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INTRODUCTION

The oncogenes and/or tumor suppressor genes that are implicated in the transforma-
tion and progression of the majority ofthyroid neoplasms remain unknown. Mutations
that have been identified in other human malignancies are restricted to a relatively
small subset of thyroid neoplasms, if they are identified at all. It would appear that
novel genetic alterations are implicated including the well-characterized ret/PTC
rearrangements. Numerous factors have been shown to govern thyroid cell differ-
entiation and proliferation. Indeed, increasing evidence suggests that many of these
growth factors and their receptors can also be implicated in tumor cell progression in
genetically transformed thyrocytes. The molecular mechanisms underlying dysregu-
lated thyroid cell growth and their potential role in the tumorigenic pathway will be
discussed.

GROWTH FACTORS AND RECEPTORS

Overview

Growth factors are polypeptides of several major families that regulate cell replication
and functional differentiation by directly altering the expression of specific genes (1).

They are considered to play an important role in the multistep pathway oftumorigene-
sis. A number of oncogene products are homologous to growth factors, their receptors,
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or enzymes that participate in the mitogenic process. In several systems, growth factors
have been shown to interact with specific membrane receptors in regulating cell growth
and gene expression in an autocrine or paracrine manner. Some are known to affect
hormone production and some are, in turn, modulated by hormones (2). A few have
been identified in the thyroid where they are considered to play a physiological role
in endocrine cell regulation (3;4).

Endocrine cells including thyrocytes are the site of both synthesis and action of
growth factors. A number of growth factors have been identified in endocrine cells,
including insulin-like growth factors-I and -II (IGF-I, IGF-II) (5:6), epidermal growth
factor (EGF) (7;8), transforming growth factor-& (TGFx) (9-11), transforming growth
factor-TGF-B, platelet-derived growth factor (12;13) and basic fibroblast growth fac-
tor (bFGF; FGF-2) (14). Growing evidence suggests that human thyroid tumor cells
produce multiple peptides that regulate their own function in vitro. The relative signif-
icance of these different growth factors in human thyroid neoplasia, however, remains
to be established.

THE EPIDERMAL GROWTH FACTOR FAMILY

The EGF family of ligands includes EGF, TGF-«, amphiregulin, heparin-binding
EGF-like growth factor (HB-EGF), and betacellulin (BTC) (15). An additional family
of EGF-related agonists include neuregulins which include glial growth factors (GGFs),
neu differentiation factors (NDFs)/heregulins, ligands for erb3-3 and erb3-4. Itis still
not very clear which specific subsets of erbB receptors become activated in response
to each of these ligands.

Transforming growth factor-o

Transforming growth factor-x is expressed as a membrane-anchored protein (16) that
may alter pituitary production of TSH as well as cell proliferation (17). TGFo is thought
to mediate estrogen-induced cell proliferation in several tissues (18-20). Estrogen stim-
ulation has been implicated in thyroid tumorigenesis most aptly in rodents using a
number of synthetic estrogenic compounds. Using a two-stage thyroid tumorigene-
sis model, one week administration of N-bis(2-hydroxypropyl)nitrosamine, gonadec-
tomized F344 rats of both sexes were implanted with fused pellets containing EB for
32 weeks (21). Thyroid gland weights were increased by EB pellet in a dose-dependent
and increased the occurrence ofthyroid proliferative lesions in male and female animals.
These data provide suggestive evidence for the potential significance of this growth
factor in thyroid tumorigenesis.

Epidermal growth factor and receptor (EGF; EGF-R)

The common receptor of EGF and TGF-«, EGF-R, is a 170-kD plasma membrane
tyrosine kinase product of the protooncogene v-erbB. EGF-R is over-expressed in
several types ofhuman cancers that correlate with tumor aggressiveness. In the thyroid,
EGF promotes growth but may inhibit some functional parameters. The normal thyroid
displays EGF and EGF-R staining that is variable, but largely cytoplasmic, for both EGF
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and EGF-R(4:8;22). Nuclear positivity for EGF and EGF-R has been described in both
follicular adenomas and follicular carcinomas. In marked contrast, nuclear staining has
been reported as almost absent in papillary carcinomas. The absence ofnuclear EGF and
EGF-R in papillary carcinomas would suggest that the role played by EGF in growth
control differs between papillary carcinoma and follicular adenomas/carcinomas of the
thyroid (23).

