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Fig. 7. Histological analysis of prostate tumors. Tissue samples from the parent Dunning R3327PAP tumor (DT) 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
FGFR1IIIbl gene into the AT3 cells restored the expression of
cytokeratin in derived tumors to detectable levels. Tumors from
AT3 cells transfected with chimeric FGFR2BIIIc/R1 (not shown)
or FGFR1B1 showed no change. When mixed with stromal cells,
the transfected AT3 cells expressing FGFR2BIIIb1 exhibited a still
higher level of cytokeratins near that of S-E tumors derived from
the premalignant epithelial (DTE) cell precursors when they were
mixed with the same DTS stromal cells (Ref. 5; Fig. 8). Coincident
with the lack of changes in cellular organization, the more slowly
growing tumors derived from AT3 cells transfected with kinase-

defective FGFR2IIIbTr showed no increase in cytokeratin expres-
sion. Analyses with individual monoclonal antibodies against kera-
tins 1, 5, 6, 10, 13, and 14 confirmed that AT3 and AT3-R181
tumors are negative for all. The DT, DTE, DTE-R11, S-E, AT3-
R2pIIIb, and AT3-R2BI1Ib+DTS tumors exhibited keratins 5 and
14. Keratin 1 was not detectable in any of the samples, whereas
small amounts of keratins 6, 10, and 13 in the S-E tumors and
keratin 13 in the DTE-R1B1 tumors could be detected. These
results show that restoration of the FGFR2 kinase to AT3 cells
restored the expression of cytokeratin in the malignant cells con-
current with the morphological changes described earlier.
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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. 5-7. S-E tumors are slowly growing, well-differentiated
tumors that result from a mixture of DTE and DTS cells (5).

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
FGFR1! in 100% of the malignant tumor cells, regardless of whether
FGFR?2 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 Illc, 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 FGFR1 kinase in the premalignant epithelial cells. Despite the
initial lack of mitogenic activity of the FGFR1 kinase in the type 1

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
FGFR1B2 or the chimeric FGFR1/FGFR2 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 FGFR2BIIIc/R1, which binds
FGF-1 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 FGFR2pIIIbl1
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 FGFR2IIIb1-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 Importance of FGFR2 and FGFR1 to Prostate
Tumor Progression. The results of this study support our previous
proposal that FGFR?2 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
FGFR2pIIIb. However, restoration of FGFR2IIIb1 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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Potential Mechanisms Underlying the Different Effects of
FGFR1 and FGFR2. Of the four FGFR tyrosine kinases, FGFR11
and FGFR2p1 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 Cv 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 (22-24). The interaction is not required for either
FGF-stimulated mitogenic activity (24-26) or neuronal differentiation
in cultured cells (27). Stimulation of cells expressing either FGFR1 or
FGFR?2 with FGF-1 results in phosphorylation of multiple intracellu-
lar proteins, many membrane-associated, within 15-30 s. 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 (28-30),
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 p13*“!, which is involved in
inactivation of the cell cycle catalyst p34°9°? at anaphase so that
mitosis can be completed (31, 32). FGFR3 activates the transcription
factor Statl and expression of the cell cycle inhibitor p21WAF!/CIP!
(33). Rapid phosphorylation of SNT by FGF and other differentiation
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 p13**¢' and p34°4°? (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 FGFR2BIIIbTr 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 FGFRIIIb1. 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 FGFR2BIIIbTr 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). The more dramatic impact of the restoration of the FGFR2IIIbl
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-
lial cells. These observations lead to the conclusion that trans-activa-
tion events that occur between FGFR intracellular domains within
dimers or oligomers (20-23, 35) is homeotypic.

ACKNOWLEDGMENTS

We thank Dennis Roop for advice and the analyses with monoclonal
antibodies against specific cytokeratins, Tim Thompson and Hua-shong Zhang
for advice and interpretation of tissue sections, and Mei-fang Lu for assistance
with preparation of tissue sections.

REFERENCES

1. Isaacs, J. T. Development and characteristics of the available animal model systems
for the study of prostatic cancer. /n: N. Bruchovsky, W. A. Gardner, M. 1. Resnick,
P. P. Karr, and D. S. Coffey (eds.), Current Concepts and Approaches to the Study of
Prostate Cancer, pp. 573-576. New York: Alan R. Liss, Inc., 1987.

2. Mansson, P. E., Adams, P., Kan, M., and McKeehan, W. L. Heparin-binding growth
factor gene expression and receptor characteristics in normal rat prostate and two
transplantable rat prostate tumors. Cancer Res., 49: 2485-2494, 1989.

3. McKeehan, W. L., Adams, P. S., and Fast, D. Different hormonal requirements for
androgen-independent growth of normal and tumor epithelial cells from rat prostate.
In Vitro Cell. Dev. Biol., 23: 147-152, 1987.

