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Abstract

In the present study, the erythropoietic activity of fetal serum

was characterized. Using fetal bovine serum (FBS) as a source

of the erythropoietic activity and serum-free cultures of fetal
mouse livers (FMLC assay) as a detection system, we found that
FBS stimulated colony formation from late erythroid progenitor
cells (CFU-E) in a dose-dependent fashion. The slope of the
dose-response curve, however, was significantly different from
that for erythropoietin (Ep), the best-characterized erythropoietic
activity so far. The erythropoietic activity of FBS was found in
the 120-160- and 40-70-kD range at neutral pH. In the presence
of 1 Macetic acid, however, the erythropoietic activity had an

apparent molecular mass between 3 and 13 kD. From ion ex-

change experiments with DEAE-cellulose, the isoionic point of
the activity was estimated to about pH 5. Furthermore, the
erythropoietic activity of FBS was found to be co-eluted on Se-
phadex G-150 with the binding proteins of insulinlike growth
factors (IGF). The IGF I concentration determined by radioim-
munoassay was 70 ng IGF I/ml. The Ep activity of FBS was

<5 mU/ml when determined with the posthypoxic polycythemic
mouse assay for Ep. These results suggest that the erythropoietic
activity of FBS is related to IGF and not to Ep. The erythropoietic
activity of FBS was abolished by an antiserum against IGF I.

Furthermore, IGF I was a factor of -40 more potent than IGF
II in stimulating erythroid colony formation. All of these findings
suggest that the erythropoietic activity of FBS is IGF I.

Introduction

Fetal erythropoiesis is characterized by a strong increase in
erythrocyte mass. This increase parallels the whole body growth
(1) and is thought to be required for the maintenance of a suf-
ficient energy supply for the growing fetus. The mechanism by
which fetal erythropoiesis is tuned to the energy demand of the
tissues has not yet been clarified. While the growth of fetal tissues
is thought to be under the control of a group of growth factors,
including the insulin-like growth factors (IGF)' (2), fetal eryth-
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1. Abbreviations used in this paper: CFU-E, late erythroid progenitor
cells; Ep, erythropoietin; FBS, fetal bovine serum; IGF, insulinlike growth
factors.

ropoiesis, like erythropoiesis in the adult organism, is believed
to be regulated by the glycoprotein hormone erythropoietin (Ep)
(3). The idea that Ep controls fetal erythropoiesis is based mainly
on the findings that Ep is present in fetal plasma and that it acts
as a mitogen on fetal erythroid progenitor cells in vitro (3). The
Ep concentration in fetal plasma, however, is not higher than
in the adult plasma (4). This is surprising in view of the fact that
fetal, but not adult, erythroid tissue is constantly expanding.
Therefore, the question arises whether factors other than Ep are
involved in the enlargement of fetal erythroid tissue. A possible
candidate is insulin-like growth factor I (IGF I), the mediator
of the mitogenic effect of growth hormone (5). Previously (6),
we have shown that IGF I, which is present in fetal sera, also
stimulates colony formation of fetal late erythroid progenitor
cells (CFU-E) (7). On the other hand, fetal bovine serum (FBS)
has been shown to stimulate colony formation of CFU-E in
vitro (8). In view of these connections, we were interested to get
more information about the nature of the erythropoietic activity
in FBS. Using FBS as a source of the fetal erythropoietic activity
and serum-free cultures of fetal mouse livers as a detection sys-
tem, we determined the biological and chemical characteristics
of the erythropoietic activity.

From a number of biological and biochemical tests, including
dose-response studies, gel filtration on Sephadex G- 150 and
G-50, ion exchange on DEAE-cellulose, and Ep and IGF I de-
terminations, we infer that the erythropoietic activity of FBS is
IGF I. Our conclusion was further corroborated by the finding
that an antiserum against IGF I abolished the erythropoietic
activity of FBS. IGF I, which is identical to somatomedin C (9),
is one of the most prominent regulators of growth (5). To our
knowledge, this study is the first that provides evidence that the
growth of the whole body and the growth of erythroid tissue
could be under the control of the same growth factor, namely
IGF I.

