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To test the implicated role of basic fibroblast growth
actor (bFGF; FGF-2) in promoting differentiation in
reast cancer, we enforced the expression of FGF-2 in
-47D breast cancer cells. Expression of FGF-2 con-

erred an overall less malignant phenotype to T-47D
ells as revealed by their reduced proliferative re-
ponse, impaired capacity for anchorage-independent
rowth, and invasion through Matrigel. To under-
tand one candidate mechanism for the intracellular
GF-2-mediated anti-invasive effect, we examined the
ffect of FGF-2 on T-47D cell motility. Addition of re-
ombinant FGF-2 to the growth medium markedly en-
anced cell motility while constitutive expression of

ntracellular FGF-2 significantly inhibited the migra-
ory potential of T-47D cells in a dominant manner.
GF-2-expressing T-47D cells also formed relatively
efined branching structures in Matrigel matrices, a
haracteristic phenotype of differentiation in breast
ancer cells. These data suggest a potential role for
GF-2 in promoting functional differentiation of
reast epithelial cells. © 2000 Academic Press

Key Words: FGF-2; breast cancer; T-47D cells; migra-
ion; proliferation; differentiation; branching morpho-
enesis.

Basic fibroblast growth factor (bFGF; FGF-2) be-
ongs to the family of 20 fibroblast growth factors,

any of which promote growth, motility and transfor-
ation in a variety of cell types, including fibroblasts

nd endothelial cells (1–3). Cellular responses to
GF-2 are mediated through a dual receptor system
onsisting of high affinity transmembrane tyrosine ki-
ase receptors (fibroblast growth factor receptors 1 to
) and low affinity cell surface heparan sulfate proteo-
lycans (4, 5). Like acidic fibroblast growth factor
FGF-1), FGF-2 does not contain an export signal se-

1 To whom correspondence should be addressed at UMDNJ-New
ersey Medical School, MSB I-594, 185 South Orange Avenue, New-
rk, NJ 07103. Fax: 973-972-2384. E-mail: wiederro@umdnj.edu.
255
ct in an autocrine or paracrine manner. Recent data
uggested that intracellular FGF-2 may have unique
unctional roles that are independent of classical
eceptor-mediated functions (6).
Five species of FGF-2 with molecular weights of 18,

2, 22.5, 24, and 34 kDa are synthesized by cells as a
esult of alternate initiation of translation of the same
RNA either at an AUG codon or at four upstream

n-frame CUG codons (7–9). The 18-kDa FGF-2 iso-
orms are predominantly localized in the cytoplasm
nd are most frequently found exported from the cells
10). High molecular weight (HMW) isoforms (22, 22.5,
4, and 34 kDa) on the other hand, contain nuclear
ocalization sequences and are predominantly found
ocalized in the nucleus (9, 11). The relative amounts of
he individual isoforms differ greatly among various
ell types and tissues during development (7, 8, 12).
aried expression levels as well as release patterns of

he different isoforms of FGF-2 and their developmen-
ally regulated expression profiles suggest opportuni-
ies for isoform-specific roles, probably with cell type
pecific phenotypic outcomes. Constitutive expression
f individual FGF-2 isoforms in NIH-3T3 cells in fact
upport this suggestion by promoting shared as well as
istinct signaling events and isoform-specific pheno-
ypes (10, 13).

Contrary to its role in promoting transformation and
otility in cells of mesodermal and neuroectodermal

rigin, various in vivo and in vitro observations suggest
hat FGF-2 promotes a more differentiated phenotype
n breast epithelial cells (14). In infiltrating ductal
arcinomas, FGF-2 staining is detected only in base-
ent membranes, not in tumor cells (15). Similarly,

ignificantly less FGF-2 message is present in breast
ancer biopsies than in nonmalignant biopsies (14).
oreover, among mammary epithelium-derived cell

ines, FGF-2 expression is found only in normal cells
hile it is undetectable in most malignant cell lines,

ncluding MCF-7, T-47D, ZR-75-1, and MDA-MB-231
14). Recently it was shown that FGF-2 could induce
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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lassical receptor mediated signaling (16). We have
lso shown that enforced expression of FGF-2 in the
ighly malignant breast cancer cell line MDA-MB-231
eversed their malignant behavior significantly (6).
one of the observed effects in these cells were reca-
itulated by extracellular FGF-2, however. Hence, the
nduction of a less malignant phenotype by expression
f cytoplasm-localizing FGF-2 suggested the possibility
f a novel cytoplasmic effect for FGF-2 in breast cancer
ells, potentially unique to breast epithelial cells. In
he present study, we have addressed this provocative
oncept in the context of an implicated differentiation-
romoting role for FGF-2. We demonstrate here, for
he first time, that constitutive expression of FGF-2
romoted differentiation in T-47D breast cancer cells.
xpression of FGF-2 not only resulted in significant

eduction in their malignant properties, but also pro-
oted branching morphogenesis, a characteristic re-

ponse of normal breast epithelial cells when induced
o undergo functional differentiation.

