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Abstract

The expression of the insulin-like growth factors (IGFs) and
their receptors has been linked to cellular proliferation and
tumorigenicity in a number of model systems. Since rhabdo-
myosarcoma cells express IGF-I receptors, an autocrine or
paracrine loop involving this receptor and its ligands could
be responsible in part for the growth characteristics of this
tumor. To assess directly the role of the IGF-I receptor in
rhabdomyosarcoma cell growth and tumorigenicity, a hu-
man alveolar rhabdomyosarcoma cell line with high IGF-I
receptor expression was transfected with an amplifiable
IGF-I receptor antisense expression vector. Four unique,
transfected clones were analyzed and found to have reduced
IGF-I receptor expression relative to the parental line. Inte-
gration of the antisense sequence was demonstrated by
Southern blot analysis, and expression of antisense message
in these clones was shown by S1 nuclease protection assay.
Reduced IGF-I receptor surface expression in the transfec-
tants was shown by decreased immunofluorescence with an
IGF-I receptor monoclonal antibody and by decreased IGF-
I binding as measured by Scatchard analysis. These clones
had markedly reduced growth rates in vitro, impaired col-
ony formation in soft agar, and failed to form tumors in
immunodeficient mice when compared with vector-
transfected clones. These results demonstrate that reduction
of IGF-I receptor expression can inhibit both the in vitro
and in vivo growth of a human rhabdomyosarcoma cell
line and suggest a role for the IGF-I receptor in mediating
neoplastic growth in this mesenchymally derived tumor. (J.
Clin. Invest. 1994. 94:1235-1242.) Key words: insulin-like
growth factor receptor * antisense RNA* downregulation-
paracrine * autocrine

Introduction

The insulin-like growth factors I and II (IGFs), also known as
somatomedins, are two single-chain polypeptide hormones that
are structurally related to proinsulin and are primarily involved
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in promoting vertebrate growth and development (1). The bio-
logic actions of IGFs are mediated by three different cell-surface
receptors that bind these peptides with different affinities: the
IGF-I receptor (IGF-IR),' the IGF-ll receptor (IGF-IIR), and
the insulin receptor (2). The insulin and the IGF-I receptors
are structurally similar heterotetramers with ligand-activated ty-
rosine kinase activity in their cytoplasmic portions, which is
necessary for signal transduction. These receptors bind their
cognate ligands with high affinity and both heterologous pep-
tides with lower affinity; the IGF-I receptor also binds IGF-II
with similar high affinity (3). By contrast, IGF-IIR is structur-
ally identical to the mannose-6-phosphate receptor, is without
intrinsic tyrosine kinase activity, and has not been linked to
the growth-promoting actions of the IGFs (4, 5). Of interest,
however, IGF-IIR was shown recently to mediate IGF-ll-in-
duced motility in human rhabdomyoblasts (6, 7).

Both IGF-I and -II have been shown to stimulate myoblast
proliferation and differentiation, as well as to promote nutrient
uptake and inhibit proteolysis; these diverse biological activities
appear to be exclusively mediated through IGF-IR (3, 8-11).
Similar results have also been reported for several human rhab-
domyosarcoma cell lines, where IGF-II-induced signaling
through IGF-IR has been implicated in the autocrine growth of
these tumors (6). By contrast, a potential role for IGF-I or IGF-
II and the IGF-IR in promoting tumor growth in vivo is unclear.
Although some mesenchymally derived tumors have been found
to secrete these growth factors, their precise role in tumorigene-
sis remains speculative, since the addition of IGF-I or IGF-fl
to cultured cells does not result in transformation (12-14).
Indirect evidence suggesting the capacity for IGF-IR to promote
neoplastic growth has been reported by Kaleko et al. (15). In
these studies, overexpression of IGF-IR in NIH 3T3 cells re-
sulted in ligand-dependent neoplastic transformation as well as
the ability to form tumors in nude mice, suggesting that, when
amplified, this ubiquitous growth factor receptor functions as
an oncogenic protein.

