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ABSTRACT

The effects of transforming growth factor ÃŸ}(TGF-/33) on growth in
semisolid cultures of enriched hematopoietic progenitors derived from
normal human marrow and blood were evaluated. Conditioned media
from the Mo-T cell line (MoCM) were the source of colony-stimulating
factors used to optimally stimulate primitive progenitors. To assess
whether a proportion of granulocyte/monocyte (CM) progenitors were
prevented from cycling, all sizes of GM aggregates were evaluated from
3 to 20 days. The activity of TGF-/33 on the growth of erythroid burst-
forming units (BFU-E) and granulocyte-macrophage colony-forming
units (CFU-GM) was similar to that observed for TGF-ft.

TGF-03 (10, 100, and 1000 pmol/liter), added initially or 72 h after
initiation of culture, did not significantly affect the total number of marrow
GM aggregates at 3, 7, 14, and 20 days, but TGF-& (1000 pmol/liter),
added initially, reduced the total number of blood GM aggregates. This
suggests that some blood GM progenitors might be blocked from cycling
but that the great majority of marrow GM progenitors are not blocked.
Whether TGF-/93 (10, 100, and 1000 pmol/liter) was added initially or
after 72 h of stimulation by MoCM, there was a dose-dependent reduction
of marrow and blood GM colony size even when the total number of
colonies was unaffected.

TGF-03 (10, 100, and 1000 pmol/liter), added initially or at 72 h,
reduced in a dose-dependent manner the size of marrow and blood-derived
BFU-E. I(.1 -,)', (1000 pmol/liter) was more likely to reduce the total

number of marrow and blood BFU-E, and this increased sensitivity of
the erythroid lineage may prevent the development of this population in
colonies derived from multipotential colony-forming unit-granulocyte/
erythroid/monocyte (CFU-GEM).

The results suggest that the main effect of TGF-#3 and TGF-ÃŸ,is to
slow the rate of proliferation of hematopoietic progenitors rather than to
prevent them from beginning proliferation. This results in a reduction in
colony size which prevents the identification of primitive versus mature
progenitor on the basis of standard criteria of colony size.

INTRODUCTION

TGF-/Ã•3is a paracrine polypeptide ubiquitously present in

vertebrates and is the prototype of a large family of structurally
related regulatory peptides which function as growth, differen-
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tiation, and morphogenesis factors (1-3). TGF-ÃŸis produced
by a multiplicity of normal and malignant cells and tissues (4-
6). The major sources in the human are platelets and bone (7-
9).

In mammals three isoforms, termed TGF-ÃŸt,TGF-fo, and
TGF-03, have been isolated. The complementary DNAs for
human (10-11) and chick (2) TGF-/33 have recently been iso
lated. The mature bioactive form of TGF-03 shares 80% and
83% amino acid sequence identity with TGF-ÃŸ\and TGF-/32,
respectively (10). Recently, the recombinant expression of TGF-
j3j in mammalian cells and its purification to apparent homo
geneity have been reported (12-14). A comparison of the activ
ity of TGF-/33 with TCP-/?, and TGF-/32 on proliferation of
mammalian cells revealed that the three forms had similar
activities, but differences in potency between them have been
reported depending on the target cell type (12). In one study,
recombinant TGF-ÃŸ3was shown to be 3- to 5-fold more potent
than TGF-01 as a regulator of functions associated with bone
formation (mitogenesis, collagen synthesis, and alkaline phos-
phatase activity) and was shown to bind to the same cell surface
proteins/receptors as TGF-ÃŸ,and TGF-& (13).

TGF-ÃŸhas a profound effect on extracellular matrix produc
tion (15-20). The net effect of TGF-ÃŸis to increase the produc

tion of extracellular matrix components (21). These activities
suggest that TGF-ÃŸis a major factor in wound healing and
bone remodeling (5, 22). Hayashi et al. (23) reported that TGF-
ÃŸiis a negative regulator of hematopoiesis in long-term bone
marrow culture due in part to the influence of TGF-ÃŸ,on the
stromal microenvironment. This negative regulatory role of
TGF-ÃŸion hematopoiesis in long-term marrow culture was also
observed by others (24).

Inhibition of cell growth is a major function of TGF-ÃŸ,and
the proliferative effects of TGF-ÃŸon numerous normal and
malignant cells have been reported (25). The growth-inhibitory
effects of all TGF-ÃŸforms tested thus far have been reversible
(3), and there is evidence the TGF-ÃŸinhibits cell cycle progres
sion by lengthening or arresting the G, phase (1, 26-34).