ATERIALS AND METHODS

Cell culture, FGF-2 expression, and Western blots. T-47D human
ammary epithelial cells (purchased from American Type Culture
ollection-ATCC, Rockville, MD) were cultured in standard medium,

.e., Dulbecco’s modified Eagle’s medium (DME) containing 10% fetal
alf serum, 2 mM L-glutamine and penicillin 50 units/ml/
treptomycin 50 mg/ml (Gemini Bio-Products, Calabassas, CA). Con-
truction of pCI-neo (Promega, Madison, WI) expression vectors car-
ying sequences for various FGF-2 isoforms, transfections and
elections were carried out as described before (6). The FGF-2 cDNA
onstructs were sequenced and found to have no mutations (6). Cell
opulations expressing 18 kD FGF-2 (DA) or the 18, 22, 22.5 and 24
D isoforms together (FGF) were isolated along with vector trans-
ected controls (Neo) and were designated as T-47D/DA, T-47D/FGF
nd T-47D/Neo, respectively. Expressions of various FGF-2 proteins
as verified by Western immunoblots as before (6) using monoclonal
nti-FGF-2 antibody (Oncogene Science, Cambridge, MA).

Cell growth kinetics and growth in soft agar. Cells were
rypsinized (Trypsin 0.05%/EDTA 0.53 mM; Life Technologies Inc.,
aithersburg, MD) and incubated on 100-mm tissue culture dishes
t an initial density of 2.5 3 105 cells/dish in 10 ml standard medium,
ith and without 1.0 ng/ml recombinant human FGF-2 (rhFGF-2;
&D Systems, Minneapolis, MN). Viable cell numbers were deter-
ined manually by 0.2% trypan blue exclusion assay (6, 16). Colony

ormation efficiency in soft agar was determined in 0.3% bacto agar
Difco Labs, Detroit, MI), 0.67 DMEM, 6.7% FCS overlaying a pre-
ormed 0.6% agar layer. Thirty-five-millimeter diameter plates con-
aining 5000 cells in agar were incubated at 37°C in 5% CO2, and
olonies containing greater than 30 cells were counted after 14 6 2
ays.

Transwell migration and Matrigel invasion. Cell motility was
ssayed using a modified Boyden chamber with 8 m ethylene tereph-
halate filters (Becton Dickinson, Lincoln Park, NJ) as described
arlier (17). Briefly, a total of 7.5 3 104 cells were incubated in the
op chamber of wells in 300 ml serum-free medium containing 0.5%
SA. Cells were allowed to migrate to the lower chamber with
tandard medium containing 10% FCS for a period of 16 h, fixed in
% paraformaldehyde, stained with methylene blue and counted.
uadruplicate chambers were used for each cell type and the exper-

ments were repeated 4 times. Recombinant human FGF-2 (1.0 or 10
256
g/ml) and/or anti-FGF-2 antibody (50 mg/ml) or b-estradiol (100
g/ml; Sigma, MO) were added to the upper chamber for the appro-
riate experiments. The invasive capacities of cells through Matrigel
ere measured by using similar Boyden chambers pre-coated with
5 ml of reconstituted Matrigel (Becton Dickinson, Lincoln Park, NJ)
n standard serum-free medium. A total of 105 cells in 300 ml serum-
ree medium containing 0.5% BSA were placed on top of the Matrigel
ayer in the upper chamber and allowed to invade through the

atrigel for 24 h to the lower chamber containing standard medium
containing 10% FCS). Invaded cells gathered on the lower side of the
embrane were fixed in 4% paraformaldehyde, stained with meth-

lene blue and counted.

