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ABSTRACT Polyamine levels were evaluated in human HL-
60 promyelocytic leukemia cells after treatment with inducers of
terminal differentiation. Differentiation in these cells was deter-
mined by increases in the percentage of morphologically mature
cells and in lysozyme activity. Treatment of the HL-60 cells with
phorbol 12-myristate-13-acetate (PMA), phorbol 12,13-dideca-
noate or other inducers of terminal differentiation such as di-
methylsulfoxide and retinoic acid resulted in increased levels of
putrescine. However, no increase in putrescine could be detected
after PMA treatment of a HL-60 cell variant that exhibited a de-
creased susceptibility to PMA-induced terminal differentiation.
Similarly, no increase in putrescine was observed with two non-
tumor-promoters (phorbol 12,13-diacetate and 4-O-methyl-PMA)
or with anthralin, a non-phorbol tumor promoter. In addition to
enhancing putrescine levels, PMA also increased the amount of
spermidine and decreased the amount of spermine. The increase
in putrescine and spermidine preceded the expression of the var-
ious differentiation markers. Unlike the changes observed in the
olyamine levels after PMA treatment, the activities of ornithine
and S-adenosylmethionine decarboxylases, which are polyamine
biosynthetic enzymes, did not significantly change. a-Methylor-
nithine and a-difluoromethylornithine and methylglyoxal
bis(guanylhydrazone), which are inhibitors of the polyamine bio-
synthetic enzymes, did not affect differentiation in control or
PMA-treated cells. Because of these observations, we suggest that
the change in polyamine levels involve biochemical pathways other
than the known biosynthetic ones. By-products of these pathways
may perhaps be the controlling factors involved in the induction
of terminal differentiation in the HL-60 and other cell types as
well.

Phorbol 12-myristate-13-acetate (PMA) and related phorbol
diesters, which are plant diterpenes (1), promote the formation
of skin tumors after initiation by a low dose of a carcinogen (2,
3). In some cultured cell types, these phorbol esters inhibit
spontaneous or induced terminal differentiation (4-11). In
other cells (12-16), including the human HL-60 promyelocytic
leukemia cells (17-20), rather than inhibiting, they can induce
such a change. Differentiation in the HL-60 cell line can be
characterized by inhibition of cell growth, attachment of cells
to the surface of Petri dishes (17-19, 21), changes in cell struc-
ture (17, 19, 20), increase in percentage of phagocytizing cells
(17), and stimulation of acid phosphatase and lysozyme activities
(19, 20, 22). In addition to inducing these phenotypic changes,
PMA induces the expression of quiescent ribosomal RNA genes
in ahuman-mouse hybrid cell line (23). Thus, the PMA-induced
terminal differentiation may result from alterations in the
expression of genes associated with the differentiated state.

The physiologically occurring polyamines putrescine, sper-
midine, and spermine (24, 25) (Fig. 1) have been shown to be

involved in the regulation of cell growth (24-27) and in tumor
promotion (28). It was also recently suggested that they may
play a role in the control of cell differentiation (29-32; t). The
present studies therefore were undertaken to determine the
possible involvement of polyamines in the control of cell growth
and differentiation in human HL-60 promyelocytic leukemia
cells that can be induced to differentiate by various agents in-
cluding the tumor-promoting phorbol diesters.

MATERIALS AND METHODS

Chemicals. PMA, phorbol 12,13-diacetate (PDA), phorbol
12,13-didecanoate (PDD), and 4-0-methylphorbol 12-myris-
tate-13-acetate (4-0-MePMA) were obtained from Peter Borch-
ert (University of Minnesota, Minneapolis, MN). The phorbol
esters were dissolved in a final concentration of 0.1% dimethyl
sulfoxide; dimethyl sulfoxide at this concentration in culture
medium did not affect cell growth, phagocytosis, lysozyme ac-
tivity, morphological differentiation, or polyamine levels. Pu-
trescine, spermidine, spermine, and dimethyl sulfoxide were
obtained from Sigma, a-methylornithine was from Calbiochem,
and methylglyoxal bis(guanylhydrazone) (MGBG) was from
Aldrich. a-Difluoromethylornithine (F2MeOrn) was a gift from
the Centre de Recherche Merrell International (Strasbourg,
France). DL-[1-'4C]Ornithine (50 mCi/mmol; 1 Ci = 3.7 x 10'0
becquerels), and S-[carboxyl-'4C]adenosyl-L-methionine (55
mCi/mmol) were purchased from New England Nuclear.

