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ABSTRACT

To assess the changes in the proliferative characteristics that occur
during maturation, HL-60 cells were induced to differentiate along the
granulocytic pathway by retinoic acid. Differentiation was documented
by morphology, functional markers, and cytochemical staining. Durations
of S phase, total cell cycle time, and the percentage of S-phase cells were
determined simultaneously at each time point. In addition, the expression
of two cell cycle related proteins with molecular weights of 110,000 (pi 10
measured by monoclonal antibody 5C2) and 145,000 (measured by mono
clonal antibody pl45) were measured to estimate the number of cycling
cells or the "growth fraction."

Our data demonstrate that as HL-60 cells undergo maturation in
response to retinoic acid, a large proportion of cells exit from the cycle,
the majority lose their proliferative potential, and the total cell cycle time
becomes markedly longer. The slowing of the cell cycle seems to be the
result of a prolongation in both S phase and the G, phase of the cycle.
We conclude that more mature myeloid cells cycle more slowly than
immature cells. The clinical implications of these findings in myeloid
leukemias are discussed.

INTRODUCTION

The immortal cell line HL-60 was derived from a patient
with acute myelogenous leukemia (1). This cell line can be
induced to differentiate in vitro and thus may serve as an in
vitro model system to assess the biological characteristics of
myeloid cells during progression from a relatively immature
state to a fully differentiated state (2). Obviously, while a tissue
culture line such as HL-60 does not represent the true in vivo
state of leukemic cells in patients with AML,3 it can neverthe

less provide insights into the biological events which occur
during maturation.

Retinoic acid induces HL-60 cells to undergo myeloid differ
entiation at the morphological, functional, enzymatic, and sur
face antigen level (3, 4). Monocytoid differentiation can be
induced by phorbol esters or butyrate (5, 6). Although the
changes that occur in proliferative characteristics during mat
uration have been studied in the past (7, 8), the effects on each
phase of the cell cycle have not been clearly defined.

By using our previously described double-labeling technique
(9), we measured the percentage of S-phase cells, the duration
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of S phase (Ts) and the total cell cycle time (Tc) in HL-60 cells
as they differentiated under retinoic acid stimulation to become
terminal granulocytes. In addition, a monoclonal antibody 5C2
which recognizes a protein expressed in all cycling cells was
used to measure the "growth fraction" of the population (10).

A second monoclonal antibody which binds to a nucleolar
protein with a molecular weight of 145,000 (pi45) was also
used to determine the percentage of cycling cells (11). This
paper summarizes our observations of changes that occur in
the proliferative kinetics of HL-60 cells as they undergo matu
ration in response to retinoic acid.

MATERIALS AND METHODS

Cell Culture Conditions. HL-60 cells were maintained in RPMI 1640
supplemented with 10% heat-inactivated FCS. All cultures were initi
ated in 25-cm2 flasks with a cell density of 0.2 x 10* cells/ml. Two

different groups of experimental cultures were set up. Group I control
untreated cultures contained no retinoic acid and Group II contained
10"*M 13-CM-retinoic acid (No. 3255; Sigma).

At 0, 24, 48, 72, and 96 h, one flask from each group was taken and
assayed for cell morphology, Superoxide production, NBT reduction,
LI, Ts, Tc, expression of cell cycle related proteins measured by the
monoclonal antibodies 5C2 and pl45. It must be noted that the slides
were coded prior to examination to avoid investigator bias. Hence, the
time points (whether the sample was 0 or 96 h) were not known to the
person counting the slides.

Cell Counts. All cultures were maintained at 37Â°Cin 5% CO2. Cell

density was assayed with Model ZM Coulter Counter using an average
of two counts. The standard deviation was Â±5%all the time. Cell
viability was estimated by the exclusion of 0.4% trypan blue (Sigma).
The viability was found to be 100% for the first 2 days and then
gradually decreased to 95-97% at the end of 96 h.

Cell Morphology. The harvested cells were centrifuged out of suspen
sion and resuspended in 1 ml of Dulbecco's PBS (Gibco). The cell
suspension was then passed through a wire mesh onto alcian blue-
coated slides (12) and some cytospin slides were also made. Cell
morphology and differential counts of cell suspensions were performed
on slide preparations stained with Wright (Fisher Diagnostics, SW16-
500) and Giemsa (Fisher Diagnostics, SG28-500), Naphthol AS-D
Chloroacetate esterase and a-naphthyl acetate esterase (Sigma, Bulletin
90). At least 200 cells were assessed.

