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Abstract

To examine the influence of insulin and insulinlike growth factor
(IGF) on erythropoiesis, we tested their effects in human bone
marrow cultures prepared with biochemically defined medium
or a platelet-poor plasma-derived serum (PDS) that was depleted
of hormones by adsorption to activated charcoal. Erythroid colony
formation was enhanced two- to threefold by 10 ng/ml of elec-
trophoretically pure IGF-II and 100 ng/ml of highly purified
insulin (P < 0.05). Dose-response curves for IGF-II were parallel
to and shifted by one to two orders of magnitude to the left
relative to those for insulin. When added together to culture,
IGF-II and insulin expressed additive activities. In contrast, their
activities were synergistic with those of erythropoietin and burst-
promoting activity. The erythropoietic actions of IGF-II and in-
sulin were similar in PDSand whole blood serum (WBS) con-
taining cultures. Furthermore, when added to cultures with
electrophoretically pure platelet-derived growth factor, their re-
spective activities were synergistic. Weconclude that insulin and
IGF-II potentiate human marrow erythropoiesis in vitro. Their
activities appear to be mediated by a similar receptor or postre-
ceptor system.

Introduction

Mammalian cell proliferation in tissue culture is regulated by
serum mitogens that include hormones and hormonelike growth
factors (1-3). Since human and murine erythropoiesis in vitro
is supported by serum, it is likely that such growth-promoting
molecules alter the proliferation of erythroid progenitor cells.
Accordingly, many hormones have been shown to augment ery-
throid colony formation in culture (4-6). One such hormone,
insulin, is a polypeptide that stimulates DNAsynthesis and mi-
tosis by cross-reactivity with receptors for structurally related
peptides (insulinlike growth factors [IGFs]') (7-9). Recently, we
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showed that the secretory protein platelet-derived growth factor
(PDGF) is also a serum determinant of optimal human bone
marrow colony-forming unit-erythroid (CFU-E) and burst-
forming unit-erythroid (BFU-E) proliferation (10). Mitogenic
activity of this protein may explain differences in erythroid col-
ony formation in cultures prepared with platelet-poor plasma-
derived serum (PDS) and those containing whole blood
serum (WBS).

To determine whether IGF alters erythropoiesis in vitro and
to examine the relationships of potential erythropoietic action
of IGF, insulin, and PDGFto that of erythropoietin and ery-
throid burst-promoting activity (BPA), we have measured the
effect of each of these products alone and in combination on
proliferation of CFU-E and BFU-E progenitors derived from
human bone marrow. Wehave found that in cultures containing
charcoal-adsorbed PDSor biochemically defined serum substi-
tute, colony growth is significantly enhanced not only by insulin
but also by IGF-II in a saturable fashion. The dose-response
curve for IGF-II is parallel to and shifted leftward relative to
that for insulin. While the activities of insulin and IGF-1I are
additive at a suboptimal concentration, they are independent of
those expressed by PDGF, erythropoietin, and BPAin leukocyte-
conditioned medium. The data suggest that an IGF receptor
system or postreceptor modification may mediate insulin stim-
ulation of erythroid proliferation in vitro.

Methods
Preparation of growth factor and serum additives. WBSand PDSwere
prepared as described previously (10) according to the method of Vogel
and co-workers (11, 12). Normal AB-positive volunteers were phle-
botomized with informed consent and approval of an Institutional Review
Board. Fresh blood mixed with 3.8% sodium citrate was separated into
two aliquots. It was either clotted immediately with 1 MCaCl2 (for WBS
collection) or centrifuged twice at 1,100 g for 20 min at 40C and 31,000
g for 20 min to remove cells and platelets before clot formation (for PDS
collection). Final supernatants were mixed with radioimmunoassay grade
charcoal for 12 h at 40C as previously described (13). Sera were dialyzed
for 48 h against large volumes of 140 mMsodium chloride, 10 mM
sodium phosphate, pH 7.4 (phosphate-buffered saline [PBS]). The di-
alyzed solutions were heated at 560C for 30 min, centrifuged at 31,000
g for 30 min at 40C, and-sterilized by passage through a 0.45-jum Millipore
filter (Millipore Corp., Bedford, MA). They were stored at either 40C or
-200C until use. Assays for insulin, IGF, and PDGFwere performed
on samples obtained before and after charcoal adsorption. IGF assays
by radioimmunoassay were kindly performed by Dr. A. Moses (Beth
Israel Hospital, Boston, MA) and PDGFmeasurements were made by
Drs. E. W. Raines and R. Ross (both of University of Washington, Seattle,
WA). Mean±SD values of four samples before and after charcoal ad-
sorption for insulin were 24±10 ttU/ml, and undetectable activity, for
IGF 296.9±71.6 and 25.9±25.6 ng/ml, and for PDGF8.51±0.60 and
0.15±0.02 ng/ml in WBS, and <0.10 ng/ml in PDS, respectively. The
PDS sample selected for insulin and IGF studies contained an unde-
tectable level of IGF.

