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(6, 7). MCF-7 cells express mRNA for all four members of the FGFR
family (8, 9) and express FGFR protein on their cell surface (10).
Although in vitro, the FGF-transfected cells remain responsive to
estrogen, they have shortened population-doubling times and an in
creased ability to form colonies in soft agar under estrogen-free
conditions or in antiestrogen-containing media (6). The enhanced in
vitro growth of FGF-transfected cells under estrogen-deprived culture
conditions suggests that autocrine signal transduction events mediated
through tumor cell FGFRS may be at least partially responsible for some
of the in vivo phenotypes associated with FGF overexpression. This was
also suggested by the finding that treatment of mice inoculated with
FGF-overexpressing cells with pentosan polysulfate, an agent that binds
FGFs and can therefore inhibit both autocrine and paracrine effects of
FGF production (1 1), had greater growth-inhibitory effects than did
treatment with the angiogenesis inhibitor AGM-l470. However, treat
ment with AGM-1470 did result in substantial reduction in tumor size,
especially in animals that were also treated with tamoxifen (12), suggest
ing thatparacrineeffects of FGF overexpression on host endotheial cells
were also contributing to the enhanced tumorigenicity. When compared
to untreated cells, FGF-4-transfected cells are growth inhibited by 4-hy
droxytamoxifen in vitro, but tamoxifen is stimulatory to the growth of
some clones of FGF-4-transfected cells in nude mice (7). This difference
between the in vitro and the in vivo growth effects of tamoxifen also

suggests that paracrine effects ofsecreted or released FGF on host stroma
may be operative in mediating the accelerated tumor growth observed in
the tamoxilen-treated mice. These same paracrine effects may also be
important in mediating the growth observed in mice that do not receive
estrogen supplementation.

A better understanding of the relative contributions of the possible
autocrine or paracrine effects of FGF expression to the increased
malignant phenotype of FGF-l-overexpressing cells may be important
in assisting in the design of novel therapeutic strategies aimed at
restoring antiestrogen sensitivity to patients with tumors that have
acquired tamoxifen resistance. It may also assist in choosing those
patients who are more likely to respond initially or for whom tamox
ifen might be more likely to function as a useful adjuvant therapy. One
way of determining whether autocrine effects of FGF-l production are
mechanistically important in mediating the ability of breast cancer
cells to grow in nude mice in either the absence of estrogen or the
presence of tamoxifen is by shutting off the FOF signal transduction
pathway in the transfected cells while at the same time maintaining
their ability to secrete the growth factor, allowing for a continuation
of possible paracrine effects. This aim can be achieved by interfering
with the ability of FGFRs within the FGF-producing cells to transduce
the signal resulting from FGF binding. Because FGF-l will bind with
high affinity to all four transmembrane tyrosine kinase receptors (13)
and because the FGF signal transduction system is extremely com
plex, we considered the approach with the greatest possibility of
success to be one that would simultaneously be capable of interfering

with all four FGF transmembrane tyrosine kinase receptors.
Dimerization of FGFRs appears to be required for signal transduc

tion resulting from ligand binding (14, 15). The resulting receptor
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ABSTRACT

To determine the extent to which autocrine effects of acidic fibroblast
growth factor (FGF)-1 overexpression contribute to an increased malig

nant phenotype, FGF-1-transfected MCF-7 cells were retransfected with a
FGF receptor (FGFR1) vector encoding a truncated dominant-negative
receptor to inhibit autocrine FGF signal transduction. This transfection
eliminated FGF signaling within the breast cancer cells without interfer
Ing with their ability to produce FGF-1, thereby allowing possible porn
crine effects to still be observed in vivo.Truncated FGFR1 overexpression
Inhibited the acquired ability of FGF-1-overexpressing cells to form col
onies in soft agar in estrogen-depleted or antiestrogen-contalning medium.
However, soft agar colony formation was still StimUlated by estrogen
treatment in cells expressing up to 6 x 1O@truncated FGFRI sites per cell.
In vivo, truncated receptor expressIon severely inhibited the ability of the
FGF-1-overexpressing cells to form tumors without estrogen in ovarlec
tomized mice, Indicating that the mitogenic effect of FGF-1 on the breast

tumor cells was important In the estrogen-Independent in vivo growth of
these transfectants. However, rapid formation of large tumors was still
observed in estrogen-supplemented mice Injected with the truncated
FGFR1-expressing cells, suggesting that the paracrine effects of FGF
production could act In synergy with mitogenic effects mediated by estro
gen. Truncated FGFR1-overexpresslng cells also continued to form tu
mo@ in tamoxifen-treated mice, raising the possibility that the paracrine

effects ofFGF-1 expression may allow the partial agonist properties of this
antiestrogen to be more readily observed. We conclude that autocrine
effects of FGF-1 increase the ability of MCF-7 breast cancer cells to grow
in vitro and in vivo under estrogen-depleted conditions but that paracrine

effects of FGF-1 are also involved in the enhancement of tumor growth in
estrogen-supplemented or tamoxifen-treated animals.

INTRODUCTION

MCF-7 human breast carcinoma cells are estrogen responsive in
vitro and require estrogen supplementation for growth as xenografts in
ovariectomized athymic nude mice. Transfection with expression
vectors for either FGF-43 or FGF-l, the latter of which is expressed in
a large proportion of human breast cancers (1â€”5),results in these
tumor cells acquiring the capability of rapidly forming large, vascu
larized tumors in either ovariectomized or antiestrogen-treated mice
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transmodulation can be inhibited by expressing an excess of a receptor
variant that is truncated immediately after the transmembrane domain
(16, 17). Such a receptor is capable of dimerization, but because it
lacks the tyrosine kinase domain, it will not cross-phosphorylate a
paired wild-type receptor, thereby negating the effect of ligand bind
ing. The truncated FGFR1 receptor has been shown to act in a
dominant-negative fashion not only for wild-type FGFR1, but also for
FGFR2 and FGFR3 (16). Effects of truncated FGFR1 on FGFR4
function have not been reported, but given the homology that exists
among the receptors (13), it is reasonable to assume that signal
transduction by this receptor would also be inhibited. Additionally,
overexpression of a nonfunctional truncated receptor would also be
expected to effectively compete for ligand binding and interfere with
autocrine FGF signal transduction in this manner (18). As such, this
approach would be expected to offer a considerable advantage over an
antisense approach that would be unable to simultaneously interfere
with all four receptors. Because the number of wild-type FGFRs
expressed by MCF-7 cells is relatively low (10), we used an efficient
expression vector to express a sufficient number of truncated recep
tors necessary to abrogate signaling by wild-type receptors (16) and
assessed the effect on in vitro and in vivo phenotypes previously
associated with FGF overexpression.

MATERIALS AND METHODS

Construction of Truncated FGFR1 Expression Vectors and Transfec
tion of FGF-1-expressing ML-20 Cells. The cDNA of human truncated
FGFR1 was generated by reverse transcription-PCR using 1 @gof total RNA

from human umbilical vein endothelial cells as template. The PCR primers
were designed using the FGFR1 cDNA sequence (GenBank accession no.