Superoxide Production and NBT Reduction. Oxidative metabolism
was assayed by PMA stimulated Superoxide production as described by
Collins et al. (13). Generation of Superoxide was measured by the ability
of this aniÃ³nto reduce ferricytochrome c, the reduced ferrocytochrome
c molecule having a higher absorbance at 550 nm (14, 15). PMA was
obtained from Sigma and stored at â€”20Â°Cin 100% acetone at a
concentration of 500 fig/ml. One ml PBS (pH 7.4) containing 5 x IO6
HL-60 cells, with or without retinoic acid, 0.12 mM ferricytochrome c
(type VI; horse heart No. C-7752; Sigma), 100 ng freshly diluted PMA,
with or without 60 //g Superoxide dismutase (bovine erythrocytes; No.
S-2515; Sigma) was incubated for 20 min at 37Â°C.The reaction was

then stopped by submerging the tubes in an ice bath. The supernatants
were obtained by centrifugations of the tubes at 4Â°Cat 200 x g for 5

min. The absorbance of supernatants was measured in a Gilford 260
spectrophotometer and the quantity of Superoxide generation was ex-
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pressed as the A absorbance/5 x IO6cells/20 min which is inhibited by

60 Â¿igSuperoxide dismutase (numbers represent the changes in absorb
ance at 550 nm of incubated reaction mixtures which are inhibited by
60 /jg of Superoxide dismutase). An average of the two values was taken
for the final reading.

For NBT reduction, 2 x IO6cells suspended in 1 ml of RPMI 1640
supplemented with 10% PCS were incubated at 37Â°Cfor 20 min with

an equal volume of 0.2% NBT (No. 6876; Sigma) and 200 ng freshly
diluted PMA. Cytospin slides were then studied for the percentage of
cells containing intracellular reduced blue-black formazan deposits by
counting at least 200 cells.

Cell Cycle-related Nucleolar Protein (pi45). The detection of nucleo-
lar antigen p 145 was determined by a triple sandwich technique previ
ously described by Freeman et al. (11). The cells were placed onto
alcian blue-coated coverslips and fixed for 20 min with 2% paraform-
aldehyde (methanol free) and washed twice for 10 min in PBS. The
cells were then permeabilized in acetone at -20Â°Cfor 5 min and washed

twice for 10 min in PBS again. A monoclonal antibody specific for
nucleolar antigen (pi45) was diluted in PBS to 1:300 and 140 /il were
added to each coverslip and incubated in 37Â°Cin 5% CO2 for 1 h. The

coverslips were then washed 3 times for 15 min in PBS and rabbit anti-
mouse immunoglobulin (Dako Corp.) diluted 1:100 in PBS-Nonidet P-
40 was added to the slides and incubated at 37Â°Cin 5% CO2 for 20

min. The coverslips were washed for 5 min in PBS and 140 Â¡Afluores-
cein isothiocyanate-conjugated goat anti-rabbit IgG (Tago) diluted 1:20
in PBS were added to each coverslip and incubated at 37Â°Cin 5% CO:

for 20 min to detect the rabbit antibody. The coverslips were then
washed twice for 5 min in PBS and rinsed with distilled water and
mounted with Fluoromount G (Fisher Scientific). The slides were
reviewed by a single observer and the percentage of pl45-positive cells
were recorded on 500 cells. A cell was considered as positively labeled
if any fluorescence was detected in the nucleoli of individual cells.

Cell Cycle-related Nuclear Protein (pi 10) Detected by Monoclonal
Antibody 5C2. HL-60 cells were prepared on coverslips as described for
p 145 and a modified technique from the previously described method
of Black et al. was utilized (10). The coverslips were treated for 30 min
with 3% hydrogen peroxide at room temperature to remove endogenous
peroxidase and washed 3 times for 5 min in PBS. The monoclonal
antibody 5C2 which recognizes a nuclear antigen with a molecular
weight of 110,000 was diluted 1:200 in PBS and 140 n\ were added to
each coverslip. Incubations were carried out at 37Â°Cin 5% CO2 for 1

h and coverslips were then washed thrice for 10 min in PBS. The slides
were then processed by the Biotin-StrepAvidin amplified system (Bio
Genex). From biotinylated goat anti-mouse antibody, 140 /il were added
to each coverslip, incubated at 37Â°Cin 5% CO2 for 10 min, and washed

