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Abstract Introduction

IGF-I has been reported to increase hematopoietic progeni-
tor cell cloning efficiency. To investigate this phenomenon,
we studied the IGF-I responsiveness of human marrow cells
expressing IGF-I receptor (IGF-IR), a direct strategy not
used previously. IGF-IR+ and control CD34+ marrow cells
were isolated using immunoaffinity methods. Then, the cells
were cloned in methylcellulose containing variable amounts
of serum- and lineage-appropriate growth factors supple-
mented with recombinant human IGF-I. In contrast to
CD34+ cells, IGF-IR+ cells never gave rise to CFU-Blast,
CFU-Mix, CFU-GM, BFU-E, or CFU-E. To substantiate
the suggestion that CD34+ and IGF-IR' cells were distinct
populations, we used reverse transcription PCR to detect
IGF-I, EpO, and KIT receptor mRNAsin these cells. The
mRNAphenotype of CD34+ cells was EpO (+), KIT (+),
and IGF-IR (-), while IGF-IR+ cells were IGF-IR (+),
EpO (-), and KIT (-). These results suggested that IGF-
IR is either not expressed or expressed at low levels on
normal hematopoietic progenitor cells. Functional signifi-
cance of the latter possibility was tested by exposing CD34+
cells to IGF-IR antisense oligodeoxynucleotides. Colony for-
mation was unaffected by oligodeoxynucleotide disruption
of IGF-IR, suggesting that, even if expressed at low level,
the receptor's functional significance was doubtful. Never-
theless, when cultured in the presence of IGF-I, IGF-IR +
cells elaborated an activity with mild BFU-E stimulatory
effects. Accordingly, if IGF-I plays a role in hematopoietic
colony formation, it is probably indirect and results from
stimulation of IGF-IR-positive ancillary cells to secrete
growth factors. Studies carried out with human leukemia
cells yielded similar results. (J. Clin. Invest. 1994. 94:320-
327.) Key words: hematopoiesis - insulin-like growth factors
- insulin-like growth factor I receptor * antisense oligodeoxy-
nucleotides * leukemia
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IGF-I and IGF-II are known mitogens for a variety of cell types,
including those of the hematopoietic cell system ( 1). IGF-I,
which is synthesized in liver and bone marrow stromal cells in
response to pituitary growth hormone (2), has been particularly
well studied in this regard. In murine model systems, IGF-I
infusions will stimulate hematopoiesis (3-5) and pre-B and T
lymphocyte development (6-8) and are capable of reversing
the anemia caused by the administration of antiretroviral drugs
(5). In studies with human leukemia cell lines, IGF-I has been
shown capable of enhancing the growth of several types includ-
ing K-562, Daudi, KG-1, and HL-60 (9, 10). In normal human
cells, IGF-I will stimulate the formation of erythroid burst- and
colony-forming units (BFU-E and CFU-E, respectively)' under
low ( 11 ) or serum-free conditions ( 12-15 ), and antibodies to
IGF-I receptor (IGF-IR) have been reported to block these ef-
fects ( 11). IGF-I will also stimulate granulocyte colony forma-
tion (16) and the generation of free radicals by granulocytes
and macrophages (17). More recently, IGF-I, along with /3-
fibroblast growth factor, was found to be necessary for prolifera-
tion of human fetal bone marrow CD34+, CD38-, and HLA-
DR- cells containing precursors of both the hematopoietic and
stromal elements (18). Finally, antisense oligodeoxynucleo-
tides to IGF-IR have been reported to inhibit HL-60 cell growth
as well as the growth of peripheral blood mononuclear cells
stimulated with IL-2 and phorbol 12-myristate 13-acetate (19).

Though there seems to be little doubt that IGF-I has trophic
effects on hematopoietic cell development, the mechanism for
this effect is uncertain. A number of studies have suggested
that the effect is a direct one ( 12, 14) since the hormone will
stimulate relatively pure populations of erythroid progenitor
cells ( 12), even in the apparent absence of accessory cells ( 12).
Further, autoradiography studies suggest that '25I-labeled IGF-
I will bind to CFU-E (12, 20). However, in the course of
investigating the role of the erythropoietin (EpO) receptor in
erythroid cell development, we found to our surprise that IGF-
IR+ marrow mononuclear cells did not give rise to hematopoi-
etic colonies in response to EpO, IGF-I, or a number of other
hematopoietic cell growth factors. Accordingly, we decided to
revisit this aspect of IGF-I biology to determine if its effects