There have been many conflicting reports on the effects of
TGF-ÃŸ,and TGF-ÃŸ2on the growth of murine and human
hematopoietic progenitor cells. TGF-/32 was reported to have
no effect on hematopoietic progenitors by some (35, 36) and
activity similar to that of TGF-ÃŸ,by others (37-41). Although
it has been consistently observed that TGF-ÃŸiinhibits murine
and human BFU-E (36-39, 42, 43), some have observed a
similar inhibitory effect on the more mature erythroid colony-
forming unit (CFU-E) (36, 38, 42) while others have observed
no inhibitory effect on CFU-E (39). Inhibition of human and
murine megakaryocyte colony-forming unit (CFU-MK)-derived
colonies has been observed as well as a decrease in the size of
the colonies and in the size of individual megakaryocytes (42,
44-46). TGF-ÃŸistimulation of 7-day CFU-GM-derived colo-
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nies has been reported by some (36, 42, 43), while others
observed no stimulation and no inhibition of 7-day CFU-GM
(37, 38). The reported effects of TGF-/ÃŽ,on 14-day CFU-GM-

derived colonies have ranged from no inhibition (38, 42, 43) to
significant inhibition (37, 39).

The variability in the effects of ^GF-ÃŸ, on hematopoietic
progenitors may be due in part to variability in the composition
of the target progenitor populations, to the efficiency of the
colony-stimulating factors employed, and to different sources
of TGF-j3i. Although it has been suggested that TGF-ÃŸiacts
selectively on primitive progenitors (24, 37, 39), the published
results do not support this exclusivity of activity (24, 33, 35-
38, 41, 42). Keller et al. (39) reported that human and murine
bipotent (GM) progenitors were more sensitive to TGF-ÃŸ\
inhibition than unipotent progenitors (G, M), whereas Hamp-
son et al. (41) found bipotent progenitors to be less sensitive to
TGF-01 than unipotent progenitors. The activity of TGF-01 on
colony formation by hematopoietic progenitor cells from long-
term culture-adherent layers showed total inhibition of primi
tive and mature BFU-E and significant inhibition of both prim
itive and mature CFU-GM in one study and greater inhibition
of primitive CFU-GM in another study (24). Since primitive
hematopoietic progenitors are generally defined as those pro
genitors with a designated (i.e., >500 cells) proliferative poten
tial, as in the latter study, the recognition of primitive versus
mature progenitors might be obscured if TGF-ÃŸiacts by length
ening GÃ¬,as discussed earlier, thus lenthening the cell cycle
time. The net result would be fewer divisions, by a given time,
leading to a reduction in size of the colonies as has been
observed (37, 42, 44). Therefore, a colony derived from a
primitive progenitor might be interpreted to be derived from a
mature progenitor because the size of the colony at a given time
was smaller than expected for a primitive progenitor. For the
same reason a colony-forming progenitor might be interpreted
as a cluster-forming progenitor.

To distinguish the effects of TGF-0 on hematopoietic pro
genitors, it is necessary to evaluate cell aggregates of all sizes,
thus determining whether there has been a reduction in the
total number of proliferating progenitors and/or a shift in their
proliferative potential. Therefore, we evaluated, in the absence
of accessory and stromal cells, the direct effect of TGF-/33 on
the growth of highly enriched hematopoietic progenitor cells
derived from normal human bone marrow and peripheral blood,
following colony development from 3 through 20 days.

MATERIALS AND METHODS

Normal Human Bone Marrow Specimens

After appropriate Human Protection Committee validation and in
formed consent, posterior iliac crest bone marrow aspirations were
obtained from normal volunteers. Buffy coat cells were collected after
centrifugation of the undiluted marrow aspirates at 800 rpm for 10 min
at 5Â°Cand suspended in Iscove's modified Dulbecco's medium (IMDM)

supplemented with 10% fetal calf serum (Sterile Systems, Inc., Logan,
UT). The marrow cells were first depleted of platelets by centrifugation
over Percoli (1.050 g/cm3; Pharmacia Fine Chemicals Co., Piscataway,
NJ), and subsequently light-density cells were obtained by centrifuga
tion over Percoli (1.075 g/cm3) (47).

Normal Human Peripheral Blood Specimens

After appropriate Human Protection Committee validation and in
formed consent were obtained, heparinized peripheral blood specimens
(200-250 ml) were obtained from normal volunteers. Cell-rich plasma
was collected after the blood was settled with hydroxyethyl starch (HES)

(1.25 ml 6% HES/10 ml blood) for 20-30 min at 37Â°C.Platelets were

depleted, and light-density cells were obtained as described above.
Light-density blood cells were depleted of most monocytes by adherence
to plastic tissue culture dishes for l h at 37Â°Cbefore incubation with a

panel of Mabs.

Monoclonal Antibodies

Anti-Bl (CD20), anti-B4 (CD19), anti-J5 (CD10), anti-Tl (CDS),
anti-T3 (CD3), anti-Til (CD2), anti-NKH-1 (CD56), anti-MY4
(CD 14), anti-MY8, and anti-903 (CDlib) Mabs were kindly supplied
by Coulter Immunology (Hialeah, FL). The anti-Leu 9 cell line 4H9
was kindly supplied by Dr. Ronald Levy (Stanford University, Stanford,
CA). The anti-glycophorin A cell line (RIO) was kindly supplied by Dr.
Paul Edwards (Ludwig Institute for Cancer Reserach, Surrey, England).
WEM-G11 ascites was kindly supplied by Dr. Angel Lopez (Institute
of Medical and Veterinary Science, Adelaide, South Australia). These
Mabs are directed against antigens expressed by B- and T-Iymphocytes,
monocytes, granulocytes, maturing erythroid cells, and natural killer
cells.