M34l85; Ref. 19). The 5' primer (5'-AGCTCTAGATCACCAACCTCTA
ACTGCAGA-3') corresponded to nucleotides 229â€”249,with an appended
XbaI site used for cloning underlined. The 3' primer (5'-CTI'GCIATCCT
TACTFC'VrGGTACCACTCTFCATC-3') corresponded to the complemen

tary sequence of nucleotides 1182â€”1203,with an appended TAA stop codon
followed immediately by an underlined BamHI recognition site. Each primer
also contained three additional nucleotides at the 5â€t̃erminus to facilitate
restriction enzyme digestion of the amplified PCR product. The amplification
was carried out using 35 cycles at 94Â°Cfor 1 mm, @Ã¸Â°cfor I mm, and 72Â°C
for 2 mm. This truncated FGFR1 cDNA was inserted into the pCHisC vector
to generate pCHisCtrFGFR1 using the XbaI and BamHI sites generated in the
PCR reaction. The pCHisC vector was constructed by Bglll digestion of pCC2
[a plasmid similar to pCNCX (20) but lacking the 1.2-kb BglII fragment
conferring G4l8 resistance] and insertion of the 1.5-kb BamHI fragment
containing the L-histidinol dehydrogenase (EC 1.1.1.23) of Salmonella typhi
muriwn gene derived from the plasmid pHDl (21). pCHisC has two transcrip
tion units both driven by CMV immediate early gene promoters. One tran
scription unit directs the expression of the HisD gene for the drug selection of
the transfectants. The sequence of the 992-bp reverse transcription-PCR
generated product inserted into the pCHisC plasmid was determined by

dideoxy sequencing using a Sequenase Version 2.0 DNA Sequencing Kit
(United States Biochemical Corp., Cleveland, OH) and was found to encode a

truncated FGFR1-IHc protein consisting of the two immunoglobulin-like

forms of the extracellular domain (containing exon IlIc in the second half of

the third immunoglobulin-like domain), the transmembrane region, and eight
amino acids of the juxtamembrane region. The sequence was identical to the
M34l85 GenBank sequence corresponding to this region.

FGF-l clone 18cells, a previously characterized clone of FGF-l-transfected
ML-20 cells (6), were used as recipients for retransfection with the pCHisC
and pCHisCtrFGFR1 vectors. [ML-20 cells are a clone of lacZ-transfected
MCF-7 cells stably expressing @3-ga1actosidase(22)]. The cells were trans
fected with either empty pCHisC vector as a control for the effects of the
transfection procedure or with the pCHisCtrFGFR1 plasmid using the 2-bis(2-

hydroxyethyl)amino}ethanesulfonic acid-buffered calcium phosphate precipi
teflon method (23). The transfected cells were cultured in 10% FBS-histidine
free IMEM (Biofluids Inc., Rockville, MD) with 2.5 mr@iL-histidinol (Sigma

Chemical Co.). Stably transfected cells acquire the ability to catalyze L
histidinol to L-histidine and therefore survive in media lacking L-histidine (21).

All of the clones of pCHisC transfectants surviving in medium lacking L
histidine in five dishes were pooled for use as a control polyclonal population

of empty vector-transfected cells, whereas individual histidinol-resistant col
onies of FGF-1 clone 18 cells transfected with the pCHisCtrFGFR1 plasmid
were individually picked and expanded in the same selective medium.

Northern Analysis of the Levels of Steady-State Truncated FGFR1
mRNA. For the initial screening of expanded clonal or polyclonal populations

of truncated FGFR1 or empty vector-transfected cells, respectively, total RNA
was extracted from cells in a subconfluent 100-mm dish using 1.5 ml of
RNAzoI (TEL-TEST Inc., Friendwood, TX) according to the manufacturer's
directions. For the detection of truncated FGFR1 mRNA present in tumor

tissues, the harvested tumors were immediately immersed into liquid nitrogen

and pulverized into a powder, and total RNA was extracted with RNAzol.
Twenty@ of each RNA were electrophoresed in separate lanes in a 1%
agarose-5% formaldehyde gel and transferred to a nitrocellulose membrane.
After baking at 80Â°Cfor 2 h, the membrane was prehybridized for 3 h at 42Â°C

in 50% formamide, 0.8 M NaCl, 10 mM EDTA, and 50 mM NaH2PO4, pH 7.4

(5X saline-sodium phosphate-EDTA), 0.5% Ficoll, 0.5% polyvinylpyrroli

done, 0.5% BSA (2.5X Denhardt's solution), 0.2% SDS, and 400 @g/ml
sonicated salmon sperm DNA. The [32P]dATP-labeled truncated FGFR1 DNA

probe was made using 25 ng of purified truncated FGFR1 PCR product

(Promega Magic PCR Preps Kit; Promega, Madison, WI) as a template with a

Random Primed DNA Labeling Kit (Boehninger Mannheim Biochemica,
Indianapolis, IN). The membrane was hybridized in prehybridization solution

containing the truncated FGFRI cDNA probe (I X 106 dpm/ml) and 10%

dextran sulfate at 42Â°C overnight; washed with 15 mr@iNaCI, 1.5 mM sodium

citrate (0.1 X SSC), and 0.1% SDS at 42Â°C three times for 30 mm each; and

autoradiographed overnight. The FGFR1 probe was removed by placing the

membrane in boiling 0.1X SSC for 10 mm. The membrane was then hybrid
ized with 1 X 106dpm/ml of a [32P]UTP-labeledriboprobe for glyceraldehyde
3-phosphate dehydrogenase (20) to demonstrate equal loading and transfer of

the RNA samples.

Western Blotting. For the analysis of MAPK, ML-20, FGF-l clone 18,
trFGFR1 clone 21, and trFGFR1 clone 16, cells were cultured in 100-mm

dishes with 10% FBS-IMEM to 70â€”80% confluence. After four changes with
PRF-IMEM containing 5% CCS over a 24-h period to remove estrogens from
cells and medium, the cells were placed in serum-free medium overnight. The

cells were then treated with 10 ng/ml FGF-l in serum-free IMEM, and the cell

lysate was collected 0 and 15 mm after the FGF-l treatment using 1 ml of lysis

buffer [20 mM Tris-HCI (pH 7.4), 137 nmi NaC1, 2 mr@sEDTA, 1% Triton

X-lOO, 10% glycerol, 1 m@isodium vanadate, 2 mM Na PP. 25 mr@if3-
glycerophosphate, 1nmiPMSF, and 10 @g/mlleupeptin]. The concentration of
protein in each lysate was determined using the BCA method (BCA Protein
Assay Kit; Pierce Chemical Co., Rockford, IL) with known concentrations of
BSA used to generate a standard curve. Twenty @gof protein from each lysate
in loading buffer [62.5 mtviTris-HCI (pH 6.8), 8.75% SDS, 10 mt,i DTT, and
0.005% bromphenol blue] were boiled for 5 mm and then electrophoresed in
a 10% SDS polyacrylamide gel consisting of a stacking gel (pH 6.8) and a
separating gel (pH 8.3), followed by transfer using a semidry apparatus to a