This study was designed to investigate the possibility that
the malignant phenotype of rhabdomyosarcoma cells could be
altered by stably lowering IGF-IR levels using antisense RNA.
The antisense RNAtechnique leads to a reduction in the expres-
sion of a target gene at the protein level through the formation
of a specific double-stranded RNAhybrid which interferes with
normal mRNAtransport and translation (16, 17). We have
constitutively expressed IGF-IR antisense transcripts in a human
alveolar rhabdomyosarcoma cell line which normally has a high

1. Abbreviations used in this paper: dhfr, dihydrofolate reductase; IGF-
IR and IGF-IIR, IGF receptors I and II; MTX, methotrexate; RFI, rela-
tive fluorescence index.
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density of IGF-IR at the cell surface and forms aggressive tu-
mors in immunodeficient mice. The antisense clones were ana-
lyzed for integration and expression of transfected sequences,
IGF-IR receptor number, and in vitro and in vivo growth charac-
teristics. Clones with reduced IGF-IR expression grew at a
slower rate in vitro and were less tumorigenic in immunodefi-
cient mice, when compared with parental or vector control lines.

Methods

Cell culture. The human alveolar rhabdomyosarcoma cell line Rh30
was established from the bone marrow of a patient with metastatic tumor
and has been described previously (18). The cells were grown in DME
supplemented with 2 mMglutamine, 10% FCS, and 50 Hg/ml gentami-
cin. Cells were maintained at 370C with 5% CO2 and subcultured by
trypsinization.

Soft agar assays. Cell suspensions were plated (2.5 x 103 cells per
35-mm dish) in semisolid medium containing 0.3% Bacto-Agar (Difco
Laboratories, Detroit, MI), DME, 10% heat-inactivated, dialyzed FCS,
and 50 ,ug/ml gentamicin. When used to inhibit colony formation, the
IGF-IR monoclonal antibody aIR-3 (Oncogene Science Inc., Manhas-
set, NY) was included at a final concentration of 0.5 jig/ml (19).
Heat-inactivated serum was used as a precaution to prevent potential
complement-mediated cell lysis in the presence of the antibody. The
dishes were incubated at 370C in a humidified atmosphere containing
7% C02, and colonies were scored after 21 d.

Vector constructs and transfections. The IGF-IR antisense expres-
sion plasmid [pSV2IGF-IRAS(dhfr)] was constructed by isolating an
EcoRI fragment containing the first 700 bp of coding sequence from
the IGF-IR cDNA-containing plasmid pIGF-IR.8. This region partially
encodes the a subunit of the heterotetrameric receptor (20). This frag-
ment was ligated into the unique SmaI site of the mammalian expression
pSV2(dhfr) after repair with the Klenow fragment of DNApolymerase
I (21) (see Fig. 2). The antisense orientation of this new construction
was confirmed by restriction endonuclease digestion. The expression
plasmid pSV2(dhfr) contains a complete transcription unit for a mutant
dihydrofolate reductase (dhfr) with an increased Km for methotrexate
(MTX), enabling selective amplification of plasmid sequences in mam-
malian cells in the presence of high concentrations of MTX.

Stable Rh3O transfectants were obtained by cotransfection of the
antisense expression plasmid or vector-only DNAwith pSV2neo DNA
(22) according to the method of Chen and Okayama (23). Briefly,
Rh3O cells growing exponentially in DMEsupplemented with 10%
dialyzed FCS were seeded at 5 x 105 cells per 10-cm dish. These cells
were then cotransfected with a total of 30 Hg of DNAat a 10:1 molar
ratio of antisense or vector DNAs to pSV2neo DNAin BES (NN-bis-
[ 2-hydroxyethyl ] -2-aminoethanesulfonic acid) -buffered calcium phos-
phate. Cells were incubated at 35°C in 3% CO2 for 48 h before being
split 1:10 and selected in medium containing G418 at 400 jig/ml (Genet-
icin; Gibco Laboratories, Grand Island, NY). After 2 wk, G418-
resistant clones were replated in fresh medium containing 0.25 AM
MTX(Lederle Laboratories, Pearl River, NY) plus dialyzed FCS. Sur-
viving MTX-resistant clones were isolated using sterile glass cloning
cylinders and expanded for continuous growth in 0.25 iAM MTX.

