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ABSTRACT An activity that induces Hb F to Hb A switching
in human cells is present in fetal .sheep serum. To test directly the
role of cell-to-environment interactions in hemoglobin switching
and to define the level of erythroid cell differentiation at which
this activity operates, colony transfer experiments were done.
Clones grown in the presence of switching activity-containing me-
dium (fetal sheep serum) or control medium (fetal calf serum) were
transferred, at the 16- to 30-cell stage, to either fetal sheep serum
or fetal calf serum plates and Hb F synthesis was determined in
the fully mature erythroid bursts. Fetal calf serum-to-fetal calf
serum transfers produced colonies with the high Hb F levels char-
acteristic of undisturbed fetal calf serum-grown clones. Fetal sheep
serum-to-fetal calf serum transfers resulted in significant de-
crease in Hb F synthesis, revealing an interaction between hemo-
globin switching activity and cells at an early stage of progenitor
cell development. The reduction of Hb F synthesis in fetal calf
serum-to-fetal sheep serum transfers indicated that hemoglobin
switching activity interacts with cells at later stages of progenitor
cell development. Maximal decrease in Hb F synthesis was ob-
served in fetal sheep serum-to-fetal sheep serum transfers, in-
dicating that optimal effects on Hb switching are obtained when
the environment that induces Hb switching is present throughout
the development of progenitor cells. By splitting single early clones
into two parts and transferring them to either a fetal sheep serum
or a fetal calf serum environment, these interactions were further
demonstrated in the progeny of a single erythroid burst-forming
unit. Since all clone transfers were done on cell-free plates, the
results of fetal calf serum-to-fetal sheep serum and of fetal sheep
serum-to-fetal sheep serum transfers indicated that the switching
activity does not require helper cells for its action. These studies
show directly that (i) Hb F synthesis is controlled at the level of
progenitors and (ii) it involves interactions between progenitor cells
and their environment.

In man, fetal hemoglobin (Hb F; a2y2) is synthesized in the fe-
tus and it is replaced by adult hemoglobin (Hb A; a2,32) after
birth. Hb F continues to be synthesized in a few cells of every
adult person (1, 2), and its level is elevated in several disorders
of erythropoiesis, especially a-chain hemoglobinopathies (3).
The mechanism that controls the switch from Hb F to Hb A
formation during ontogeny and the synthesis of Hb F in the
adult remains speculative. Most likely, this control is accom-
plished during early erythroid differentiation, in the compart-
ment of committed erythroid progenitor cells (4-12).

During a search for environmental factors that might influ-
ence the switch from Hb F to Hb A formation, we found that
fetal sheep serum contains an activity that has a profound effect
on Hb F synthesis in colonies produced by human erythroid

progenitors (13). This activity inhibits Hb F synthesis in cul-
tures of cells of adult persons with or without a hemoglobinopa-
thy. It induces Hb F-to-Hb A switching in cultures of erythroid
progenitor cells from neonates, but it fails to induce Hb F-to-
Hb A switching in cultures of progenitor cells from human fe-
tuses (13). The detection of this activity, which we preliminarily
designate as "hemoglobin switching activity," provides an op-
portunity to test directly whether interactions between envi-
ronment and erythroid progenitor cells control the expression
of fetal hemoglobin in man. This was attempted with the cul-
ture experiments reported here.

In human erythrogenesis, early progenitor cells, called burst-
forming units [bfu(e)], give rise to progeny known as colony-
forming units [cfu(e)], from which the erythroblasts are formed.
cfu(e) and bfu(e) can be assayed in clonal cultures (14, 15). bfu(e)
produce multilobed colonies that appear late in culture and are
designated erythroid bursts. Our experimental design is to cul-
ture bfu(e) in a given environment until the clones have reached
a size equivalent to four or five cell divisions and then transfer
the clones to a different environment and test whether these
changes of environment have affected Hb F synthesis in the
mature erythroblasts comprising the clones. Transfer from an
environment that does not induce switching of Hb to an en-
vironment that does so tests whether Hb switching activity in-
teracts with late erythroid progenitors. Transfer from an en-
vironment that induces Hb switching to an environment that
does not examines whether Hb switching activity interacts with
early erythroid progenitors. The results of the experiments show
that the expression of Hb F in mature erythroid cells is indeed
controlled interactively at the level of erythroid progenitors.