nitrocellose membrane. The membranes were blocked in blocking buffer
(2.5% BSA, 0.5% skim milk, 0.2% Triton X-l00, and0.1% Tween 20 in PBS)
at room temperature for 1 h. After washing with TBST, the membranes were
incubated at room temperature for 2 h in the same solution containing a 1:1000
dilution of phosphospecific p42/44 MAPK affinity-purified rabbit antibody,
which recognizes only the phosphorylated forms of both the Mr 42,000 and
44,000 ERK-l and ERK-2 MAPKS, or with a 1:500 dilution of a p42/44
MAPK antibody that detects both the phosphorylated and unphosphorylated
forms of either protein (New England Biolabs, Beverly, MA). After thorough

washing with TBST, the membranes were incubated further in TBST contain

ing a 1:4,000 dilution of HRP-conjugated antirabbit IgG (Amersham Corp.,

Arlington Heights, IL) for I h. Bound antibody was detected using an ECL

detection kit (Pierce) and exposed to Kodak X-Omat AR films.
For Western blotting of conditioned medium and cell lysates to detect the

amount of FGF-l protein present, the cells were cultured in 150-mm dishes to

80% confluence in 5% FBS-IMEM and washed with serum-free IMEM, and
12 ml of 1% FBS-IMEM were added. Sixteen h later, the conditioned medium
was collected, and cells were harvested with 10 mM EDTA in PBS and
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was plated in triplicate in 35-mm dishes on top of a 1.0-ted layer of 0.6% agar
prepared in the same medium. Cultures were incubated in a 37Â°C,5% CO2
incubator for 10â€”14days, and colonies larger than 60 gun were counted with
an Omnicon 3600 image analysis system. The statistical analysis was per
formed using a Student's t test.

Tumor Formation in Nude Mice. Cells were grown to 90% confluence in
10% FBS-IMEM, detached with 10 mM EDTA in PBS, and harvested in
IMEM. The cell number was determined with a Coulter counter, and the
viability ofthe cells was 90% as demonstrated by trypan blue exclusion. Five
million cells were injected into two mammary fat pads of 4â€”6-week-old

ovariectomized nude mice (Athymic NCR nidnu. National Cancer Institute,
Frederick, MD). Immediately following tumor cell injection, the mice were
randomized into three groups. One group received no additional treatment; a

second group received a 0.72-mg, 60-day release E@pellet; while the third
group received a 5-mg, 60-day release tamoxifen pellet (Innovative Research

of America, Toledo, OH). Pellets were s.c. implanted between the scapulae at
the time of cell injection. The sizes of tumors that formed were measured twice
a week with calipers for 4â€”8weeks as described previously (7).

Statistical Analysis for in VivoTumor Growth. The differences in tumor
growth in different treatment groups was statistically analyzed using a RE/AR
model (27). Briefly, the slope of the log tumor growth for a given tumor (e.g.,
tumor i) was estimated via the RE/AR model:

Y1(t) = L@j0+ @3iI @@iI

where Y(t) was the log tumor size on day t (time origin was 10 days after

injection). To model the tendency for a given tumor to be always larger or

smaller than the group average, each growth curve was allowed its own
intercept@ and slope@ which were assumed to be normally distributed
with means I3@@and 13i*,respectively. The correlation between measurements
decreased as the separation in time increased, so the error terms â‚¬@were
assumed to follow an autoregressive process. The mean slope of the log tumor

growth (p1*) was obtained via maximum likelihood estimation of the RE/AR
model (27).

RESULTS

Construction of a Dominant-negative FGFR1 Expression Vec
tor and Isolation of Clones Expressing an Appropriately Local
ized and Sized PrOtein. We constructed an expression vector for a
truncated FGFR1 variant that includes only the extracellular, trans
membrane, and juxtamembrane domains. The PCR-generated cDNA
insert in this vector encodes a membrane-bound, truncated FGFR1 in
which the tyrosine kinase, kinase insert, and COOH-terminal domains
are all deleted. The 5' primer included the 21 nucleotides located 6
bases immediately upstream of the initiation codon preceding the
secretory signal peptide that directs the protein to the membrane, and
the 3' primer generated a termination codon at the same position
within the juxtamembrane domain as did the construct used success
fully by others (16). Because competition for ligand binding to a

functional receptor might also be a mechanism operating to reduce
growth factor signal transduction in cells expressing truncated recep
tors (18), we used a truncated receptor containing two IgG-like
domains that have a higher affinity for FGF-1 than forms containing
three IgG-like domains (28).

The PCR product was inserted into an expression vector con
structed in our laboratory that contains two transcription units, both
driven by the CMV promoter. One transcription unit confers resist
ance to the drug L-hlstidinol, whereas the other directs the overex
pression of the truncated receptor. FGF-1 clone 18 cells, a G418- and
hygromycin-resistant clone of MCF-7 cells that overexpress a biolog
ically active form of FGF-1, were used as recipients for the transfec
tion. This cell line also stably expresses lacZ is tumorigenic in
untreated, tainoxifen-treated, and estrogen-supplemented ovariecto
mized nude mice, and forms micrometastases with high frequency and
short latency (6).

counted. The cells were lysed in 3 ml of lysis buffer (10 mt@iNaH2PO4,2%
Triton X-lOO, 1.2% SDS, 1% sodium deoxycholate, 1 nmi PMSF, 1 @.tg/ml
aprotinin, I @g./mlleupeptin, and 1 @g/mlpepstatin) and boiled for S ruin. The

protein concentration of cell lysate was measured using the BCA protein assay.
The FGF-l present in conditioned medium from 5 X 106cells was concen
trated using 75 @dof heparmn-sepharose CL-6B beads (Pharmacia LKB,
Uppsala, Sweden), with rotation at 4Â°Covernight followed by washing once
with 1 ml of PBS and three times with PBS containing 0.4 M NaCl. The
heparin-bound FGF-l was eluted with 25 @lof 2X reducing sample loading
buffer [250 mMTnis-HC1,10% (3-mercaptoethanol,2% SDS, 0.1% bromphe
nol blue, and 30% glycerol (pH 6.8)], separated in a 14% SDS polyacrylamide
gel under reducing conditions, and transferred to a nitrocellulose membrane.
The membrane was blocked in 5% nonfat milk at 4Â°Covernight, incubated
with a 1:1000 dilution of rabbit anti-FGF-l antibody (Sigma) in TBST,
followed by incubation with a 1:4000 dilution of HRP-conjugated goat anti
rabbit IgG (Amersham) with extensive washes with 10 mxi Tris (pH 7.0), 150

mM NaC1, and 0.05% Tween 20 buffer between each step. The membrane was
exposed to HRP substrate (ECL kit, Amersham), and the autograph was

developed on Hyperfilm ECL (Amersham) immediately.