3 times for 5 min in PBS. From peroxidase conjugated strepAvidin,
140 M!were added to each coverslip and incubated at 37Â°Cin 5% CO2

for 10 min and washed 3 times for 5 min in PBS. The peroxidase
staining was developed by using aminoethylcarbazole for 20 min at
37Â°C.The coverslips were rinsed in distilled water, mounted with

Fluoromount G, and reviewed by a single observer. Percentage of 5C2-
positive cells were recorded on 500 cells. A negative control in which
the entire procedure was followed save for one addition of the primary
monoclonal antibody was available for each measurement. Positive cells
were compared to the negative control and a cell was considered positive
for 5C2 if there was any staining of the nucleus.

Cell Cycle Studies. HL-60 cells were double labeled with bromode-
oxyuridine and [3H]thymidine (16-17). Briefly, the method used here
is as follows. Cells at a concentration of 5 x 106/ml were suspended in
2 ml of RPMI 1640 and 10% FCS. Then 20 Ml/ml of IO"3M BrdUrd
and 20 /Â¿I/mlof IO"4M FdUrd (18) were added to the cell suspension
and incubated for 0.5 h at 37Â°Cin 5% CO2. Cells were washed 3 times
with PBS and incubated for 30 min at 37'C in 5% CO2. Next, 10 /il/
ml of ['HjdThd (stock solution, 1 mCi/ml; specific activity, 60-90 Ci/

mmol; ICN Chemical and Radioisotope Division, Irvine, CA) were
added to the suspension and incubated for 0.5 h at 37Â°Cin 5% CO2.

After the incubation was completed, cells were washed 3 times in cold
thymidine and once in PBS. The cells were resuspended in 1 ml of PBS
and 3-4 drops of this suspension were placed on alcian blue-coated
coverslips and fixed in 70% cold ethanol for 10 min. The slides were

processed by RPMB technique described before (19). After washing,
coverslips were immersed in 4 N HC1 for 20 min at room temperature.
Cells were next exposed to Tris buffer (20 mM Trizma base, pH 8.7)
containing 0.01% bovine serum albumin in 0.9% NaCl solution for 1
h at 37Â°Cin 5% CO2. Then primary anti-BrdUrd monoclonal antibody

(RPMB I) diluted 1:200 in PBS/0.05% Triton X-100 was added to
coverslips for 30 min. Fluorescein isothiocyanate-conjugated goat anti-
mouse IgG secondary antibody (Tago, Inc., Burlingame, CA) diluted
1:20 with PBS/1% goat serum was used to detect the RPMB I.
Coverslips were then rinsed in PBS/Triton X-100 for 30 min and fixed
for 12 min in 1 part glacial acetic acid and 3 parts of 100% ethanol.
After washing 3 times in 70% ethanol and twice with tap water the
coverslips were air dried. For autoradiography, the coverslips were
coated with NTB2 (Eastman Kodak, Rochester, NY) nuclear track
emulsion and exposed in the dark for 24 h at -70Â°C. Kodak D-19

developer was used and after fixing, coverslips were mounted onto glass
slides with Fluoromount G and examined under a fluorescence micro
scope. A cell was considered positively labeled for BrdUrd incorpora
tion if there was any fluorescence detected over its nucleus and positive
for [3H]dThd if at least five or more silver grains were detected on its

nuclear surface. The cells considered positive for double labeling dem
onstrated both fluorescence and silver grains over their nuclei. Because
the calculation of 1\ only requires cells that are positively labeled either
by BrdUrd or by [3H]dThd or both, at least 2000 positively labeled cells

were counted by a single observer from one slide. The 7s was then
calculated by the following formula, as described by Wimber and
Quastler (20):

DL + [3H]dThd
Ts = BrdUrd '

where DL presents the number of cells demonstrating double labeling,
[3H]dThd represents the number of cells only showing [3H]dThd incor

poration, BrdUrd represents the number of cells only revealing BrdUrd
incorporation, and ! represents the time interval between the two labels.