Southern analysis. 10 jig of DNAfrom each clone and the vector
transfected control line was cut to completion using XhoI under condi-
tions recommended by the manufacturer (New England Biolabs Inc.,
Beverly, MA). Digested DNAwas electrophoresed in a 1%Tris-acetate
gel and transferred to a nylon filter (Hybond N; Amersham Corp.,
Arlington Heights, IL). The filter was hybridized with a random-primed,
32P-labeled cDNA insert probe from pIGF-IR.8 at 42°C overnight. The
filter was washed twice at room temperature in 2X SSC (1x SSC =

0.15 MNaCl, 0.015 Msodium citrate, pH 7.0), 0.1% SDS and twice
at 55°C in 0.2X SSC, 0.1% SDS before exposure to Kodak XAR film
at -80°C with an intensifying screen.

SI nuclease protection assay. S1 nuclease mapping was performed
by the method of Berk and Sharp (24) as modified by Weaver and

Weissmann (25) using an end-labeled DNAprobe. The SI probe was
constructed by subcloning pIGF-IR.8 into the EcoRI site of Bluescript
SK+. This plasmid was constructed because no suitable restriction sites
were present in pSV2(dhfr) for the preparation of end-labeled probes.
The resultant plasmid was linearized with NcoI, dephosphorylated, and
end-labeled with T4 polynucleotide kinase [ y 32p] ATP. Cellular RNAs
(60 .g) were hybridized with the end-labeled DNAfragments (50,000
dpm) for 16 h at 520C. The samples were digested with S1 nuclease
and analyzed by autoradiography after electrophoresis on 8%polyacryl-
amide gels.

Immunofluorescence and flow cytometry. Cells were harvested from
confluent dishes in PBS with 1 mMEDTA, washed twice in ice-cold
PBS, and then incubated for 30 min with antibody aIR-3 (0.25 /g/ml)
or a titered excess of an isotype-matched control mouse myeloma pro-
tein. After washing with cold staining medium (DME supplemented
with 10% FCS and 2 mMsodium azide), cells were incubated for
30 min with fluoresceinated affinity-purified goat antiserum to mouse
immunoglobulin (Coulter Corp., Hialeah, FL). After further washing
in cold staining medium, the cells were resuspended in staining medium
containing 0.25 mMpropidium iodide and analyzed with an EPICS 753
flow cytometer (Coulter Corp.). The fluorescence scale was a 256-
channel/3-decade log scale. The relative fluorescence intensity (RFI)
was determined by using the ratio of the mean channel of cells stained
with aIR-3 compared with the same cells treated with the isotype-
matched myeloma control protein and were expressed relative to the
control line (26).

IGF-I binding assay. For the IGF-I binding assay, confluent 6-well
plates of cells were rinsed with 2 ml of 120 mMNaCl, 1.2 mMMgSO4,
15 mMNaOAc, 2.5 mMKC1, 10 mMglucose, 1 mMEDTA, 1%bovine
serum albumin, and 100 mMHepes, pH 7.6, and incubated in 2 ml of
the same buffer containing radioiodinated IGF-I (25 pM, 2 oCi/pM;
Amersham Corp.) along with varying concentrations of unlabeled ligand
(0-100 nM; UBI, Lake Placid, NY) for 18 h at 4°C. The incubation
medium was aspirated, the monolayers were washed with 10 mMTris/
HCl (pH 7.4) and 154 mMNaCl, and the cells from each well were
then lysed in 0.1% SDSfor determination of cell-associated radioactiv-
ity. Binding was corrected for nonspecific '"I-IGF-I binding to control
cells (< 5%of total) as determined in the presence of 100 nMunlabeled
IGF-I and was subtracted from each datum point. IGF-I binding was
not specifically corrected for binding through the IGF-H receptor (4).
Binding determinations were performed in triplicate for each concentra-
tion of unlabeled ligand and were normalized to total protein for each
well. Binding data were analyzed by ENZFITTER (27).

In vitro and in vivo growth characteristics. In vitro growth rates
were determined by plating cells at 7.5 x 104 cells per 35-mm culture
dish. Triplicate dishes of each clone were harvested and counted 1-5
d after plating in various concentrations of FCS. In vivo growth was
assessed by injecting thymectomized, irradiated (925 cGy), marrow-
reconstituted CBA/CaJ female mice with 1.0 x I07 cells subcutaneously
over each flank. Animals were examined every week for signs of tumor
growth, and the dimensions were determined as described previously
(28). Mice bearing tumors were killed when the tumor burden was 1
cm3 or after 6 mo in the absence of tumor growth.