Scatchard Analysis. For the binding assay, cells were cultured in 24-well
dishes to 80% confluence. The wells were washed twice with binding buffer [2
mg/mI BSA, 50 mM HEPES (pH 7.4) in IMEM] and once with binding buffer

containing I mg/mi heparin. A 0.2-mi 7.5 ng/ml solution of t@I-labeled FGF-2

(1080 @.tmoVmCi;Amersham) in binding buffer containing 1 mg/mi heparin in
the presence or absence of a 100-fold excess of cold FGF-2 was used to
determine the level ofnonspecific binding. @â€˜I-labeledFGF-2 was used instead of
FGF-l due to its commercial availability. FGF-l and FOF-2 bind with similar
affinities to the FGFR1-fflc variant (24). The high concentration of heparin in the
binding buffer was used to eliminatebindingof the labeledFGF-2 to low-affinity
glycosoaminoglycan-bindingsites on the cell surface (25). Nonspecificbinding
was <5% of total binding. Specificbinding in the presenceof 100,50, 25, 12.5,
6.25, and 3.12 ng/ml cold FGF-2 was also determined. All determinations were

@ormedin triplicate. Following incubation with the radiolabeled and cold
FGF-2 at 4Â°Cfor 4 h, the cells were washed three times with 0.5 ml of binding
buffer with heparin and harvested in 100 @lofcell lysis buffer(lO m@iNaH2PO4,
2% Triton X-l00, 1.2% SDS, and 1% sodium deoxycholate). Bound tasI@labeled
FGF-2 was counted using a Cobra auto-gammacounter (PackardInstrumentCo.,
Downers Grove, IL).

lasI@labeled FGF-2 Cross-llnldng Assay. The cross-linking assay was
performed essentially as described in Ref. 26. Briefly, the transfected cells
were cultured on 60-mm dishes to 90% confluence. The dishes were washed

twice with binding buffer [2 mg/ml BSA, 50 nmt HEPES (pH 7.4) in IMEM]
and once with binding buffer containing 1 mg/red heparin. Fifty ng of 125!..
labeled FGF-2 in 2 ml of binding buffer containing heparin with and without
an 80-fold excess cold FGF-2 were added, and the dishes were incubated for
4 h at 4Â°C.The dishes were then washed once with binding buffer containing
heparin and twice with IMEM, and 2 ml of PBS containing 0.3 mM of

disuccinimidyl suberate (Pierce) were added for 20 mm at 4Â°C. The cross

linking reaction was stopped by washing with 10mMHEPES, 200 mz@iglycine,
and 2 mr@iEDTA (pH 7.5), followed by a single wash with PBS. The cells were
then lysed with 1 ml of lysis buffer containing proteinase inhibitors (1 mr@i
PMSF, 1 ,.Lg/mlaprotinin, and 1 @g/mlleupeptin) and boiled for S mm. The
concentrations of protein present in the lysates were determined using the BCA
protein assay. One hundred @gof the lysate were mixed with Laemmli sample
loading buffer, fractionated on a 7% SDS-polyacrylamide gel, dried, and
autoradiographed on Kodak X-Omat film.

Anchorage-independent Growth Assay The ability of truncated FGFR1
transfectants to form colonies in soft agar was compared to the vector control
population both in 5% CCS-PRF-IMEM with and without l0@ ME@and in
10% FBS-IMEM with and without the addition of a l0@ Mconcentration of
the steroidal antiestrogen IC! 182,780 (a gift of A. Wakeling, Zeneca Corp.,
Macclesfield, Cheshire, United Kingdom). The specificity of the effect of IC!
182,780 addition was confirmed by reversing the effect of the same concen

tration with l0@ ME@.For the evaluation of the responsiveness of truncated
FGFR1 transfectants to estrogen, cells growing in 5% FBS-!MEM were

stripped of estrogens prior to plating in 5% CCS-PRF-IMEM soft agar by four
changes with 5% CCS-PRF-!MEM over a 2-day period. A suspension of
20,000 vector control- or truncated FGFR1-transfected cells in 1 ml of 0.36%
agar and 10% FBS-!MEM or 5% CCS-PRF-!MEM with or without treatments
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Table I Quantitadon of high-affinity FGFbindingsitesCell

lineSites/cellKd (Xl09M)ML-20

controlUDaVector
controlUDTruncated

FGFR1
Clone 21
Clone 16
Clone185.4

x l05
6.5 x l0@
2.2X l0@5.75

3.85
1.71a

UD, undetectable.

FGFRI OVEREXPRESSION IN FGF-l-TRAN5FECI'ED MCF-7 CELLS

Conditions were established for the selection of truncated FGFR1
transfectants in histidine-free medium containing 2.5 mt@iL-Iustidinol
(21). Flistidinol-resistant colonies were expanded and screened by
Northern blotting for production of truncated FGFR1 receptor mRNA.
Three clones expressing the highest levels of mRNA (Fig. 1A) were
selected for further analysis. Using sensitive RNase protection assays,
we have reported previously that MCF-7 cells express mRNA for all
four FGFRs (8). The major FGFR1 transcript is reported to be 4.2 kb
in size, with a minor transcript being 4.4 kb (29). However, in the
Northern blot shown in Fig 1A, at this exposure no hybridization was
detected at either 4.2 or 4.4 kb in the lanes containing the RNAs from
either vector control- or truncated FGFR-transfected cells. This sug
gested that the ratio of truncated FGFR1 protein:wild-type receptor
expressed in the transfected cells would be far greater than the

10â€”75-foldexcess reported previously to be required for abrogation
of FGF signaling (16).

Fig. lB shows a Scatchard analysis demonstrating the specific
high-affinity binding of â€˜251-labeledFGF-2 by a clone of FGF-l
overexpressing MCF-7 cells that was transfected with the dominant
negative FGFR1 construct (TrFGFR1 clone 21). This analysis was
also performed on two other clones. The results shown in Table 1
indicated that approximately 2 X l0@to 6 X i0@binding sites per cell
were present, with calculated affinities ranging from 1.7 to 5.7 ni@t.
These affinities are lower than those reported previously for the
full-length FGFR1-fflc form, but they are in general agreement with
the lower affinities others have observed for transmembrane-anchored
forms otherwise containing only the extracellular domain (30). The
affinity calculation is also influenced by the continued production and
release of unlabeled FGF-l by the FGF-l-transfected cell lines during
the assay and therefore most likely represents an underestimate of the
true affinity. For the binding studies, we used a protocol that includes
high concentrations of heparin in the binding buffer to eliminate
binding of the labeled FGF-2 to low-affinity glycosoaminoglycan
binding sites on the cell surface (25). Although others have been able
to detect approximately 5000 high-affinity FGF-binding sites in
MCF-7 cells (10), in this experiment, we could not detect sufficient

A. Twncated
FGFR1

â€œ1

levels of specific binding in either MCF-7 cells or the vector-trans
fected FGF-l-overexpressing clone 18 cells to allow us to determine
either the affinity or the number of binding sites. As shown below,
these cells demonstrate a clear biological response to FOF overex
pression. Therefore, we believe the inability to detect receptors in
these two cell lines reflects the limits in the sensitivity of our assay
due to the specific activity of the labeled FGF-2 or down-regulation of
surface receptors due to constitutive production of FGF- 1. These
results indicate that the binding observed in the trFGFR1-transfected
clones is due to the expression of the transfected cDNA and is not due
to binding to low-affinity heparin-binding sites present on the cell
surface of the breast carcinoma cells.