The TC was determined by using the formula described previously
(21) as follows:

rsxGF

where GF represents growth fraction as measured by 5C2 and LI
represents the percentage of S-phase cells.

RESULTS

Induction of Differentiation in HL-60 Cells

Morphological Changes. In the absence of an inducing agent,
cultured HL-60 cells were predominantly promyelocytes (85%);
however, 11% of the cells showed spontaneous differentiation
to more mature forms of granulocytes with the appearance of
myelocyte, metamyelocytes, banded, and segmented neutro-
phils (Table 1). Retinoic acid induced striking changes in the
differential of HL-60 cells characteristic of terminal differentia
tion of myeloid cells. After 5 days of incubation in IO"6 M (1
/Â¿M)retinole acid, there was a significant "shift to the right"

with the majority of cells resembling maturing myeloid forms
(Table 1).

Functional Changes as Measured by Superoxide Generation
and NBT Reduction. In order to show the level of functional
differentiation of uninduced and retinole acid-induced HL-60
cells, both were stimulated by PMA to generate Superoxide.
The Superoxide level generated by retinoic acid-induced HL-60
cells were much higher than that generated by the control group
(Fig. 1). Increased amounts of NBT-positive cells were observed
in retinoic acid-induced HL-60 cells at the end of 96 h, the
percentage of NBT-positive cells being 76% (Fig. 2). Once
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Table 1 Cell counts, viability, and differential counts of HL-60 cells with and without retinole acid induction
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Fig. 1. Superoxide generation of HL-60 cells after induction with retinoic

acid. Ordinate, changes in absorbance at 550 nm of incubated reaction mixtures
which are inhibited by 60 *igof Superoxide dismutase.
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Fig. 2. NBT reduction of HL-60 cells after induction with retinoic acid.

Table 2 Percentage of cycling cells as measured by the monoclonal antibody 5C2
and the expression of pi 45 nucleolar antigen in HL-60 cells during

differentiation induced by retinoic acid

ControlTime

(h)0

2448

72
96%ofpl4562

61
605855%of5C295

90
93
8582Retinoic

acid%ofpl4562

48
34
204%of5C295

75
54
45
40

again, the experimental control group showed less than 10%
NBT-positive cells at each time point.

Cell Cycle Kinetic Changes

Measurement of Cell Cycle-related Proteins. The percentage
of 5C2-positive cells gradually decreased at each time point in
retinoic acid-induced HL-60 cells from 95% at 0 h to 40% at
96 h (Table 2). The experimental control group showed very
little reduction in 5C2. The reduction in pl45-positive cells
from 0 to 96 h showed a similar trend as that observed in the
5C2 studies. Again, decreasing numbers of pl45-positive cells
were noted in each time point in the retinoic acid-induced

in the control group (Table 2).
Changes Observed in LI, /'s, and '/'<during Differentiation of

HL-60 Cells. These slides were coded so that the examiner did
not know which sample belonged to what time point. Two
separate observers (S. G. and A. R.) independently counted
many of the slides and upon decoding, a very small difference
(<5%) of error was noted between the two examiners.

The addition of 13-c/s-retinoic acid to the culture medium
was associated with marked changes in all three parameters,
the LI, 7"s, and 7"c. These data are presented in Table 3. The
LI, 7"s,and Tc values of control cells did not change significantly

from 0 to 96 h. In the retinoic acid-treated group, on the other
hand, a marked decrease in the LI as well as a gradual prolon
gation of 7"swere observed. The LI decreased from 56% at 0 h

to 20% at 96 h, while the 7s was prolonged from 13 to 34 h by
the end of the experiment. It seems therefore that as the cells
begin to differentiate, not only are fewer cells entering S phase,
they are also taking longer to complete DNA synthesis.

The determination of the number of cells which have gone
out of cycle becomes highly significant at this point in order to
obtain an accurate estimation of true cycling characteristics. As
already mentioned, we measured the percentage of cycling cells
or GF by using the monoclonal antibody 5C2. Table 3 also
shows the GF and calculations of total Tc by using this value.
In the control group, the GF did not vary much, and conse
quently the cTc remained relatively similar to the Tc calculated
by assuming all cells to be in cycle. However, in the retinoic
acid group, the GF decreased from 95% at 0 h to 40% at 96 h,
therefore a much greater difference in 7"cand cTc were observed.