METHODS
Cells were obtained from peripheral blood or bone marrow of
adult persons with activated synthesis of fetal hemoglobin. From
these samples, mononuclear cells were isolated through Ficoll-
sodium metrisoate (Lymphoprep; Nyegaard, Oslo, Norway)
centrifugation and used for clonal cultures. Cells were cultured
at 1 x 105/ml in methylcellulose plates in the presence of
erythropoietin (2 international units/ml)/10 mM 2-mercapto-
ethenol/0. 1% bovine serum albumin/30% (vol/vol) serum.
Control medium contained fetal calf serum previously tested
for support of erythroid colony growth. Fetal sheep serum pre-
viously tested for support of erythroid colony growth and for
induction of Hb F-to-Hb A switching in clonal cultures was the
source of medium containing Hb switching activity.
The fetal sheep serum or fetal calf serum plates used for col-

ony transfers were monitored for colony growth, and erythroid
bursts were ascertained, at an early stage of their development,

Abbreviations: bfu(e), burst-forming unit(s); cfu(e), colony-forming unit(s).
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by their tendency to form a multilobed clone. Bursts, composed
of 16-30 cells each, were lifted from the plate by using an ul-
trathin pipette and implanted on a methylcellulose plate con-
taining fetal calf serum or fetal sheep serum. All the other com-
ponents in the latter plates were as described above, but there
were no cells other than those transferred. In each experiment,
at least 20 bursts were used for each combination of transfers
(from fetal calf serum to fetal sheep serum, from fetal calf serum
to fetal calf serum, from fetal sheep serum to fetal sheep serum,
from fetal sheep serum to fetal calf serum). A similar number
of control bursts were marked and left in the initial plates to
grow undisturbed. When the bursts had reached full matura-
tion (as judged by the degree of hemoglobinization of erythro-
blasts), they were used for the detection of the synthesized glo-
bin chain species by globin chain biosynthesis.

In experiments testing the effects of hemoglobin switching
activity on Hb F synthesis in cfu(e) colonies, bone marrow cells
were used for culture and the supporting medium was plasma
clots. The method used was as described (4, 16), with the ex-
ception that cultures were done in either fetal sheep serum or
fetal calf serum and 5- to 6-day cfu(e) colonies were used for
globin biosynthesis.

For experiments testing Hb F synthesis in erythroblasts of
various degrees of maturity, peripheral blood bfu(e) cultures
were used. Erythroid bursts of a desired culture day were
classified to three levels of maturity (immature, intermediate,
mature), using the criteria described before (17-19). Bursts of
a given degree of maturity were lifted from the plates and pooled,
and their erythroblasts were used for globin biosynthesis.

For measurements of globin biosynthesis, previously de-
scribed methods were used (13, 18). Cells were incubated with
[3H]leucine and lysates of erythroblasts were analyzed by iso-
electric focusing. Globin chains were separated and globin chain
synthesis was measured from densitometric tracings of the re-
sultant fluorograms (13, 18).

RESULTS
Transfers of Erythroid Bursts. The manipulation of transfer

of erythroid clones did not significantly affect clone viability;
replating efficiency (i.e., the proportion of transferred clones
that survived and matured) was >90%, in both transfers to fetal
calf serum-containing and to fetal sheep serum-containing me-
dium. The transferred clones reached full hemoglobinization
with 1 or 2 days' delay, compared with clones left in the initial
plates to grow undisturbed. Their average size was 1,000-2,000
cells. Since the clones were transferred when they were com-
posed of 16-30 cells, each cell forming a clone had undergone
four or five divisions before transfer. On average, the cells of
each transferred clone completed five or six divisions after
transfer. If, during the development of a clone, the last three
divisions are maturational (i.e., divisions of erythroblasts), the
remaining divisions are proliferative or differentiative divisions
of bfu(e) and cfu(e) progenitors. We assume that before transfer
the cells of a clone were bfu(e) and that the initial divisions after
transfer produced cells that were bfu(e) or cfu(e).