4. Xu, J., Nakahara, M., Crabb, J. W., Shi, E., Matuo, Y., Fraser, M., Kan, M., Hou, J.,
and McKeehan, W. L. Expression and immunochemical analysis of rat prostate and
human heparin-binding fibroblast growth factor receptor (flg) isoforms. J. Biol.
Chem., 267: 17792-17803, 1992.

5. Yan, G., Fukabori, Y., McBride, G., Nikolaropoulos, S., and McKeehan, W. L. Exon
switching and activation of stromal and embryonic fibroblast growth factor (FGF)-
FGF receptor genes in prostate epithelial cells accompany stromal independence and
malignancy. Mol. Cell. Biol., /3: 4513-4522, 1993.

6. Yan, G., Fukabori, Y., Nikolaropoulos, S., Wang, F., and McKeehan, W. L. Heparin-
binding keratinocyte growth factor (FGF-7) is a candidate stromal-to-epithelial cell
prostate andromedin. Mol. Endocrinol., 6: 2123-2128, 1992.

7. Omitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A., Coulier, F.,
Gao, G., and Goldfarb, M. Receptor specificity of the fibroblast growth factor family.
J. Biol. Chem., 271: 15292-15297, 1996.

8. Omitz, D. M., and Leder, P. Ligand specificity and heparin dependence of fibroblast
growth factor receptors | and 3. J. Biol. Chem., 267: 16305-16311, 1992.

9. Shaoul, E., Reich-Slotky, R., Berman, B., and Ron, D. Fibroblast growth factor
receptors display both common and distinct signaling pathways. Oncogene, /0:
1553-1561, 1995.

10. Vainikka, S., Jouov, V., Wennstrom, S., Bergman, M., Pelicci, P. G., and Alitalo, K.
Signal transduction by fibroblast growth factor receptor-4 (FGFR-4): comparison
with FGFR-1. J. Biol. Chem., 269: 18320-18326, 1994.

11. Wang, J. K., Gao, G., and Goldfarb, M. Fibroblast growth factor receptors have
different signaling and mitogenic potentials. Mol. Cell. Biol., /4: 181-188, 1994.

12. McKeehan, W. L., Adams, P. S., and Rosser, M. P. Direct mitogenic effects of
insulin, epidermal growth factor, glucocorticoid, cholera toxin, unknown pituitary
factors, and possibly prolactin, but not androgen on normal rat prostate epithelial cells
in serum-free, primary cell culture. Cancer Res., 44: 1988-2010, 1984.

13. Wang, F., Kan, M., Xu, J,, Yan, G., and McKeehan, W. L. Ligand-specific structural
domains in the fibroblast growth factor receptor. J. Biol. Chem.. 270: 10222-10230,
1995.

14. Wang, F., Kan, M., McKeehan, K., Feng, S., and McKeehan, W. L. A homeo-
interaction sequence in the ectodomain of the fibroblast growth factor receptor.
J. Biol. Chem., 272: 23887-23895, 1997.

15. Kan, M., Shi, E., and McKeehan, W. L. Identification and assay of heparin-binding
(fibroblast) growth factor receptors. Methods Enzymol., /98: 158-171, 1991.

16. Jang, J-H., Wang, F., and Kan, M. Heparan sulfate is required for interaction and
activation of the epithelial cell fibroblast growth factor receptor-211Ib with
stromal-derived fibroblast growth factor-7. In Vitro Cell. Dev. Biol. Anim., in
press, 1997.

17. Feng, S., Xu, J., Wang, F., Kan, M., and McKeehan, W. L. Nuclear localization of a
complex of fibroblast growth factor (FGF)-1 and an NH,-terminal fragment of FGF
receptor isoforms R4 and Rla in human liver cells. Biochim. Biophys. Acta, /3/0:
67-73, 1996.

18. Demedina, S. G. D., Chopin, D., Elmarjou, A., Delouvee, A., Larochelle, W. J.,
Hoznek, A., Abbou, C., Aaronson, S. A., Thiery, J. P., and Radvanyi, F. Decreased
expression of keratinocyte growth factor receptor in a subset of human transitional
cell bladder carcinomas. Oncogene, /4: 323-330, 1997.

19. Yan, G., Fukabori, Y., Nikolaropoulos, S., Wang, F., and McKeehan, W. L. Heparin-
binding keratinocyte growth factor (FGF-7) is a candidate stromal-to-epithelial cell
prostate andromedin. Mol. Endocrinol., 6: 2123-2128, 1992.

5377

Downloaded from cancerres.aacrjournals.org on October 19, 2021. © 1997 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

20.

21.
22

23.

24.

25.

26.

27.

FGFR1 AND FGR2 IN PROSTATE TUMORS

Jaye, M., Schlessinger, J., and Dionne, C. A. Fibroblast growth factor receptor
tyrosine kinases: molecular analysis and signal transduction. Biochim. Biophys. Acta,
1135: 185-199, 1992.

Johnson, D. E., and Williams, L. T. Structural and functional diversity in the FGF
receptor multigene family. Adv. Cancer Res., 60: 1-41, 1993.