1. Abbreviations used in this paper: AML, acute myelogenous leukemia;
AS, antisense; A - T - MNC, adherent and T lymphocyte-depleted
mononuclear cells; BCS, bovine calf serum; BFU-E, burst-forming unit
of erythrocytes; CFU-Blast, CFU of Blasts; CFU-E, CFU of erythro-
cytes; CFU-GM, CFU of granulocytes and macrophages; CFU-Meg,
CFUof megakaryocytes; CFU-Mix, CFUof mixed lineages; EpO, eryth-
ropoietin; IGF-IR, IGF-I receptor; KL, kit ligand; ODN, oligode-
oxynucleotides; rH, recombinant human; RT-PCR, reverse transcrip-
tion PCR.
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Figure 1. Effect of rH IGF-I on colony for-
mation by human hematopoietic progenitor
cells. CFU-Meg and CFU-E colonies were
cloned from A-T- MNC(105/dish); BFU-
E and CFU-GMcolonies were cloned from
CD34+ MNC(104/dish). Colony formation
was stimulated with lineage-appropriate
growth factors as described in Methods.
IGF-I was added to cultures at concentra-
tions of: 0 ng/ml (i), 10 ng/ml (H), 50
ng/ml (-), and 100 ng/ml (M). CFU-GM
colonies were cloned only in the presence
of IGF-I at the 100 ng/ml concentration.

on hematopoietic cell development were directly mediated as

implied in the literature or were indirect. Wealso attempted to
determine when in the course of hematopoietic progenitor cell
development IGF-IR was expressed or if it was expressed at
all. To carry out these studies we used purified cell populations
and growth factors and also performed receptor disruption stud-
ies with antisense oligodeoxynucleotides. Wefound that IGF-
IR+ cells are indeed present in human bone marrow, but, in
contrast to CD34+ cells, this population does not express c-kit or

EpO receptors and does not give rise to hematopoietic colonies.
These data suggest that the IGF-IR + and CD34+ populations
of marrow cells are nonoverlapping. They further suggest that
the effect of IGF-I is likely indirect and is perhaps mediated by
IGF-IR + ancillary cell population whose role is to synthesize
growth factors in response to binding of the ligand.

Methods

Cells. Light density marrow mononuclear cells were obtained from con-

senting normal donors and depleted of adherent cells and T lymphocytes
(A-T-MNC) as described previously (21 ). CD34+ and IGF-IR+ cells
were isolated from the A-T- MNCpopulation with immunomagnetic
beads (Dynal AS, Oslo, Norway) or by fluorescence activated cell
sorting. Cells bearing these respective phenotypes were identified with
anti-CD34 (Becton Dickinson & Co., Mountain View, CA) or anti-
IGF-IR (Oncogene Science Inc., Manhasset, NY) mAbs.

Briefly, A-T- MNC(2 X 107) were incubated with the appropriate
primary mAb (1:20 dilution in 1 ml of Iscove's with 5% bovine calf
serum [BCS]) for positive selection of the desired surface antigen. For
immunomagnetic separations, cells were incubated in the primary mAb
with gentle rocking for 1 h at 40C, washed 3x in Iscove's medium with
5% BCS, and then incubated (45 min, room temperature) with 150 81
of magnetic beads coated with sheep anti-mouse IgG. Cells affixed to
the magnetized beads were isolated with a magnet according to the

manufacturer's directions (21). After washing in Iscove's medium plus
10% BCS, the cells were used for cloning experiments. For FACSO
isolation, cells were suspended in PBS supplemented with 5% BCS
and labeled with anti-CD34 or anti-IGF-IR mAbs as described above,
followed by washing (3x in PBS plus 5% BCS) and incubation (45
min, 40C) with goat anti-mouse FITC (1:40) (Boehringer Mannheim
GmbH, Mannheim, Germany). Cells were then analyzed for fluores-
cence labeling. The brightest 5%of cells were defined as antigen positive
and subsequently sorted for cell culture studies.

Human leukemia cell lines were obtained from American Type Cul-
ture Collection (Rockville, MD). Leukemia cells were cultured in RPMI
with 2%heat-inactivated (560C for 0.5 h) FCS or "serum-free" in HL-
1 tissue culture medium (Ventrex Labs., Portland, ME). Cells were

seeded into 96-well microtiter plates (2 x 104/ml).
Cell cultures. Positively selected A-T-MNC (105/ml), CD34'

(104/ml), or IGF-IR+ cells (2 x 104) were suspended in 0.4 ml of
Iscove's medium plus 10% BCS and mixed with 1.8 ml of HCC-17
medium (Terry Fox, Vancouver, Canada). The appropriate growth fac-
tors were added to the mixture, which was then transferred to 3.5-cm
plastic Petri dishes and incubated (370C, 95% humidity, 5% C02) for
the period of time appropriate to the colonies which were being grown.