Three-dimensional (3D) Matrigel cell culture. Ten thousand cells
esuspended in 100 ml of standard culture medium were allowed to
pread for 1 h at 37°C in 5% CO2 on a pre-gelled Matrigel layer made
f 150 ml of undiluted Matrigel (Becton Dickinson; Lincoln Park, NJ)
n a 24-well tissue culture plate. A second layer of 150 ml of ice-cold

atrigel was overlaid on cells and the incubation was continued for
nother hour at 37°C in 5% CO2. After adding 200 ml of culture
edium on top of the Matrigel, incubation at 37°C in 5% CO2 was

ontinued for 2 weeks. Medium added to the top of the Matrigel was
eplaced every third day. Photographs of the culture were taken after
days and 12 days. At the end of the experiment, cells were collected

rom the Matrigel for biochemical assays using Matrisperse (Becton
ickinson; Lincoln Park, NJ) according to the manufacturer’s in-

tructions.

ESULTS AND DISCUSSION

haracterization of FGF-2 Expression in T-47D Cells

The expression of various isoforms of FGF-2 was
onfirmed in selected populations of T-47D cells using
tandard Western immunoblot techniques (Fig. 1A).
mmunofluorescence detection techniques revealed the
resence of FGF-2 in both the cytoplasm and the nu-
leus of T-47D/FGF cells and predominantly in the
ytoplasm of T-47D/DA cells (data not shown), a pat-
ern reported previously for FGF-2-expressing MDA-
B-231 breast cancer cells (6). FGF-2-expressing cells
ere also analyzed for their capacity to export FGF-2.
ear-confluent cells expressing different isoforms were
ashed with 2 M NaCl and proteins were concentrated

FIG. 1. Western immunoblots of total cell lysates (A) or 2 M NaCl
ashes (B) from T-47D cells transfected with vector alone (Neo), or
ectors coding for full-length FGF-2 (FGF) or 18 kD FGF-2 (DA).
ecombinant human FGF-2 (rFGF) is loaded as positive control for

mmunoblots.
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sing Centriprep columns (Amicon Inc., Beverly, MA)
6). Western blots of the concentrated 2 M NaCl washes
evealed detectable amounts of FGF-2 species that
ere secreted into the culture medium of cells (Fig.
B). The exported FGF-2 species corresponded to their
ntracellular expression patterns. This observation is
n agreement with earlier reports that expression of
GF-2 results in their release only in differentiated cell
ypes such as MCF-7, not in poorly differentiated cells
uch as MDA-MB-231 (6, 19).
Although described as a classical mitogen in a vari-

ty of cell types (1, 2, 5), recombinant FGF-2 has been
hown to reduce the proliferative capacities of breast
ancer cells such as MCF-7 and MDA-MB-134 (16, 20).

similar but diminished growth retarding effect was
bserved in T-47D/Neo cells when cultured in the pres-
nce of 1.0 ng/ml of rhFGF-2 (Fig. 2). Expression of 18
D FGF-2 (DA) also produced a comparable growth
nhibitory effect on T-47D cells. Cells expressing all
our isoforms of FGF-2 also showed a reduced prolifer-
tive response, although marginal, when compared
ith their vector-transfected controls (Fig. 2). The ob-

erved reduction in growth potential of rhFGF-2-
reated T-47D cells or FGF-2 expressing derivatives
as not due to loss of cell viability as determined by

rypan blue assay (data not shown), but most likely due
o a prolonged G1 phase, as reported for MCF-7 cells
reated with rhFGF-2 (16). Since FGF-2-expressing
-47D cells also export FGF-2 into the medium, it is
ossible that the observed inhibitory effect on prolifer-
tion could be due to an analogous receptor-mediated
nhibitory signaling induced by exported FGF-2 (16).

FIG. 2. Effect of FGF-2 on proliferation kinetics of T-47D cells.
ells were seeded (2.5 3 105) in 100-mm plates and incubated at
7°C for 7 days. Triplicate plates were trypsinized at the indicated
ime points and mixed with 0.4% trypan blue (1:1) and live cells were
ounted and graphed. Representative data from two independent
xperiments are shown.
257
Growth of T-47D Cells

Constitutive expression of FGF-2 confers serum-
ndependent and anchorage-independent growth capabil-
ties to NIH-3T3 fibroblasts (21, 22). On the other hand,
nforced expression of FGF-2 reduces the malignant
roperties in MDA-MB-231 and MCF-7 breast cancer
ells (6, 19). We determined whether enforced expression
f FGF-2 has a similar effect on T-47D cells that readily
orm colonies in soft agar (23). Both FGF-2-expressing
ell populations showed a significant reduction in their
nchorage-independent growth capabilities (Fig. 3). Cells
xpressing the 18 kD isoform of FGF-2 alone (T47D/DA)
ere found to inhibit the anchorage-independent growth
ore efficiently than cells expressing all isoforms (T47D/
GF). In addition to the significant reduction in the num-
er of colonies, colonies made up of FGF-2-expressing
ells contained significantly fewer numbers of cells than
olonies from T-47D/Neo cells. This further suggests that
GF-2 not only impairs the anchorage-independent
rowth capabilities of T-47D cells but also imposes addi-
ional growth restrictions by transducing proliferation-
nhibitory signaling.

