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Fig. 6. Inhibition of tumorigenicity of malignant type II tumor cells by transfection of FGFR2. AT3 cells were transfected with control vector (AT3-CV),FGFRl@3l(AT3-R1@I),
FGFR2@3IIIbl(AT3-R2@3iIb1),andtruncatedFGFR2@IIIbwithoutanintactintracellulardomain(AT3-R2fflbTr).Cells(1 X 1(P)wereimplanteds.c.intotheflankofmaleCopenhagen
rats. AT3 cells expressing FGFR2@3IIIblwere mixed with 1 X l0@Dunning R3327PAP tumor-derived stromal (DTS) cells (AT3-R2f311Th1+DTS).Tumors were excised and weighed
after 1 month. The tumors shown are representative of five (Table 1).

transfected with FGFR1 exhibited predominantly the anaplastic phe
notype of the AT3 tumors within 6 months in a single host without
additional passage (Fig. 7).

AT3 cells transfected with FGFR1f31 or FGFR2/3/RI (not shown)
exhibited the histological properties of tumors derived from untrans
fected AT3 cells (Fig. 7) or those transfected with the control vector
(not shown). However, the more slowly growing tumors derived from
AT3 cells transfected with FGFR2@HIbl (AT3-R2@fflb1) exhibited
properties much different from those of the parent AT3 tumors.
Generally, cells were more densely packed and exhibited more cell
to-cell contacts throughout the tumor than wild-type AT3 tumors (Fig.
7, AT3-R2f3111b, left). Foci of organized epithelial cells near or actu
ally surrounding blood vessels in the tumor imperfectly resembled the
glandlike structures in the DT and DTE tumors (Fig. 7). The anaplas
tic sheets of cells characteristic of parent AT3 tumors outside the foci
of organized cells were infiltrated extensively with lymphocytes, and
areas of overt necrosis were apparent. Although tumors resulting from
AT3 cells transfected with kinase-defective FGFR2I3IIJ.b (AT3-
R2IIIbTr) were smaller, they exhibited no comparable changes in
cellular organization. Rare foci oflymphocyte infiltration and necrosis
were observed, but more than 90% of the more slowly growing
AT3-R2@3IIIbTr tumors exhibited the morphological properties of
wild-type AT3 tumors (Fig. 7). In marked contrast, the still-smaller
tumors (AT3-R2@IHbl +DTS) resulting from coimplantation of the

AT3 cells expressing FGFR2@IIIbl and stromal (DTS) cells from the
parent type I tumor exhibited areas of cellular organization charac
terized by intense squamous differentiation. The foci of epithelial cells
were surrounded by stroma. More than 50% of the tumor comprised
these S-B cell islands dispersed among the anaplastic sheets of the
common AT3 cellular phenotype. Squamous differentiation corn

prised more than 90% of S-E tumors formed from mixtures of pro
malignant DTE and the DTS cells (5). Independent of the presence of

DTS cells, no squamous differentiation could be observed in the more
slowly growing tumors that formed from AT3 cells that were traits
fected with kinase-defective FGFR2fflbTr (not shown). These results
suggest that the presence of the FGFR2 kinase restores the response to
stroma in malignant cells and is involved in or mediates the squamous
differentiation induced by the presence of the coinoculated strornal
cells.

Expressionof the FGFR2Kinase RestoresExpressionof Cy
tokeratinsin MalignantType II Tumors. Both DT tumors(and
DTE cells derived from them) and S-E tumors derived from
mixtures of DTE and DTS cells expressed a mixture of cytokera

tins, whereas total cytokeratins were reduced to undetectable levels
in the malignant AT3 and E tumors (reference 5 and Fig. 8).
Expression of cytokeratins was reduced in the tumors (Fig. 8,
DTE-T) derived from cloned DTE cells and the DTE-Rlj3l tumors
proportional to their degree of progression toward the type II
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Fig. 7. Histological analysis of prostate tumors. Tissue samples from the parent Dunning R3327PAP tumor (Dl) and three indicated tumors resulting from cells transfected with
the indicated cDNAs were fixed in 4% polyformaldehyde in PBS overnight, embedded in paraffin, sectioned, and stained with H&E. Magnification. X200.