Growth factors for stimulating the various progenitors were as follows:
CFU-E-EpO (5 U/ml); BFU-E-(EpO + IL-3 [20 U/mi]) or (EpO
+ kit ligand [KL] [100 ng/ml]); CFU-GM-IL-3 (20 U/ml) + GM-
CSF (5 ng/ml); CFU-Mix-EpO (5 U/ml) + KL (100 ng/ml) + IL-3
(20 U/ml) + GM-CSF (10 ng/ml) + IL-6 (40 U/ml). CFU-Blast
were grown according to the method of Ogawa and co-workers (22).
Recombinant human (rH) growth factors were used in all experiments.
rH IGF-I was purchased from Genzyme Corp. (Cambridge, MA). KL
was the kind gift of Immunex Corp. (Seattle, WA); EpO, IL-3, and
GM-CSF were the generous gifts of Genetics Institute (Cambridge,
MA); IL-6 was the generous gift of the Robert WoodJohnson Pharma-
ceutical Research Institute (Raritan, NJ).

Colonies were counted with an inverted microscope on days 7 (CFU-
E), 11 (CFU-GM), 14 (BFU-E), and 15 (CFU-Mix). CFU-Meg colo-
nies were identified and counted as described previously (21). Early
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Table I. Phenotype of Adherent and T Lymphocyte-depleted
Normal HumanMarrow Mononuclear Cells

Donor A-T- MNC %CD34+ A-T- MNC%IGF-IR+

1 1.4 3.7
2 2.3 6.2
3 3.2 4.9
4 1.9 7.1
5 4.1 5.9
6 3.3 5.1
7 2.1 5.2
8 2.3 6.1

Mean±SD 2.6±1 5.5±1

Phenotyping was carried out by labeling with magnetic microspheres
as described in Methods. Results were derived from the study of eight
normal donors and are expressed as a percentage of the total cell popula-
tion. For comparison purposes, percentage of CD34+ cells is also indi-
cated.

CFU-Blast-like colonies were cultured for 14 d in methylcellulose as
described (22) at which time KL + IL-3 + GM-CSF+ IL-6 + EpO,
at concentrations used for CFU-Mix, was added to the cultures. CFU-
Blast colonies were counted on day 28.

Preparation of low serum medium. Low serum medium was pre-
pared by mixing 2.3% methylcellulose (40 ml of HCC4100; Terry
Fox) with HL-1 serum-free medium (30 ml; Ventrex Labs.). This basic
mix was supplemented with 5 ml each of 10% Cohn fraction V BSA
(Boehringer Mannheim GmbH) and BCS (Hyclone Laboratories, Lo-
gan, UT) and 1 ml of L-glutamine. The serum content was S5%.

Oligodeoxynucleotides (ODN). Unmodified 18-base ODNwere
synthesized on a DNAsynthesizer (model 380B; Applied Biosystems,
Inc., Foster City, CA) by means of ,6-cyanoethyl phosphoroamidite
chemistry as reported previously (21, 23). ODNwere purified by etha-
nol precipitation and multiple washes in 70%ethanol. They were subse-
quently lyophilized to dryness and redissolved in culture medium at a
concentration of 1 Ag/gl (0.167 mmol/liter). ODNsequences used
were based on the published human IGF-IR sequence (24). They were
targeted to codons 21-26 of the signal sequence of the subunit of
IGF-IR preceding the proreceptor sequence (25) and were as follows:
antisense ODN, 5 '-TCC TCCGGAGCCAGAClT-3'; sense ODN,
5 '-AAG TCTGGCTCCGGAGGA-3', and scrambled ODN, 5 '-TGA
GACTCCTTA CCGCCG-3'.

ODNexposure and cell cultures. Marrow cells were exposed to
ODNas described (21, 23). Briefly, A-T- MNC(2 x 105), CD34+
MNC(2 x 104), or IGF-IR+ cells (2 x 104) were incubated in 0.4
ml of Iscove's modified Dulbecco's medium containing 2% (vol/vol)
human AB serum and 10 mMHepes buffer in polypropylene tubes
(Fisher Scientific Co., Pittsburgh, PA). ODN(100 Ag/ml) were added
at time zero, and 50% of the initial dose was added again 18 h later
(final concentration - 26 1M). 24 h after the first addition of ODN,
cells were plated in methylcellulose cultures without further washing.