nhibition of Matrigel Invasion by Intracellular FGF-2

Although T-47D breast cancer cells present a rela-
ively differentiated phenotype compared to MDA-MB-
31 cells, they too have acquired the capacity to invade
hrough Matrigel (24). We tested whether FGF-2 ex-
ression has any effect on their invasive capacity by
erforming overnight Matrigel invasion assays (6).
-47D cells expressing FGF-2 (all isoforms or 18 kD

FIG. 3. Colony-forming efficiency of T-47D cells transfected with
mpty vector (Neo), cells expressing all FGF-2 isoforms (FGF), or 18
D FGF-2 (DA) in 0.3% soft agar. Five thousand cells per dish were
ncubated for 14 days and colonies of more than 30 cells were
ounted.
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lone) were significantly inhibited in their invasive
otential (Fig. 4). Expression of 18 kD FGF-2 inhibited
nvasion more strongly than expression all of the iso-
orms together. This suggested that the expression of
he 18 kD isoform is enough to inhibit the invasive
henotype of T-47D cells, even in the presence of HMW
soforms. We reported a similar anti-invasive effect of
8 kD FGF-2 in a more malignant breast cancer cell
ine MDA-MB-231 (6). In MDA-MB-231 cells, the ex-
ression of all isoforms of FGF-2 did not inhibit their
nvasive potential (6).

Unlike MDA-MB-231 cells, T-47D cells carry wild-
ype estrogen receptors and respond to estrogen in cell
roliferation assays (25). We tested whether the pres-
nce of estradiol in the medium had any effect on the
nvasive behavior of T-47D cells or on the FGF-2-

ediated inhibitory effect. In T-47D/Neo cells, analo-
ous to its mitogenic effect (25), estradiol promoted the
ells’ invasive behavior. However, the pro-invasive ef-
ect induced by estradiol was completely blocked by
ntracellular FGF-2, either alone or in the presence of
MW isoforms (Fig. 4). This further suggests that the
nti-invasive effect of FGF-2 is not only inhibitory to
he innate motility of T-47D cells, but also blocks the
nvasion-promoting effect induced by estrogen.

ntracellular FGF-2 Inhibits T-47D Cell Motility

Matrigel invasion is the cumulative effect of a vari-
ty of cellular functions, including motility, cellular
dhesion and protease activity (26). FGF-2 has been
hown to induce expression and activity of a variety of
atrix metalloproteinases, including collagenases and

aseinases in a variety of cell types including breast

FIG. 4. Invasion of T-47D cells expressing various FGF-2 iso-
orms in Matrigel-coated modified Boyden chambers with 8-mm
ores. Cells were incubated at 5 3 105 cells/chamber with (1E) or
ithout (2E) 100 ng/ml of b-estradiol in the upper chamber. Cells
ere allowed to invade for 24 h and the filters were stained with
ethylene blue and counted at 1003 magnification.
258
apability to invade through basement membrane.
owever, our previous studies have shown that intra-

ellular 18 kD FGF-2 inhibits invasive behavior of a
ighly malignant breast cancer cell line MDA-MB-231
y inhibiting their motility (6). To test whether the
nti-invasive effect of FGF-2 on relatively more differ-
ntiated T-47D cells is mediated through a similar
nti-motility effect, we compared the migratory poten-
ial of less invasive FGF-2-expressing cells using a
tandard Boyden chamber technique (17). After 16 h of
ncubation, cells expressing FGF-2 migrated with

arkedly reduced efficiency (Fig. 5). The anti-motility
ffect was more prominent in 18 kD-isoform-
xpressing cells (Fig. 5), analogous to their invasive
ehavior (Fig. 4).
Both T-47D derivatives expressing FGF-2 also re-

eased their respective FGF-2 isoforms into their cul-
ure medium (Fig. 1B), raising the possibility of a
eceptor-mediated anti-motility signaling. To deter-
ine the contribution of the exported FGF-2 to the

nti-motility effect of FGF-2 expressed in T-47D cells,
e repeated the Boyden chamber experiments after

reating the cells with anti-FGF-2 neutralizing anti-
ody and/or exogenous rhFGF-2. Treatment with neu-
ralizing antibody to FGF-2 (50 mg/ml) had no effect on
he migratory capacity of either T47D/Neo cells or on
he diminished invasive capacity of FGF-2 expressing
ells (Fig. 5). Addition of rhFGF-2, on the other hand,
ncreased the motility of T-47D/Neo cells four-fold, an
ffect that was partially reversed by neutralizing anti-
ody (Fig. 5). Addition of rhFGF-2 had no effect on the