Samples of electrophoretically pure IGF-II prepared from germ-free
medium conditioned by a clone of Buffalo rat liver cells (BRL-3A) (14)
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were kindly provided by Dr. M. P. Czech (University of Massachusetts,
Worcester, MA). 20 jug of lyophilized material were dissolved in 0.005
N HCl and stored at -20'C until it was used in culture. Highly purified
crystalline porcine insulin (27.0 U/mg, proinsulin content of less than
20 parts per million [Eli Lilly & Co., Indianapolis, IN]) was diluted in
NCTC-109 (Microbiological Associates, Bethesda, MD) and stored at
4VC until use. Samples of electrophoretically pure PDGFwere kind gifts
of Dr. E. W. Raines and Dr. R. Ross. They were dissolved in 1 mM
acetic acid and diluted in PBS plus bovine serum albumin at a final
protein concentration of 2 mg/ml. Growth factor preparations were made
to add to culture at a final volume of 100 Ml. Concurrently tested controls
for each marrow culture contained 100 ,l of NCTC-109.

Erythropoietic growth-promoting assays. Bone marrow cells were as-
pirated from the posterior iliac crests of 17 hemotologically normal vol-
unteers into Eagle's minimum essential medium containing 20 U/ml
preservative-free heparin (Gibco Laboratories, Grand Island, NY). In-
formed consent was obtained in accordance with Institutional Review
Board policy. The nucleated cells were separated over Ficoll-Hypaque
(Pharmacia Fine Chemicals, Piscataway, NJ), washed three times in Ea-
gle's minimum essential medium and cultured at 6 X 105/ml in fibrin
clots according to the method of Tepperman et al. (15), with the following
modifications: the culture mixture was made with 27% (vol/vol) charcoal-
adsorbed PDSor WBSin the absence of thiol-containing compounds.
Clot formation occurred in microtiter wells after addition of 0.1 mg/ml
highly purified human fibrinogen (Kabi AG, Stockholm, Sweden), 2
mMCaC12, and 1-2 U/ml thrombin. Sheep Step III erythropoietin
(Connaught Laboratories, Willowdale, Ontario, Canada) was added to
achieve a final concentration of 2 IU/ml. For dose-response experiments,
highly purified human erythropoietin (70,000 IU/mg) obtained from
Dr. Goldwasser (University of Chicago, IL) was used.

In some cases, growth factors were tested for erythropoietic activity
in human marrow cultures containing no added serum (16). These cul-
tures contained Iscove's modified Dulbecco's medium (IMDM) (Gibco
Laboratories), 248 Mg/ml highly purified human transferrin (Sigma
Chemical Co., St. Louis, MO; -98% pure), 1.63 Mg/ml ferric chloride
(FeC13616H20), and 117 Mg/ml electrophoretically pure human al-
bumin (17).

Clots were removed from microtiter wells (125 Ml), fixed to glass
slides in glutaraldehyde, and stained with benzidine and hematoxylin.
CFU-E-derived colonies appearing after 7 d of incubation contained 8
to 49 benzidine-positive cells. Erythroid bursts appearing after 12 d con-
tained more than 50 benzidine-positive cells or consisted of three or
more aggregates of 10 to 49 benzidine-positive cells. Colonies and bursts
were enumerated under 100-fold magnification. For cultures containing
serum, actual mean CFU-E- and BFU-E-derived colony growth ranged
from 15 to 78 and from 10 to 34 colonies, respectively, in 125 Ml clots
containing 2.0 IU/ml erythropoietin. The respective seeding efficiencies
were from 120 to 624 CFU-E-derived colonies and from 80 to 272
BFU-E-derived colonies per 6 X I01 marrow cells/ml. For serum-depleted
cultures, actual mean growth ranged from 17 to 55 and from 13 to 26
colonies, respectively. This represents 136 to 440 colonies and 104 to
208 bursts per 6 X I0O marrow cells/ml, respectively. The ability of each
growth factor to support colony formation alone or in combination was
calculated as percent maximum colonies, with 100% growth occurring
in cultures containing 27% serum plus 100 Ml NCTC-109 or NCTC-109
alone.

