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ABSTRACT  Tumor-promoting phorbol esters affect the abil-
ity of mouse hematopoietic progenitor cells to form morphologi-
cally recognizable colonies in culture. They induce myeloid pro-
genitor cells to form colonies of the monocyte/macrophage type
in the absence of exogenous granulocyte/macrophage colony-stim-
ulating factor. Conversely, similar concentrations of tumor-pro-
moting phorbol esters inhibit the formation of colonies (bursts) by
early erythroid progenitor cells, even when the culture medium
contains saturating amounts of burst-promoting activity and eryth-
ropoietin. However, late erythroid progenitor cells, are not af-
fected by phorbol esters. Only a temporary (45 min) exposure of
marrow cells to phorbol esters is necessary to produce both stim-
ulation of myeloid colony growth and inhibition of erythroid burst
formation. Experiments with a radioactively labeled phorbol ester
indicate a high affinity for cellular binding sites. The ability of
various phorbol esters to stimulate myeloid colony growth and to
inhibit erythroid burst formation correlates well with their ability
to promote skin tumors in mice. The different responses of two
developmentally closely related hematopoietic progenitor cells to
the same phorbol esters indicate the usefulness of these substances
in the further analysis of regulatory events affecting hematopoiesis.

The ability of phorbol esters to promote the growth of tumors
in tissues initiated by exposure to a subthreshold dose of a car-
cinogen has been extensively documented (reviews in refs. 1
and 2). More recent observations that the same compounds also
affect the proliferation and differentiation of a wide variety of
cultured cells (1, 2) suggest that growth control in normal and
neoplastic cells share some mechanisms in common. It has been
proposed that phorbol esters influence proliferation and dif-
ferentiation by usurping the biological effects of endogenous
hormones and growth regulators (3). Unlike many physiological
regulators, phorbol esters are comparatively small and struc-
turally well-defined molecules, and strikingly similar correla-
tions between their structures and their biological activities
have been demonstrated in different experimental systems (1,
2). Therefore, phorbol esters hold promise as useful model sub-
stances for the analysis of growth control at the cellular and
molecular level.

The hematopoietic system of the adult organism provides an
attractive example of precisely regulated cell growth because
the proliferative and differentiative activities of pluripotent and
committed stem cells are balanced to exactly meet the organ-
ism’s requirements for mature members of a particular lineage.
Three types of murine hematopoietic progenitor cells capable
of forming morphologically recognizable colonies in culture are
the subjects of this report: late erythroid progenitor cells [col-
ony-forming unit(s)—erythroid, CFU-E], early erythroid pro-
genitor cells [burst-forming unit(s)—erythroid, BFU-E] and

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U. S. C. §1734 solely to indicate this fact.

4402

granulocyte/macrophage (myeloid) progenitor cells [colony-
forming unit(s)—granulocyte/macrophage, CFU-GM]. Prolif-
eration of these three progenitor cells appears to be under the
control of at least three macromolecular growth regulators:
erythropoietin (4), burst-promotingactivity (5), and granulocyte/
macrophage colony-stimulating factor (GM-CSF) (6), respec-
tively. Small quantities of these growth regulators have been
obtained in highly purified form (5-7). However, because of the
extreme scarcity of homogeneous material, very little is known
about their mode of action.

Stuart and Hamilton (8) have shown that tumor-promoting
phorbol esters cause mouse bone marrow cells to form mono-
cyte/macrophage colonies even when no exogenous GM-CSF
was added to the culture medium. A stimulation of terminal
differentiation but not proliferation was observed also when
phorbol esters were added to the culture medium of a human
leukemia cell line (9). In the overwhelming majority of non-
hematopoietic, nontransformed cells, however, comparable
concentrations of tumortpromoting phorbol esters prevented
or delayed terminal differentiation (2). Therefore, it was of ob-
vious interest to determine whether the positive differentiative
response to tumor-promoting phorbol ester is unique to pro-
genitor cells of the myeloid pathway or whether it is a property
of other types of hematopoietic progenitor cells as well. Thus,
we studied the effects of phorbol esters on proliferation and
differentiation of early and late erythroid progenitor cells. A
preliminary report has been presented (10).