Methods

Erythroid colony assay. The erythropoietic activity was assayed by its
ability to generate erythroid colonies from CFU-E in serum-free cultures
of fetal mouse livers exactly as described in Kurtz et al. (10). Liver cells
were obtained from 1 3-d-old fetal NMRI mice. The total volume of one
culture was 600 Al, including the 60 Atl of the sample to be assayed for
erythropoietic activity. The erythropoietic effect is expressed as the per-
centage of the maximal number of erythroid colonies that were obtained
with a saturating concentration of standard Ep ( 120 mU/ml). The max-
imal number of colonies was 3,250±80 (x±SEM; n = 21) per 105 nu-
cleated liver cells.

Erythropoietin assay. Ep activity of fetal bovine serum was determined
with the posthypoxic polycythemic mouse assay for Ep exactly as de-
scribed in Jelkmann and Bauer (1 1). The sample volume injected was
2 X 0.5 ml per assay mouse.

Molecular mass determinations were performed on a Sephadex
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G-150 (2.5 X 84 cm) and a Sephadex G-50 (2.5 X 70 cm) column. The
Sephadex G- 150 column was calibrated with dextran blue, bovine serum
albumin, ovalbumin, chymotrypsinogen, and ribonuclease, and the
G-50 column with dextran blue, cytochrome c, and aprotinin. All chem-
icals used for the calibration were obtained from Sigma Chemical Co.
(St. Louis, MO). The G- 150 column was operated with phosphate-buff-
ered saline (PBS), pH 7.4, at 4VC, and the G-50 column with PBS or 1
Macetic acid at room temperature. The G- 150 and G-50 column were
loaded with 2.5 and 2 ml of FBS, respectively. For determination of the
elution profile of the erythropoietic activity from the G-1 50 column,
fractions containing 13 ml were concentrated by ultrafiltration on Amicon
YM-l0 membranes to 1 ml and subsequently assayed in the cultures.
For determination of the erythropoietic activity in the void volume and
the 3-1 3-kD range of the G-50 column, the void volume fraction was
concentrated to 1 ml and the 3-13-kD range fraction was Iyophilized
and resuspended in 1 ml of PBS. When 1 Macetic acid was used for
elution, the void volume fraction was dialyzed against PBSbefore assay.

Binding of the erythropoietic activity to DEAE-cellulose was inves-
tigated at pH 7.0, 6.0, 5.5, 5.0, 4.5, and 4.0. Starting buffers were 20
mMphosphate buffer (pH 7.0-5.5) and 50 mMacetate buffer (pH 5.0-
4.0). Bound material was eluted with 0.5 MNaCI and 0.1 MNa2HPO4
as described in Goldwasser et al. (12). For each experiment, 3 ml of FBS
was dialyzed against the starting buffer. Bound and unbound material
was always concentrated to I ml and dialyzed against PBSbefore assay.

Identification of IGF-binding proteins in FBS. 2 X 3 ml FBS prein-
cubated with 10 MCi '251-IGF I for 18 h at 40C were chromatographed
on Sephadex G-150 as described above and the elution of the radioactivity
was monitored.

Determination of IGF I concentrations. All samples to be assayed for
IGF I contents were gel chromatographed on Sephadex G-50 with 1 M
acetic acid as described in Zapf et al. (13). Material appearing in the 3-
1 3-kD range was lyophilized and assayed with a radioimmunoassay for
IGF 1 (14).

Treatment of FBSwith IGFI antiserum. Serum of rabbits immunized
against pure human IGF I (13) and serum of normal rabbits as control
were reacted with FBS as follows: 100 Ml of diluted or undiluted antiserum
and 300 Ml FBS were mixed and kept at 4°C for 24 h. Then 20 mg of
Sepharose-coupled Protein A (Sigma Chemical Co.) was added and al-
lowed to react for 90 min at room temperature. Thereafter, the suspension
was centrifuged at 8,000 gand the supernatant was subsequently assayed
in the FMLCtest for erythropoietic activity. The specificity of the an-
tiserum was tested using the immunoblotting method described by Tow-
bin et al. (15).