Enrichment of Bone Marrow and Peripheral Blood Progenitor Cells by
Negative Selection

Light-density bone marrow cells and light-density, nonadherent pe
ripheral blood cells were incubated with optimal concentrations of a
panel of 13 Mabs (listed above) for 30 min on ice. The coated cells
were washed twice and depleted of antibody-positive cells by immune
resetting as previously described (48). The mean recovery of non-
rosetted antibody-negative cells was 0.3% of the initial buffy coat
marrow population and 0.03% of the initial buffy coat blood population.

Progenitor Cell Assays

The bone marrow- and blood-enriched progenitor cell cultures for
CFU-GM consisted of 1 ml of IMDM (GIBCO, Grand Island, NY)
containing 24% fetal calf serum, 0.8% deionized bovine serum albumin
(Sigma Chemical, St. Louis, MO), 10~4mol/liter of 2-mercaptoethanol

(Sigma Chemical), 10% of a selected lot of MoCM (49) which was
kindly provided by Dr. David W. Golde (UCLA Center for the Health
Sciences, Los Angeles, CA), and methylcellulose at a final concentra
tion of 1.3% in 35-mm Lux tissue culture dishes (Miles Scientific,
Naperville, IL). In prior studies it was determined that MoCM provided
optimal stimulation for the more primitive hematopoietic progenitor
cells which require multiple factors for maximal stimulation (48). When
BFU-E and CFU-GEM were assayed, 1 unit of partially purified human
urinary EPO (specific activity, 49 units/mg; Toyobo, New York, NY)
and bovine hemin (ferric chloride protoporphyrin, Ix) at a final con
centration of 0.2 mmol/liter were added. In some studies addition of
EPO was delayed for 72 h. Marrow-enriched progenitor populations
were cloned at 600-800 cells/ml of culture, and blood-enriched progen
itor populations were cloned at 1000-2000 cells/ml of culture. The size
and number of CFU-GM-derived colonies were scored at 3, 7, 14, and
21 days, and the size and number of BFU-E and CFU-GEM-derived
colonies were scored at 14 days using a Leitz Diavert microscope.
Cultures were incubated at 37Â°Cin a humidified atmosphere of 5%

CO2 in air.

Cell Cycle Analysis

Simultaneous Staining of DNA and RNA. Differential staining of
DNA and RNA in permeabilized cells with the metachromatic fluoro-
chrome acridine orange (AO) has been described in detail elsewhere
(50, 51). Briefly, the cells were stained with 20 MMAO (Polysciences,
Inc., Warrington, PA) at a dye:DNA-P molar ratio >4 in the presence
of 1 mM EDTA at pH 6.0. Under these conditions, interaction of AO
with DNA results in green fluorescence with maximum emission at 530
nm, whereas the dye binding to RNA gives red metachromasia with
maximum emission at 640 nm. The intensity of green fluorescence is
proportional to the DNA content of the cell, and the intensity of red
luminescence correlates with the RNA content.
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Simultaneous Staining of DNA and Protein. The cells were fixed in
suspension in 80% ethanol and then stained with 1 Â».unil ol diamidi no
2-phenylindole (DAPI) (Polysciences, Inc.) and 10 Mg/ml of sulforho-
damine 101 (Eastman Kodak, Rochester, NY) dissolved in 10 ITIM
piperazine-A',A''-bis(2-ethanesulfonic acid) (Calbiochem, LaJolla, CA)

buffer, containing 2 mM MgCl2, 0.1 M NaCl, and 0.1% Triton X-100
(Sigma Chemical) at pH 6.8, as described before (52).

Fluorescence Measurements. The fluorescence of individual cells was
measured with an ICP-22 flow cytometer (Ortho Diagnostics, West-
wood, MA), using a UG1 excitation filter, for measurement of the cells
stained with DAPI and sulforhodamine 101, and a BG12 filter for cells
stained with AO. Using combinations of dichroic mirrors and emission
filters, the red luminescence above 640 nm, green fluorescence at 530
+ 15 nm (of AO- and sulforhodamine 101-stained cells), and green-
blue fluorescence at 500 + 20 nm (of DAPI-stained cells) were separated
and measured by separate photomultipliers; 2x10" cells were measured

per sample. The data were stored in and analyzed using a Compaq
Deskpro 386 computer. The Phoenix Flow System (San Diego, CA)
software package was used for data accumulation and analysis; the
Multicycle program was used for analysis of the cell cycle distributions.

TGF-/8

Recombinant human TGF-ft (Oncogene Science, Manhasset, NY)
was purified from the conditioned media of Chinese hamster ovary
transfected cells as described (14). Recombinant human TGF-/J, was
obtained from Collaborative Research, Inc. (Bedford, MA).