It can be seen from Table 3 that as the cells began to differen
tiate under the influence of retinoic acid, the LI decreased, the
7S became longer, and the corrected cycling time increased
from 22 h at 0 time to 68 h at the end of the experiment. If the
labeling index is corrected by the value of GF, similar cTc
values are obtained. For example, at 96 h in the retinoic acid
group, 20% cells were in S phase. However, since the percentage
of cycling cells was only 40%, therefore the true LI was 50%.
The duration of S phase at 96 h in this group was 34 h. Thus
the total cycling time (34/0.5 = 68 h) calculated by this cor
rected LI is again 68 h. Thus we conclude that as HL-60 cells

Table 3 Changes in cell cycle characteristics of HL-60 cells following induction
of differentiation with retinoic acid

ControlTime

(h)0

24
4872

96LI(%)56

45
44
4650Ts

(h)13

13
17
1617Tc(h)23

29
39
35
34GF(%)95

90
93
85
82cT<

(h)22

26
36
30
28LI(%)56

45
3627

20Retinoid

AcidTs

(h)13

162630

34rc(h)23

36
72

111170GF(%)9575
54
45
40cT,

(h)22

27
39
50
68
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undergo differentiation, the growth fraction decreases and both
the duration of S phase and total cell cycle time become longer.
Fig. 3 graphically demonstrates the relationship of these cell
cycle characteristics during differentiation along with the
expression of cell cycle-related proteins.

DISCUSSION

Two apparent abnormalities are readily identifiable in malig
nant cells as compared to their normal counterparts, namely
increased proliferation and a loss of maturation. Both these
characteristics have been extensively studied in patients with
AML; however, direct and incontrovertible evidence linking
either abnormality to course of the disease or response to
chemotherapy is still lacking. One serious impediment in estab
lishing a definitive role for these phenomena relates to our
inability to examine the leukemic cells repeatedly during their
course in vivo. Similar studies in vitro are also inconclusive
because, while the leukemic cells grow well enough in vivo to
constitute a fatal illness, their growth in vitro is restricted to a
few cell divisions. In a setting like this, 111.-60 cells serve as a
useful model system. Using this cell line, we have addressed
various aspects of proliferative characteristics in myeloid cells
and the changes that occur in these characteristics during the
process of maturation. For example, does the commitment of
an HL-60 cell to differentiate at the promyelocytic level imply
automatically that it will directly proceed to become a mature
granulocyte? Or, does commitment to differentiation necessar
ily mean a loss of proliferation? To define the manner in which
the proliferative characteristics are affected by a commitment
to differentiate, we used retinoic acid to induce differentiation
in HL-60 cells and measured the cycling properties of these
cells at 24,48,72, and 96 h. A control group was simultaneously
assessed for similar parameters in which no retinoic acid was
added.

That the HL-60 cells underwent differentiation into mature
granulocytes by 96 h in response to retinoic acid is abundantly
clear from the morphological, cytochemical, and functional
studies reported in this paper. Several interesting observations
were made regarding cell cycle kinetics during the process of

5C2% 10Or
Pt45%
LI% 90

24 48 72
Time(h)

96

Fig. 3. Changes observed in cell cycle kinetics during differentiation of HL-
60 cells under the influence of retinoic acid. 5C2, Cells that express pi 10; P145,
Cells that express pl4S.

differentiation. Firstly, a precise measurement of the growth
fraction or the percentage of cycling cells was attempted by
identifying cycle-specific proteins in individual cells. While the
importance of measuring the percentage of cycling cells in a
tumor has been apparently for a long time, methods to perform
these measurements have been inadequate. Attempts to quan
tify the number of cycling versus quiescent cells were made with
continuous infusions of radiolabeled thymidine for up to 3
weeks (22). The problem with this method is that even if every
cell in the bone marrow of a patient with AML is labeled at the
end of 10 days, it does not mean that the growth fraction at
that instant is 100%, since many cells may have become quies
cent following incorporation of the label 7-10 days previously.
Thus a continuous infusion of [3H]dThd or BrdUrd cannot

provide an accurate growth fraction measurement. Recently,
monoclonal antibodies have been developed against cycle-spe
cific proteins in order to determine the growth fraction in a
population of cells. We have used two such cycle-specific pro
teins to study HL-60 cells during a period of exponential growth
as well as during maturation under the influence of retinoic
acid. Since no independent method to validate the growth
fraction exists at the present time, we expect that the question
of how faithfully these antibodies measure the cycling cells can
only be answered in a clinical setting. For example, do AML
patients with a low growth fraction differ from those with a
high growth fraction either in the natural history of the disease
(slowly growing versus rapidly progressive leukemia) or re
sponse to therapy? Nevertheless, the following interesting bio
logical observations were made with cycle-specific proteins in
HL-60 cells as they were induced to differentiate under the
influence of retinoic acid.