Leukemia cell lines were cultured in RPMI with 2%heat-inactivated
(56°C for 0.5 h) FCS. Cells were seeded into 96-well microtiter plates
(2 x 104/ml) and then exposed to ODNin a manner identical to that
described for normal cell cultures. Cell counts were performed in tripli-
cate on days 4 and 6 after seeding.

Reverse transcription-PCR (RT-PCR). RT-PCR was carried out as
reported previously (21, 23). In brief, cells (2 X 10') were lysed in
200 Al of RNAzol (Tel-Test, Inc., Friendswood, TX) plus 22 sl of
chloroform. The aqueous phase was collected and subsequently mixed
with 1 vol of isopropanol. RNAwas precipitated overnight at -200C.
The RNApellet was washed in 75% ethanol and resuspended in 3x
autoclaved H20. RNA(0.5 Ag) was reverse transcribed with 500 U of
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Figure 2. RT-PCRanaly-
sis of IGF-I mRNAex-
pression (177 nt) in pe-
ripheral blood mononu-
clear cells (PB; lane 1),
bone marrow mononu-
clear cells (BM; lane 2),
IGF-IR+ bone marrow
mononuclear cells (lane
3), CD34+ bone marrow
cells (lane 4), CD34'
bone marrow cells stimu-
lated with IL-3, IL-6,
GM-CSF, KL, and EpO
for 24 (lane 5) and 72 h
(lane 6). A PCRreaction
containing water instead
of RNAis shown in lane

7. Integrity of the RT-PCRreaction and quality of the mRNAextraction
are demonstrated by simultaneous amplification of f3-actin mRNA(305
nt) from each sample.

Moloney murine leukemia virus reverse transcriptase and 50 pmol of a
20-22-nucleotide (nt) ODN3' primer complementary to one of the
following sequences: (a) IGF-IR codons 20-27 (CTC GATCACCGT
GCAGTTCT), (b) EpO R nt 850-830 (GCC AGATCT TCT GCT
TCA GAG), and (c) KIT R nt 1201-1179 (CTA GGAATGTGT
AAGTGC CTC C). The resulting cDNA fragments were amplified
(35 cycles) using 5 U of Taq polymerase and 5' primers specific for
codons -32-27 (AAG GAATGAAGTCTGGCTCC) of the reported
IGF-IR sequence (24), nt 226-246 (AAC TACAGCTTC TTC TAC
CAG) of the EpOR, or nt 842-864 (GGT TGACTATCAGTTCAG
CGAG) of the KIT R. /6-Actin mRNAwas amplified simultaneously
using specific primers as described previously (23). 10 Al of amplified
product was electrophoresed on a 4% agarose gel and subsequently
transferred to a nylon filter. Filters were prehybridized and then probed
with a 32P-end labeled ODNspecific for the cDNAof interest. Hybrid-
ization was detected by autoradiography as described previously (23).

Statistical analysis. Statistical analysis of the data was performed
with a MacIntosh computer running the Instat statistical software pro-
gram.

Results

Influence of IGF-I on colony formation by human bone marrow
cells. We first sought to determine the effect of exogenous
rH IGF-I on hematopoietic colony formation. In accord with
previously published results (1), we found that IGF-I by itself
was unable to stimulate the formation of any lineage's colonies,
even when used under low serum conditions and at concentra-
tions up to 100 ng/ml (data not shown). Similarly, when IGF-
I was used to supplement cultures stimulated with lineage-ap-
propriate growth factors, no increase in colony formation over
that observed with the standard mix of growth factors was ob-
served (Fig. 1). These results were consistent regardless of
whether partially purified A-T- MNCor positively selected
CD34+ target cells were used to grow CFU-E, BFU-E, CFU-
Meg, or CFU-GM.

Of the possible interpretations of these results, two were
considered most likely. Either the minute amounts of IGF-I
present even in low serum cultures were sufficient for optimal
colony formation (2) or human hematopoietic progenitor cells
do not respond to IGF-I. The latter would most likely be due
to a lack of expression of the IGF-I receptor on colony-forming
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Table II. Comparative Colony-forming Ability of A-T-MNC,
CD34 , and IGF-IR' Cells

A-T- MNC CD34+ IGF-IR+
Colony (105 cells plated) (104 cells plated) (2 x 104 cells plated)

CFU-E 325±164 NT* NG-
BFU-E 213±75 192±62 NG
CFU-GM 392±93 376±113 NG
CFU-Mix NT 22±3 NG

Results are expressed as meantSD. IGF-IR' cells were >98% viable
as assessed by trypan blue exclusion. * Not tested, * no growth.

cells or a lack of IGF-I response despite expression of the
receptor. Accordingly, we sought to investigate these possibili-
ties next.