phenotype (Fig. 8). Transfection and expression of the defective FGFR2IIIbTr showed no increase in cytokeratin expres
FGFRl@IIIbl gene into the AT3 cells restored the expression of sion. Analyses with individual monoclonal antibodies against kera
cytokeratin in derived tumors to detectable levels. Tumors from tins 1, 5, 6, 10, 13, and 14 confirmed that AT3 and AT3-Rlf3l
AT3 cells transfected with chimeric FGFR2j3IIIcIR1 (not shown) tumors are negative for all. The DT, DTE, DTE-Rl/3l, S-E, AT3-
or FGFRl@3l showed no change. When mixed with stromal cells, R2j3IIIb, and AT3-R2@IIIb+DTS tumors exhibited keratins 5 and
the transfected AT3 cells expressing FGFR2j3IIIb1 exhibited a still 14. Keratin 1 was not detectable in any of the samples, whereas
higher level of cytokeratins near that of S-E tumors derived from small amounts of keratins 6, 10, and 13 in the S-E tumors and
the premalignant epithelial (DTE) cell precursors when they were keratin 13 in the DTE-Rlf3l tumors could be detected. These
mixed with the same DTS stromal cells (Ref. 5; Fig. 8). Coincident results show that restoration of the FGFR2 kinase to AT3 cells
with the lack of changes in cellular organization, the more slowly restored the expression of cytokeratin in the malignant cells con
growing tumors derived from AT3 cells transfected with kinase- current with the morphological changes described earlier.
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tumor epithelial cells, they acquired a mitogenic response to FGF-2
after several cycles of proliferation of the cell population with no
change in the response elicited by FGF-1 and FGF-7. The acquisition
of the FGF-2 response was a consequence of the presence of the
FGFR1 kinase, because cells transfected with kinase-defective
FGFR1f32 or the chimeric FGFR1IFGFR2 containing the FGFR2
kinase exhibited no change in response pattern from untransfected
cells. The fact that FGF-1, FGF-2, and FGF-7 promote similar levels
of DNA synthesis suggests that the same cells transfected with
FGFR1 continue to express active resident FGFR2IIIb1. In notable
contrast, the transfection of chimeric FGFR2@3IIIcfR1, which binds
FGF-l and FGF-2 but not FGF-7, appeared to depress the response to
all three factors.

The results of this series suggest that FGFR isoforms containing the
FGFR1 ectodomain and the resident FGFR2IIIb isoforms in the
premalignant type I tumor epithelial cell function independently. The
FGFR1 and FGFR2 ectodomains appear to be partitioned within the
premalignant epithelial cells such that formation of heterodimers or
oligomers between them does not affect activity of one on the other.

Transfection of the FGFR2 Kinase into Malignant Type II
Tumor Cells Restores Lost Properties Exhibited by Their Non
malignant Precursors. Accompanying the switch from exclusive

expression of FGFR2IIIb to FGFRIIIc, the reduction in expression of
FGFR2 in general, and the activation of FGFR1 in epithelial cells is
the loss of both ductal and squamous differentiation and loss of
responsiveness to stromal cells. Transfection of the FGFR2/3111b1
gene into highly malignant type II tumor cells restores some of these
properties. The derived tumors not only exhibit a slower growth rate,
but they also exhibit changes in cellular organization and cell-to-cell
interactions, the absense of which is a hallmark of the anaplastic type
II tumors. In addition, the FGFR2@3IIIbl-transfected cells respond to
coinoculated type I tumor stromal cells by display of areas of intense
keratinization similar to those observed in tumors derived from pre
malignant type I tumor epithelial cells and stromal cells (S-E tumors;

Ref. 5). None of these properties were observed in type II tumor cells
transfected with the FGFR1 kinase. These results indicate that the
extremely malignant Dunning R3327AT3 tumor cells, which have
been selected extensively for malignant and metastatic properties,
retain growth-limiting and differentiation-promoting pathways that
are responsive to the FGFR2 kinase. The loss of FGFR2 activity,
either by lack of activating ligands or by reduction in expression, may
be contributory or necessary for progression to and maintenance of the
malignant phenotype.