The antibody 5C2 described by Black et al. (10) identifies a
nuclear protein with a molecular weight of 110,000, which is
probably a component of the DNA polymerase a-2 complex.
Similar to previous reports, we have also demonstrated repeat
edly the absence of M, \ 10,000 protein (pi 10) in normal resting
lymphocytes (Go) and granulocytes.4 Upon phytohemagglutinin

stimulation of normal lymphocytes, the protein was noted to
appear within 24 h and persisted throughout the cell cycle
thereafter. In addition, Black et al. (10) have demonstrated the
presence of pi 10 in all tumor cell lines investigated, thereby
showing that the expression of this protein is associated with
normal as well as tumor cells that are cycling. Using the
monoclonal antibody 5C2 to detect the pi 10 in cycling cells,
we found that the growth fraction of HL-60 cells was 95% at 0
h and ranged from 82 to 93% at different time points in the
control group (Table 2). In the retinoic acid-treated group,
however, the growth fraction gradually decreased from 95% at
0 h to 40% at 96 h, indicating that 60% cells were quiescent by
96 h. It is interesting to look at the converse, i.e., the 40% of
cells which were still cycling at 96 h. These cells were morpho
logically in various stages of maturation. Thus it is apparent
that commitment to differentiate on the part of a cell does not
necessarily imply immediate exit from the cell cycle. Rather,
the cell which is committed to differentiate may complete many
rounds of DNA replication before becoming terminally mature.
Using the differential staining pattern of sister chromatids with
bromodeoxyuridine, we have already demonstrated that all
mitotic HL-60 cells by the ninth day of retinoic acid treatment
had completed at least three rounds of DNA synthesis (23).
The observation made in the present report that almost one-
third of the HL-60 cells are still in cycle at 96 h as measured

4 Unpublished observations.
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by 5C2 confirms our previous findings. In addition, Freeman
et al. (11) have shown that the cell numbers plateaued by 108
h in HL-60 cells undergoing differentiation in response to
retinoic acid. Our own data (Table 1) on cell counts reveal
similar results. Despite this apparent arrest in proliferation,
40% cells were still positive for 5C2 at 96 h. The explanation
for this inconsistency becomes apparent if we look at the cycling
time of HL-60 cells by 96 h of retinoic acid stimulation which
is almost three times longer than that of the control group.
Thus in addition to the fact that less than 50% cells were in
cycle at 96 h, because of the prolonged cycling time, the cell
number is not expected to increase for several days.

The second cell cycle-related protein studied was M, 145,000
nucleolar protein antigen p 145. Using a monoclonal antibody
developed to detect p 145, Freeman et al. (11) have demon
strated that while p 145 was found in a variety of cancer cells,
it was not detectable in most normal resting tissue. Addition
ally, p 145 which was expressed in cycling HL-60 cells was
noted to disappear in differentiated HL-60 cells (11), suggesting
that the expression of p 145 is directly related to cycling poten
tial. We found that even though p 145 also measures the per
centage of cycling cells, the data obtained by 5C2 and p 145 do
not provide the same information. For example, at 0 h, the GF
as measured by 5C2 is 95%, whereas only 62% cells express
p 145. Similarly, following induction of differentiation by reti
noic acid, 40% cells continued to be positive for 5C2 at 96 h,
yet cells expressing p 145 decreased to 4%. There are several
possible interpretations for these data.