IGF-IR phenotype of normal human bone marrow cells.
To determine if IGF-IR is expressed on normal hematopoietic
progenitor cells, we used several complementary strategies. Our
initial approach was to immunochemically phenotype bone mar-
row cells for CD34 and IGF-IR expression. Analysis of A-T-
MNCderived from eight normal donors revealed that - 6%of
cells expressed IGF-IR, while - 3% were CD34+ (Table I).
These results were consistent regardless of the phenotyping
method used (FACS0O versus immunomagnetic beads). Accord-
ingly, the IGF-IR' cell population was approximately twice as
large as the CD34+ population, implying that at least a subset
of IGF-IR' cells did not coexpress CD34.

Analysis of IGF-IR mRNAexpression by sensitive RT-PCR
technique further suggested that the CD34+ and IGF-IR+ cell
populations were completely nonoverlapping. IGF-IR mRNA
was unambiguously detected in cells isolated on the basis of
IGF-IR expression. In contrast, this mRNAwas undetectable

CIn
CD34 SORT SAMPLE

A

RlPt

B

in the A-T- MNCremaining after removal of the IGF-IR+
cells (data not shown). Similarly, IGF-IR mRNAwas also
undetectable in the de novo isolated CD34+ cell population
(Fig. 2).

On the assumption that IGF-IR might be expressed on a very
small subset of CD34+ cells, or might be expressed later in the
cells' developmental routine, we stimulated CD34+ cells with a
combination of growth factors to expand the progenitor cell popu-
lations and stimulate initial development. As shown in Fig. 2,
however, even after 24-72 h of stimulation with IL-3, GM-CSF,
KL, EpO, and IL-6, IGF-IR mRNAremained undetectable in the
CD34+ cell population. In contrast, c-kit receptor and erythropoie-
tin receptor mRNAbecame detectable in the CD34+ population
using the same detection strategy, but remained undetectable in the
IGF-IR+ cells (data not shown). These results provided additional
evidence that the two cell populations were independent. They
also suggested IGF-IR expression was not upregulated coincident
with, or as a consequence of, initial progenitor cell proliferation/
maturation events.

Hematopoietic colony-forming ability of IGF-IR + cells.
Since virtually all hematopoietic progenitor cells have been
localized to the CD34+ cell fraction, the above studies predicted
that the IGF-IR+ cell population would be unlikely to contain
any hematopoietic progenitor cells. Wetested this supposition
directly by examining the ability of positively selected, highly
purified IGF-IR+ cells to give rise to hematopoietic colonies
in methylcellulose cultures stimulated with lineage-appropriate
growth factors. Positively selected cells were highly enriched
for the desired phenotype when isolated using immunomagnetic
beads since only heavily coated cells were used for cloning. In
addition, supporting studies with FACS®-isolated IGF-IR +
cells, which were >98% pure (Fig. 3), were also carried out.
To our knowledge, this strategy for addressing the role of IGF-
IR in regulating hematopoiesis has not been carried out pre-
viously.

CD34 POSITIVE SORT
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IGFR SORT SAMPLE
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Figure 3. FACS®histograms demonstrating
initial labeling of CD34+ and IGF-IR + cell

i populations and populations gated on for pu-
rification (A and C, respectively). Gates

- were set so that only cells in the brightest
5% of the population were sorted. Purity of
sorted CD34+ and IGF-IR+ populations is
demonstrated in B and D, respectively, and
is > 95% in each case.
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Table III. Effect of IGF-IR Oligodeoxynucleotides on Hematopoietic Colony Formation by A F- and/or CD34' Marrow MNC

Colony Control IGF-I (S) IGF-I (AS) IGF-I (SCR)

CFU-E 472±108* 496±53* 493±48* 506+73*
BFU-E 204±40*/120±34t 202±30*/113±22* 195±44*/113±14* 204±44*/110±30t
CFU-GM 311±77*/242±85* 291±44*/231±55t 305±42*/223±56t 290±60*/230±34t
CFU/Meg 25±8* 20±8* 28±6* 21±2*
CFU-Mix 21±8t 18±6* 21±5t 21±3*

Results are given as mean±SD of three separate studies, each performed in duplicate. Sense (S), AS, and scrambled (SCR) oligomers were added
to cultures at a total dose of 150 pg/ml. * Colonies derived from 105 A-T- MNCper milliliter. * Colonies derived from 104 CD34' MNCper
milliliter.