Results

After cotransfection of the Rh3O alveolar rhabdomyosarcoma
cell line with the IGF-IR antisense and pSV2neo DNA, 18 G418-
resistant clones were obtained. To ascertain the uniqueness of
these clones, we examined the integration site of the transfected
plasmid by Southern analysis of genomic DNAcut with XhoI,
which has only a single site in the transfected constructs. Thus,
the size of the hybridizing fragment is dependent on the distance
between the site of random integration of the transfected DNA
and the nearest XhoI recognition sequence in the flanking geno-
mic DNA. A Southern blot containing XhoI-digested DNAwas
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Figure 1. Southern analysis of XhoI-restricted DNAfrom control cells
cotransfected with pSV2(dhfr) and pSV2neo as well as four independent
IGF-IR antisense clones. The blot was probed with the 700-bp EcoRI
fragment from the cDNA-containing plasmid pIGF-IR.8 and confirmed
the presence of amplified and uniquely integrated plasmid inserts as
well as the presence of fragments present from the endogenous IGF-IR
gene (indicated by asterisks).

probed with a 32P-labeled fragment of the IGF-IR cDNA. This
fragment contains a portion of the cDNA which is 3' to the
XhoI recognition site found in the transfected sequence and
identifies IGF-IR germline fragments of 18 and 9.4 kb (Fig.
1). Four individual clones that uniquely integrated the IGF-IR
antisense expression plasmid were chosen for further analysis
after continuous growth in 0.25 IM MTI. As shown in Fig. 1,
all of the clones had multiple sites of integration of the plasmid
in their genomic DNA; clone AS#4 has a unique 3.5-kb band,
clone AS#9 has a 7-kb band, AS#12 has a 4-kb band, and
AS#23 has a 2-kb band. Although the level of amplification of
the antisense plasmid varies significantly between these clones,
additional selection in higher concentrations of MTXfailed to
result in further amplification of IGF-IR sequences in any of
these clones (data not shown). This result presumably was
related to the fact that the high-level expression seen in these
clones after their initial selection in 0.25 uMMTXwas suffi-
cient to confer resistance to the higher concentration of the drug
without concurrent dihydrofolate reductase amplification.

Wenext examined each unique clone for the expression of
antisense IGF-IR transcripts by S1 nuclease protection assay.
As shown in Fig. 2, the NcoI-linearized pIGF-IR construct re-
sults in the production of two 5'-end labeled S1 probes; one
protecting the 586-nt endogenous transcript and the other pro-
tecting the 114-nt antisense transcript. The 114-nt antisense
transcript was identified in all four clones but was absent in

the vector-transfected control line. Barely detectable levels of
antisense transcript were detectable in clone AS#4, which also
had the lowest level of amplification of the expression plasmid
as determined by Southern blot. Clones AS#9, AS#12, and
AS#23 all had significantly higher levels of antisense tran-
scripts, with AS#23 expressing a two- to threefold greater level
of antisense message compared with the other two.

Immunofluorescence with the IGF-IR monoclonal antibody
(aIR-3) was then performed to determine IGF-IR expression
in the transfected clones, and the distribution of fluorescence
intensity was assessed by flow cytometry (Fig. 3). The vector-
transfected Rh3O control line expressed significant amounts of
IGF-IR with an RFI of 4.2. Of the IGF-IR antisense transfec-
tants, clone AS#4, which had the lowest level of amplification
of the antisense expression plasmid and the least amount of
antisense transcript, expressed the highest level of IGF-IR with
an RFI of 3.7. By contrast, the three other IGF-IR transfectants
each expressed significantly less IGF-IR with RFI values of 2.8,
2.4, and 2.3 for clones AS#9, AS#12, and AS#23, respectively.

To determine more precisely the differences in IGF-IR pro-
tein expression between the transfectants, IGF-I binding assays
were performed. The amount of IGF-I bound at various ligand
concentrations was converted to a Scatchard plot and is dis-
played in the inset with each fluorescence histogram (Fig. 3).
For each cell population, binding displayed saturation kinetics
with half-maximal IGF-I binding occurring at 0.17 nM with
binding in all clones best fit by a one-site model. The number
of receptors displayed by the vector-transfected control cells
was 32,000±1,200 (mean±SE), 27,000±1,000 for AS#4,
19,000±1,100 for AS#9, 16,000±1,300 for AS#12, and
14,000±1,100 for AS#23. These results for IGF-IR number, as
determined by binding assay, agree with the results obtained
by flow cytometry. By contrast, IGF-IR affinity was not signifi-
cantly different between the control cell line (0.49±0.07 nM,
mean±SE) and any of the transfected cell lines (mean for all
antisense transfectants 0.56±0.12 nM). These data indicate that
the decreased binding in the antisense vector-transfected cells
was accounted for by diminished receptor numbers at the cell
surface without changes in receptor affinity.