RESULTS

Effect of TGF-/8, on Growth of Marrow-derived CFU-GM.
The effects of TGF-ÃŸjon the growth of CFU-GM-derived
colonies from two enriched marrow progenitor populations are
shown in Fig. 1. In all studies, MoCM was used as a source of
colony-stimulating factor to maximally stimulate the more
primitive progenitors which require multiple growth factors for
stimulation (48). At TGF-/33 concentrations of 10, 100, and
1000 pmol/liter, there was no significant increase or decrease
in the total number of proliferating GM progenitors from either
bone marrow population at 3, 7, and 14 days. However, at 7
and 14 days there was a dose-dependent reduction in colony
size, even when colonies >40 and >60 cells were considered.

The effects of TGF-03 and TGF-0, were similar when com
pared on the same enriched marrow progenitor population from
another donor (Fig. 2). Neither TGF-/?3 nor TGF-ÃŸienhanced
or reduced the total number of proliferating GM progenitors,

EFFECT OF TGF/93 ON GROWTH OF MARROW DERIVED CFU-GM
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Fig. 1. Effects of TGF-ft, 10, 100, and 1000 pmol/liter on the growth of total
marrow CFU-GM aggregates derived from 2 enriched marrow progenitor popu
lations. Both marrow populations were maximally stimulated by 10% MoCM
and cloned at 800 cells/ml in 35-mm plates. The number of control GM colonies/
10! cells at 3 days were 5542 (A) and 4492 (B). Ordinate, number of colonies as

a percentage of the number of control colonies at 3 days.
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Fig. 2. Effects of TGF-ft (A) and TGF-/3, (B) 10, 100, and 1000 pmol/liter
on the growth of total marrow CFU-GM aggregates derived from the same
enriched marrow progenitor population. The marrow was maximally stimulated
by 10% MoCM and cloned at 600 cells/ml in 35-mm plates. The number of
control GM colonies/105 cells at 3 days was 10,667. Ordinate, number of colonies

as a percentage of the number of control colonies at 3 days.

but both caused a dose-dependent reduction in colony size.
Between 14 and 20 days both control GM colonies and TGF-
ÃŸi-and TGF-ÃŸ,-treated colonies continued to increase in size,

as seen previously between 3 and 14 days, and some obtained a
size >500 cells even at concentrations of 100 and 1000 pmol/
liter. It is also evident that there is a consistent effect of TGF-
ÃŸon reducing colony size even at a dose as low as 10 pmol/
liter.

We posed the question of whether GM progenitors, exposed
to TGF-03 prior to addition of colony-stimulating factor, could
be blocked or delayed in cycling. In two experiments, TGF-03
was added initially to populations of enriched marrow progen
itors, but the addition of MoCM was delayed for 72 h (data not
shown). In the first experiment, there was no effect of TGF-/33
on the total number of GM aggregates, but there was a dose-
dependent reduction in colony size as seen when TGF-/33 and
MoCM were added initially together (Figs. 1 and 2). In the
second experiment, adding TGF-/33 prior to MoCM resulted in
a modest reduction in the total number of GM aggregates with
TGF-/33 100 and 1000 pmol/liter, which could indicate that
some GM progenitors were blocked from cycling.

We examined the effect of delaying the addition of TGF-/33
(3 experiments) and TGF-01 (1 experiment) for 72 h on the
growth of GM progenitors. As is evident from Figs. 1 and 2,
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EFFECT OF TGF-ft ON HUMAN HEMATOPOIETIC PROGENITORS

EFFECT OF DELAYED ADDITION OF TGF/9 ON GROWTH OF
MARROW DERIVED CFU-GM

TGF/93 added at 72 hrs.
K days 20 days

TGF/91added at 72 hrs.
14days

Fig. 3. Effects of delaying the addition of TGF-ft (A) and TGF-0, (B) for 72
h on the growth of total marrow CFU-GM aggregates derived from the same
enriched marrow progenitor population. MoCM (10%) was added initially to the
cultures, and the marrow was cloned at 600 cells/ml in 35-mm plates. The number
of control GM colonies/105 cells at 3 days was 10,667. Ordinate, number of

colonies as a percentage of the number of control colonies at 3 days.

In contrast to RNA content, cells were uniform with respect to
protein content (Fig. 4B).

TGF-ÃŸj,added initially at 10 and 100 pmol/liter concentra
tions, did not reduce the total number of proliferating GM
progenitors derived from blood, but both concentrations had a
profound effect on colony size (Fig. 5). Even though the colony
size continued to increase between 14 and 20 days, TGF-/33
apparently significantly increased the cell cycle time since the
colony size was greatly reduced relative to the untreated control
cultures. TGF-/33 added initially at 1000 pmol/liter did have an
effect on the total number of proliferating blood-derived GM
progenitors, and it is possible that TGF-/33 at this concentration
was able to block some of the blood GM progenitors from
entering the cell cycle. When the blood progenitors were first
exposed to MoCM for 72 h and then exposed to TGF-ft, there
was no significant effect on the total number of proliferating
GM progenitors, at all concentrations of TGF-03 but there was
a dose-dependent reduction of colony size.