The results of six separate cell cloning studies, each derived
from a different normal donor, are shown in Table II. A-T -
and CD34+ MNCgave rise to the expected number of CFU-
E, BFU-E, CFU-GM, and CFU-Mix colonies. In distinct con-
trast, but as predicted, except for a rare cluster of monocyte-
like cells in cultures stimulated with IL-3 and GM-CSF, no
colonies were observed in the cultures seeded with IGF-IR+
cells. These results were consistent regardless of whether cells
were selected by immunomagnetic beads (Table H) or by flow
cytometry. Wealso examined the possibility that IGF-IR might
be expressed on more primitive progenitors than those we were
attempting to culture. To assess this, we performed CFU-Blast
assays (22) with the same cell populations. Small numbers of
CFU-Blast colonies were always obtained from the A-T- and
CD34+ cell populations, but none were ever observed in dishes
containing only the IGF-IR+ cells (data not shown).

Erythroid colony-forming ability of A -T- cells after deple-
tion of IGF-IR + cells or disruption of IGF-IR. As an additional
piece of corroborating evidence that IGF-I was not playing a
direct role in hematopoietic colony formation, we examined the
ability of A-T- MNCto give rise to CFU-E and BFU-E after
depletion of IGF-IR + cells or after disruption of IGF-IR expres-
sion. These experiments were carried out to exclude the possi-
bility that the IGF-IR-positive selection procedures used might
artifactually impair colony formation by selected cells or that
expression of IGF-IR during a transient but critical phase of
hematopoietic cell growth was necessary for colony develop-
ment. Wefocused on erythroid colony formation for this aspect
of the study because IGF-I has been reported to have the most
potent stimulatory effect on CFU-E growth (12, 20). Accord-
ingly, potentially subtle growth-promoting effects should have
been most recognizable in erythroid colony cultures.

As detailed in Methods, IGF-IR+ cells were depleted from
an A-T- MNCpopulation using immunomagnetic beads. Cells
remaining after the depletion were again incubated with the
anti-IGF-IR monoclonal antibody at 370C for 1 h and then
cultured as usual. No difference in CFU-E-derived colony for-
mation was observed in cultures containing A-T - MNCor with
cells manipulated as just described. The A-T- MNCgave rise
to 319±159 CFU-E per 105 cells cloned, while cells depleted
of the IGF-IR + population and then exposed again to the anti-
IGF-IR monoclonal antibody gave rise to 343±125 colonies.

To disrupt IGF-IR expression, antisense ODN(AS ODN)
were used. Cells were incubated with phosphodiester ODN
complementary to codons 21-26 of the signal sequence of the
subunit of IGF-IR preceding the proreceptor sequence as de-
scribed (25). Sense and scrambled ODNsequences relative to

the same codons were used as controls. When compared with
growth of colonies observed in either untreated control cells or
cells exposed to the control ODNsequences, we observed no
significant effect on hematopoietic cell colony formation or
apparent maturation, as a result of targeting IGF-IR mRNA
expression (Table III). This was true regardless of the target
cell population used (A -T- versus CD34+ MNC). Fig. 4 dem-
onstrates that the IGF-IR AS ODNwere capable of downregu-
lating IGF-IR mRNAin the cells positively selected for IGF-
IR expression. Control ODNhad no effect on IGF-IR mRNA
expression.

IGF-IR + cells elaborate an erythroid colony-stimulating ac-
tivity. In aggregate, the data presented above strongly suggested
that, if IGF-I plays a role in regulating hematopoiesis, the effect
is likely both subtle and indirect. To investigate this possibility
further, we cocultured positively selected CD34+ MNC, with
or without IGF-IR+ cells, in the presence or absence of exoge-
nous rH IGF-I (Fig. 5). To increase the likelihood of detecting
an effect of the IGF-IR+ cells, cultures were carried out under
low serum conditions and stimulated with IL-3 (20 U/ml) and
EpO(5 U/ml) to promote erythropoiesis. In four separate exper-
iments (total dishes/culture condition = 24), there was no dif-
ference between the number of BFU-E that formed in cultures
containing only CD34+ cells versus those that were cocultured
in a 1:1 ratio with IGF-IR+ cells (84±50 vs 91±42 colonies;
mean±SD; P > 0.05). However, the addition of recombinant
IGF-I (50 ng/ml) to the 1:1 cell mix did result in a small but
statistically significant (P < 0.02) increase in the number of

305nt

177nt-

C S A Scr H2O Figure 4. IGF-IR mRNA
expression (177 nt) in
IGF-IR+ cells exposed to
IGF-IR AS ODNas de-
tected by RT-PCRanaly-
sis of cell samples. Integ-
rity of the RT-PCR reac-
tion and quality of the
mRNAextraction are
demonstrated by simulta-
neous amplification of (-
actin mRNA(305 nt)
from each sample. C,
control cells (unexposed
to ODN); S. cells ex-

posed to sense ODN; A, cells exposed to AS ODN; Scr, cells exposed
to scrambled sequence ODN, H20, negative control PCRreaction con-
taining water instead of RNA.
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Figure 5. Effect of IGF-IR' cells on growth of BFU-E. I
row cells (104/ml) were cultured alone (-) or cocultured
IR' cells (1:1) in the absence (a) or presence (a) of rH I
ng/ml). The effect of IGF-I alone (50 ng/ml) on BFU-E
mation by CD34' cells is also indicated (a). Results pre.
mean±SDof four separate experiments, each conducted
plicate.