Clones initially grown in fetal calf serum plates were trans-
ferred to fetal sheep serum -plates (inductive of Hb F-to-Hb A
switching environment) or were transferred to fetal calf serum
plates (noninductive environment) or were left in situ to grow
undisturbed. The fetal calf serum-to-fetal calf serum transfers
served as the controls of fetal calf serum-to-fetal sheep serum
transfers. The effects of these changes in environment on Hb
F synthesis are shown in Figs. 1 and 2. In the fetal calf serum-
to-fetal calf serum transfers, Hb F synthesis was higher than in
fetal calf serum undisturbed bursts, indicating that the transfer
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FIG. 1. Fluorogram of an isoelectric focusing gel containing [3H]-
leucine-labeled hemolysates from peripheral blood bfu(e) cultures of a
person with homozygous (3+ thalassemia. Lanes: 1, control erythroid
bursts grown in fetal calf serum plates; 2, bursts initially grown in fetal
calf serum plates and subsequently transferred to fetal calf serum plates;
3, bursts initially grown in fetal calfserum and then transferred to fetal
sheep serum plates; 4, bursts initially grown in fetal sheep serum and
then transferred to fetal calf serum; 5, bursts initially grown in fetal
sheep serum and then transferred to fetal sheep serum; 6, control bursts
grown in fetal sheep serum undisturbed. The striking decrease in Hb
F synthesis in clones grown in fetal sheep serum containing hemoglo-
bin switching activity should be noted (compare lanes 1 and 6) as should
the decrease in y-chain synthesis in fetal calf serum-to-fetal sheep serum
(lane 3) and fetal sheep serum-to-fetal calfserum (lane 4) transfers. The
maximal decrease in Hb F synthesis in these transfer experiments was
found in the fetal sheep serum-to-fetal sheep serum transfers (lane 5).

manipulation per se can increase Hb F synthesis. However, in
the fetal calf serum-to-fetal sheep serum transfers, there was a
consistent decrease in fly-chain synthesis (compared with the level
of Hb F in fetal calf serum-to-fetal calf serum transfers or in the
bursts that were left to grow in fetal calf serum undisturbed).
In these transfers from the noninductive to the inductive en-
vironment, the level of Hb F synthesis was approximately one-

third of the level in controls.
The results of transfers of clones initially grown in fetal sheep

serum are shown in Fig. 3. Such clones were transferred to a

noninductive environment (fetal calf serum) or to an environ-
ment inductive of Hb switching (fetal sheep serum) or were left
to grow in fetal sheep serum undisturbed. In the clones trans-
ferred from fetal sheep serum to fetal sheep serum, Hb F syn-
thesis was as low as in the fetal sheep serum-grown undisturbed
bursts (Figs. 1 and 3). Hb F synthesis in the fetal sheep serum-
to-fetal calf serum transfers was significantly less than in fetal
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FIG. 2. Hb F synthesis (expressed as the y/y + 3ratio) after trans-
fer of erythroid bursts initially grown in a noninductive environment
(fetal calf serum). Bars: a, control bursts left in the plates to grow un-
disturbed; b, fetal calf serum-to-fetal calf serum transfers; c, transfers
from fetal calf serum to fetal sheep serum. Each experimental value is
based on globin biosynthesis done on cohorts of 20-50 bursts. Numbers
on the horizontal axis represent different experiments. The consistent
decrease in the y/y + 13 ratio when the erythroid bursts are transferred
from a noninductive environment to an environment inductive of
hemoglobin switching should be noted (bars c).
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FIG. 3. Hb F synthesis after transferlof erythroid bursts initially
grown in an environment that induces Hb switching fetal sheep serum).
Bars: a, control bursts left to grow in fetal sheep serum undisturbed; b,
transfers of erythroid bursts from fetalsheep serum to fetal-sheep serum;
c, transfers oferythroidburstsfrom fetal sheepserum to anoninductive
environment (fetal calf serum); d, control transfers from fetal calf serum
to fetal calf serum. It should be-noted that bursts initially grown in an
inductive environment and subsequently transferred to a noninductive
environment (bars c) have significantly lower levels of 7-chain syn-
thesis compared-with control bursts (bars d) and also that the decrease
in the 'y/'y +; ratio in fetal sheep serum-to-fetal sheep serum transfers
is as striking as in the fetal sheep serumtgrown.undisturbed bursts.