First, p 145 is a nucleolar antigen, while 5C2 detects a nuclear
protein. As cells undergo differentiation, the nucleolus changes
from a functionally active one to a hypoactive one (18, 24); thus
p 145 expression disappears while 5C2 can still detect the nu
clear protein pi 10. Second, it is possible that the expression of
p 145 is associated with the "proliferative potential." In this

case, as the cell undergoes differentiation, it loses its infinite
proliferative potential even though it may be able to go through
several cycles before becoming terminally mature. In this situ
ation again, p 145 expression would be lost early while 5C2 may
continue to be positive as the cell undergoes its final few rounds
of DNA replication. If we consider the presence of a high
proliferative potential to be more unique to cancer cells as
opposed to most normal cells (of course with many exceptions,
like spermatogonia, basal layer of skin, etc.), then p 145 may
serve as a very useful marker to identify such clones of cells.
Since the c-myc protein may also be related to the proliferative
potential of a cell, we have now developed a double-labeling
method to study the nucleolar expression of p 145 and the
nuclear amount of c-myc protein (detected by a polyclonal
antibody) from individual cells. These studies along with meas
uring the self-renewal capacity of cells expressing p 145 in vitro
will hopefully provide further insight into the relationship of
p 145 expression and the proliferative potential of a cell. We
are also measuring 5C2 and p 145 expression simultaneously in
freshly obtained human leukemic cells from patients with mye-
loid leukemias. As the expression of these proteins is being
measured at the time of diagnosis, during complete remission,
and finally at relapse of AML, the clinical significance of these
findings are becoming apparent.*

While it has been shown repeatedly in the past that the
commitment of HL-60 cells to differentiate is related to a
decrease in thymidine accumulation and loss of proliferation,
the exact effects on the durations of various phases of the cell

' Manuscript in preparation.

cycle have not been defined. By using our double-labeling
technique, we were able to measure the duration of S phase at
different time points under retinoic acid stimulation. It is im
portant here, to remember that this measurement is not affected
at all by the number of cells going out of cycle, since only
positively labeled cells are counted, be they double labeled or
single labeled. Hence, 7s is the most reliable measurement as
opposed to LI or TV,both of which are directly affected by the
number of noncycling or Go cells. Data presented in this paper
demonstrate that the duration of S phase is gradually prolonged
in more mature myeloid cells, an observation that corroborates
similar findings by previous investigators in humans (25).

If the measurement of GF by 5C2 is a reliable guide of the
number of cycling cells, then addition of these data to the LI
and TV values provide very interesting results. While the LI
seems to decrease dramatically from 56 to 20% in retinoic acid-
stimulated cells by 96 h (Table 3), if corrected for the GF
measured by 5C2, the actual value of LI of only the cycling
cells at each time point is 59, 50,47, 54, and 61 %, respectively,
from 0 to 96 h. In other words, no dramatic change is noted in
the percentage of cells entering S phase during maturation if
only cycling cells are taken into account, even though the S
phase itself is almost three times longer by 96 h.

The total cell cycle times are clearly prolonged as the cells
mature increasing from 22 to 68 h (Table 3). To answer whether
this prolongation is a result of a longer Ts or whether cells
spending more time elsewhere in the cycle, we need to know
the time spent by cells in (>, phase. This can be calculated
because the durations for 62 and mitosis are fixed in mamma
lian cells (approximately 1 to 3 h total) (7, 26). Hence Ts plus
3 h subtracted from TVwould provide the duration of GÃ¬phase.
It can be seen from Table 3 that the calculated G, with this
formula would be 6, 8, 10, 17, and 31 h, respectively, from 0 to
96 h in the retinoic acid group. Hence, it is clear that as the
HL-60 cells differentiate, the total cell cycle time is prolonged
as a direct consequence of both the /', and GÃ¬phases being

longer, while the LI of the cycling cells does not seem to be
affected.

In summary therefore, we induced HL-60 cells to differentiate
toward the granulocytic pathway in response to retinoic acid
and measured the changes in cell cycle characteristics of these
cells as they underwent maturation at 24, 48, 72, and 96 h. We
showed that as these cells differentiate, the growth fraction
decreases and the total cycling time is prolonged, which results
from a lengthening of both S and GÃ¬phases. These data indicate
that more mature myeloid cells have slowly cycling properties
as compared to immature myeloid cells. We are now developing
a similar data base on freshly obtained human leukemic cells
from patients with myeloid leukemias. We hope that informa
tion thus collected will provide more insight into the biology of
the disease and may help us in eventually improving therapies.
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