Two enriched marrow progenitor populations were exposed

most progenitors began proliferating within 72 h after addition
of MoCM. Fig. 3 shows the effect of the delayed addition of
TGF-/33 and TGF-/3, on the same enriched marrow progenitor
population. As in the case of adding TGF-0 initially to the
cultures, there was no effect on the total number of dividing
GM progenitors but there was a dose-dependent reduction in
colony size. The same was true in the additional two experi
ments with TGF-j33. Therefore, even though the progenitors
were exposed to MoCM for 72 h prior to exposure to TGF-/3
and the majority had begun to divide, TGF-/3 was still able to
exert an inhibitory effect on colony size.

Effect of TGF-ft, on Growth of Blood-derived CFU-GM. Since
the majority of peripheral blood progenitors are believed to be
noncycling, we enriched three blood progenitor populations.
Fig. 4 illustrates bivariate frequency distribution histograms of
the enriched progenitor cells derived from peripheral blood,
with respect to their DNA, RNA, and protein content. The
enriched progenitor populations represent a mean of 0.03% of
nucleated peripheral blood cells. Analysis of the cell cycle, based
on measurements of DNA content, indicated that nearly all
cells (>95%) were in GO/I phase of the cycle and only approxi
mately 1% of the cells were in S phase. This was observed in
three separate experiments in which the percentage of S-phase
cells was calculated as 0.9, 1, and 0.9%, respectively. The
percentage of cells with DNA content equivalent to that of 62
+ M cells varied in these experiments from 2 to 4%; this may
include doublets of GÃ¬cells as well as cells truly in G2 or M.

Simultaneous staining of DNA and RNA (Fig. 4A) revealed
three subpopulations of cells differing in RNA content. About
60% of the cells had very low RNA content, similar to that of
the nonstimulated peripheral blood lymphocytes which were
used as a standard. About 30% of the cells had a somewhat
higher RNA content, approximately twice that of the first
population. Finally, about 10% of the cells exhibited an elevated
RNA content, several times higher when compared to the first
population. The latter population, presenting as a shoulder
rather than a peak on the histograms (Fig. 4A), was the most
heterogenous with respect to RNA content of individual cells.
The cells entering S phase appeared to originate from the GI
population characterized by the highest RNA content. This
pattern, consisting of three distinct cell populations differing in
RNA content, was also reproducible in all three experiments.

Fig. 4. Bivariate frequency distributions of cellular DNA/RNA (A) and DNA/
protein (I!) content in enriched progenitor cells derived from peripheral blood.
Control measurements, in which purified, nonstimulated peripheral blood lym
phocytes were used as a standard, indicate that the RNA content of the cells in
the first peak (with minimal RNA) is comparable to that of the blood lymphocytes.

EFFECT OF TIME OF ADDITION OF TGF/3 ON GROWTH OF
BLOOD DERIVED CFU-GM
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Fig. 5. Effects of addition of TGF-/33 initially to the cultures or after 72 h of
culture on the growth of total blood CFU-GM aggregates derived from an
enriched blood progenitor population. MoCM (10%) was used to maximally
stimulate, and the cells were cloned at 2000 cells/ml in 35-mm plates. The
number of control GM colonies/10* cells at 14 days was 370. Four to eight plates
were counted. Ordinate, number of colonies as a percentage of the number of
control colonies at 14 days.
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to TCP-fr, alone at concentrations of 10, 100, and 1000 pmol/
liter without the addition of a source of colony-stimulating
factors. No growth-stimulatory effect of TGF-/33 on GM pro
genitors was observed (data not shown).

Effect of TGF-& on Growth of Marrow-derived BFU-E. The
effects of TGF-03 on the growth of BFU-E derived from three
enriched marrow populations were observed with EPO added
initially and EPO addition delayed for 72 h. When EPO addi
tion is delayed for 72 h, many of the more mature marrow
BFU-E do not survive this period of EPO deprivation even in
the presence of MoCM (48). Fig. 6 shows the effect of TGF-/33
and TGF-01 on the growth of BFU-E derived from the same
enriched marrow population. Although only TGF-/33 and TGF-
ÃŸ\at a concentration of 1000 pmol/liter significantly reduced
the total number of BFU-E in this experiment, in two other
experiments, TGF-03 at all concentrations (10, 100, and 1000
pmol/liter) reduced the total number of marrow BFU-E (data
not shown). Whether EPO was added initially or at 72 h, TGF-
183and TGF-01 exerted a dose-dependent reduction of colony
size, even at a concentration of 10 pmol/liter.