Cells and Culture Conditions. The human promyelocytic
HL-60 leukemia cells (33) were provided by R. C. Gallo (Na-
tional Cancer Institute, Bethesda, MD). The cells were cul-
tured in bacterial plastic Petri dishes (no. 1007, Falcon) in
RPMI-1640 medium plus 20% fetal calf serum supplemented
with penicillin (100 units/ml) and streptomycin (100 ,tg/ml)
(GIBCO). For the polyamine and lysozyme determination,
materials pooled from 5-10 100-mm Petri dishes were used.
Each Petri dish was inoculated with 2 x 106 cells in logarithmic
growth in 9 ml of medium and was treated with the phorbol
esters or other compounds 24 hr later.

Evaluation of Morphological Differentiation. For mor-
phological assessment of cell differentiation, control and

Abbreviations: PMA, phorbol 12-myristate-13-acetate (12-0-tetrade-
canoylphorbol 13-acetate); PDA, phorbol 12,13-diacetate; PDD, phor-
bol 12,13-didecanoate; 4-0-MePMA, 4-0-methylPMA; ODCase, or-
nithine decarboxylase; AdoMetDCase, S-adenosylmethionine
decarboxylase; F2MeOrn, a-difluoromethylornithine; MGBG, meth-
ylglyoxal bis(guanylhydrazone).
* To whom reprint requests should be addressed.
t Weeks, C. E., Slaga, T. J. & Huberman, E., Third International Con-
ference on Differentiation: Differentiation and Neoplasia, Minne-
apolis, MN, Aug. 28-Sept. 1, 1978, p. 45 (abstr.).
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FIG. 1. Scheme of mammalian polyamine biosynthetic pathways.

treated cells were removed from the Petri dishes, centrifuged,
and resuspended in 1 ml of growth medium. Aliquots (=0.1 ml)
of the cell suspension were spread on a glass slide, air dried,.
and stained with Wright/Giemsa. Differential cell counting
was performed on 200-400 stained cells from at least two prep-

arations for each experimental point.
Determination of Lysozyme Activity. Control and treated

cells were harvested and washed twice with phosphate-buffered
saline for determination of lysozyme activity (34). The cell pel-
lets were lysed for approximately 10 min at 370C in 1 ml of 67
mM potassium phosphate, pH 6.24/0.2% Triton X-100. Cell
debris was removed by centrifugation at 500 X g for 5 min.
Lysozyme activity was determined by a decrease in turbidity
of a cell suspension of Micrococcus lysodeikticus (OD at 450 nm)
at 250C, as described in Sigma Bulletin L-6876. The reaction
mixture (3 ml) contained 1.3 ml of substrate (0.3 mg of bacteria
per ml in phosphate-buffered saline), 0.2 ml of cell lysate, and
1.5 ml of 67 mM potassium phosphate, pH 6.24/0.2% Triton
X-100. The growth medium from which the cells had been har-
vested was also assayed for lysozyme activity. To determine this
activity, we used 1.3 ml of substrate, 0.5 ml of growth medium,
and 1.2 ml of buffer. The ,ug equivalent of lysozyme activity
was estimated by comparing its activity to that of a standard
activity curve for purified hen egg white lysozyme (Sigma prod-
uct L-6876). Results are expressed as total amount of lysozyme
in ,ug equivalents per 107 cells per 10 ml of medium. The ac-

tivity of lysozyme released by the HL-60 cells into the culture
medium did not change upon incubation at 37°C for 5 days in
a humidified incubator.

Polyamine Analysis and Ornithine and S-Adenosylmethio-
nine Decarboxylase Assays. Ornithine decarboxylase (ODCase)
and S-adenosylmethionine decarboxylase (AdoMetDCase) were

determined by measuring the release of "4CO2 from DL-[1-
'4C]ornithine and S-[carboxyl-'4C]adenosyl-L-methionine, re-

spectively (35, 36). Polyamines were quantitated by high-pres-
sure liquid chromatography of dansylated derivatives as de-
scribed (35). Cells were harvested and washed three times in
cold phosphate-buffered saline and then lysed by two freezing/
thawing in dry ice/acetone in 0.5 or 1.0 ml of 50 mM sodium/
potassium phosphate, pH 7.2/5mM dithiothreitov0.1 mM

EDTA/0.2 mM pyridoxal 5'-phosphate for ODCase activity
assessment or lysed in 0.3 M HC104 for polyamine analysis (35).
Putrescine-stimulated AdoMetDCase activity was measured by
modification of reported methods (36). Putrescine was added,
in 1.0 ml final volume, at 2.5 mM and S-adenosylmethionine
at 0.2 mM (0.4 uCi of ['4C]adenosylmethionine). Aliquots
(0.1-0.2 ml) of the supernatant obtained after centrifugation at
20,000 X g for 30 min were used for the assays. ODCase and
AdoMetDCase activities are expressed as nmol of CO2 per mg
of protein per hr and per 30 min, respectively, and polyamine
values are nmol of polyamine per mg of DNA (determined by
the diphenylamine reaction).