calf serum-to-fetal calf serum controls (Fig. .3), indicating that
exposure of bfu(e) to.an inductive environment influences Hb
F synthesis in. their progeny even if'these cells are transferred
and left to mature in a noninductive environment.

Transfers of Divided Clones. Early erythroid bursts com-
prised of about 50 cells were-identified in the plates and were
split in situ in halves comprised of more or less equal numbers
of cells. One-half of the clone was-transferred to a fetal sheep
serum plate; the other half was transferred to a fetal calf serum
plate. These halves were left to grow until mature erythroid
colonies were formed. Ninety-four percent ofthese divided and
transferred parts of the clones survived and matured.

Results of globin biosynthesis in the divided parts of f83 thal-
assemia clones are presented in Table 1. The findings show that

Table 1. Divided clones: Globin biosynthesis in parts transferred
to inductive or noninductive environments

y/-y + -3 synthesis of
done transferredt

Clone Fetal calf Fetal sheep
.no. First growth medium* serum serum
1 Fetal calf serum 0.86 0.50
2 Fetal calf serum 0.86 0.58
3 Fetal calf serum 0.82 0.61
4 Fetal- calf serum 0.79 0.50
5 Fetal calf serum 0.78 0.29
6 Fetal calf serum 0.77 0.53
7 Fetal calf serum 0.69 0.23
8 Fetal calf serum 0.50 0.15
9 Fetal calf serum 0.50 0.12

10 Fetal calf serum 0.45 0.10
11 Fetal calf serum 0.40 0.10
12 Fetal calf serum 0.30 0.09
13 Fetal sheep serum 0.25 0.03
14 Fetal sheep serum 0.25 0.01
15 Fetalsheep.serum 0.22 0.05
16 Fetal sheep serum 0.20 0.02
17 Fetal sheep serum 0.17 0.06

* Medium in which clones were grown to the 50-cell stage.
t At the 50-cell stage, clones were divided into-two portions one ofwhich
was transferred to fetal calfserum and the other, to fetal sheep serum.
The y/y-+ P synthesis ratio was determined when the transferred
clones were mature.
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FIG. 4. Single neonatal-origin erythroid [bfu(e)]Iclones. composed
of about 50 cells were split into two parts. One part was transferred to
a fetal calf serum plate (e), theother part, to a fetal sheep serum plate
o). Globin biosynthesis (expressed as y/y + (3 ratio) was determined
when the transferred clones were mature. The neonatal bfu(e) respond
to the switching factor in fetal sheep serum and there.is heterogeneity
in the degree of their response.

the fetal sheep serum-grown part of a clone synthesizes less Hb
F than the fetal calf serum-grown part.

-Studies of divided bursts were also done using neonatal bfu(e).
Neonatal erythroid bursts initially grown in fetal calf serum were
divided at about the 50-cell stage. into two parts, and one was
grown.in fetal calf serum while the other was grown in fetal
sheep serum. As shown in Fig. 4, in 9 of 12 clones, there was
a decrement in Hb F synthesis in the part of the clone that was
transferred to the inductive environment (fetal sheep serum).