Preparation and assay of conditioned medium (CM). Approximately
100 ml of peripheral blood was collected from a healthy volunteer into
alpha-medium (320-256 1; Gibco Laboratories) containing heparin. Ficoll-
Hypaque separated mononuclear cells were incubated for 90 min at
37°C in 5%CO2in humidified air. Nonadherent cells were washed three
times and resuspended in serum-free alpha-medium supplemented with
L-glutamine, streptomycin, and penicillin at 5 X 106/ml in 25-cm2 tissue
culture flasks (Coming Glass Works, Coming, NY). Control medium
was incubated in the absence of cells. After 24-h incubation, test medium
was freed of cells by centrifugation at 280 g for 20 min. Cell viability
was >98%by trypan blue exclusion. BPApresent in CMwas assayed in
serum depleted culture at final concentrations of 0.0, 4.5, 9.0, 13.5, and

20% (vol/vol) in the presence and absence of IGF-II. Burst formation
was compared with that present in cultures containing additional IMDM
but no added CMor growth factor.

Statistical analysis. The mean±I SE actual number of colonies
formed in quadruplicates of 125 Ml each was determined, and data sets
were compared by the two sample ranks test of Wilcoxon-White (18).

Results

Colony stimulation by insulin and IGF-II. Fig. 1 shows that
insulin and IGF-II stimulate both CFU-E- and BFU-E-derived
colony formation in cultures with charcoal-adsorbed PDS (P
< 0.05). Dose response curves for IGF-II are shifted leftward by
one to two orders of magnitude relative to those for insulin.
When tested in serum-depleted culture, colony stimulation was
also observed (see Table I). Enhancement of colony formation
in cultures with defined medium was greater at the final protein
concentrations of 0.1 and 1.0 ng/ml than in serum-containing
culture (P < 0.05). No colonies formed in the absence of added
erythropoietin. The data indicate that both insulin and IGF-II
potentiate erythroid progenitor cell proliferation.

Interactions of insulin and IGF-II with erythropoietin and
erythroid BPA. Wenext tested whether insulin or IGF-II can
supplant growth factors having apparent erythropoietic specific-
ity. Fig. 2 shows the effects of 10 ng/ml of insulin and 1 ng/ml
of IGF-II capable of expressing approximately half maximal
stimulation in cultures containing various amounts of highly
purified erythropoietin. Erythropoietic action on colony growth
of insulin and IGF-II was expressed at each erythropoietin con-
centration tested (P < 0.05).

Since both IGF-II and BPAare derived from serum-free me-
dium exposed for a short time to mammalian cells, we asked
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Figure 1. Stimulation of colony formation by insulin and IGF. The
graph shows mean±SE colonies in quadruplicate 125-Ml cultures con-
taining charcoal-adsorbed PDS. All cultures contained 2 IU/mI of
erythropoietin and NCTC-109, insulin (circles), or IGF-II (triangles) at
the indicated final protein concentrations. Similar results were ob-
tained in two additional studies.
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Table I. Colony Stimulation by Insulin and IGF-II
in Serum-depleted and Serum-containing Culture

No. of colonies
per 6X 105 cells

Addition to culture PDS Day 7 Day 12

IMDMalone - 0±0 0±0
NCTC-109 alone + 0±0 0±0
Erythropoietin + IMDM - 15±2 10±1
Erythropoietin + NCTC-109 + 16±3 11±2
Erythropoietin plus:

Insulin (0.1 ng/ml) - 20±1 14±2
+ 15±2 12±4

Insulin (1.0 ng/ml) - 25±3 17±3
+ 19±2 12±3

Insulin (10 ng/ml) - 30±4 21±3
+ 24±5 18±2

IGF-II (0.1 ng/ml) - 24±3 18±3
+ 19±2 15±2

IGF-II (1.0 ng/ml) - 29±4 26±4
+ 23±3 17±2

IGF-II (10 ng/ml) - 32±3 26±2
+ 25±2 21±3

Mean±SE colonies are shown in 125-,Al quadruplicate serum-free and
serum-containing (27% charcoal-adsorbed PDS) cultures. Albumin,
transferrin, and ferric chloride were omitted from cultures containing
PDS. The erythropoietin dose of 2 IU/ml was used where indicated.
Similar results were observed in one additional study.

whether IGF-I1 mimics the activity of CMprepared by incu-
bation with human peripheral blood mononuclear cells. As
shown in Fig. 3, 10 ng/ml of IGF-II stimulated burst formation
at suboptimal and optimal (>9.0%) CMconcentrations. How-
ever, when added to cultures containing CMmade in the absence
of conditioning cells, IGF-II did not express BPA-like activity
(see Fig. 3). This was true regardless of the amount of IGF-II
added to culture.