Interestingly, the compound ZD6474, a low molecular weight EGF tyrosine kinase
inhibitor was recently shown to have enzymatic functions on RET-derived oncopro-
teins. This agent blocks the in vivo phosphorylation and signaling of the RET/PTC3
and RET/MEN2B oncoproteins and of an EGF-R/RET chimeric receptor. This
inhibition was associated with morphological reversion and prevented the growth of
human PTC cell lines that carry spontaneous RET/PTC 1 rearrangements (24).

As mentioned previously, the EGF-R is one of four highly homologous tyrosine
kinase receptors that include erb32/HER2/neu/p185, erbf3-3 (HER3), and erbf3-4
(HER4). Growing evidence in support of functional cross-talk between the different
members of this receptor family is now well recognized (25). Ligand-induced stimu-
lation can result in transphosphorylation of neu via EGF-R (25;26). Over-expression
of a wild type EGF-R and heterocomplex formation with neu dramatically increases
receptor autophosphorylation and binding of EGF (25;27).

Erb 3-2/neu in thyroid neoplasia

The specific role of the erbf3-2 proto-oncogene in human carcinomas was investi-
gated in human thyroid tumours including nodular hyperplasias, follicular carcinomas
and papillary carcinomas (without and with tall-cell features, insular, or anaplastic
de-differentiation). There was no evidence of DNA amplification of erb3-2 gene
itself. Furthermore, sequencing of the transmembrane domain revealed no activating
point mutations of the of erbf3-2 gene. The level of mRNA expression, however,
was variable with nearly a third of papillary carcinomas showing statistically significant
elevated mRNA levels compared with corresponding normal thyroid tissue. These
findings, however, did not correlate with other indicators of poor prognosis. More-
over, in contrast to the elevated mRNA levels in thyroid tumours, the level of protein
staining correlated with the degree of differentiation. Normal and hyperplastic tissue
being strongly positive and poorly differentiated tumours showing negative of erbf3-2
immunostaining. Thus, these studies indicate the absence ofmutations or amplifications
of the erb3-2 gene in human thyroid tumours. Elevated erbf3-2 mRNA expression
in some thyroid tumours was not associated with clinical features of poor prognosis.
Nevertheless, the significance of the elevated mRNA levels remains unclear, as it did
not result in protein overexpression. Instead, cytoplasmic erbf3-2 protein detection
by immunohistochemistry appears to correlate with differentiation of human thyroid
tumours and may be a feature of good prognosis. There does not appear to be a
positive relationship between erbf3-2 expression and the well-characterized ret/PTC
rearrangements indicating that the two events are likely to be mutually exclusive in
genesis and action of these two putative thyroid oncogenes (28).
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THE TRANSFORMING GROWTH FACTOR-f3

Transforming growth factor (TGF)-f3 has been implicated in the regulation of nor-
mal and neoplastic cell function. TGF-[3 regulates the expression of various proteins,
including p27Kipl (p27), a cell cycle inhibitory protein. Enhancement of tumor cell
growth and invasiveness by transforming growth factor-f3 (TGF-[3) requires constitu-
tive activation of the ras/MAPK pathway. How MEK activation by epidermal growth
factor (EGF) influences the response offully differentiated and growth-arrested thyroid
epithelial cells in primary culture to TGF-31 is not clear. The epithelial tightness was
maintained after single stimulation with EGF or TGF-31 for 48 hours. In contrast,
co-stimulation abolished the trans-epithelial resistance and increased the paracellular
flux of labeled inulin. Reduced levels of the tight junction proteins claudin-1 and
occludin accompanied the loss of barrier function. N-cadherin, expressed only in
few cells of untreated or single-stimulated cultures is increased and co-localizes with
E-cadherin at adherens junctions. TGF-betal only partially inhibited EGF-induced
Erk phosphorylation. The MEK inhibitor U0126 prevents Erk1/2 phosphorylation
and abrogated the synergistic responses to TGF-f31 and EGF. These observations
indicate that concomitant growth factor-induced MEK activation is necessary for
TGF-f31 to convert normal thyroid epithelial cells to a mesenchymal phenotype pro-
viding evidence for the role of these growth factors in thyroid cell transdifferenti-
ation.(29).