RESULTS

Cell Differentiation and Alteration in Polyamine Levels In-
duced by PMA. During a 24-hr period of growth in suspension,
untreated HL-60 promyelocytic leukemia cells contained about
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cells (Fig. 2). About 50-75% of this activity was detected in the

cells, and the remainder was in the culture medium. During
this period, putrescine decreased from about 10 to 3 nmol/mg
of DNA; spermidine decreased after 12 hr from about 60 to 50

nmol/mg of DNA (Fig. 3).
After a lag period of 9 hr, PMA at a dose of 0.5 nM, which

completely inhibited cell replication, caused the attachment of

the HL-60 cells to the surface of the Petri dish and increased
the percentage of morphologically mature cells and lysozyme
activity. By 24 hr after PMA treatment, the cells consisted of

60% morphologically mature cells and exhibited 50tg equiv-

alent of lysozyme activity per 1i0 cells (Fig. 2). Of this activity,
only a small fraction (0.5-1.5 pgequivalents per 107 cells) was

detected in the cells. These results indicate that PMA not only
increased lysozyme activity in the HL-60 cells but also caused

its release to the medium.
In addition to these changes, PMA caused an increase in the

levels of putrescine and spermidine. After 3 hr of treatment
with 0.5 nM PMA, the amount of putrescine increased from

about 8 to 15 nmol/mg of DNA, reaching a plateau after 9 hr

of treatment (Fig. 3A). The increase in putrescine levels was

dose dependent and by 12 hr after treatment with 2 nM PMA,

putrescine was increased to 20 nmol/mg of DNA (Fig. 3D).

Spermidine levels were also enhanced from about 60 to 75 nmol/
mg of DNA by 12 hr, after which no further increase was ob-

served. Unlike putrescine and spermidine, no increase in

spermine levels could be detected after PMA treatment. On the

contrary, in the period between 9 and 24 hr after PMA treat-

ment, spermine decreased from 65 to 50 nmol/mg of DNA

(Fig. 3C). During these experiments, no significant changes in

the polyamine levels could be detected in the growth medium.

These results indicate that PMA treatment caused an in-

crease in putrescine and spermidine in the HL-60 cells and this

increase could be detected prior to the expression of the dif-
ferentiation markers such as cell attachment, morphological
maturation, and increase in lysozyme activity.
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FIG. 3. Level of putrescine (A), spermidine (B), and spermine (C)
in HL60 cells at different times after treatment with 0.5 aM PMA
(D) Amount of putrescine at 12 hr after treatment with PMA at dif-
ferent concentrations. The increased level of putrescine and spermi-
dine as well as the decrease in spermine were highly reproducible in
six separate experiments. The above results represent data from a typ-
ical experiment. *, PMA, 0, control.

Increase in Putrescine Levels by Other Inducers of Ter-
minal Differentiation. Putrescine levels in the HL-60 cells
were also determined after treatment with PDD, another tu-
mor-promoting phorbol diester, and with two non-tumor-pro-
moting phorbol diesters, PDA and 4-O-MePMA. In addition,
we included in our analysis a non-phorbol diester tumor pro-
moter, anthralin (37) as well as dimethyl sulfoxide and retinoic
acid, which are not generally considered to be tumor promoters
although the latter has been found to enhance UV-induced skin
carcinogenesis (38). Dimethyl sulfoxide and retinoic acid (33,
39), unlike anthralin, can induce terminal differentiation in the
HL-60 cells. Anthralin at 4 mM inhibited the growth of HL-60
cells but did not produce an increase in the percentage of mor-
phologically mature cells; neither did it increase lysozyme ac-
tivity, indicating that inhibition of cell growth is not sufficient
to induce differentiation in the HL-60 cells. PMA, PDD, di-
methyl sulfoxide, and retinoic acid, all of which can induce ter-
minal differentiation in HL-60 cells, yielded putrescine levels
that were higher than control (Table 1). PDA, 4-O-MePMA and
anthralin, which are not inducers of differentiation in these
cells, did not exhibit such an effect. These results suggest that
a relationship can be established between the ability of chem-
icals, including phorbol diesters, to induce terminal differen-
tiation in the HL-60 cells and their ability to cause an increase
in cellular levels of putrescine.