The effect of delaying the addition of TGF-ft for 72 h on the
growth of marrow-derived BFU-E is shown in Fig. 7. With this
delayed addition we sought to determine whether TGF-/33 could
have an effect on cycling BFU-E. TGF-/33, added initially,
reduced both the total number and size of the BFU-E-derived
colonies at all concentrations. Delaying the addition of TGF-
183for 72 h resulted in some reduction of total BFU-E at 100
and 1000 pmol/liter, and there was a significant reduction of
colony size at all concentrations. Even a concentration of 10
pmol/liter reduced the size but not the number of BFU-E-
derived colonies. Marrow BFU-E appear to be somewhat more
sensitive to TGF-ft than marrow CFU-GM.

Effect of TGF-& on Growth of Blood-derived BFU-E. The
effects of TGF-ft, on the growth of BFU-E derived from three
enriched blood populations were determined with EPO added
initially and EPO addition delayed for 72 h. Unlike the results
for marrow BFU-E (Fig. 6), there was no reduction in the total
number of blood BFU-E when EPO addition was delayed for
72 h (Fig. 8). This would indicate that the BFU-E population
derived from blood does not contain the subset of more mature
BFU-E found in marrow which cannot survive this period of
EPO deprivation. In Fig. 8, the activity of TGF-/33 and TGF-0,
on the growth of blood-derived BFU-E is shown. With EPO

EFFECT OF TGF/9 ON GROWTH OF MARROW DERIVED BFU-E

EPO initially â€ž EPOat72hri.

TGF03 TGF/31 TGF03 TGF01

D <200 cells

D>200,<500cells
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EFFECT OF TIME OF ADDITION OF TGF03 ON GROWTH OF
MARROW DERIVED BFU-E

TGF/33 initially TGF/33 72 hrs.

Fig. 6. Effects of TGF-/33 and TGF-0! added initially to the cultures on the
growth of enriched marrow-derived BFU-E. MoCM (10%) was added initially,
and EPO (1 unit/ml) was added initially (A) and at 72 h (B). The cells were
cloned at 600 cells/ml in 35-mm plates. The number of control BFU-E/IO5 cells
with EPO added initially was 10,375. Ordinate, number of BFU-E as a percentage
of the number of control BFU-E with EPO added initially.
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Fig. 7. Effects of TGF-ft, added initially to the cultures or added after 72 h of
culture on the growth of enriched marrow-derived BFU-E. MoCM (10%) and
EPO ( I unit/ml) were added initially to the cultures, and the cells were cloned at
600 cells/ml in 35-mm plates. The number of control BFU-E/105 cells was 5979.
Ordinate, number of BFU-E as a percentage of the number of control BFU-E.

EFFECT OF TGF0 ON GROWTH OF BLOOD DERIVED BFU-E

EPO Initially EPOotTZhrt.
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Fig. 8. Effects of TGF-/3, and TGF-,8, added initially to the cultures on the
growth of enriched blood-derived BFU-E. MoCM (10%) was added initially and
EPO (1 unit/ml) was added initially (.â€¢() and at 72 h (B). The cells were cloned at
1000/ml in 35-mm plates. The number of control BFU-E/105 cells with EPO
added initially was 2300. Ordinate, number of BFU-E as a percentage of the
number of control BFU-E with EPO added initially.

added initially (Fig. 8/4), there was a significant reduction in
the total number of BFU-E with TGF-ft only at 1000 pmol/
liter, but with TGF-ft there was a reduction at both 100 and
1000 pmol/liter; however, in two previous studies, TGF-ft also
showed some reduction in the total number of BFU-E at a
concentration of 100 pmol/liter. Even when the total number
of BFU-E was not reduced, TGF-ft had a pronounced effect
on colony size at 100 pmol/liter. This would indicate that TGF-
ft could affect cycling cells by slowing their cell cycle time.

Exposure to TGF-ft and TGF-ÃŸ, appeared to lead to a
somewhat greater reduction in colony number and size when
EPO addition was delayed for 72 h (Fig. 8Ã„).Two additional
experiments with TGF-ft exposure of blood-derived BFU-E
also showed an increased inhibitory effect when EPO addition
was delayed for 72 h (not shown). Since there was no reduction
in the number of control blood BFU-E when EPO addition was
delayed, there was no difference in the composition of the BFU-
E populations with EPO added initially or at 72 h. Therefore
the increased sensitivity cannot be explained by a selection of
more primitive BFU-E.

Effects of TGF-ft and TGF-ÃŸ,on the Growth of K562 Cells.
We tested the effects of TGF-ft and TGF-ft on K562 cells
obtained from three different laboratories. TGF-ft and TGF-
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ÃŸtinhibited the growth of only one of the three K562 cell lines
(data not shown). In this line, there was no inhibitory effect
during the first 3 days of culture with either TGF-j33 or TGF-
0i, but a significant inhibitory effect was observed after 3 days
of exposure. Between 6 and 9 days of exposure, the doubling
time had increased from a control mean of 20 h to a mean of
28 h for TGF-03 and TGF-0,. The growth of the sensitive K562
cells in the presence of TGF-03 led to a restructuring of the cell
cycle distribution which was manifested as an accumulation of
cells in the G0/i phase and a reduction of cells in S and G2 +
M (Fig. 9; Table 1). Thus, after 9 days of exposure to 0.4 or
0.8 nM of TGF-03, the percentage of cells in GÃ¬was increased
from 40% to 59% and 62%, respectively. At the same time the
percentage of cells in S phase was reduced from 43% to 29%
and 24%. Similar changes were seen in cultures treated with
TGF-/3, (Table 1). It would be of interest to determine the
reason for the difference in responsiveness of these three K562
cell lines.