VASCULAR ENDOTHELIAL GROWTH FACTOR

Vascular endothelial growth factor (VEGF) also known as vascular permeability fac-
tor (VPG) exists in a number of isoforms in human and rodent tissues includ-
ing VEGF206h/205r, VEGF189h/188r, VEGF165h/164r, VEGF145h/144r and
VEGF121 that differ in their molecular masses and biological activities. The VEGF
isoforms bind with two tyrosine-kinase receptors, KDR/flk-1 and flt-1. In addition,
VEGF165 binds with co-receptor, neuropilin-1, which is expressed in human endothe-
lial cells and several types of non-endothelial cells including solid tumors. Recent stud-
ies on the role of estrogen in the regulation of tumor angiogenesis demonstrated that
this steroid induces neovascularization in parallel with early induction of VEGF and the
VEGFR2- (flk-1/KDR) protein expression in both blood vessels and non-endothelial
cells (30). Moreover, estrogen-induced rat pituitary tumors in Fisher 344 rats express
higher VEGF164 and neuropilin-1 levels compared to control untreated rats (31).
These findings suggest that over-expression of VEGF and its receptor (VEGFR-2)
may play an important role in the early phases of estrogen induced tumor angiogenesis
in some endocrine tissues.

FIBROBLAST GROWTH FACTORS & RECEPTORS
Fibroblast growth factors (FGFs)
Basic Fibroblast Growth Factor (now known as FGF-2) is one of an ever-expanding

family of FGFs several of which possess mitogenic, angiogenic, and hormone regulatory
functions (32). FGF-2 immunoreactivity was described originally in the non-hormone
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producing folliculo-stellate cells of the pituitary (33). In one mouse model, estrogen-
induced tumorigenesis was associated with parallel increases in the expression of a
pituitary tumor transforming gene (PTTG) as well as FGF-2 (33). In turn, both PTTG
and FGF-2 have been shown to be increased in mRNA expression in papillary thyroid
cancer that was also associated with lymph nodal invasion and distant metastasis. These
findings were upheld even after consideration of other known prognostic factors such
as age and gender ofthe patient and size and type ofthe tumor (34). Similarly, increased
concentrations of FGF-2 in the serum ofpatients with differentiated papillary thyroid
carcinoma has also been reported (35).

Fibroblast growth factor receptors (FGFRs)

There are 4 mammalian FGFR genes encoding a complex family of transmembrane
receptor tyrosine kinases (RTKs) (36). Each prototypic receptor is composed of 3
immunoglobulin (Ig)-like extracellular domains, 2 of which are involved in ligand
binding, a single transmembrane domain, a split tyrosine kinase, and a COOH-terminal
tail with multiple autophosphorylation sites. Multiple forms of cell-bound or secreted
receptors are produced by the same gene. Tissue-specific alternative splicing, variable
polyadenylation sites and alternative initiation of translation result in truncated receptor
forms (37;38). The first two extracellular loops of FGFR1 can be secreted as soluble
circulating FGF binding proteins (39) but their physiological importance remains to be
established. Different FGFRs can dimerize, so that truncated forms of FGFR1 block
signalling through FGFR1, 2, and 3 (40).

Structural alterations of FGFRs may play a role in human tumorigenesis. FGFR1
is highly expressed in the brain (41) but the shorter (2 Ig-domain) form of FGFR1
is more abundant in some CNS glioblastomas (42). Anti-sense targeted interruption
of FGFR1 reduces malignant melanoma cell proliferation and differentiation (43).
FGFR2 exon switching has been observed to accompany prostate cell transformation
(44).

The expression of FGF-2 and one ofits receptors FGFR1 was recently compared in
differentiated thyroid cancers, normal thyroids, multinodular goiters, and Graves’ dis-
ease specimens. The investigators noted that FGF-2 was significantly over-expressed in
thyroid carcinomas compared with normal thyroid tissue. More interestingly, increased
FGF-2 mRNA expression was independently associated with lymph nodal invasion
and distant metastasis at tumor presentation (34).