MATERIALS AND METHODS

Reagents. Phorbol and phorbol esters (P-L Laboratories)
were stored as 0.01 M stock solutions in dimethyl sulfoxide in
the dark at -15°C. Less concentrated working solutions were
prepared by serial dilutions in a-medium (Flow Laboratories,
McLean, VA). Tritiated 12-O-tetradeconoylphorbol 13-acetate
([20-*H(N)]TPA; 17.2 Ci/mmol; 1 Ci = 3.7 X 10" becquerels)
was obtained as a solution in toluene/ethanol (New England
Nuclear), 9:1 (vol/vol), dried under nitrogen, and dissolved in
dimethyl sulfoxide shortly before use. Methylcellulose (Meth-
ocel MC, 4000 cP; Tridom/Fluka, Buchs, Switzerland), fetal
calf serum (Irvine Scientific, Irvine, CA), sheep plasma eryth-
ropoietin (step III; Connaught, Willowdale, Ontario, Canada)
and a-medium were prescreened for their ability to optimally
support hematopoietic colony growth in culture. GM-CSF was
prepared from WEHI-3-conditioned medium (11) or L-cell-

Abbreviations: CFU-E, colony-forming unit(s)—erythroid; BFU-E,
burst-forming unit(s)—erythroid; CFU-GM, colony-forming unit(s)—
granulocyte/macrophage; GM-CSF, granulocyte/macrophage (mye-
loid) colony-stimulating factor; TPA, 12-O-tetradecanoylphorbol 13-
acetate; PDD, phorbol 12,13-didecanoate; PDBz, phorbol 12,13-di-
benzoate; PDA, phorbol 12,13-diacetate; 4a-PDD, 4a-phorbol 12,13-
didecanoate.
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conditioned medium (8). Catalase (34 units/mg) from bovine
liver and superoxide dismutase (3000 units/mg) from bovine
blood were purchased from Sigma, and mixed brain ganglio-
sides were from Supelco (Bellefonte, PA).

Cells. Unless indicated otherwise, bone marrow cells were
taken from the femurs of female B6D2F1 mice (8—12 weeks old,;
Jackson Laboratories or Cumberland View Farms). Some ex-
periments were duplicated with cells from outbred female
Swiss—-Webster mice (Buckberg, Tomkins Cove, NY) or outbred
male or female CD-1 mice (Charles River Breeding Laborato-
ries) of the same age.

Bioassays. Erythroid and granulocyte/macrophage progen-
itors were detected by their capacity to form morphologically
recognizable colonies in the methylcellulose culture system de-
scribed by Iscove and Sieber (12). Colonies were scored in situ
with an inverted microscope after 2 (CFU-E), 6 (CFU-GM), and
9 (BFU-E) days in culture according to established criteria (4,
12). All three types of colonies could be assayed independently
in the same dish (4, 12). In selected experiments, the identity
of the colonies was confirmed by transferring them to micro-
scope slides and staining them with benzidine and hematoxylin.
Some assays for CFU-GM were duplicated in agar cultures (13)
with an in situ staining technique (8). Colonies containing more
than 10% of a second cell type were classified as mixed colonies.

RESULTS

Effects on Myeloid Colony Formation. Bone marrow cells
grown in methylcellulose cultures together with tumor-pro-
moting phorbol esters formed myeloid colonies in the absence
of exogenous GM-CSF (Fig. 1). The frequency and the mor-
phological appearance of the colonies and the effective range
of phorbol ester concentrations were similar to those reported
by Stuart and Hamilton (8), who used agar instead of methyl-
cellulose to immobilize the marrow cells. The colonies were
predominantly of the monocyte/macrophage type, more densely
packed, slightly smaller, and about 50% less numerous (when
grown in 15% serum) than those formed in the presence of an
optimum concentration of GM-CSF. Agar (Fig. 2 A and B) and
methylcellulose (not illustrated) cultures of BED2F1 cells gave
rise to about 50% more myeloid colonies that cells from CD-1
animals when stimulated with phorbol esters. Control experi-
ments, which used saturating concentrations of L-cell-derived
GM-CSF instead of phorbol esters, indicated that this strain-
specific difference was most likely due to an inherently lower
frequency of CFU-GM (approximately 150-200 in CD-1 versus
250-350 in BED2F1 per 10° nucleated bone marrow cells) in
CD-1 bone marrow. The ability of phorbol esters to promote
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Fic. 1. Myeloid colony formation by bone marrow cells from
B6D2F1 mice in the presence of 15% fetal calf serum and varying con-
centrations of phorbol esters and phorbol. The same results were ob-
tained when cells were taken from outbred Swiss-Webster mice. Each
point represents the mean colony count of at least two cultures. The
solvent (dimethyl sulfoxide) had no effect. ®, TPA; o, PDD; a, PDBz;
A, PDA; m, 4a-PDD; O, phorbol.
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FiG. 2. Results of a morphological analysis of myeloid colonies
formed in agar cultures in the presence of different concentrations of
TPA. (A) Culture derived from a female B6D2F1 mouse. (B) Culture
derived from a female CD-1 mouse. m, Granulocyte colony; N, mixed
colony; 00, macrophage colony.

