a) Time course of NBT
clones control D3 @ positive or negative cells. Cells had
¢ been cultured in the presence gf D for
A 4.59 70.3 T 4 days. These treated cells were
4 1 diluted to 10x10* cells/dish and
C 6.45 70.4 an cultured in 3 free medium. NBT
positive @) and negative (0) cells
D 3.92 63.3 / were determined at indicated times.
E 7.71 72.5 e
F .83 38.0 ¢ 0 e
G 2.19 50.9
Fig. 3. b) The procedure was
H 3.67 52.7 essentially the same as in Fig. 3a.
Treatedcells were transferred to a
N 7.11 52.5 new medium containing D . NBT
positive @) and negative cells (0)
M 8.54 64.4 were determined.
Original 2.84 50.3

“Original and nine clones were cultured in the presence or N order toexamine wherNBT positive

abs_ence of D for 4 days. NBT positive cells were counted andcel|s appeared in celrl:ycle, the foIIowing

their percentages calculated. experimentvas carried out. HL-66ellswere
plated at a concentration 2%I0* cells/ml in a

Removal of &.25-dihydroxyvitamin medium containing 25 nM DTwo days later

nocodazole (Sigma) was addedd5 pg/ml

In the nextexperiment HL-6Gells which ~ @nd incubated for 14 hours to accumulate

had been treated with,D for 4 days were placednitotic cells. After replacement with ;D
in inducer-freemediumand cell number was containing medium cell number and percentage
reduced to 2 x Mcells/ml. Cellgrowth and of NBT positivecellswere determined every
absolute numbers of NBT positive and negative30 min. Both cell number and the percentage of
cells were examined. The cells started to growNBT positive cells increased abruptly, indicat-
exponentiallyabout 50 hours afteslacement NG that NBT positive cellsappeared after
into inducer free medium, indicatingat Q  Mitosis (Fig. 4).
treated cells were reversible in growth Fig. 4. Effect of removal of nocodazole tie ratio of NBT positive to

ili i i _ total cells. Cellsvereculturedfor 2 days in the presence of 25 nM D .
Capabll_lty' Asshown ":l Flg' 3a’ afte’eplace Then nocodazole was added at a concentratic0F pg/ml and
ment with B, free medium the absolute numberincubated for 14 hours. At 0 time the medium was replaced with gnly D
of NBT negative cells started growing containing medium. At indicated times the ratios of NBT positive to total

. g . cells were determined.
exponentially just like total cell growth,

whereas NBT positive cells remained constant Furthermore cells

duringthe experiment. On thetherhand, 3 . (5000  cells/55mm
treated cells were placed in a new culture . dish) were inoculated
medium containing P athe same concen- [ e into 0.35% soft agar
tration. Cell growth was ihear from the / containing 25 nM D .
beginning of culture in a normal scale. It was Solitary cells were

determineathat NBT positive cells increased marked after
linearly in a normakcalebut NBT negative R Ry e solidification at several
cells remained constant (Fig. 3b). different locations. The
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soft agar cultures were incubated for 4 days at

37 C and then overlaid with NBT solution to
detectdifferentiated cells. As shown in Fig. 5,
two cellswere NBT negative and thather
positive. This photograph was compatible with
the above kinetic studies.

Fig.
5 .
Prod
uctio
n of
NBT
positi

ve cells in a soft agar. As a base layer one ml of 0.5% agar was plated i
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In the presence of 25 nM @roash
chene veryslow on a logarithmic scale as
compared whtdt of control culture. When
HL-60 cells were inoculated at 2 X ¢6lls/ml
and incubated for more than 100cktsirs,
grew steadily and never flatted off on a
logarithmic scale(data not shown). When
growth curve of D treated cells was drawn on
a normalscale, it became linear as shown in
Fig. 1, which suggested that in the presence of
D, a certain portion of HL-6Cells might
become non-dividing cells.