BFU-E colonies formed in the 1:1 cell mix versus
cells alone ( 123±55 vs 84±50). As was noted previ
compared with controls, the addition of rH IGF-
cell cultures containing IL-3 and EpOhad no furthe
effect on BFU-E colony formation. Accordingly, N

lated with IGF-I, IGF-IR' cells appear to elaborate
with modest BFU-E growth-promoting effects. TI
this activity and whether or not it requires direct cel
actions to be effective remain uncertain.

Role of IGF-I in malignant hematopoietic cell pi
The data presented above suggest that IGF-I plays I
direct role in regulating normal progenitor cell p
Since IGF-I has been reported to stimulate malign;
poietic cell growth, we also examined a number of ht
mia cell lines for expression of IGF-IR and whethe
the ability to stimulate growth of these cells. As she
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Figure 6. RT-PCR analysis of IGF-IR (177 nt) and fl-actin (305 nt)
mRNAexpression in different human leukemia cell lines and CD34+
marrow cells. RNAextraction and cDNAamplification were carried out
as described in Methods. H20, negative control PCRreaction containing
water instead of RNA.

HL-60, HEL, and K562 cells, no significant effect on cell
'-o growth was observed when the cells were exposed to IGF-IR

AS ODN. Downregulation of IGF-IR was confirmed with HL-
60 cells by RT-PCR (data not shown).

We also examined primary leukemia patient material for
IGF-IR expression and found that 21 of 26 acute myelogenous

CD34' mar- leukemia (AML) and 2 of 10 chronic myelogenous leukemia
with IGF- patients' cells expressed the receptor as determined by RT-PCR.

(GF-I (50 The effect of IGF-I on the growth of leukemic CFU-GMwas
colony for- investigated in four AMLpatients who were proven by RT-

sented are PCRto express the IGF-I receptor. In agreement with the results
Iin quadru- obtained with human leukemia cell lines, rH IGF-I in amounts

up to 50 ng/ml had no significant effect on the cloning effi-
ciency of these progenitor cells (Table IV). Accordingly,
though IGF-IR is expressed in a large percentage of AMLblast
cells, the functional significance of this expression is presently

the CD34+ unclear.
iously, when
I to CD34+ Discussion
-r significant
when stimu- IGF-I is a member of a family of growth factors which signal
e an activity through receptors with intrinsic tyrosine kinase activity. Ligand/
he nature of receptor complexes of this type, such as c-kit/KL and c-fms!
1-cell inter- colony-stimulating factor-i, play an important role in regulating

the proliferation and differentiation of hematopoietic cells (26-
roliferation. 28). It is not surprising then that IGF-I and its cognate receptor
ittle, if any,

Proliferation.
ant hemato-
iman leuke- Table IV. Effect of rH IGF-I on Leukemic CFU-GM
._

leuke- Colony Formation,r iur-i naa
own in Fig.
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was widely
In addition,
expressing
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the case of

Patient Control IGF-I (10 nglml) IGF-I (50 ng/ml)

1 162±32 156±18 144±21
2 61±28 51±16 46±20
3 41±15 27±9 41±7
4 68±20 38±24 77±31

Colonies derived from 105 A-T- MNCper milliliter. Results are ex-
pressed as mean±SDof quadruplicate cultures. CFU-GMcolony forma-
tion was stimulated with IL-3 and GM-CSFin addition to the dose of
IGF-I indicated.
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have also been postulated to play an important role in hemato-
poietic cell development (2, 28) in addition to their role in
supporting the growth of fibroblasts (29), smooth muscle cells
(30), and osteoblasts (31). As recounted above, there is a
relatively large body of experimental evidence to support this
hypothesis. Most of these data, at least in normal cell systems,
consist of observations relating to the ability of IGF-I to stimu-
late myelopoiesis and erythropoiesis under low or serum-free
conditions. However, as reviewed recently by Dainiak (28),
these data are not as straightforward as they might seem. First,
since virtually all "serum-free" culture systems use BSA, and
BSA is often "contaminated" by bound hormones and growth
factors, including IGFs, the relative requirements for a given
protein are necessarily difficult to determine. Second, the quality
and purity of IGFs may vary with the source of the protein
(28). SomeIGF-H preparations for example, apparently contain
varying amounts of precursor isoforms with differing glycosyla-
tion patterns and different effects on progenitor cell growth.
Third, though great strides have been made in purifying primi-
tive human hematopoietic progenitor cells, "purified" popula-
tions are not homogeneous either in regard to their constituents
or their developmental potentials. It is perhaps understandable
then that conflicts exist in the literature regarding the importance
of the IGFs (32, 33).