The effects of IGF-IR antisense expression on the in vitro
growth characteristics of the transfected clones were next exam-
ined. The growth rates of the antisense clones were compared
with that of the vector-transfected control and are shown in Fig.
4. A marked reduction in growth rates for antisense clones
AS#9, AS#12, and AS#23 was observed at all serum concentra-
tions tested compared with control cells and AS#4; these differ-
ences were most pronounced for growth in 2% serum. Cell
viability remained the same for all groups throughout the course
of these experiments (> 95%), indicating that our results did
not simply reflect reduced viability of antisense clones. These
results could be explained in part by the titration of other nonau-
tocrine growth factors normally present in serum and necessary
for optimal growth of mesenchymally derived cells (29).

The effect of reduced IGF-IR expression on anchorage-inde-
pendent growth was also investigated (Table I). The cells were
plated in soft agar with heat-inactivated, dialyzed 10% FCS,
and plates were examined 21 d later. Single cells, small colonies
of 50 cells, and large colonies of several hundred cells were
readily distinguishable. Both the parental Rh3O cell line and the
vector-transfected control formed large numbers of colonies. All
four transfectants demonstrated decreased cloning efficiency,
although the plating efficiency of clone AS#4 was most similar
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Figure 2. The pSV2IGF-ERAS(dhfr) plasmid (left) was constructed by blunt-end cloning a 700-bp EcoRI fragment from the human IGF-IR cDNA-
containing plasmid pIGF-IR.8 into a unique SmaI site of the mammalian expression plasmid pSV2(dhfr) in the antisense orientation (21). This
plasmid contains a complete transcription unit for a mutant dihydrofolate reductase with an increased Kmfor MTX. SI probes were constructed by
subcloning pIGF-IR.8 into the EcoRI site of Bluescript SK and linearizing the resultant plasmid with NcoI. Linearized plasmid was then 5 '-end
labeled for SI analysis of RNAfrom selected antisense clones. These probes protect a fragment of 586 nt from the endogenous IGF-IR transcript
and a fragment of 114 nt from the antisense transcript (arrows). SI analysis (right) of RNAfrom control cells cotransfected with the parental
vector pSV2(dhfr) plus pSV2neo, as well as four independent IGF-IR antisense clones. All clones contain approximately equivalent amounts of the
endogenous 586-nt transcript. Whereas AS#9, AS#12, and AS#23 contain large amounts of the 114-nt antisense transcript, the MTX-resistant
antisense clone AS#4 contains barely detectable levels of antisense message. The double bands present in the protected antisense transcripts are
presumably due to transcriptional stuttering at the initiation site.

to the controls and greater than each of the other three transfec-
tants. Decreased cloning efficiency was correlated with reduced
IGF-IR expression by growing the cells in the presence of aIR-
3, a monoclonial antibody specific for IGF-IR. In all cases, anti-
body treatment resulted in a significant further reduction in
plating efficiency. This antibody has been shown to attach at
the ligand-binding site, prevent IGF-I and IGF-II binding, and
block IGF-I-mediated receptor activation (6, 30-32). Al-
though the antibody can directly stimulate the receptor, it did
not do so at the concentration that was chosen (33). These
results demonstrate that expression of the IGF-IR may be re-
sponsible in part for the anchorage-independent growth of Rh3O
cells and that a reduction in receptor number results in decreased
cloning efficiency.