Proteins of FBS and IGF I standard (100 ng IGF I + 0.1% bovine
serum albumin [Sigma Chemical Co.]) were separated by SDS gel elec-
trophoresis (16) on a 10% polyacrylamide gel. Protein bands were trans-
ferred to nitrocellulose filters (0.2 gm, BA 83; Schleicher & Schull, Dassel,
Federal Republic of Germany [FRG]) using 60 V, 0.8 A for I h. Cellulose
filters were dried, incubated in 2% bovine serum albumin overnight,
washed with PBS, and subsequently incubated with rabbit anti-IGF serum
(1:200) or normal rabbit serum (1:200) for I h. Thereafter, filters were
washed four times with PBS, treated with peroxidase-labeled goat anti-
rabbit IgG (Nordic, Tillburg, The Netherlands) (1:200) for 30 min, again
washed four times with PBS, and reacted with a solution consisting of
4-chloro-l-napthol (Merck, Darmstadt, FRG) (15 mg/ml), H202 (30%),
and PBS (1:0.01:9, vol/vol). Staining was stopped by adding 1% acetic
acid.

Fig. 1 shows the peroxidase staining of the nitrocellulose filters. As
indicated by the arrow, a single stained band was observed by blotting
IGF I standard against IGF I antiserum (Fig. 1, line A) as well as by
blotting FBS against IGF I antiserum (Fig. 1, line C). No reaction was
observed when IGF I standard or FBS were blotted against normal rabbit
serum (Fig. 1, lines B and D). The molecular mass of the stained band
in FBS was identical to that of the IGF I standard.

Humanurinary Ep standardized against the International Reference
Preparation B was kindly provided by the National Institutes of Health
(Bethesda, MD). This Ep was used as standard Ep in the polycythemic
mouse assay and in the serum-free cultures of fetal mouse livers.

MW
[kD]

94

67 -
43 -

30 -

20

Figure 1. Peroxidase stain-
ing of nitrocellulose filters
after immunoblotting of
rabbit anti-IGF I serum and
normal rabbit serum against
IGF I standard and fetal bo-
vine serum. Immunoblot-
ting and staining was done
as described in the text. (A)
IGF I standard (100 ng
+ 0. 1%BSA) + rabbit anti-
IGF I. (B) IGF I standard
+ normal rabbit serum. (C)
FBS + rabbit anti IGF I.
(D) FBS + normal rabbit
serum. Numbers indicate
molecular mass regions de-
termined with calibration
standards. Arrow indicates
a stained band.

Rat Ep was partially purified by heat treatment of plasma from male
rats exposed to hypobaric hypoxia (17).

Pure human IGF I and IGF II were a generous gift of Professor
R. E. Humbel, University of Zurich, Zurich. Stock solutions of these
substances were prepared in Iscoves modified Dulbecco medium (Boeh-
ringer, Mannheim, Federal Republic of Germany) supplemented with
0.1% purified serum albumin (18).

Results

To determine the Ep concentration in FBS, threefold-concen-
trated FBS from six different serum batches was assayed for Ep
activity in the posthypoxic polycythemic mouse assay for Ep.
Threefold-concentrated FBS caused an iron incorporation that
was significantly higher than a dose of 0 mUEp and significantly
lower than a dose of 50 mUEp. Using double-logarithmic plot-
ting of the dose-response curve for human standard Ep, the ap-
parent Ep activity of threefold-concentrated FBS was calculated
as 15 mU/ml. The Ep activity of unconcentrated FBS should
therefore be -5 mU/ml.

Fig. 2 shows dose-response curves for FBS and rat and human
Ep on erythroid colony formation in serum-free cultures of fetal
mouse livers. It is obvious that the slopes of the curves for human
and rat Ep are similar, whereas the slope of the curve for FBS
is significantly different. The slopes of the curves for Ep are
about three times steeper than that for FBS. The effect of FBS
on erythroid colony formation corresponds to the effect of a
sample containing 100 mUEp. The apparent Ep activity of
FBS in serum-free cultures of fetal mouse livers is therefore es-
timated to be - 100 mUEp/ml FBS.