DISCUSSION

We evaluated the effects of TGF-/33 on the growth in semi-
solid cultures of highly enriched hematopoietic progenitor cells
derived from normal human bone marrow and peripheral blood.
In all studies, MoCM was the source of colony-stimulating
factors to optimally stimulate the more primitive hematopoietic
progenitors. We have previously shown (48, 53) that GM-
colony-stimulating factor, G-colony-stimulating factor, and in-
terleukin 3, when used alone, stimulate only a subset of more
mature progenitors. Therefore, in the absence of accessory cells
multiple factors are necessary to maximally stimulate the more
primitive progenitor cells.

In view of the evidence that TGF-/3 affects cell cycle progres
sion by either lengthening or arresting the G, phase (26-33,
54), we observed the effects of TGF-03 on the proliferation of
progenitor cells beginning at 3 days to assess whether a pro-

Table 1 Cellcycledistribution
Cell cycle distribution of K562 cells growing in the absence and presence of

TGF-Ã–3and TGF-0!. Duration of the respective phases of the cell cycle was
estimated based on the calculated cell doubling time, which was 20 h in the
untreated cultures and approximately 28 h in cultures treated with both concen
trations of either TGF-Â¿3or TGF-/3,, under the assumption that all cells were
progressing exponentially through the cell cycle.

Percentage
of cells in Duration (h) of

CelltreatmentNone

TGF-03,
TGF-03,
TGF-0,,0.4

nM
0.8 nM
0.4 nMG,40

59
62
63S43

2924

26G2

+M17

12
14
11G,6.4

14.115.0

15.3S9.0

9.37.7

8.5G2

+M4.5

4.6
5.34.2

portion of progenitor cells was prevented from cycling and then
followed the development of colony formation for 20 days. If
TGF-05 affected a lengthening of the G, phase, thus lengthening
cell cycle time, the net result would be a decrease in the size of
the developing colonies (see "Introduction"). Since the size of

a colony is sometimes used to distinguish whether a colony is
derived from a primitive or mature progenitor (24, 55), a
lengthening of cell cycle time, leading to a reduction in colony
size, would obscure the identity of the progenitor as primitive.
A reduction in colony size could also result in a progenitor
being identified as a cluster-forming progenitor. Another effect
of the lengthening of cell cycle time could be a delay in the
termination of colony formation by cellular dispersion. Since
there is a loss of mature cell aggregates due to dispersion
between 3 and 7 days, a delay in dispersion could lead to an
increased number of colonies over control values at 7 days, and
this could be interpreted as stimulation by TGF-0. Because of
these considerations, we serially followed the number and size
of all developing cell aggregates.

TGF-03 and TGF-/3, did not affect a significant and consistent

increase or decrease in the total number of marrow GM aggre
gates at any time point (Figs. 1 and 2). It cannot be ruled out,

Fig. 9. DNA frequency distribution histo
grams of K562 cells growing in the absence
(A) or the presence of 0.4 nM (B) or 0.8 nM
(O TGF-ft. t.

5

32 64 96 128 leu 192 224 25G

f>4 fir, 12B ISO 192

DNA Content
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however, that a small number of GM progenitors were pre
vented from cycling. TGF-/33 and TGF-/3| did exert a dose-
dependent reduction in colony size. Not only was there a
reduction in colonies >1000 and >500 cells, but there was also
a reduction of colonies >100 cells and >40 cells; yet the total
numbers of GM aggregates were similar to those of control
cultures (Figs. 1 and 2). This would suggest that TGF-03 and
TGF-01 can, in fact, affect the cycling of the majority of GM
progenitors. Further evidence for this is the reduction in colony
size even when TGF-/33 and TGF-01 are added 72 h after the
initiation of the cultures with MoCM stimulation (Fig. 3).

Since the majority of peripheral blood progenitors are be
lieved to be noncycling, we treated three highly enriched blood
progenitor populations with TGF-/33 to see if any blood GM
progenitors were prevented from cycling when exposed to
growth factor stimulation (Fig. 5). Cell cycle analysis of the
three enriched blood progenitor populations, prior to culture,
revealed that < 1% of the cells were in S phase (Fig. 4). Some
variability in the proportion of cells with a DNA content typical
of G2 + M cells (2-4%) may indicate the presence of doublets
of G, cells in that population, in addition to genuine G2 and M
cells. The observed heterogeneity of cells with respect to RNA
content, manifesting as the presence of three distinct popula
tions with increasing RNA content, may represent cells in the
Go, GIÃ€,and GIB cell cycle compartments, respectively, as
described before (56).