The Relative Importanceof FGFR2 and FGFR1 to Prostate
Tumor Progression. The results of this study support our previous
proposal that FGFR2 plays a self-limiting role in the maintenance of
epithelial cell homeostasis directed by the stromal compartment and
other environmental factors. In contrast, the stepwise acquisition of
the mesenchymal cell property of expression and subsequent activa
tion of FGFR1 may be the positive driving force for progression to
and support of the malignant phenotype in the epithelial cell (5). Both
changes comprise a loss and acquisition that could cooperate to

promote malignancy. It is of interest whether a change in one FGFR
causes a change in the other or whether the order of reduction and

activation of the FGFR2 and FGFR1, respectively, is important to the
rate of malignant progression. Our results suggest that FGFR1 func
tions independently in premalignant epithelial cells and can accelerate

progression to malignancy while coexistent with the resident
FGFR2f3IIIb. However, restoration of FGFR2@IHb1 to the malignant
type II tumor cells expressing FGFR1 also appears to override resi

dent FGFR1 in support of the phenotype. Conceivably, the balance
between activity of progression-limiting FGFR2 and the progression
promoting FGFR1 determines the rate of progression to malignancy.
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Fig. 8. Expression of the intact FGFR2 kinase in malignant type II tumor cells restores
expression of cytokeratin. Extracts of freshly excised tissue from the indicated tumors
were analyzed by 8% SDS-PAGE and immunoblot with a mixture of monoclonal
antibodies against cytokeratin. Primary antibodies were visualized with a second antibody
conjugated to alkaline phosphatase. Except for the S-E tumor (SE), samples were taken
from the tumors shown in Figs. 5â€”7.S-E tumors are slowly growing, well-differentiated
tumors that result from a mixture of DTE and DTS cells (5).
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DISCUSSION

Activation of FGFR1 in Premalignant Epithelial Cells Acceler
ates Progression to the Malignant Phenotype. Previously, we re
ported that the phenotypic switch from exclusive expression of the
IIIb splice variant of the ectodomain of FGFR2 and appearance of the
normally stromal cell-associated FGFR1 gene in the epithelial cells
are hallmarks of progression to malignancy in the Dunning
R3327PAP rat tumor model (5). Here, we show that, in addition, the
expression of all FGFR2 gene products in isolated cell populations
derived from malignant Dunning R3327AT3 tumors (type II) is re
duced and undetectable in 30% of individual cells. Separate experi
ments not shown here revealed no difference between growth rates
and phenotypic properties of tumors derived from clonal cultures of

type II tumor cells expressing detectable levels of FGFR2 mRNA or
none at all. All type II tumor cells expressed FGFR1. To date, we have
detected no type II tumor cells, despite extensive attempts and clonal
analysis that expressed only the FGFR2 mRNA. The presence of
FGFRI in 100% of the malignant tumor cells, regardless of whether
FGFR2 is expressed, suggests that it is FGFR1 that supports the
malignant phenotype. Transfection of FGFR1 into premalignant type

I epithelial cells confirmed that ectopic expression of FGFR1 while
FGFR2IIIb is still present dramatically accelerated the rate at which
the premalignant type I epithelial cells form type II tumors in the
absence of stromal cells. Experiments are in progress to determine

whether activation of FGFR1 contributes to the loss of responsiveness
to stroma-derived FGF-7 by impact on the splice switch from
FGFR2IIIb to Ilic, the global loss of the FGFR2 gene, or the signal
elicited by the FGFR2 kinase.