Polyamine Levels in HL-60 Cells with a Decreased Suscep-
tibility to the Induction of Differentiation by PMA. A cell var-
iant, designated R-20, resistant to the growth inhibition effect
of PMA was isolated by culturing the HL-60 for 20 subcultures
(5- to 8-day intervals) in the presence of 0.5 nM PMA. These
variant cells exhibit a decreased susceptibility to PMA induction
of morphological maturation and enhancement of lysozyme ac-
tivity. Likewise, these cells did not show an increase in pu-
trescine levels after PMA treatment (Table 2). However, like
the parent HL-60 cells, these cells could be induced to differ-
entiate by other inducers such as retinoic acid and dimethyl
sulfoxide.

Proc. Natl. Acad. Sci. USA 78 (1981)
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Table 1. Relationship between morphologically mature HL-60 cells
and putrescine level after various treatments

Tumor- Morphologically
promoting mature Putrescine,

Treatment* activity cells, %t nmol/mg DNA*
Anthralin + 11 3
PDA - 12 3
4-O-MePMA - 15 4
PDD +++ 70 10
PMA +++ 85 13
Me2SO - 80 8
Retinoic acid - 85 9

* The HL-60 cells were treated with phorbol esters at 0.5 nM, dimethyl
sulfoxide (Me2SO) at 0.2 M, retinoic acid at 1 p;M, and anthralin at
0.4 mM.

t The percentage of the morphologically mature cells was determined
2 days after incubation with phorbol diesters and 5 days after incu-
bation with dimethyl sulfoxide, retinoic acid, or anthralin. The con-
trol contained 12% and 15% mature cells after 2 and 5 days, respec-
tively. In contrast to the phorbol diesters, dimethyl sulfoxide and
retinoic acid gave a higher fraction of cells with banded and seg-
mented nuclei.

* Putrescine levels were determined 12 hr after treatment with the
inducer. The control value was 4 nmol/mg of cellular DNA. The dif-
ferences in putrescine values between treated and control were
highly reproducible in four separate experiments. The above results
represent data from a typical experiment.

The relationship between the ability of four phorbol diesters,
anthralin, dimethyl sulfoxide, and retinoic acid to act as induc-
ers of terminal differentiation and their ability to stimulate pu-
trescine levels in the HL-60 cells and the absence of increased
putrescine levels in the PMA-resistant cells suggests that the
alterations in polyamine levels are associated with the induction
of cell differentiation in the HL-60 cells.

Polyamine Biosynthesis Enzyme Activities. To determine
whether the increase in putrescine levels was due to a stimu-
lation of polyamine biosynthetic enzymes, we tested ODCase
and AdoMetDCase activities in both the control and PMA-
treated HL-60 cells. During the 1.5-9 hr after treatment with
0.5 nM PMA, the ODCase activities from the control and
treated cells were similar, -1.5 nmol of CO2 per mg of protein
per hr. By 24 hr, these activities decreased to about 0.5 nmol
of CO2 per mg of protein per hr. These results suggest that the
increase in putrescine induced by PMA is not due to a stimu-
lation of ODCase activity. We have also tested F2MeOrn, an
irreversible ODCase inhibitor (40), for its effect on polyamine
biosynthesis and cell differentiation in HL-60 cells. F2MeOrn
at 1-5 mM was added 2 hr prior to treatment with PMA and
was present during a 12-hr period of the PMA treatment for
polyamine analysis and a 48-hr period for cell differentiation
assessment. F2MeOrn decreased putrescine in the control and
PMA-treated HL-60 cells to undetectable levels, decreased
spermidine to less than 50% of its normal levels, and inhibited
cell growth but did not affect control or PMA-induced cell dif-
ferentiation. As in the case of F2MeOrn, the reversible ODCase

inhibitor a-methylomithine (26, 27, 41) did not affect cell dif-
ferentiation. This indicates again that a decrease in cell prolif-
eration is not always associated with differentiation in these
cells. The effect of PMA on AdoMetDCase activity was negli-
gible over a 24 hr period after treatment. Values in control- and
PMA treated cultures ranged from 0.3 to 0.6 nmol of CO2 per
mg of protein per 30 min. The AdoMetDCase and diamine ox-

idase inhibitor MGBG (36), at 1-100 AM did not alter spon-
taneous or PMA-induced cell differentiation when tested under
conditions similar to those described for F2MeOrn.