the formation of myeloid colonies in vitro correlated well with
their ability to promote skin tumors in mice (Fig. 1): TPA and
phorbol 12,13-didecanocate (PDD) were the most potent pro-
motors of myeloid colony formation, phorbol 12,13-dibenzoate
(PDBz) and phorbol 12,13-diacetate (PDA) were of interme-
diate potency, and 4a-phorbol 12,13-didecanoate (4a-PDD),
phorbol and dimethyl sulfoxide were inactive.

Both phorbol ester-stimulated and GM-CSF-stimulated
myeloid colony growth depended on the presence of fetal calf
serum in the culture medium. However, they differed consid-
erably with respect to the amount of serum they required for
optimum growth: 15-20% (vol/vol) fetal calf serum was suffi-
cient to optimally support myeloid colony formation in GM-
CSF-containing cultures. By contrast, phorbol ester-induced
colony formation increased with increasing serum content up
to a concentration of about 40% (see also ref. 14). No myeloid
colony growth was induced by phorbol esters when serum was
omitted from the culture medium.

Effects on Colony Formation by Late Erythroid Progeni-
tors. In marked contrast to their profound effect on myeloid
progenitor cells (CFU-GM), tumor-promoting phorbol esters
had no obvious effects on late erythroid progenitor cells (CFU-
E). They failed to induce the formation of erythroid colonies in
the absence of erythropoietin when tested at concentrations
ranging from 10 fM to 100 uM. They also failed to modify the
response of CFU-E to saturating (Fig. 3) or nonsaturating (not
illustrated) doses of erythropoietin. At very high concentrations
(10 uM), phorbol esters appeared to inhibit proliferation by all
types of progenitor cells regardless of their potency as tumor
promotors.

Effects on Colony Formation by Early Erythroid Progeni-
tors. Unlike CFU-GM, which were stimulated, or CFU-E,
which were not affected, early erythroid progenitor cells (BFU-
E) were inhibited by phorbol esters (Fig. 4). Again, there was
an obvious correlation between the phorbol esters’ ability to
inhibit erythroid burst formation in vitro and their ability to
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promote skin tumors in vivo. The genetic background of the
donor animal determined, in part, the extent to which erythroid
burst formation was inhibited. In cultures derived from
B6D2F1 or Swiss—Webster mice, as little as 10 nM TPA was
usually sufficient to completely suppress erythroid burst for-
mation. However, marrow cells from both male and female CD-
1 mice contained a sizeable subpopulation of BFU-E capable
of forming colonies in the presence of up to 1 uM TPA. Typi-
cally about 40% of all CD-1 BFU-E were TPA-resistant, with
extreme values ranging from 9% to 75% in a sample of 11 animals
taken from the same shipment. However, the total number of
BFU-E in CD-1 mice did not fluctuate and was not significantly
different from the number of BFU-E detected in B6D2F1 an-
imals. The same strain-specific differential sensitivity of BFU-
E to TPA was found whether colonies were scored in situ (un-
stained) or after transfer to microscope slides and staining with
benzidine and hematoxylin. Size and morphological appearance
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. . ester were smaller than those grown
10° 10-

at lower concentrations. ®, TPA;
O, PDD; a, PDBz; A, PDA; m, 4a-
PDD; o, phorbol.

of the reduced number of bursts formed in the presence of a
partially inhibitory concentration of phorbol esters were nor-
mal. When CD-1 and B6D2F1 cells were cocultured in the
presence of 0.1 or 1 uM TPA, the number of erythroid bursts
produced was equal to the sum of bursts produced by the same
cells in separate cultures. This suggested that the strain-specific
response to TPA was more likely attributable to a differential
sensitivity of the colony-forming cells than to an influence on
a subpopulation of regulatory accessory cells.

Complete inhibition of burst formation by BED2F1 cells was
seen only when TPA was added during the first 3 days of culture;
there was no inhibition when TPA addition was delayed for 6
or more days, indicating that phorbol ester sensitivity is limited
to the earliest phases of erythroid development.