Mitogenic Responsiveness to the FGFR1 Kinase Is an Acquired
Property in Premalignant Type I Tumor Epithelial Cells. Surpris
ingly, transfection of the full-length FGFR1 kinase into premalignant
type I epithelial cells revealed that the cells supported the binding of
FGF-2 to the FGFR1 ectodomain, but were initially incapable of a
mitogenic response to FGF-2. The mitogenic response to FGF-2 of
cells transfected with a chimeric FGFR comprising the FGFR1
ectodomain and the FGFR2 intracellular domain showed that the
failure was not due to the FGFR1 ectodomain, but to the inactivity of
the FGFR 1 kinase in the premalignant epithelial cells. Despite the
initial lack of mitogenic activity of the FGFR1 kinase in the type 1
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Potential Mechanisms Underlying the Different Effects of
FGFR1and FGFR2. Of thefourFGFRtyrosinekinases,FGFR1(31
and FGFR2(31 isoforms exhibit the highest similarity. Overall amino
acid sequence homology is 72%, 57% in the ectodomains through the
beginning of the kinase domains, and 84% in the remainder of the
intracellular domain, which includes the kinase and a COOH-terminal
domain (20, 21). FGFR2 exhibits tyrosine autophosphorylation sites
homologous to those that have been demonstrated in FGFR1 (20, 21),
and no unique sites are apparent in FGFR2. Phospholipase C'y is to
date the only substrate that exhibits a direct stable association with the
FGFR intracellular domain through mutual interaction with a defined
structural module (22â€”24).The interaction is not required for either
FGF-stimulated mitogenic activity (24â€”26)or neuronal differentiation
in cultured cells (27). Stimulation of cells expressing either FGFR1 or
FGFR2 with FGF-l results in phosphorylation of multiple intracellu
lar proteins, many membrane-associated, within 15â€”30s. Such sub
strates do not interact with FGFR with sufficient affinity in cell
extracts for detection and identification by coprecipitation (9, 10, 11,

23). Among such proteins are 80K-H and SNT-like proteins (28â€”30),
which may link activity of the FGFR kinase to GRB2-SOS complexes
and, thereby, the mitogen-activated protein kinase or other signaling
pathways that involve low molecular weight GTP-binding proteins.
SNT-like proteins also interact with pl3'@â€•@,which is involved in
inactivation of the cell cycle catalyst p34cdc2 at anaphase so that
mitosis can be completed (31, 32). FGFR3 activates the transcription
factor Stall and expression of the cell cycle inhibitor @21wAFl/CIPI
(33).Rapidphosphorylationof SNTbyFGFandotherdifferentiation
promoters was first observed to be associated with differentiation
rather than mitogenesis in neuronal cells. From the results, it was
proposed that phosphorylation and activation of SNT might indirectly
promote differentiation as a consequence of inhibition of cell cycle
progression through 35h11and p349X@@2(32). Subsequent analyses
indicated that SNT-like proteins are also rapidly phosphorylated in a
wide variety of cell types during the mitogenic response to FGF (28).
Thus, it remains to be established how the same FGFR can promote
mitogenesis, growth limitations, and differentiated phenotypes, as
well as how the four homologous kinases cause cell type-dependent
differences in the three end points.

The FGFR2f3IIIbTr ectodomain without an intact kinase and intra
cellular domain slows the growth of malignant type II tumors to an
extent nearly an equal that of FGFR(3Illbl. However, the appearance
of phenotypic parameters other than reduction in growth rate, e.g.,
morphological organization, cytokeratin expression, and response to
stromal cells, was dependent on the presence of the FGFR2 kinase.
The restoration of the differentiated properties of parent type I tumors
in the anaplastic tumor appears to be not simply due to a reduction in
tumor cell proliferation rate. The dampening effect of the kinase
defective FGFR2(3IHbTr on tumor growth rate may reflect dimeriza
tion between the transgene and endogenous FGFR1 by a dominant
negative mechanism. However, the resident FGFR2 and transfected
FGFR1 appear to be partitioned in the premalignant type I tumor
epithelial cells and do not interact. Conceivably, the malignant cells
have lost the ability to partition the two FGFRs. Recently, we have
shown that in the absence of restraints imposed by concentration,
heparan sulfate, or other cofactors, the four FGFRs interact promis
cuously through a highly conserved interaction interface in the extra

cellular domain that connects immunoglobulin loops II and III (14,
34).Themoredramaticimpactof therestorationof theFGFR2IIIb1
kinase to the growth rate of the type II tumor cells may reflect dual
effects. One effect is the recoupling of the FGFR2 kinase to signal
transduction pathways in the malignant cells that limits tumor cell

growth and/or promotes differentiation. The other is the suppression

of tumor growth rate by heterodimerization with the resident FGFR1
that is driving proliferation and malignancy. It is noteworthy that the
FGFR2 ectodomain fused to the FGFR1 intracellular kinase, which
presumably homodimerizes with the resident FGFR2 via the ectodo

main, dampens FGF-stimulated mitogenesis in nonmalignant epithe
hal cells. These observations lead to the conclusion that trans-activa
tion events that occur between FGFR intracellular domains within
dimers or oligomers (20â€”23,35) is homeotypic.
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