This interpretation is substantiated by results of a cross-linking
assay using WI-labeled FGF-2 (Fig. 1C). The size of the band obtained
is compatible with a glycosylated receptor deleted of the tyrosine kinase
and COOH-terminal regulatory domains that contains approximately Mr
40,000 of carbohydrate attached to the extracellular domain. FGF-2
competable cross-linking was observed in the lanes containing the trF
GFR1 clone 21 cell lysate. No cross-linking was observed in the lanes
containing lysates from MCF-7 cells (clone ML-20) or in parental FGF-l
clone-l8 cells transfected with a control vector.

Addition of FGF-2 to MCF-7 cells results in activation of the Mr
42,000 ERK1 and Mr 44'000 ERK2 forms of MAPK (10). Expression
of a dominant-negative FGFR in FGF-l-overexpressing MCF-7 cells
would therefore be expected to block this effect. To allow the effect
of exogenous FGF-l addition on MAPK activation to be evaluated,
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Fig. I. Expression of truncated FGFR1 in FGF-1-overexpressing MCF-7 cells. A, Northern blot; total RNA was isolated from the vector control and truncated FGFR1 transfectants

with RNAzoI. Twenty @sgof each RNA were electrophoresed in an agarose-formaldehyde gel, transferred to a nitrocellulose membrane, and probed with a random primed 32P-labeled
truncated FGFR1 cDNA probe (top) or antisense glyceraldehyde 3-phosphate dehydrogenase niboprobe (bottom). B, Scatchard analysis of truncated FGFR1 clone 21. The binding of
â€˜@â€˜I-labeledFGF-2to truncatedFGFR1-expressingcellswasperfonnedinthepresenceofa seriesof increasingconcentrationsofcoldFGF-2in24-wellplatesintriplicate.asdescribed
in â€œMaterialsand Methods.â€•B/F, ratio of bound â€˜@I-labeledFGF-2 to free FGF-2. C, cross-linking analysis. â€˜@â€˜I-labeledFGF-2 with or without an 80-fold excess of cold FGF-2 was
added to monolayers of truncated FGFR1-expressing clone 21 cells, vector-transfected FGF-l clone 18cells, or ML-20 cells in 60-mm dishes and incubated at 4Â°Cfor 4 h. The bound
labeled FGF-2 was then covalently cross-linked to the cells using disuccinimidyl suberate. One hundred @gof protein from the cell lysates were fractioned in 7% SDS-PAGE, and
the dried gel was exposed to film.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/352/2467638/cr0580020352.pdf by guest on 19 M

ay 2023



FGFRI OVEREXPRESSION IN FGF-1-TRANSFECTEDMCF-7 CELLS

overexpress either FGF-l or truncated FGFR1 (P < 0.03), there was no
statistically significant difference observed between trFGFR1 clone 16
cells and ML-20 cells (P = 0.09). Furthermore, for all three truncated
FGFR1-transfected cell lines, the number of colonies in 5% CCS-PRF
IMEM more closely approximates the low number of colonies observed
with the control ML-20 cells and is significantly different from the
increased number of colonies seen with FGF-l clone 18 vector control

transfected cells (P < 0.02). Fig. 3C shows the difference in the size of
the colonies that was observed, with the truncated FGFR1-transfected
cells having colonies that were smaller than vector conirol-transfected
cells and similar in size to that seen when ML-20 cells not expressing
FGF-1 were plated.

Fig. 3B shows that unlike the vector control-transfected FGF-l
overexpressing cells, the truncated FGFR1-transfected cells are un
able to form an increased number of colonies in the presence of the
antiestrogen IC! 182,780. Instead, the colony number with antiestro
gen-treated cells more closely approximates the number of colonies
seen in ML-20 cells not overexpressing FGF- 1. Whereas the antics
trogen addition results in a 51% inhibition of colony formation for the
control vector-transfected FGF-1 clone 18 cells, the cells transfected
with the truncated receptor were inhibited by 71â€”80%, which was
similar to the 93% inhibition seen with the ML-20 population. Fig. 3,
A and B, also shows that cells overexpressing the truncated FGFR1
remain responsive to estrogen. These results suggest that the expres
sion of the truncated FGFR1 is able to abrogate the in vitro effects of
FGF-1 overexpression. They also indicate that activation of FGF
signal transduction pathways is not a major component of the re
sponse of MCF-7 cells to estrogen.

Effects of FGFR1 Overexpression on Tumorigenicity. The tu
morigemcity of the polyclonal population of vector control-transfected
FGF-l clone 18 cells was compared to two truncated FGFR1-overex
pressing cell lines under three separate conditions. Groups of 6â€”8-week
old ovariectomized mice received either no additional treatment, an
estrogen pellet, or a tamoxifen pellet. TrFGFR1 clone 21 and clone 16
cells were tested in separate experiments, which gave very similar results
(Fig. 4, A-C, and Table 2). Both experiments clearly indicate that abro
gation of FGF signal transduction within the FGF-l-overexpressing

breast cancer cells by overexpression of the dominant-negative receptor
severely reduces their ability to form tumors in ovariectomized nude mice
without estrogen supplementation. In the untreated groups, there was a
reduction in both the frequency of tumor formation and the size of tumors
formed in animals injected with either clone of truncated FGFR1-over
expressing cells compared to animals injected with FGF-l-overexpress

ing vector control-transfected cells. Only two small tumors were ob
served in the untreated mice inoculated with the trFGFR1 clone 21 cells,
and two small tumors were also found in untreated mice after trFGFR1
clone 16 cell injection. In contrast, much larger tumors formed with a
frequency of 80-100% in the untreated animals injected with the control

@ - 44 kDa vector-transfected cells (Fig. 4, A and D; Table 2). Northern analysis with

â€˜@ 42 kDa RNA extracted from all four of the small tumors showed levels of

truncated FGFR1 mRNA in approximately the same amount present in
â€”- 44kDa theoriginalcelllines,indicatingthatthesesmalltumorsconsistedpri

- A') l,fl@. marily of the transfected breast cancer cells and were not the result of a

stromal reaction (data not shown).
When the mice received estrogen supplementation, both clones of

truncated receptor-expressing cells were still able to form tumors of
the same or larger size and with the same approximate frequency as
the FGF-l-overexpressing vector control-transfected cells (Fig. 4, B
and E; Table 2). In the mice that received tamoxifen pellets, the
tumors were the same approximate size when the mice were inocu
lated with either vector control or truncated FGFR1-transfected cells,
and the frequency of tumor formation by both clones of truncated
FGFR1-transfected cells was 50â€”67%of vector control (Fig. 4, C and
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the growth rate of cells normally cultured in 10% FBS-IMEM was
reduced by depriving the cells of estrogen and then placing them in
serum-free medium overnight. The medium was removed, the cells were
washed with serum-free IMEM, and fresh serum-free medium containing
10 ng/ml of FGF-l was added. The ERK1 and ERK2 proteins were
analyzed by Western blotting using a phosphospecific antibody that

recognizes a phosphorylated tyrosine residue that is only present when

either kinase is activated and with a second antibody that recognizes both
phosphorylated and unphosphorylated forms for either protein. Fig. 2

shows the increased proportion of phosphorylated ERK1 and ERK2
proteins present when ML-20 cells are treated with FGF-l. The vector
control-transfected cells show a slightly elevated level of constitutively
activated ERK1 and ERK2 proteins when compared to ML-20 cells,
presumably due to the continual autocrine stimulation resulting from
FGF-l overexpression. With FGF-l addition, there is a further increase in
the level of phosphorylated MAPKs present in the vector control-trans
fected cells that is not observed in comparable lanes containing the

lysates from the clone transfected with the truncated FGFR1 receptor.
These results indicate that the high number oftruncated FGFR1 receptors
expressed on the surface of the FGF-1 overexpressing cells appear to be
capable of inhibiting the signals transmitted by wild-type FGFRs.