Hou, J., McKeehan, K., Kan, M, Carr, S. A., Huddeston, M. J., Crabb, J. W., and
McKeehan, W. L. Identification of tyrosines 154 and 307 in the extracellular domain
and 653 and 766 in the intracellular domain as phosphorylation sites in the heparin-
binding fibroblast growth factor receptor tyrosine kinase (flg). Protein Sci., 2: 86-92,
1993.

Mohammadi, M., Dikic, 1., Sorokin, A., Burgess, W. H., Jaye, M., and Schlessinger,
J. Identification of six novel autophosphorylation sites on fibroblast growth factor
receptor 1 and elucidation of their importance in receptor activation and signal
transduction. Mol. Cell. Biol., /6: 977-989, 1996.

Mohammadi, M., Honegger, A. M., Rotin, D., Fischer, R., Bellot, F., Li, W., Dionne,
C. A., Jaye, M., Rubenstein, M., and Schlessinger, J. A tyrosine-phosphorylated
carboxyl-terminal peptide of the fibroblast growth factor receptor (flg) is a binding
site for the SH2 domain of phospholipase C-yl. Mol. Cell. Biol., //: 50685078,
1991.

Mohammadi, M., Dionne, C. A,, Li, W., Spivak, T., Honegger, A. M., Jaye, M., and
Schlessinger, J. Point mutation in FGF receptor eliminates phosphatidylinositol
hydrolysis without affecting mitogenesis. Nature (Lond.), 358: 681-684, 1992.
Peters, K. G., Marie, J., Wilson, E., Ives, H. E., Escobedo, J., Del Rosario, M., Mirda,
D., and Williams, L. T. Point mutation of an FGF receptor abolishes phosphatidyl inositol
turnover and Ca®* flux but not mitogenesis. Nature (Lond.), 358: 678-681, 1992.
Spivak-Kroizman, T., Mohammadi, M., Hu, P., Jaye, M., Schlessinger, J., and Lax,
1. Point mutation in the fibroblast growth factor receptor eliminates phosphatidyli-

28.

29.

30.

31

32.

33.

34.

35.

5378

nositol hydrolysis without affecting neuronal differentiation of PC12 cells. J. Biol.
Chem., 269: 14419-14423, 1994.

Wang, J. K., Li, H. C., and Goldfarb, M. Broadly expressed SNT-like proteins link
FGF receptor stimulation to activators of Ras. Oncogene, /3: 721-729, 1996.

Goh, K. C, Lim, Y. P., Ong, S. H,, Siak, C. B., Cao, X., Tan, Y. H., and Guy, G. R.
Identification of p90, a prominent tyrosine-phosphorylated protein in fibroblast
growth factor-stimulated cells, as 80K-H. J. Biol. Chem., 271: 5832-5838, 1996.
Ong, S. H,, Goh, K. C,, Lim, Y. P., Low, B. C., Klint, P., Claesson-Welch, L., Cao,
X., Tan, Y. H,, and Guy, G. R. SUCl-associated neurotrophic factor target (SNT)
protein is a major FGF-stimulated tyrosine phosphorylation 90-kDa protein which
binds to the SH2 domain of GRB2. Biochem. Biophys. Res. Commun., 225: 1021-
1026, 1996.

Norbury, C., and Nurse, P. Animal cell cycles and their control. Annu. Rev. Bio-
chem., 61: 441-470, 1992.

Rabin, S. J., Cleghon, V., and Kaplan, D. R. SNT, a differentiation-specific target of
neurotrophic factor-induced tyrosine kinase activity in neurons and PC12 cells. Mol.
Cell. Biol., 13: 2203-2213, 1993.

Su, W. C,, Kitagawa, M., Xue, N., Xie, B., Garofalo, S., Cho, J., Deng, C., Horton,
W. A, and Fu, X. Y. Activation of Statl by mutant fibroblast growth-factor receptor
in thanatophoric dysplasia type II dwarfism. Nature (Lond.), 286: 288-292, 1997.
Kan, M., Wang, F., Kan, M., To, B., Gabriel, J., and McKeehan, W. L. Divalent
cations and heparan sulfate cooperate to control assembly and activity of the fibro-
blast growth factor receptor complex. J. Biol. Chem., 271: 26143-26148, 1996.
Mohammadi, M., Schlessinger, J., and Hubbard, S. R. Structure of the FGF receptor
tyrosine kinase domain reveals a novel autoinhibitory mechanism. Cell, 86: 577-587,
1996.

Downloaded from cancerres.aacrjournals.org on October 19, 2021. © 1997 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

AAC American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Fibroblast Growth Factor Receptor 2 Limits and Receptor 1
Accelerates Tumorigenicity of Prostate Epithelial Cells

Shuju Feng, Fen Wang, Akio Matsubara, et al.

Cancer Res 1997;57:5369-5378.

Updated version

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/57/23/5369

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/57/23/5369.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on October 19, 2021. © 1997 American Association for Cancer

Research.



http://cancerres.aacrjournals.org/content/57/23/5369
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/57/23/5369
http://cancerres.aacrjournals.org/