The molecular mass of the erythropoietic activity in five
different batches of FBS was determined by neutral gel filtration
using a Sephadex G- 150 column. From Fig. 3 it can be seen
that the activity had two peaks, one between 120 and 160 kD
and another between 40 and 70 kD. The activity in the latter
range was clearly more potent in stimulating erythroid colony
formation than that in the 120-160-kD range. For determination
of the Ep content in these molecular mass ranges, 50 ml of FBS
was gel filtered and the 160-120- and 70-40-kD fractions were
pooled separately and concentrated to 5 ml each. Whenassayed
in the polycythemic mouse assay for Ep, no significant increase
in radioiron incorporation could be detected in either sample,
which indicates that the Ep concentration in both samples was
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Figure 2. Effect of FBS and human and rat Ep on erythroid colony
formation in serum-free cultures of fetal mouse livers at different con-
centrations. Data are presented as described under Methods. Results
are mean±SEMof 5, 10, and 3 independent dose-response curves for
FBS and human and rat Ep, respectively. The dilution is related to the
sample that is added to the cultures and does not include the 10-fold
dilution of the samples in the cultures (see Methods).

definitely <50 mU/ml. Since both samples were 10-fold-con-
centrated fractions of FBS, this result indicates that the Ep con-

tent in the 120-160- and 40-70-kD range of 1 ml of FBS is
<5 mU.

The IGF I concentration determined by radioimmunoassay
was 70 ng/ml of FBS. The 160-120- and 70-40-kD ranges con-

tained 2 and 60 ng IGF I/ml FBS, respectively.
To get information about the isoionic point of the activity,

the erythropoietic effect of material bound and not bound to
DEAE-cellulose at different pH values was determined. For pre-

sentation of the data in Fig. 4, the sum of the effects of bound
and unbound material on erythroid colony formation at a certain
pH value was considered as the 100% value and the effects of
bound and unbound material were related to this value. From
Fig. 4 it becomes evident that the erythropoietic activity of the
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Figure 3. Elution profile from Sephadex G-150 for the erythropoietic
activity of FBS at neutral pH. The erythropoietic activity was deter-
mined as described in Methods. The curve for the erythropoietic activ-
ity represents the mean of five different batches of FBS.

Figure 4. Erythropoietic activity of FBS bound to DEAE-cellulose at
different pH values. As described in Methods, the sum of the erythro-
poietic effects of bound and unbound material at a certain pH value
was considered as the 100% value and the activity of bound and un-
bound material was related to this figure.

unbound material increased with increasing proton concentra-
tion. At pH 5.0, the activity of the bound and unbound material
was equal, which indicates an isoionic point of pH 5. The isoionic
point of erythropoietin is known to be below pH 4.0 (19), whereas
that of purified IGF I is around pH 8.3 (20). The isoionic point
of carrier-bound IGF, however, is not known.

After gel filtration of FBS on a Sephadex G-50 column at
neutral pH, all of the erythropoietic activity was eluted in the
void volume (Fig. 5, upper panel). This is consistent with the
results depicted in Fig. 3. However, when the elution was per-

formed with I Macetic acid instead of PBS (pH 7.4), the eryth-
ropoietic activity in the void volume largely decreased and ac-

tivity in the 3-1 3-kD range appeared (Fig. 5, upper panel). Ad-
ditional experiments showed that rat and human Ep were always
eluted in the void volume in presence of both PBS and 1 M
acetic acid (Fig. 5, lower panel).

To obtain information on the molecular mass profile of IGF-
binding proteins in FBS, FBS preincubated with 10 ACi 125[1
IGF I was gel-filtered on Sephadex G- 150 at neutral pH. Fig. 6
shows that the main peaks of radioactivity eluted at an apparent
molecular mass of 140 and 50 kD. For comparison, the elution
profile of the erythropoietic activity from Fig. 3 is also included
in this figure (broken line). The elution profiles of the radiola-
beled IGF I-carrier protein complex and of the erythropoietic
activity are more or less identical.