Studies of cfu(e) and Erythroblasts. To test whether cfu(e)
are sensitive to Hb switching activity, experiments were done
using bone marrow cells-from persons who had an activated-Hb
F synthesis. Bone marrow cells were grown in fetal calf serum
or in fetal sheep serum, and Hb F synthesis. was determined in
cfu(e) clones. cfui(e). colonies grown in fetal calf serum showed
increased Hb F synthesis (Fig. 5); a decrease in Hb F was char-
acteristic of cfu(e) colonies grown in fetal sheep serum, sug-
gesting that the cfu(e) is one of the target cells of Hb switching
activity.

bfu(e) were cultured in fetal calf serum or in fetal sheep serum,
and Hb F synthesis was measured in cohorts of clones com-
posed of immature erythroblasts, of erythroblasts of "inter-
mediate" degree of maturity, or of fully mature erythroblasts.
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FIG. 5. Effect of hemoglobin switching activity on cfu(e) colonies.
Cells of donors (with activated in vivo Hb F synthesis). were grown in
fetal calfserum medium (points a) or in fetal sheep serum medium (points
b) and synthesis ofHb F was measuredinthe 5- to6-day cfu(e) colonies.
The consistent decrease in y/y + ,B ratios in the fetal sheep serum-grown
cfu(e) should be noted.
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FIG. 6. Synthesis of ychains in erythroblasts of various degrees of
maturity. Cultures of peripheral blood bfu(e) were carried out in the
fetal calf serum noninductive environment (points a) or in the fetal sheep
serum inductive environment (points b). Erythroid bursts-were classi-
fied according to their degree of hemoglobinization as. immature (l),
composed mainly of proerythroblasts; fully mature (a); or of inter-
mediate degree of maturity (A). (A) P3+ thalassemia bfu(e) cultures. (B)
Cultures of cells of a person with homozygous Hb S disease. Low syn-
thesis of 'y chains is characteristic of fetal sheep serum-grown imma-
ture erythroblasts.

The fetal calf serum-derived immature erythroblasts synthe-
sized high levels of -y-globin (Fig. 6), in agreement with pre-

vious findings (17-19). In the fetal sheep serum-derived im-
mature erythroblasts, y-globin synthesis was as low as in the
population of mature erythroblasts (Fig. 6), suggesting that the
early erythroblasts formed by fetal sheep serum-grown pro-

genitors are already programmed to synthesize low levels of
Hb F.

DISCUSSION
The results we report here provide direct evidence (i) that the
control of Hb F synthesis in man is accomplished at the level
of progenitors, (ii) that this control involves interactions be-
tween progenitor cells and their environment, and (iii) that the
interactions are of direct nature and do not require the pres-

ence of accessory or helper cells.
In the transfers from fetal sheep serum to fetal calf serum,

clones initially grown in an environment inductive of Hb F-to-
Hb A switching were transferred to a noninductive environ-
ment. These experiments tested whether the hemoglobin
switching activity acts during the first four or five divisions of
the cells forming the erythroid bursts. A consistent decline in
the y/'y + ratio in fetal sheep serum-to-fetal calf serum trans-
ferred bursts was noted, suggesting that exposure of bfu(e) to
fetal sheep serum changes the program of the cell; this change
in program is manifested later, when the erythroblasts are formed
during the growth of the clone in an environment noninductive
of switching. These results directly support the concept of in-
teractive control of the Hb F phenotype at the level of pro-

genitor cells. The fetal sheep serum-to-fetal calf serum trans-
fers are informative from other points of view. Since early
exposure of the progenitors produces effects of Hb F synthesis
on erythroblasts (though the latter are born in a noninductive
environment), the Hb switching activity of fetal sheep serum

cannot induce Hb switching by acting exclusively at the level
of erythroblasts. For the same reasons, the activity cannot in-
duce Hb switching secondarily through the mechanism of mat-
urational modulation of Hb F in erythroblasts (17-20). This
conclusion is also supported by the results of measurements of
Hb F in immature and mature erythroblasts of clones grown
in fetal sheep serum.