Considering that HL-60 cells grew linearly
on a normal scale and the ratio of NBT positive
to negative cellsvas inear inthe presence of
D, (data not shown), absolute numbers of NBT
positive and negative cells were calculated (Fig.
2). NBT negativecells increasedbouttwice
and then remainecbnstant but NBT positive
cells increase linearly during the experiment. It
gould be concluded that tlieearly growing

55 mm petri dishes. After solidification 0.3 ml of 0.35% agar with 5000 cells in Fig. 1 were NBT positive.

cells was overlaid. Both the layers contained RPMI 1640 medium, 10%
fetal bovine serum and 25 nM; D . These dishes were incubated for days

at 37 C andL.3 ml of NBTsolution was gently overlaid. Cells were
stained at 37 C for 20 min. Colonies were observed wittikan
Diaphoto microscope. x200

DISCUSSION

In this study we examined how
differentiated cellsvere produced irhuman
promyelocytic leukemic cellHiL-60, which
have been studiedxtensivelyever since its

When NBT stainedcells were observed
microscopically, paired cells (NBT positive and
negative) were quite often observed. These
paired cellsvere not fortuitous butnight be
antecedents for single NBT positive cells. The
ratio of paired to single positive cells were high
during the early period of incubation in the
presence of D (data not shown). These paired
cellsmight be in the final phase of cytokinesis.
We didnot find these pairedells whichwere

establishment. We utilized ,D as a potentstill in anaphase or telophase. Therefore, NBT

inducer and cellular superoxigeoduction as
the functional differentiation marker.

The highest ratio of NBT positive total
cells was 55% in this cell line at 5810 M,D . It
was of interest that at concentrationghler
than 5xI6®? M the ratio of NBT positiveells
did not increaséutleveled off. Orthe other
hand, cell numbestarteddecreasing at more
than5xI0®M D,, namelythese higher concen-
trations were toxic to HL-60cells. In
consideration of these results 25X 10 M of D
was the optimum concentration for
experiments.
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positive cells appeared during the last period of
cytokinesis. Wewere notable todetect all-
NBT positive cells, indicatingthat NBT
positive cells did not multiply anymore.

When HL-60 cells were cultured in the
presence of D NBT positivecells started to
increase slowly inhe first 40 hours and after
then linearly. When cells which were treated for
4 days in Q were placed in a neamedium
containing O ,NBT positivecells began to
grow linearlywithout showingany lag. This
experiment showed that tbok about one
generation time to produce NBT positive cells
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regularly. Onthe othethand, when Dtreated
cells were placed imormal medium, NBT 1
negative cells started to increase log-
arithmically.

In this study we demonstratédat NBT 2.
positive cells (namely, functionally
differentiated cells) appeared after cell division,
which did not necessarilyimply that the 3
presence of D was required just during the
early period of G1 in celtycle. It has been a
matter of controversy whether oot DNA
synthesis was necessdoy differentiation (3, ,
16-18). It would be important to perform
further experiment,considering that NBT
positive cells are produced after mitosis.

Taking kinetic studies and soft agar
experiment, we coulgropose themodel of ¢
differentiation shown in Fig. 6. lontrol
culture HL-60 cells multiply logarithmically
(Fig. 6a). In the presence of R5-dihydroxy-
vitamin D, cells multiply ashown in Fig. 6b.
NBT negativecells function as so-called stem
cells and produce positiveells which do not
multiply. Using this model the growth curve of
D, treatedcells would be linear on a normal -
scale.

8.
o)
\ Fig. 6. a) Schematic presentation
of logarithmic cell growth.
[e) [ ]
/\ 3 9.
d e .
N
o e ® hd
° 10.
/ \ Fig. 6. b) Schematic presentation
o ° of hypothetical cell growth in the
presence of D . Dividing cells (0)
/ \ / \ and differentiated cell®].
o /o /o\ /o\
o/ o o \o o o 0 0 11.
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