At a concentration of 1000 pmol/liter, there was evidence
that if TGF-/33 was added initially, some of the blood progeni
tors may have been prevented from cycling, but if TGF-ft
addition was delayed for 72 h, there was no effect on the total
number of proliferating GM progenitors (Fig. 5). However,
whether TGF-03 was added initially or at 72 h, there was a
dose-dependent reduction in colony size. This suggests that
TGF-/33 can effect cycling blood GM progenitors as well as
cycling marrow GM progenitors by increasing the cell cycle
time (Figs. 1-3 and 5). TGF-/33- and TGF-0, -treated colonies
were healthy, and no gross morphological change was observed.

The activities of TGF-/33 and TGF-/ÃŽ,on the growth of BFU-
E derived from enriched marrow and blood progenitor cells
were very similar (Figs. 6 and 8). Both exerted a dose-dependent
reduction in size of the BFU-E-derived colonies, even when
TGF-/3, addition was delayed for 72 h (Fig. 7). TGF-& and
TGF-01 were more likely to reduce the total number of prolif
erating marrow and blood BFU-E than the total number of
proliferating GM progenitors. Although the majority of blood
BFU-E are relatively primitive, it is known that a large per
centage of marrow BFU-E are relatively mature since they can
proliferate in the presence of EPO without a source of BPA
(48). Therefore the increased sensitivity of BFU-E to TGF-/3,
compared to the sensitivity of CFU-GM, cannot be explained
by the maturation state of the BFU-E.

The numbers of CFU-GEM-derived colonies were not suffi
ciently high to draw any reliable conclusions about the effects
of TGF-/33 and TGF-/3, on their growth. It has been reported
(36, 37, 57) that CFU-GEM were markedly inhibited by TGF-
j3,. It is possible that TGF-/3, exerted a stronger inhibitory effect
on the developing erythroid component of CFU-GEM, and
thus the colony would not be recognized as derived from a
CFU-GEM.

Growth of K562 cells in the presence of TGF-/33 or TGF-/3,
resulted in an increase in the proportion of GÃ¬cells concomitant
with a decrease in S-phase cells. There were also fewer cells in
GÃŒ+ M. Taking into account the cell doubling times in these

cultures and under an assumption that all cells were progressing
through the cell cycle, we have calculated the duration of
individual phases of the cycle (Table 1). It is quite evident that
the major effect of either TGF-ÃŸ,or TGF-03 is the prolongation

of the duration of the GÃ¬phase of the cell cycle. Effects on
other phases of the cycle were rather minor. In light of the
evidence of a stochastic nature of cell residence times in the d
phase (58, 59) it is difficult to evaluate at present, without doing
extensive kinetic experiments, whether the observed TGF-/3
effect on the GÃ¬compartment represents a permanent arrest of
a fraction of cells in G, or just increases, on average, in the
time of residence of all cells in that phase.

TGF-/3 suppression of colony formation by blast cells derived
from AM L patients has been reported. Tessier and Hoang (31)
reported that TGF-0 induced a dose-dependent inhibition of
AML blast clonogenic cells and that upon removal of TGF-/3,
blast clonogenic cell proliferation recovered to control values,
indicating that the effect of TGF-/3 was reversible. Cell cycle
analysis indicated that TGF-0 caused a delay in progression

into S and G2/M phases of the cell cycle without affecting cell
viability. In addition, they found no induction of AML blast
differentiation. Nara et al. (60) reported TGF-/3 suppression of

primary and secondary colony formation by AML blast progen
itors, therefore suggesting that TGF-/3 is effective in inhibiting
terminal divisions as well as self-renewal of leukemic blast
progenitors. In addition normal CFU-GM were found to be as
sensitive to TGF-ÃŸas leukemic blast progenitors. In a prelimi

nary study of one AML M2 patient, we also found the sensitiv
ity of leukemic colony-forming blasts derived from blood to be
similar to that of CFU-GM derived from normal blood.4

Our results indicated that TGF-|83 and TGF-/3i have very
similar activity on the proliferation of enriched hematopoietic
progenitor cells derived from normal human bone marrow and
peripheral blood. The data suggest that both TGF-& and TGF-
/3i slow the rate of proliferation of myeloid progenitor cells in
semisolid culture. Even when the progenitors were stimulated
with MoCM prior to exposure to TGF-/33 and TGF-0,, TGF-/3
was able to exert a dose-dependent reduction in colony size.
Therefore, TGF-/33 and TGF-ÃŸilengthened the cell cycle time,
and the treated progenitors (both erythroid and granulocytic-

monocytic) proliferated more slowly through 20 days of culture.
Our results also suggest that at the highest concentration of
TGF-j33 (1000 pmol/liter) tested, some blood progenitors may

have been prevented from cycling.
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