Finally, it was of interest to examine the in vivo effect of
reduced IGF-IR expression on tumor formation in immunodefi-
cient mice (Table II). The AS#4 cells formed tumors rapidly,
and within 1 wk mice injected with 107 cells all developed
visible, firm, subcutaneous nodules at the injection site. These
grew progressively and reached a tumor volume of 1 cm3 in a
median time of 37 d. This pattern of growth was very similar
to animals that were injected with vector-transfected cells.
Pathologic examinations of the tumors in animals injected with
AS#4 cells were similar to those of control animals, consisting
of nested tumor cells interrupted by occasional fibrous septa.
By contrast, animals injected with an equivalent number of cells
from clone AS#9 formed only a single tumor and those injected
with clone AS#23 failed to develop tumors after being moni-

tored for over 6 mo. These results suggest that reduction in
IGF-IR expression can abrogate tumor growth in vivo.

Discussion

Previous studies with NIH 3T3 cells have established a relation-
ship between IGF-IR overexpression and ligand-dependent neo-
plastic transformation ( 15 ) as well as demonstrating that consti-
tutive high-level expression of both this receptor and IGF-I
abrogates all requirements for any other exogenous growth fac-
tors (34). To establish a direct relationship between IGF-IR
expression and tumorigenicity in a human tumor model system,
we used antisense-mediated inhibition of IGF-IR expression in
alveolar rhabdomyosarcoma, a tumor derived from fetal skeletal
muscle. This approach is a powerful tool for modulating the
synthesis of specific proteins. It has been used in the past to
investigate the role of oncogenes such as c-fos and c-myc in
the control of cell proliferation and differentiation ( 17, 21 ) as
well as to modulate the production of the extracellular matrix
components, tissue inhibitor of metalloproteinase and thrombo-
spondin, in order to study their roles in tumor metastasis (35,
36). Our present work extends this approach by reducing cell-
surface expression of IGF-IR with resultant inhibition of both
the in vitro and in vivo growth of the tumor.

Four unique antisense-transfected clones were obtained with
reduced expression of IGF-IR. The degree to which clonal varia-
tion affects IGF-IR expression in individual cell lines was deter-
mined by assessing IGF-IR surface expression in three unique
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Figure 3. Flow cytometric analysis of control and antisense clones stained with the IGF-IR monoclonal antibody aIR3 demonstrating reduced
density of IGF-I receptors on transfected cells. The RFI was calculated from the mean channel number for each clone stained with aIR3 (continuous
lines) compared with the same cells stained with an isotype-matched myeloma control antibody (dotted lines) and is shown expressed relative to
the control line. Antisense transfectants all expressed reduced levels of IGF-I receptors on their cell surface relative to the control cell line. Insets
represent Scatchard plots of IGF-I binding sites determined with increasing concentrations of IGF-I. A representative of three separate experiments
is shown. Each point represents the mean of triplicate values. Antisense transfectants all had quantitatively reduced number of IGF-I receptors
compared with the control cell line (see Results).

vector control lines. Clonal variation in IGF-IR expression was
< 10% in these control lines and could not account for the
significant reduction observed in each of the antisense clones

(data not shown). It is clear that the phenotypic changes ob-
served were mediated through reduced expression of IGF-IR
since IGF-IR surface expression was reduced in relative propor-
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tion to (a) the degree of amplification of integrated sequences as
assessed by Southern hybridization; (b) the amount of antisense
RNAas detected by S1 nuclease protection assay; and (c) re-
ceptor number as determined by immunofluorescence and
Scatchard analysis. Furthermore, expression of similar antisense
constructs for two other genes whose transcripts are expressed
in Rh3O cells (MyoDI and desmin) did not decrease IGF-I
receptor density or alter anchorage-independent growth (data
not shown).

The above results were mirrored by both the in vitro and in
vivo growth characteristics of the IGF-IR antisense transfec-
tants. A marked reduction in in vitro growth rates was observed
for the three clones with the greatest diminution in IGF-IR
density, whereas the single clone (AS#4) with receptor numbers
most similar to the vector control grew more rapidly. Similar
results were also obtained when the anchorage-independent
growth of the transfectants was determined in soft agar. De-
creased cloning efficiency was correlated with reduced IGF-IR

Table I. Colony Formation in Soft Agar*

Cell type Addition Number of coloniest

Rh3O (parental line) - 163
Rh 30 (parental

line) aIR3 3
Vector control 180
Vector control aIR3 4
AS#4 143
AS#4 aIR3 1
AS#9 86
AS#9 aIR3 3
AS#12 - 64
AS#12 aIR3 6
AS#23 45
AS#23 aIR3 5