Effects of Truncated FGFR1 Overexpression on Anchorage
independent Growth. We have consistently observed that both
FGF-l- and FGF-4-overexpressing cells form colonies in soft agar
with a higher efficiency than do vector control-transfected cells when
these assays are performed under estrogen-depleted conditions or in
the presence of antiestrogens (6, 7). This suggests that the mechanism
responsible for the increase in anchorage-independent growth under
these conditions is the signal transduction mediated by these FGFs.
Therefore, this effect should be reversible by overexpression of the
truncated FGFR1 if it were indeed capable of acting in a dominant

negative manner. When the FGF-l clone 18 vector control-transfected
cells were compared with three clones of FGF-l-overexpressing cells
retransfected with the truncated FGFR1, this was indeed the case. Fig. 3A
shows that the vector control-transfected FGF-l clone 18 cells continue
to form colonies with high efficiency under estrogen-deprived conditions,
as reported previously for this and other FGF-l-overexpressing cell lines
(6). Although a Student's t test indicated that the number ofcolonies seen
with the trFGFR1 clone 21 and trFGFR1 clone 18 cell lines is still
significantly different from the ML-20 cell population that does not

phosphorylated
MAPK

MAPK â€¢@m@p@kuupr@ -v@

Fig. 2. Western blots for MAPK and phosphorylated MAPK. The indicated cell lines
were plated in 100-mm dishes in 10% FBS-IMEM and grown to 70â€”80%confluence.
After four changes with 5% CCS-PRF-IMEM and one wash with serum-free PRF-IMEM,
the cells were placed in serum-free medium overnight. The cells were then treated with
freshly prepared 10 ng/ml FGF-l in serum-free PRF-IMEM, and cell lysates were
collected at 0 and 15 ruin after treatment. Twenty @sgof protein from each lysate were
electrophoresed in 10% SDS-PAGE gels, and the fractionated proteins were transferred to
a nitrocellulose membrane. The membranes were incubated with a rabbit antibody specific
for the tyrosine phosphorylated forms of either the M, 42,000 or 44,000 MAPK (top).
Duplicate filters were incubated with an antibody that recognizes both phosphorylated and
nonphosphorylated forms of either protein (bottom). Bound antibody was detected as
described in â€œMaterialsand Methods.â€•
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Fig. 3. Expression of a dominant-negative form of FGFR1 abrogates the ability of FGF-l-overexpressing cells to form soft agar colonies in the absence of estrogen or in the presence
of antiestrogens. A, polyclonal pools of L-hlstidinol-resistant ML-20 cells, vector control-transfected FGF-l clone 18 cells, and three different clonal isolates of truncated
FGFR1-transfected FGF-l clone 18 cells were stripped of estrogen by repeated changes with 5% CCS-PRF-IMEM. The estrogen-depleted cells were then plated in triplicate in 0.36%
agar prepared in the same medium with or without the addition of lO_8 ME@at a density of 20,000 cells/dish. Colonies were counted approximately 2 weeks later with an automated
colony counter. Shown are the means (bars, SD) of the three dishes. B, the same cell lines were plated in 0.36% agar in 10% FBS-IMEM. ICI 182,780 (10@ NI)with or without
i08 ME2 was added as indicated. C, photomicrographs of representative fields of soft agar dishes containing the indicated cell lines plated in 5% CCS-PRF-IMEM.

F; Table 2). In both the estrogen-supplemented and tamoxifen-treated
groups, there was no significant difference in the slopes of the in vivo
growth rates, but overexpression of the truncated FGFR1 did signif
icantly reduce the growth rate in untreated mice (Table 2).

These results therefore suggest that autocrine or intracrine effects of
FGF-1 facilitate tumor formation in ovariectomized mice when estro
gen is not supplied. The similar growth rates of truncated FGFR1 and
vector control-transfected cells in estrogen- and tamoxifen-treated
animals suggest that under these conditions, it is the paracrine effects
of tumor cell FGF-l production on the surrounding host cells that are
primarily responsible for the previously reported accelerated growth
of FGF-1-transfected cells when compared to MCF-7 cells that do not
express FGF-l (6). Because these paracrine effects can be readily
observed, these results also indicate that the overexpression of the
truncated receptor does not sequester the FGF-1 produced by these
cells. Further supporting this contention are the observations that
in either estrogen-supplemented or tamoxifen-treated mice, the
tumors that form in the mice injected with all three cell lines are all
well vascularized (data not shown). Furthermore, Western blotting
did not indicate significant differences in the amount of FGF-l
found in conditioned medium of two truncated FGFR1-transfected
cell lines compared to the vector control (Fig. 5). Thus, the reduced
tumor formation and tumor growth observed in untreated animals
does not appear to be the result of insufficient FGF-l being
available for paracrine support of the tumor cell growth.

To rule out the possibility that the lack of any difference between
vector control and truncated FGFR1-expressing cells in the growth of

tumors in estrogen- or tamoxifen-treated mice was simply the result of
the outgrowth of populations of cells that had lost the ability to
express the truncated FGFR1 cDNA, RNA was extracted from tumor
tissues and analyzed by Northern blotting for the continued expression
of the transfected truncated receptor. The results of this analysis
indicated that the receptor mRNA remains present in tumors taken
from either tamoxifen- or estrogen-treated animals at approximately
the same steady-state level found in the original cell lines (data not
shown). The continued expression of truncated FGFR1 mRNA and
the similar in vivo growth rates of vector control and truncated
FGFR1-transfected cells with the absence of any significant lag in

tumor growth makes it unlikely that the growth of tumors in tamox
ifen-treated animals is the result of a selection for cells that no longer
express the truncated receptor. The stable expression of truncated
FGFR1 mRNA in vivo also supports the contention that the continued
enhanced growth of FGF- 1-overexpressing tumors in the estrogen
treated mice inoculated with the truncated FGFR1-transfected cells
when compared to the previously observed growth rate of parental
ML-20 cells is due to the paracrine effects of FGF-l production.