The results obtained from the gel filtration studies suggest
that the erythropoietic activity of FBS is related to IGFs. Since
both IGF I and IGF II are known to be mitogens, we determined
their effects on erythroid colony formation in the serum-free
liver cultures. Fig. 7 shows that a 40-fold-higher concentration
of IGF II is needed to obtain the same erythropoietic effect as

with IGF I.

Further evidence that IGF I is the erythropoietic activity of
FBS was obtained by titration of FBS with antiserum raised
against pure human IGF I (see Methods). Fig. 8 shows that the
erythropoietic activity of FBS treated with anti-IGF I was clearly
dependent on the concentration of antiserum used. The anti-
serum at a dilution of 1:4 abolished the erythropoietic activity
of FBS.
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Figure 5. (Upper panel) Erythropoietic activity of FBS in the void vol-
ume and 3-13-kD range of a Sephadex G-50 elution in presence of
PBS (pH 7.4) and 1 Macetic acid. (Lower panel) Erythropoietic activ-
ity of FBS supplemented with 1 U/ml human Ep (one experiment)
and 1 U/ml rat Ep (one experiment) in the void volume and 3-1 3-kD
range of a Sephadex G-50 elution in presence of PBS and 1 Macetic
acid. Data are mean±SEM. Figures at the bottom of the columns indi-
cate the number of experiments.

Discussion

FBS contains significant amounts of erythropoietic activity that
stimulates fetal erythroid colony formation from erythroid pro-

V IGF I

V IGF U

-co -10 -9 -8 -7

log c (Molt I 1)

Figure 7. Dose-response curves of IGF I and II for erythroid colony
formation in serum-free cultures of fetal mouse livers. Data are given
as mean±SEMof three independent dose-response curves for both
IGF I and II.

genitor cells (8). The present study was undertaken to identify
the biochemical nature of this erythropoietic activity. Since the
glycoprotein hormone erythropoietin is so far the best-charac-
terized mitogen for erythroid cells, we shall first discuss whether
the erythropoietic activity of FBS is represented by Ep.

When FBS was assayed for Ep activity in a serum-free fetal
mouse liver cell assay, the apparent Ep activity of 1 ml of FBS
corresponded to -100 mUof human or rat Ep (Fig. 2). However,
when FBS was assayed in the polycythemic mouse test for Ep,
the apparent Ep activity of 1 ml of FBS corresponded to -5
mUEp. This latter finding is in close agreement with the results
of Beckman et al. (21) and G. Clemmons (personal communi-
cation), who determined the Ep concentration in FBS by ra-
dioimmunoassays using anti-human Ep (21) as well as anti-rat
Ep antibodies (Clemmons). Both investigators found between 3
to 9 mUEp/ml of FBS.

Fig. 2 demonstrates that a FBS sample containing 5 mU/ml
of Ep does not yet significantly stimulate colony formation. We
therefore conclude that the erythropoietic activity of FBS is due
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Figure 6. Elution profile from Sephadex G-150 for 125J-IGF I, which
had been added to FBS at neutral pH. The radioactivity was moni-
tored in elution fractions containing 5 ml. The elution profiles of the
absorbance at 280 nmand of the erythropoietic activity (dashed line)
as depicted in Fig. 2 are also included in this figure.

Dilution of IGF I-Antiserum

Figure 8. Dependency of erythropoietic activity present in FBS on di-
lution of added IGF I antiserum. Titration of FBS with IGF I antise-
rum was done as described in Methods. Results are shown as

mean±SEMof three experiments.
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to a factor different from Ep. This conclusion is corroborated
by the findings (a) that the erythropoietic activity has an isoionic
point of pH 5.0, which is markedly different from that of Ep,
which is below pH 4.0 (19) (Fig. 4), and (b) that the erythropoietic
activity had a significantly reduced molecular mass in presence
of I Macetic acid, while the molecular mass of rat and human
Ep was unchanged under this condition (Fig. 5). Furthermore,
the dose-response curve of FBS on erythroid colony formation
was significantly different from that for Ep (Fig. 2), a finding
that also indicates a difference between Ep and the erythropoietic
activity of FBS.