* 2,500 cells were plated in 0.3% agar with 10% FCS. WhenaIR3 was
incorporated into the agar, the final concentration was 0.5 /Ig/ml. Plates
were scored at 21 d, and only colonies with at least 50 cells were
counted. * Mean of triplicate plates, which agreed to within 10%.

expression; the specificity of this observation was confirmed by
incubation with IGF-IR monoclonal antibody, resulting in a
further attenuation in plating efficiency. This antibody specifi-
cally blocks human IGF-IR activation and has been reported
previously to inhibit the growth of cultured Wilms' tumor cells,
rhabdomyoblasts, and NIH 3T3 transfectants overexpressing the
receptor (6, 15, 37). These results implicate the IGF-IR, at least
in part, for the anchorage-independent growth of Rh3O cells.

The IGF-IR antisense transfectants were tested for tumorige-
nicity in immune-deficient mice to determine whether decreased
receptor density in vivo is sufficient to suppress the malignant
phenotype of this tumor. In these mice, antisense clone AS#9
had greatly reduced tumorigenicity, and AS#23 failed to pro-
duce tumors through the 6-mo duration of the study. By contrast,
both the vector control line and AS#4, the antisense clone with
the highest receptor density, formed tumors rapidly in all ani-
mals that were inoculated. These data suggest there is a critical
threshold for IGF-IR density required for the neoplastic growth
of Rh3O cells in vivo.

This study demonstrates the importance of the interaction
of IGF-IR with its ligand(s) for the autocrine or paracrine
growth of human rhabdomyosarcoma. The cognate ligand for
IGF-IR, IGF-I, is a ubiquitous requirement for the growth of all
cells in vitro, and under certain conditions this ligand-receptor
system is the sole requirement for the growth of murine fibro-
blasts (34). In these studies as well as those of Kaleko (15),

Table I. Growth of IGF-IR Antisense Clones in
Immunodeficient Mice

Clone Inoculations* Tumors Median days to reach 1 cm3

n n
Vector 14 14 34
AS#4 10 10 37
AS#9 12 1 Day 37
AS#23 12 0t

* I07 cells were injected subcutaneously into two sites per mouse. 'Ex-
periment terminated at 6 mo after inoculation.
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the magnitude of proliferation or ligand-dependent growth was
related directly to IGF-IR density; IGF-I was found to be 50-
fold more potent than insulin in promoting anchorage-indepen-
dent growth consistent with its higher affinity for IGF-IR (2,
15). Our studies did not directly address whether the IGF-I or
IGF-ll interaction with IGF-IR is responsible for the autocrine
growth of rhabdomyosarcoma cells. However, recent evidence
has implicated IGF-H-mediated signaling through IGF-IR as
critical to the proliferation of both rhabdomyosarcomas and
neuroblastomas (6, 38, 39). In this regard, Rh3O cells have
been shown to express high levels of IGF-II mRNAas well as
to secrete IGF-H1 in culture (our unpublished results and refer-
ence 6).

Additionally, we also observed a relationship between the
reduction in IGF-IR number and the phenotypic characteristics
of Rh3O cells transfected with the antisense IGF-IR; clones with
the greatest decrease in IGF-IR expression also displayed the
most impaired growth. Thus, it would appear that IGF-IR den-
sity is a rate-limiting feature for the in vitro and in vivo growth
and tumorigenicity of Rh3O rhabdomyoblasts. Recent evidence
suggests that commonboth to IGF-IR and insulin receptor sig-
nal transduction is specific tyrosine phosphorylation of the ma-
jor insulin receptor substrate (IRS-1) and coupling to down-
stream Ras signaling pathways (40-43). It seems reasonable
to conclude, therefore, that an amplified signal proportional to
receptor numbers may play a role in the growth regulation of
rhabdomyosarcoma.

In conclusion, these results demonstrate that stable reduction
of IGF-IR expression by antisense RNAcan alter the malignant
phenotype of a human rhabdomyosarcoma cell line as assessed
by the analysis of both in vitro and in vivo growth characteris-
tics. By altering the synthesis of this protein, we may have
interfered with a critical autocrine loop necessary for the unre-
strained growth of this tumor. Whereas this is speculation at
present, this study provides insight into the importance of the
IGF-IR and its ligand(s) in tumorigenesis.
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