DISCUSSION

Our results using an expression vector placing a truncated FGFR1
cDNA under the control of the CMV immediate early gene promoter
point out the utility of an approach using dominant negative-acting

forms of molecules involved in signal transduction pathways to dis
sect the mechanisms involved in FGF- 1-mediated in vivo and in vitro

357

10%FBS
@ 5%CCS â€”10%FBS+id182,780
@ 5%CCS+ E2

10%FBS+ ICI182,780+ E2

//@ , /
4;' â€˜.,L@'@ I,

TruncatedFGFRI

E@ â€˜@
I 1/ /

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/352/2467638/cr0580020352.pdf by guest on 19 M

ay 2023



3000

C')
E
E
a@ 2000

C,)

0
E

I- 1000

. c.@@

L@V

ii@

FOFR1 OVEREXPRESSION IN FGF-1-TRANSFECTED MCF-7 CELLS

1.0

0.5

0.0

0

0
0

@L

3

I .0
0I

a,
a,

@ 0.5

I-

growth stimulation of human breast cancer cells under estrogen
deprived conditions. Similar in vitro and in vivo results were obtained
using two clonal isolates of cells overexpressing a truncated FGFR1

receptor. This truncated receptor acts in a dominant-negative manner
to inhibit FGF signaling in MCF-7 breast cancer cells that overexpress
FGF-l, as demonstrated by its ability to inhibit MAPK phosphoryla
tion in response to addition of exogenous FGF-l . Overexpression of
the dominant-negative FGFR1 reduced the ability of three clones of
FGF-l-overexpressing cells to form colonies in soft agar in the
absence of estrogen or in the presence of the antiesirogen IC! 182,780.
The effects of dominant-negative FGFR1 overexpression on the tu
morigenicity of two clones of FGF-1-overexpressing cells was as

sessed. Dominant-negative FGFR1-expressing cells were no longer

capable of forming large tumors in ovariectomized animals and in
stead formed small tumors with a low frequency, which did not grow
progressively. In contrast, there was no apparent effect of truncated
FGFR1 overexpression in animals that received estrogen pellets. Very
large, rapidly growing tumors were observed in estrogen-supple
mented animals injected with either vector control- or truncated
FGFR1-transfected cells with similar frequencies. We have shown
previously that the tumors that form in estrogen-treated mice injected
with FGF-l-overexpressing cells are much larger than the tumors
observed when wild-type MCF-7 cells are inoculated into estrogen
supplemented mice (6). The lack of any difference between FGF-l
overexpressing cells expressing or not expressing the truncated recep

tor in the size and frequency of tumors in estrogen-treated animals
suggests that the paracrine effects of FGF-l can act synergistically

with the mitogenic effect of estrogen in stimulating tumor formation.
In tamoxifen-treated animals, the truncated FGFR1-transfected

cells formed tumors with a slightly reduced frequency compared to
vector control-transfected cells, but the tumors that did form grew at
the same rate as the controls and were also well vascularized. In light

2

0

0 10 20 3040 50 0 51015202530 051015202530

Days Days Days

Fig. 4. Overexpression of a dominant-negative FGFR1 protein severely reduces the ability of FGF-l-overexpressing MCF-7 cells to form tumors in ovariectomized mice without
estrogen supplementation. Cells (5 X 106)were inoculated into the mammary fat pads of ovariectomized nude mice. Each mouse was inoculated at two sites, and after injection, the
mice were randomly divided into three groups of five or six mice per group, with the exception of the tamoxifen-treated group injected with vector control-transfected cells in the second
experiment, which only contained three animals. The groups received no additional treatment (A and D), a 60-day estrogen pellet (B and E), or a 5-mg tamoxifen pellet (C and F).
Tumors were measured twice per week, and the volume of the tumor was calculated as the length X width X depth of the tumor. At the completion of the experiment, the weight of
tumors present in the surviving animals was determined at the time of animal sacrifice.Aâ€”C,means (bars, SE) of the tumor weights. Leftside ofeach panel, comparison of tumor weights
found in animals inoculated with vector control cells (0) and trFGFRI clone 21 cells (s); right side ofeach panel, results of a second experiment comparing tumor weights in animals
injected with vector control (0) and with trFGFRI clone 16 cells (0). Symbols. weights of individual tumors within the group. D-.F, means (bars, SE) of the measurable tumors at
the indicated times after injection for mice receiving trFGFRI clone 21 cells (â€¢,U, and A) or the vector control-transfected pool of FGF-l clone 18 cells (0, U, and @).Inoculations
that failed to develop into tumors were not included in the calculations.

of the results of the in vitro experiments described above, which
indicated a role for increased FGF-l signaling in reducing the antics
trogen sensitivity of MCF-7 cells, the lack of any difference between
vector control and either of the truncated FGFR1-transfected cell lines

in tamoxifen-treated mice was somewhat unexpected. However, given
the likely possibility that the paracrine effects of FGF-l synergize
with estrogen, a possible explanation for this result is synergy of the
same paracrine effects of FGF-l with the partial agonist effect of
tamoxifen. However, at this point, it is still not clear why a further
additive effect resulting from autocrine FGF-l stimulation in either
estrogen-supplemented or tamoxifen-treated mice inoculated with

vector control-transfected cells is not more apparent beyond a possible
slight increase in the frequency of tumor formation observed in

tamoxifen-treated animals. Growth factor and estrogen signaling in
MCF-7 cells in vitro appears to involve separate signaling pathways,
which ultimately converge at the level of activation of cyclin D (31),

but the anchorage-independent growth assays failed to conclusively

demonstrate an additive effect of estrogen and FGF signaling on the
ability of MCF-7 cells to form colonies in soft agar. We have con
sistently observed a greater number of colonies with the FGF-l
expressing vector control transfectants in FBS containing physiolog

ical levels of estrogen when compared to either pooled polyclonal
populations of ML-20 cells or the truncated FGFR1 transfectants,
raising the possibility of an additive effect when FGF signaling is
ongoing. However, in the experiment shown in Fig 3A, one clone of
dominant-negative FGFR1-transfected cells was able to respond to
1O8 M E@ to the same extent as the vector control in 5% CCS-PRF

IMEM, and thus, it may be difficult to dissociate an additive effect
resulting from autocrine effects of FGF- 1 from differences due to

clonal variation and experimental variability.
FGF-1 is a pleiotropic growth factor that can have effects on

numerous cell types (32). Thus, it is possible that FGF-1 may induce
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Table 2 Effect of truncatedFGFR-I overexpression on the tumorigenicity ofFGF-I-expressing MCF-7cellsâ€•Cell

line and treatment Tumor incidencebTumor

weightscSlope

of tumor growthâ€• Significance(PfRange(n) Mean Â±SE

8 of 100.10â€”1.10 (7)0.55 Â±0.130.03710
of 100.62â€”2.89 (8)'1.66 Â±0.310.1529
of 100.09â€”0.83 (9)0.33 Â±0.080.0392

of 120.06-0.10 (2)0.08 Â±0.02â€”0.1300.028
of 101.90â€”2.93 (8)2.46 Â±0.150.1640.716
of 100.20â€”0.89 (6)0.49 Â±0.100.0180.7210

of 100.1 1â€”0.74(10)0.23 Â±0.060.0189
of 10

6 of 60.09â€”1.51
(9)

0.1 1â€”0.43(4)'0.46
Â±0.14

0.25 Â±0.070.104 0.035

0.0010.760.21

FGFR1 OVEREXPRESSION IN FGF-l-TRANSFECTED MCF-7 CELLS

Experiment i1
Vector control

Nones

+TAM'
Truncated FGFRI
Clone 21

None
+E2
+TAM

Experiment 2k
Vector control

None
+E2
+TAM

Truncated FGFRI
Clone 16

None 2 of 10 0.03â€”0.12(2) 0.07 Â±0.04 â€”0.113
+E2 10 of 10 0.36â€”2.22(10)â€• 1.32 Â±0.17 0.118
+TAM 5 of 10 0.14â€”0.29(3)' 0.18 Â±0.05 â€”0.040

a Ovariectomized nude mice were injected with 5 X 106 cells/site into the mammary fat pads. Each mouse was injected at two sites.

b Number of tumors 70 mm@ when measured 25â€”27 days after injection/number of injected sites.