A temporary exposure (45-60 min) of marrow cells to TPA
followed by repeated centrifugations and resuspensions in fresh
culture medium was sufficient to produce both the stimulation

Fig. 4. Erythroid burst forma-
tion by marrow cells from B6D2F1
- 50 mice in the presence of erythropoi-
etin (2 units/ml) and varying con-
centrations of phorbol esters and
L 40 phorbol. The same results were ob-
tained when cells were taken from
outbred Swiss—Webster mice. Each
point represents the mean colony
- 30 count of at least two cultures.
Bursts grown in the presence of
partially inhibitory concentrations

+ 20 of phorbol esters reached normal
dimensions and had the usual mor-
phological appearance. The inhib-
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ments depicted above. Dimethyl
sulfoxide did not affect burst for-
mation. @, TPA; o, PDD; a, PDBz;
A, PDA; m, 4a-pDD; O, phorbol.
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Table 1. Temporary exposure of bone marrow cells to tumor-
promoting phorbol ester

Colonies per 10° nucleated bone marrow cells*

CFU-GM
Treatment BFU-E CFU-E  Methylcellulose Agar
None 480+ 4 447 * 36 0 0
TPA, 1 uM 5009 24916 2+ 1 6+ 1
TPA, 10 pM 05+03 171 x26 89 + 14 109 + 14

Nucleated bone marrow cells (7 x 10°) from B6D2F1 mice were in-
cubated for 45 min at 37°C in 1 ml of a-medium supplemented with
10% fetal calf serum and TPA asindicated. At the end of the incubation
period, cells were washed four times by centrifugation and resuspen-
sion in 10 ml of fresh medium supplemented with 5% fetal calf serum.
Incubations at 25°C or 0°C gave the same results. The incomplete re-
covery of CFU-E after the TPA treatment may have been due to in-
creased fragility of TPA-treated CFU-E or their improved adhesion to
the centrifuge tube because continuous exposure to the same concen-
tration of TPA resulted only in a slight reduction of erythroid cluster
growth.

* Means of quadruplicate cultures + SEM.

of myeloid colonies and the inhibition of erythroid bursts (Table
1). The effects of a temporary exposure were comparable to
those of a continuous exposure to an =100- to 1000-fold lower
concentration of the same phorbol ester. When cells that had
been temporarily exposed to TPA were cocultured with un-
treated cells, the mixture adopted the growth pattern of the
treated subpopulation (Table 2). Thus, in a mixed culture, the
number of myeloid colonies was always higher than expected,
whereas the number of erythroid bursts was lower than
expected.

In order to determine the extent of binding of phorbol esters
to cells, short term exposures of marrow cells were repeated
with radioactively labeled TPA. These experiments showed that
a substantial amount of TPA remained associated with the cell
pellet and was not removed by the standard washing procedure
(Fig. 5). If such labeled cells had been diluted and cultured
according to the usual protocol, each culture would have con-
tained TPA at a concentration about 1000 times lower than the
one used for the short-term incubation of marrow cells.
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Several substances were tested for their ability to antagonize
the tumor promotor TPA: prostaglandin =E, (1 uM) reduced
the number (by about 60-70%) and size of myeloid colonies
grown in response to TPA. However, it did not reverse the in-
hibitory action of TPA on erythroid burst formation. Mixed gan-
gliosides interfered with TPA-induced growth of myeloid col-
onies when their concentration in culture exceeded 0.1-0.2 mg/
ml. They failed to reduce the inhibitory effect of TPA on BFU-
E. The same concentrations of mixed gangliosides and prostag-
landin E, also inhibit GM-CSF-induced colony growth (15, 16).
Retinoic acid (10 uM and 1 uM; ref 17) was ineffective. Simulta-
neous additions of up to 1000-fold higher doses of phorbol or
40-PDD reduced neither the stimulation of myeloid colony
growth nor the inhibition of erythroid colony growth by TPA.
Supplementation of the culture medium with superoxide dis-
mutase (up to 108 units/ml) or catalase (up to 0.6 unit/ml), or
both, did not restore burst formation in the presence of TPA,
suggesting that inhibition of erythroid burst formation was not
primarily a consequence of excessive superoxide production (18)
by TPA-stimulated polymorphonuclear leukocytes.

DISCUSSION

In the present study, we observed that tumor-promoting phor-
bol esters had a dual effect on proliferation or differentiation,
or both, of normal mouse hematopoietic progenitor cells. They
stimulated the formation of monocyte/macrophage colonies by
CFU-GM but inhibited the formation of erythroid bursts by
BFU-E. Although the exact mechanism by which phorbol esters
achieve these effects is unclear, our data allow a distinction
between several possible mechanisms. It appears highly un-
likely that inhibition of erythroid burst formation was due to
nutrient depletion caused by excessive myeloid colony growth.
First, when the culture medium was supplemented with a sat-
urating dose of GM-CSF in the absence of phorbol ester, mye-
loid colonies were larger and more numerous, yet erythroid
bursts continued to grow in the same dish. Second, suppression
of myeloid colony growth by prostaglandin E, also did not re-
store erythroid colony formation. Third, a temporary exposure
to 1 uM TPA reduced erythroid burst formation by 90%, al-
though it induced only a negligible number of myeloid colonies
(Table 1).