DISCUSSION

In the present studies we have shown that chemicals such as

the phorbol diesters PMA and PDD, which are potent tumor
promoters (1, 17-20), and other inducers of terminal differ-
entiation in the HL-60 cells such as dimethyl sulfoxide (33) and
retinoic acid (39) can cause an increase in the cellular level of
putrescine. Such an increase in putrescine after treatment with
PMA could not be detected in an HL-60 cell variant which ex-

hibited a decreased susceptibility to PMA-induced terminal
differentiation. Other chemicals, such as the non-phorbol ester-
type tumor promoter anthralin (37) and the non-tumor-pro-
moting phorbol diesters 4-O-MePMA and PDA (1), which do
not induce terminal differentiation (17-20), were inactive. The
enhancement of putrescine levels by PMA preceded the
expression of the various differentiation markers such as an in-
crease in morphological mature cells, increase in lysozyme ac-

tivity, and cell attachment (17-22).
It has been suggested that, in mammalian cells, increased

ODCase activity and polyamine levels may be a prime factor
in the stimulation of DNA synthesis and cell replication (24, 25,
42), although in some studies a dissociation between ODCase
activity and DNA synthesis was observed (43, 44). PMA treat-
ment, which in the HL-60 cells inhibits DNA synthesis (21) and
cell growth and induces terminal differentiation (17-20), causes

an increase in putrescine and spermidine levels and a decrease
in the level of spermine without affecting ODCase and
AdoMetDCase activities. These results suggest that the in-
crease in putrescine and spermidine levels may involve bio-
chemical pathways other than the known biosynthetic ones

(Fig. 1). Our preliminary studies with labeled putrescine and
spermine indicated that the synthesis of polyamines in the HL-
60 cells can follow the known route of putrescine to spermine
via spermidine as well as the reverse cycle from spermine to
spermidine (Fig. 1). However, no significant conversion of
spermidine to putrescine could be detected (unpublished data).
Thus, the putrescine increase could occur by another, as yet
unknown, pathway. The decrease of spermine levels in the
PMA-treated cells, which may result from an increase in the
conversion of spermine to spermidine with liberation of an

aminoaldehyde and H202 (Fig. 1) (45), perhaps may be a con-

trolling factor in PMA-induced cell differentiation. It therefore
would be of interest to study these products, as well as 5'-meth-
ylthioadenosine, the by-product of spermidine and spermine

Table 2. Putrescine levels and induction of terminal differentiation in HL-60 cells and in PMA-resistant R-20 cells after
treatment with 0.5 nM PMA

Cells, no. Morphologically Lysozyme, yg Putrescine,
x 10-6 mature cells, % equiv./107 cells nmol/mg DNA

Treatment HL-60 R-20 HL-60 R-20 HL-60 R-20 HL-60 R-20

Control 6.3 7.2 12 10 2.3 2.0 4 6
PMA 0.8 5.9 85 25 96 12 16 7

Cell growth, morphological differentiation, and lysozyme activities were determined 2 days after treatment PMA; putrescine
was measured after 12 hr of treatment.

Cell Biology: Huberman et aL
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biosynthesis (24, 25), for their effect on cell growth and cell
differentiation in the HL-60 cells. Another factor influencing
the altered polyamine levels observed afterPMA treatment may
be changes in polyamine acetylation patterns'(25).
An interesting possibility is that PMA alters polyamine levels

by affecting transglutaminases that can use polyamines as their
physiological substrates (46). These enzymes alter membrane
and receptor functions (47, 48) which in turn may change the
cells' response to natural inducers of differentiation present in
the serum used for the cell-cultures (49, 51)..Such possibilities
may explain why ODCase inhibitors a-methylornithine and
F2MeOrn and the AdoMetDCase inhibitor MGBG did not
change the differentiation patterns in both control and PMA-
treated cells. If, on the other hand, the polyamine changes are
simply a consequence of the induced differentiation, the fact
remains that changes in their levels precede inhibition of
growth, changes in cell appearance, and lysozyme activity.
Thus, they may at least serve as early markers of differentiation
in HL-60 cells and perhaps other cell types.

This research was sponsored jointly by the National Cancer Institute
under -Interagency Agreement 40-636-77, Environmental Protection
Agency under Interagency Agreement 79-D-X0533, and the Office of
iealth and Environmental Research, U. S. Department of Energy, un-
ler contract W-7405-eng-26 with the Union Carbide Corporation.
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