Interactions of insulin, IGF-II, and PDGFin culture. To
further characterize the erythropoietic actions of insulin and
IGF-II, we determined the effects of serum concentration on
hormone activity. Fig. 4 shows insulin and IGF-II activity as a
function of PDSand WBSconcentration. At 9 and 27% serum
concentrations, the number of day-7 colonies in PDS-containing
cultures was significantly lower than that observed in WBS-con-
taining cultures. Both insulin and IGF-II augmented colony
growth at the same rate, regardless of PDSor WBSconcentration
(see Fig. 4). Since the presence of PDGFis likely responsible for
superior colony formation with WBS, we next tested the influ-
ence of purified PDGFon insulin and IGF-II activity.

Fig. 5 shows our results in serum-free cultures containing
PDGFplus various amounts of insulin or IGF-II. Day-7 colony
formation was higher (P < 0.05) at each hormone concentration
in cultures with 10-4 ng/ml of PDGFrelative to those containing
I0-' ng/ml. The dose-proliferation response curve for each hor-
mone is shifted upward at the higher PDGFconcentration. This
finding suggests that PDGFactivity is synergistic with activities
of insulin and IGF-II.

Wenext tested whether insulin and IGF activities themselves
are synergistic. Fig. 6 shows day-7 colony stimulation by
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Figure 2. Insulin and IGF activity as function of erythropoietin con-
centration. Highly purified erythropoietin was added to serum-de-
pleted cultures that were scored for CFU-E-derived (bottom) and
BFU-E-derived (top) colony formation. Mean±SE colonies are shown
in 125-Ad quadruplicates containing NCTC-109 (closed circles), 10 ng/
ml of insulin (open circles), or 1 ng/ml of IGF-II (triangles).

IGF-II or insulin containing from zero to 100 ng/ml of insulin
or from zero to 1.0 ng/ml IGF-II. At a suboptimal IGF and
insulin concentration, addition of the other growth factor resulted
in stimulation that was additive. However, at an optimal con-
centration of either factor, stimulation by the other factor was
reduced. Similar results were obtained with day- 12 colony for-
mation (data not shown). Therefore, the erythropoietic effects
of insulin and IGF-I1 are additive.
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Figure 3. IGF effects as function of CMconcentration. The graph
shows mean±SE growth in 125-Ml quadruplicate serum-depleted cul-
tures containing 2 IU/ml of erythropoietin plus either 10 ng/ml of
IGF-II (open circles) or NCTC-109 (closed circles). CMwas prepared
in the presence and absence of circulating mononuclear cells.
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Figure 4. Insulin and IGF activities as function of serum concentra-
tion. Mean±SE CFU-E-derived colony formation is shown for 125-,Al
quadruplicate cultures established with 9%, 18%, or 27% (vol/vol)
charcoal-adsorbed PDS (left) or WBS(right). Cultures contained 2 IU/
ml of erythropoietin plus NCTC-109 (open bars), 10 ng/ml of insulin
(cross-hatched bars), or 1 ng/ml of IGF-II (stippled bars). Similar re-
sults were obtained for day- 12 colonies (data not shown).

Discussion

A variety of hormones and paracrines has been demonstrated
to augment erythroid colony formation in culture, including
thyroid hormones, steroids, growth hormones, and prostaglan-
dins (4-6, 19-21). In addition, insulin has been shown to po-
tentiate human peripheral blood BFU-E proliferation and mu-
rine marrow and fetal liver-derived CFU-E proliferation in
serum-supplemented culture (20, 22, 23). In this communication,
we show that insulin also stimulates erythroid progenitor cell
growth by normal human bone marrow mononuclear cells. Fur-
thermore, addition of IGF to hormone-exhausted and to serum-

; PDGF,
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1 0-5ng/ml

L-
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Figure 5. Effects of PDGFon insulin and IGF activity. The graph
shows mean±SE colony growth in 125-Ml clots containing 2 IU/ml of
erythropoietin plus serum-free constituents. PDGFwas added at the
indicated final concentrations to cultures with 100 ng/ml of insulin
(circles) or 10 ng/ml of IGF-II (triangles). Similar results were ob-

tained in day- 12 cultures (data not shown).
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Figure 6. Effects of insulin and IGF added in combination to culture.
Mean±SE colony growth is displayed for 125-jd fibrin clots formed
with charcoal-adsorbed PDS. All cultures contained 2 IU/ml of eryth-
ropoietin plus either from 0.01 to 10 ng/ml of IGF-II (left) or from 0.1
to 100 ng/ml insulin (right). Results are shown for cultures containing
from zero to 100 ng/ml insulin (left) or from zero to 1 ng/ml IGF-II
(right).

depleted culture enhances colony formation in a saturable fash-
ion. When insulin and IGF are added together at a suboptimal
concentration, addition of the other growth factor results in an
additive stimulatory effect. However, stimulatory activity is
nonadditive when an optimal amount of either is used.