Wehave addressed some of these problems by examining
the importance of IGF-I in hematopoiesis with strategies not
used previously. First, we have attempted to understand the
importance of IGF-I by studying the developmental potentials
of bone marrow cells that express the receptor. This direct ap-
proach has not been reported before. With it, one might predict
that if the binding of IGF-I to hematopoietic progenitor cells
was of critical importance for proper development, it would be
easiest to detect this requirement in IGF-I-expressing cells. As
a correlative experiment, we also sought to define when in
hematopoietic cell development the IGF-I receptor was ex-
pressed since previous studies have only demonstrated expres-
sion at the relatively late developmental level of the CFU-E.
Again, if the receptor/ligand axis is important early in hemato-
poiesis, one might predict expression of IGF-IR in cells more
primitive than the relatively mature CFU-E. Finally, in recogni-
tion of the fact that it is extremely difficult to obtain a homoge-
nous population of primitive hematopoietic progenitor cells and
that IGF-IR might be expressed on cells at densities too low for
immunologic separation methods, we inhibited IGF-I receptor
expression with antisense oligodeoxynucleotides.

To our surprise, we found that IGF-IR+ cells, in marked
contrast to CD34+ and A-T- MNC, contained essentially no
clonable hematopoietic progenitor cells. Though we occasion-
ally observed the formation of small, macrophage-like clusters
of cells in IGF-IR+ cell cultures, we never observed any ery-
throid colonies. Given previous reports that IGF-I stimulates
erythropoiesis and that late erythroid progenitor cells express
the IGF-IR, this finding was particularly perplexing. Accord-
ingly, we performed a number of different experiments designed
to corroborate these results. First, we found that rH IGF-I had
little effect on hematopoietic colony formation and that removal
of IGF-IR' cells from A -T- MNChad no effect on the num-
bers of CFU-E cloned from these cells. Similarly, disruption of
IGF-IR expression with antisense oligodeoxynucleotides also
had no effect on numbers of any hematopoietic colonies formed.
The latter experiment was informative in other ways as well.
For example, the results obtained made it unlikely that IGF-IR

expression during a defined period of cell development was
critical for cell growth since receptor expression was suppressed
throughout the entire early culture period. In addition, since
IGF-II-mediated signaling is likely mediated via the IGF-IR
(34), it is likely that IGF-II is also dispensable for hematopoi-
etic cell development. Finally, since neither c-kit nor EpOrecep-
tor expression could be demonstrated in IGF-IR+ cells, it is
unlikely that these receptors are coexpressed in a developmen-
tally critical manner during any phase of erythropoiesis. Never-
theless, the possibility still exists that IGF-IR expression during
the final steps of erythroid or myeloid cell development may
permit binding of the ligand with consequent stimulation of
final maturation.

Accordingly, it seems most likely that if IGF-I plays a role
in either normal or malignant hematopoietic cell proliferation
the effect is likely indirect. Our experiments demonstrating that
admixtures of normal CD34+ and IGF-IR' cells with exoge-
nous IGF-I lead to enhanced erythroid colony formation support
this hypothesis. Since the IGF-IR' population contains B and
T lymphocytes and monocytes (35, 36), both of which may
synthesize cytokines (27, 37), it may be that these cells are
producing the activity detected. These results also explain the
apparent contradiction between the proposed importance of the
IGFs in in vitro hematopoietic cell development and the clinical
observations which suggest otherwise. Animals and humans
with isolated growth hormone deficiency have no obvious he-
matologic abnormalities (2, 38, 39). Similarly, acromegalic pa-
tients who suffer from unregulated production of growth hor-
mone do not have the enhanced erythropoiesis that is seen in
patients with elevated erythropoietin levels (40). Therefore,
while recent "knockout" experiments point out the importance
of IGFs for fetal development in the mouse (41, 42), our results
suggest that in the adult organism IGFs are not required, or
even necessary, for normal or malignant hematopoietic cell de-
velopment.
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