In the transfers from fetal calf serum to fetal sheep serum,

clones cultured initially in an environment lacking the hemo-
globin switching activity were subsequently transferred to and
grown in an environment containing this activity. These trans-
fers resulted in decreased synthesis of Hb F, indicating that the
Hb switching activity interacts with cells at later stages of
erythroid cell differentiation and induces changes in their Hb
F program. Additional evidence for interaction between late
progenitors and the switching activity was obtained .by com-
parison of Hb F synthesis in cfu(e) grown in fetal calf serum or
in fetal sheep serum, which showed that this late progenitor is
responsive to Hb switching activity.

In these experiments, the maximal decrease in Hb F syn-
thesis was observed when clones initially, grown in fetal sheep
serum were transferred to fetal sheep serum. Hb F in the clones
so transferred was as low as in the fetal sheep serum-grown un-
disturbed bursts. The difference in Hb F synthesis between
fetal sheep serum-to-fetal sheep serum transfers and fetal sheep
serum-to-fetal calf serum or fetal calf' serum-to-fetal sheep serum
transfers suggests that Hb switching activity has an optimal ef-
fect when it acts throughout in vitro development of the ery-
throid progenitors. In support of this conclusion are the ex-
periments with cfu(e) colonies. Although Hb F in the fetal sheep
serum-grown cfu(e) was significantly lower than in fetal calf
serum-grown cfu(e), Hb F synthesis in the former was still el-
evated, while in fetal sheep serum-grown bfu(e) colonies of the
same bone marrow donors, Hb F was barely measurable (data
not shown). This difference in Hb F between the fetal sheep
serum-grown cfu(e) and bfu(e) colonies may be explained if op-
timal effects on Hb F synthesis are obtained when the Hb
switching activity operates throughout progenitor cell devel-
opment.

For clonal culture of hemopoietic cells, mononuclear cells
are plated in semisolid medium containing components (such
as erythropoietin and burst-promoting activity) that trigger
growth of erythroid progenitors. Only a small fraction of the
plated cells are progenitors. Mature terminal cells of the var-
ious lineages and accessory or helper cells are also seeded in
culture, and the latter cells presumably influence progenitor
cell growth. Under such culture conditions, it is- difficult to as-
sess whether an environmental factor inducing Hb switching
exerts its effect by acting directly on progenitors or by acti-
vating an accessory cell present in the plates. In the transfer
experiments, however, single clones are transferred to cell-free
plates (i.e., plates that contain no other cells than those of the
transferred bursts). Under such cell-free conditions, we ob-
served that Hb F decreases in the fetal calf serum-to-fetal sheep
serum transfers and Hb F synthesis is almost completely in-
hibited in fetal sheep serum-to-fetal sheep serum transfers. From
these findings, we conclude that the hemoglobin switching ac-
tivity exerts its effect by acting directly on progenitors. This
conclusion is further supported by the results we obtained with
transfers of divided bursts.

Previously, we presented evidence, based on immunofluo-
rescence analyses of bursts, that the same bfu(e) can provide
either F-producing or non-F-producing progeny (4, 12, 20). Other
investigators, however, have suggested that in the adult person
different bfu(e) produce Hb F-expressing or Hb F-non-ex-
pressing cells (21). The findings obtained with divided bursts
are of relevance to this question, since they show directly that
one-half of the progeny of a bfu(e) can develop into a high F-
producing clone while the other half develops into a low F-pro-
ducing (or non-F-producing) clone, depending on the, environ-
mental stimulus.
The results obtained with the divided neonatal bfu(e) clones

are of interest because they show (i) that neonatal bfu(e) do re-
spond to the hemoglobin switching activity of fetal sheep serum

Proc. Natl. Acad. Sci. USA 80 (1983) 5653



5654 Developmental Biology: Stamatoyannopoulos et al.

and (ii) that there is heterogeneity in the degree of their re-
sponses. Both observations are in accord with the hypothesis
(13) that Hb switching reflects an intrinsic change in the ability
of progenitor cells to respond to Hb switching activities in their
environment. Inherent to. this hypothesis is the prediction of
qualitative heterogeneity of the erythroid progenitors that are
produced during the time hemoglobin switching takes place in
vivo.
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