Wehave shown earlier that human IGF I, a well-known
component of a fetal sera, stimulates erythroid colony formation
independently of Ep (7). How likely is it that the erythropoietic
activity of FBS is due to bovine IGF I, which has an amino acid
sequence identical to that of human IGF I (Honegger and Hum-
bel, personal communication)? IGFs comprise a group of two
well-characterized polypeptides named IGF I and IGF 11 (22,
23) that are potent mitogens of(cf. reference 24). IGF I is identical
to somatomedin C (9) and is thought to mediate at least some
of the effects of growth hormone (5). IGF I and II have a mo-
lecular manss of -7.5 kD (22, 23) and they have been shown to
be bound to serum proteins, leaving the concentration of free
IGF <1% of the total IGF concentration (25). Two types of
specific IGF-binding proteins have been described, one occurring
in the 150-200-kD range, the other in the 50-kD region (26,
27). Wedetermined the molecular masses of the IGF-binding
proteins in FBS by adding radiolabeled IGF I to FBS, and we
found two peaks, a lower one at 140 kD and a higher one at 50
kD. Interestingly, the elution profile of the radioactivity was
identical to that of the erythropoietic activity (Fig. 6). Significant
amounts of immunoreactive IGF I were found in the 120-160-
kD (2 ng/ml) and 40-70-kD (60 ng/ml) ranges. These amounts
of IGF I would fully explain the erythropoietic activities found
in these two molecular mass ranges by an effect of IGF I (Fig.
7). Furthermore, IGF are known to dissociate from their binding
proteins in the presence of I Macetic acid (13), and to appear
in the low-molcular-weight region under this condition. Exactly
the same characteristics were found for the erythropoietic activity
of FBS (Fig. 5).

Taken together, all of our results are supportive of the idea
that the erythropoietic activity of FBS is due to IGF rather than
to Ep. Further support for this was obtained by the experiments
shown in Fig. I and 8. Treatment of FBS with an antiserum
specific against IGF I (Fig. 1) diminished the erythropoietic effect
of FBS in a dose-dependent fashion (Fig. 8). This finding strongly
indicates that IFG I is the main erythropoietic activity of FBS.
This conclusion is further strengthened by the observation that
at least human IGF II is 40 times less potent than IGF I in
stimulating erythroid colony formation (Fig. 7). Moreover, con-
centrations of IGFs required for the half maximal effect on
growth of CFU-E are very similar to that on growth of fetal
fibroblasts, chondrocytes, bone cells (cf. reference 25), and brain
cells (28).

Under the assumption that erythropoiesis is humorally reg-
ulated in the fetal, as in the adult, organism, the humoral reg-
ulator of fetal erythropoiesis should be present in fetal serum.
If FBS is accepted to be a source for the humoral regulator of
fetal erythropoiesis, then it could be speculated from our findings
that fetal erythropoiesis is not mainly governed by Ep but by
IGF I. A concept of IGF I-governed fetal erythropoiesis could
help us to understand the adaptation of the erythrocyte mass to

the whole body mass, since both would then be under the control
of the same growth factor. The role of Ep within this concept
could be that of a stimulator of erythropoiesis during hypoxic
situations of the fetus. This view would be supported by the
findings of Jacobson et al. (29), Matoth and Zaizov (1), and
Philipps et al. (30), all of which suggest that normal fetal eryth-
ropoiesis, which is characterized by a low Ep concentration, is
not regulated by an oxygen deficiency. Only in states of severe
fetal hypoxia can elevated Ep levels be observed (3, 30). Ep then
increases exponentially with the degree of hypoxia (30).

The results presented here provide evidence for a role of
IGF I in fetal erythropoiesis. The physiological impact of our
findings will certainly have to be studied in greater detail.
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