CValues indicate tumor weights measured in g at the time of animal sacrifice with the number of tumors weighed in parentheses.The mean tumor weights and SE are indicated.
d The mean of the slopes of log tumor growth were determined using the RE/AR model as described in â€œMaterials and Methods.â€•

CComparison of the mean of the slope of the log tumor growth calculated for animals injected with vector control-transfected cells with that derived for the corresponding treatment
group of truncated FGFR1-transfected cells.

1Mice that received E@or tamoxifen were sacrificed on day 30, and mice that received no treatment were sacrificed on day 53.
S Animals received no treatment.

h Animals received E2 pellets (0.72 mg/pellet, 60 days release).

I Animals bearing two tumors died before tumors could be weighed.
J Animals received tamoxifen pellets (5.0 mg/pellet, 60 days release).

k One mouse in the indicated 1Â½group was sacrificed on day 21 and had tumors weighing 1.28 and 1.80 g. The remaining mice that received E@ were sacrificed on day 25, and

mice that received no treatment or tamoxifen were sacrificed on day 60.

stromal cells to produce factors that can act synergistically with
estrogen or the agonistic effects of tamoxifen to stimulate the growth
of tumor cells. In addition, FGF-l production may provide a more
supportive environment for growth of tumor cells when they are
mitogenically stimulated. One of the more readily observed paracrine
effects of FGF-1 is its ability to increase neovascularization. Others
have found that overexpression of the 121-amino acid form of VEGF,
another angiogenic growth factor with much greater specificity for
endothelial cells, will increase the size of MCF-7 cell tumors that
develop in estrogen-supplemented mice, but tamoxifen-resistant
growth was not observed (33, 34). However, we have found recently
that overexpression of the 165-amino acid form of VEGF in MCF-7
cells will allow tumors to develop in tamoxifen-ireated animals when
the transfected cells are coinjected with Matrigel (35). We have also
reported that the angiogenesis inhibitor AGM 1470 has the greatest
inhibitory effect on in vivo growth of FGF-1-transfected cells in
tamoxifen-treated animals (12). Together, these results suggest a link
between increased neovascularization and antiestrogen resistance.
Others have reported an inverse correlation between the extent of
neovascularization occurring within a tumor and the apoptotic index
(36â€”39).This raises the possibility that the increased neovasculariza
tion resulting from FGF- 1 or VEGF overexpression may reduce the
number of tumor cells undergoing apoptosis. As a consequence, a
weak mitogenic stimulus resulting from agonistic properties of tamox
ifen might then be sufficient to allow an increase in tumor size to be
observed with time. Similarly, a reduction in the apoptotic index
might also allow larger tumors to develop when a strong mitogenic
stimulus, such as estrogen, is supplied or allow the infrequent forma
tion of very small tumors of truncated FGFR1-overexpressing cells in
otherwise untreated ovariectomized animals. These possibilities are
currently being explored.

The similar results obtained with the two clones of truncated
FGFR1-transfected cells and the supporting results obtained with

VEGF165-transfected cells in tamoxifen-treated mice make it unlikely
that the differences in the in vivo phenotypes observed between the
dominant-negative FGFR1-transfected cells and either the vector con

trol transfectants or the parental ML-20 cells (6) are simply due to

clonal variation. Nine of 16 L-histldinol-resistaflt clones examined
expressed mRNA for the truncated receptor. This is very similar to the

Fig. 5. Truncated FGFR1 transfectants continue to overexpress FGF-l . Top. Western
blot with an anti-FGF-l antibody detecting FGF-l present in the conditioned medium
collected from 5 million cells after overnight culture in 1% FBS-IMEM. The FGF was
concentrated using heparin-sepharose CL lB beads and eluted in 25 @tlof Laemmli
sample loading buffer. SDS-PAGE-fractionated proteins were transferred to nitrocellulose
membranes, and FGF-l was detected using a rabbit antiserum, as described in â€œMaterials
and Methods.â€•Bottom, 15 @sgof protein from cell lysates were loaded in each lane. Top
and bottom, 50 ng of human recombinant FGF-l (rFGF-I) are shown for comparison.
ML-20 conditioned medium and cell lysate (ML-20 control) were used as negative
controls.
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FGFR1OVEREXPRESSIONIN FGF-l-TRAN5FECTEDMCF-7CELLS

frequency with which expression of other cDNAs inserted into the
second CMV-driven transcription unit is detected and suggested that
expression of the truncated receptor was not deleterious to growth.
However, attempts to further confirm the in vivo findings using
additional clones of truncated FGFR1-overexpressing cells were pre
cluded by the finding that expression of the dominant-negative recep
tor was unstable even when cells were maintained under optimal
growth conditions of IMEM-lO% FCS. We do not believe that FGF
signal transduction is required for in vitro growth of MCF-7 cells
under these conditions, because the cells are not inhibited by pentosan
polysulfate, an inhibitor of FGF signaling (12), and we cannot detect
expression of FGFs 1â€”7in this cell line using RNase protection assays
(5). Presumably, in cells that are double transfected with FGF-1 and
dominant-negative FGFR1 , there is a selective advantage conferred to
cells that can specifically down-regulate the expression of the trun
cated FGFR1. Concomitant with the loss of dominant-negative recep
tor expression was the increased ability of the cells to form colonies
in soft agar under estrogen-depleted conditions or in antiestrogen
containing medium. With some clones, the loss was relatively rapid
and occurred over a few passages. Attempts at developing FGF-l
overexpressing cell lines exhibiting regulatable expression of trun
cated FGFR1 are currently in progress. However, it is unlikely that
outgrowth of cells with down-regulated expression of the truncated
FGFR1 is responsible for either tumor formation in the untreated or
tamoxifen-treated animals or the continued enhanced growth in estro
gen supplemented animals, given that there was no indication of
reduced amounts of truncated FGFR1 mRNA expressed in tumor
tissues.4

These results have implications with regard to the choice of breast
cancer patients who are most appropriate for antiestrogen therapy.
Tamoxifen may not have exactly the same agonistic properties in

humans as in the mouse (40), and tamoxifen itself has been reported
to have an antiangiogenic activity (41). Nonetheless, the finding that
paracrine effects of FGF-l appear to stimulate tumor formation in 18
tarnoxifen-treated mice raises the possibility that an increased level of
neoangiogenesis resulting from angiogenic growth factor production
may have a negative impact on the success of such therapy. A
significant reduction in relapse-free survival was observed in estrogen
receptor-positive patients with highly angiogenic tumors when com

pared to estrogen receptor-positive patients with lower vessel counts
despite adjuvant tamoxifen therapy, but it has not yet been determined
whether high angiogenesis is predictive for resistance (34). The results
presented in this report should provide further impetus for a clinical
study aimed at determining the validity of this possibility.
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