In addition to its action on metabolism of mammalian cells,
insulin has been shown to be mitogenic for a wide spectrum of
cells in culture (24-26). These activities appear to have evolved
in a distinct fashion (27). In most cases, pharmacologic amounts
(>1 ug/ml or 25,000 ,U/ml) are required to elicit a proliferation
response (7-9, 28). It is unclear why such high concentrations
are required for a biological response. Since one possible expla-
nation is that insulin is mitogenic by virtue of its capacity to
bind weakly to cell receptors for IGF, we were prompted to
examine the effects of this growth factor in erythropoietic culture.
Our findings that the effects of insulin and IGF are additive (see
Fig. 5) and that the dose-response curve for IGF is shifted leftward
relative to that for insulin (see Fig. 1) are consistent with the
hypothesis that alterations in an IGF receptor system may lead
to enhanced erythroid progenitor proliferation. On the other
hand, alterations in postreceptor events may also explain our
results. Studies employing competitive binding of insulin and
IGF to native and cross-linked receptors on human marrow
subpopulations will be useful to approach this question (studies
in progress).

High concentrations of serum (> 15%) are routinely used in
erythropoietic culture. Since the hormone component must first
be removed from serum to demonstrate consistently a hormone-
dependent effect on the growth of erythroid and other cell types
(6, 29), we used either serum additives that contained an un-
detectable amount of insulin and IGF after adsorption to acti-
vated charcoal, or biochemically defined culture medium. Vari-
able serum levels of insulin, IGF, and other polypeptides may
possibly explain inconsistent findings relative to the optimal in-
sulin dose required for an effect on cultured erythroid cells (20,
22, 23). Moreover, since insulin effect on cell cycle may be related
to the density of cells plated (30), the seeding density as well as
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cell species and tissue (i.e., peripheral blood, bone marrow, or
fetal liver) cultured may also be important variables.

Several of our observations suggest that insulin and IGF are
distinct from other erythropoietic growth factors. First, their ac-
tivity is synergistic with but cannot replace that of erythropoietin
in culture (see Fig. 2). Second, the erythropoietic effect of IGF-
II is similar when assayed in the presence and absence of BPA,
regardless of the CMconcentration tested (see Fig. 3). And third,
insulin and IGF activities are similar when assayed with PDS
and WBS. Furthermore, the effects of purified PDGFare syn-
ergistic with those of insulin and IGF, suggesting that the eryth-
ropoietic activity of PDGFis also distinct.

The critical hematopoietic target cell population(s) of insulin
and IGF are unknown. It is possible that erythroid progenitors
are directly affected or that accessory cells are targeted that are
known to have receptors for those polypeptides, such as fibro-
blasts, mononuclear leukocytes, or endothelial cells (31-33). Cells
of mesenchymal origin are known to exert regulatory effects on
the rate of hematopoietic cell growth (34, 35). Therefore, it is
possible that insulin and IGF exert an indirect action similar to
that postulated for PDGF(36), in which important cellular in-
teractions within the local culture environment are activated
that in turn accelerate erythroid differentiation and/or prolif-
eration.

Finally, the importance of our findings in erythropoiesis in
vivo is undefined. However, recently a serum mitogen having
erythropoietin-like activity has been partially sequenced and
found to have a high degree of homology with IGF-II (37). It is
possible that circulating members of the somatomedin family
play an etiologic role in hypoproliferative anemias known to
complicate endocrinologic diseases and disorders associated with
abnormal insulin and/or IGF binding, such as diabetes mellitus,
malnutrition, and selected malignancies (38-40). Studies aimed
at evaluating erythropoietic responses in vitro from anemic and
nonanemic patients with such disorders may be useful in ex-
ploring this hypothesis.

In conclusion, we have found that insulin and IGF-II enhance
erythroid colony formation by human bone marrow cells. Their
activities may be explained by activation of a common receptor
or postreceptor system. While target cells remain undefined, it
is possible that IGF-II and insulin enhance sensitivity to eryth-
ropoietic growth factors from which they are distinct, such as
erythropoietin, BPA, and PDGF. Further studies are indicated
to dissect their mechanisms of erythropoietic action and phys-
iological relevance.
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