Table 2. Colony formation by mixed cultures of TPA-treated and untreated marrow cells

TPA treatment Colonies*
No. of cells uM min BFU-E CFU-E CFU-GM
1 x 10° None — 53.0+39 507 + 36 153 + 2.7
1 x 10° 10 45 0 9+ 9 4.7+ 22
1 x 10° 1 45 3505 ND ND
0.
1 x 10° 1 45 523 £ 2.1 ND ND
5 x 10¢ None — 0 305 = 18 100.38:
with 5 x 104 10 45 :
(Expected) (26.5) (303) (45)
5 x 10* None —
with 5 x 10* 1 45 108 + 1.7 ND ND
(Expected) (28.3)
4
510 N°‘(;° - 518+ 29 ND ND
with 5 x 10* 1 45
(Expected) (52.7)

B6D2F1 marrow cells were incubated in TPA as outlined in Table 1, washed, and cultured either sep-

arately or mixed with untreated cells. ND, not done.

* Mean of quadruplicate cultures + SEM.
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Fic. 5. Binding of [*HITPA to mouse bone marrow cells. BED2F1
bone marrow cells (7 X 10°) were incubated in 1 ml of a-medium sup-
-plemented with 10% fetal calf serum and 1 uM [*H]TPA for 45 min at
37°C. The incubation was stopped by diluting the suspension 1:10 by
the addition of a-medium supplemented with 5% fetal calf serum, fol-
lowed by repeated centrifugations and resuspensions in 10 ml of fresh
-a-medium (plus 5% fetal calf serum). NCS tissue solubilizer (Nuclear
Chicago) was used to solubilize cell-associated radioactivity.

The data also indicate that phorbol esters did not affect the
interaction of erythropoietin with erythroid progenitor cells.
CFU-E, the primary target cell of erythropoietin, was refractory
to all but the highest phorbol ester concentrations (Fig. 3) and
erythroid burst formation by BFU-E was only affected when
phorbol esters were added during the early (erythropoietin-in-
dependent) phase of development.

In addition to direct effects of phorbol esters on colony-form-
ing cells, effects on cells regulating hematopoiesis (19) must-be

- considered also. The data summarized in Table 2 (coculture of
TPA-treated and untreated cells) offer some support to a model
that postulates the involvement of a regulatory cell. However,
small amounts of phorbol ester released by treated cells during
the culture period could also account for the overall growth
pattern of the mixed cultures.

The in vitro colony assay used in this study was designed to
detect committed progenitor cells. Therefore, our data provide
no evidence that phorbol esters affect the commitment of the
pluripotent stem cell to a particular pathway (stem cell com-
petition; ref. 20), thus favoring myeloid development at the
expense of erythroid development.

The findings of a marked inhibition of erythroid burst for-
mation by tumor-promoting phorbol esters is in contrast to re-
cent observations by Fibach et al. (21). These authors found that
TPA enhanced both size and number of erythroid bursts in cul-
tures of adult marrow and fetal liver cells derived from CD-1
mice. When we repeated our experiments with CD-1 mice we
consistently found that TPA suppressed erythroid burst for-
mation in CD-1 cultures as well. Our assays of erythroid burst
formation were based both on a visual examination of unstained
cultures under an inverted microscope and a microscopic: ex-
amination of the contents of entire culture dishes, which had
been transferred to slides and stained with a neutral benzidine
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stain. We used a neutral benzidine stain because acidified stains
like the one used by Fibach et al. (21) react with nonerythroid

-cells as well and may lead to overestimates: of the number of

erythroid bursts present in a culture (22).

Some discrepancies in the findings of the two laboratories
also-may be attributable to the use of an outbred and, thus, not
strictly defined mouse strain. Our report of a variable per-
centage of TPA-resistant BFU-E.in CD-1 mice shows how much
genetically nonidentical subjects can differ with respect to their
response to identical doses of the same tumor promotor.

In conclusion, the opposing effects of tumor-promoting phor-
bol esters on two hematopoietic progenitor cells (CFU-GM and
BFU-E) which are thought to be developmentally closely re-
lated (23) suggest that sensitivity to phorbol esters should pro-
vide a useful marker in the further analysis of the earliest events
in'blood cell development.
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