FIG. 5. Migration of T-47D cells expressing various FGF-2 iso-
orms in a modified Boyden chamber with 8-mm pores. Cells were
ncubated at 2.5 3 104 cells/chamber without (D0) or with 50 mg/ml
nti-FGF-2 antibody alone (D0 1 Ab), 1 ng/ml rhFGF-2 alone (D0 1
GF) or both antibody and FGF-2 together (D0 1 FGF 1 Ab) for 16 h.
he filters were stained with methylene blue and counted at 1003
agnification.
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igratory behavior of either FGF-2-expressing cell
ype, suggesting that the intracellular expression of
GF-2 is not only inhibitory to migration, but also
ominant over the pro-migratory effect of tyrosine ki-
ase receptor-mediated exogenous rhFGF-2 signaling
Fig. 5).

estricted Migration Promotes Branching
Morphogenesis in Breast Cancer Cells

Controlled cell motility is essential for morphogenic
ifferentiation of breast epithelial cells (27, 28). Malig-
ant transformation, on the other hand, promotes ab-
rrant cell motility and abrogates the differentiation
rocess (27). On the basis of the reported in vivo obser-
ations that strongly suggested an association between
GF-2-expression and a differentiated phenotype in
reast cancer, we decided to determine whether the
ontrolled motility observed in FGF-2-expressing cells
s associated with the acquisition of the capacity for

orphogenic differentiation. We tested this possibility
y studying the growth characteristics of FGF-2-
xpressing T-47D cells in three-dimensional Matrigel
ulture, a growth condition that approximates the in
ivo breast epithelial environment (29). We also in-
luded MCF-7 cells in this experiment for comparative
urposes. MCF-7 is another differentiated breast can-
er cell line with demonstrated ability to form branch-
ng structures under differentiation promoting condi-
ion (30). After 6 days of growth, T-47D cells expressing
GF-2 showed drastic changes in their growth pattern

n 3D-Matrigel-cell culture that included prominent
ube-like structures with extensive branching (Fig. 6).

FIG. 6. Photomicrographs (1003 magnification) of T-47D and
CF-7 cells transfected with empty vectors (Neo) or expressing 18

D FGF-2 (DA) cultured in 3D Matrigel matrices for 6 days, as
escribed under Materials and Methods.
259
han that of MCF-7/FGF cells that were characterized
efore as a more differentiated derivative of parental
CF-7 cells. Although appearing to differentiate by
orphogenic branching, FGF-2-expressing cells col-

ected from the Matrigel cultures did not produce de-
ectable levels of the milk proteins a-lactalbumin or
asein (data not shown). Functional differentiation of
reast epithelial cells appears to have two broad phys-
ological outcomes: (a) branching differentiation and
b) alveolar differentiation (31). Although more exper-
ments are needed, a morphological branching pheno-
ype in the absence of production of milk proteins
trongly argues for a branching differentiation pheno-
ype for T-47D and MCF-7 cells expressing FGF-2. In
ummary, our experiments strongly suggest a unique
ole for FGF-2 in breast epithelial cells in promoting
heir functional differentiation. Abrogation of this
GF-2 function appears to play a role in allowing
reast epithelial cells to undergo the path to dediffer-
ntiation. This argument is further supported by our
bservation that the three cell types tested, MDA-MB-
31 (6), MCF-7 (19) and T-47D, representing different
evels of malignant behavior, were all induced to re-
erse their levels of dedifferentiation by enforced ex-
ression of FGF-2. These observations further suggest
hat potential for the presence of breast epithelial-
pecific cytoplasmic regulatory molecule(s) that are in-
olved in eliciting a differentiation-promoting effect by
GF-2 in breast epithelial cells. Identifying the pres-
nce of such a cell-specific regulatory system will help
xplain the unique differentiation-promoting role of
GF-2 observed in breast epithelial cells in vitro and in
ivo.
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