The biological relevance ofthe FGF signaling system in thyroid cell growth has been
further hinted at from genetically altered mice. Mice deficient for FGFRR2-IIIb were
generated by placing translational stop codons and an IRES-LacZ cassette into exon
IIIb of FgfR2. Expression of the alternatively spliced receptor isoform, FgfR2-Illc, is
not affected in these mice. The FGFR2-IIIb deficient mice, however, show dysgenesis
of several non-endocrine as well as endocrine tissues including the thyroid, adrenals,
pancreas, and pituitary. These findings are particularly interesting in view of the fact
that FGF ligand expression is not altered with normal FGF8, FGF10, Bmp4, and Msx1
in this animal model (45).



126 6. Pathogenetic mechanisms of thyroid neoplasia

In contrast, gain-of-function mutations in the FGFR-3 gene have been described
to result in inhibition of cartilaginous cell growth in the growth plate suggesting an
important growth inhibitory signal for this receptor. RT-PCR examination confirmed
the expression of this growth factor in papillary thyroid carcinomas. Over-expression
of FGFR-3 was successful in specific binding of 125I-FGF-2. Growth rates of cells
over-expressing FGFR-3, however, were similar to those of control cells (46). Cells
over-expressing FGFR3 continued to grow beyond the density of control cells. These
interesting findings suggest a role for FGFR3 in thyroid cancer cell adhesion and/or
invasiveness.

The nerve growth factor family

NGEF is a growth factor that generally results in anti-proliferative and anti-invasive
effects in neuroendocrine tumors. NGF inhibits thyrocyte invasion and reverts the
effect of retinoic acid in these cells. This effect is likely mediated by an increase in
adhesion to the extracellular matrix proteins laminin and collagen IV and the inhibi-
tion of cell migration. NGF also induces expression ofits receptor p75 NGF receptor.
This receptor can be the subject of rearrangements. Indeed, the thyroid TRK onco-
genes are generated by chromosomal rearrangements juxtaposing the neurotrophic
tyrosine receptor kinase type 1 (NTRK1) tyrosine kinase domain to foreign activat-
ing sequences. TRK oncoproteins display a constitutive tyrosine kinase activity in
NIH3T3 cells (47). The TRK oncoproteins’ signal transduction involves several signal
transducers activated by the NGF-stimulated NTRK1 receptor including fibroblast
growth factor receptor substrate (FRS) FRS2 and FRS3, two related adapter proteins
activated by fibroblast growth factor and NTRK1 receptors, in the signaling of the thy-
roid TRK-T1 and TRK-T3 oncogenes. FRS2 and FRS3 are recruited and activated
by TRK-T1 and TRK-T3. Expression studies show different expression patterns of
the FRS adapters in normal and tumor thyroid samples. FRS3 is expressed in both
normal and thyroid tumor samples, whereas FRS2 is not expressed in normal thy-
roid but is differentially expressed in some tumors. These data are consistent with the
notion that the FRS2 and FRS3 adapter proteins may have a role in thyroid carcino-
genesis triggered by TRK oncogenes and provide the basis for a new dimension of
pharmaco-therapeutic possibilities.

CONCLUSIONS

Thyroid tumors are common neoplasms that exhibit a wide range of biologic behav-
ior. Numerous factors have been shown to govern thyrocyte proliferation. In par-
ticular, hormones and growth factors likely play a role as promoters of tumor cell
growth in genetically transformed cells. In some instances enhanced growth fac-
tors and their receptors may serve as survival signals for neoplastic cells. In other
instances, however, abnormal forms of growth factor receptors (such as members of
the EGF-R/HER2/neu) may also be important in the early stages of cell transfor-
mation and chromosomal instability consistent with the clonal composition of thy-
roid neoplasms. More detailed structure/function studies of growth factor/receptor
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functional interactions in morphologically characterized thyroid nodules are required.
It is anticipated that these studies will identify signaling patterns that will provide the
basis for the development of more specific and effective pharmacotherapeutic agents.

REFERENCES

1.

W

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Rizzino A. Growth Factors. In: Kovacs K, Asa SL, editors. Functional Endocrine Pathology. Boston:
Blackwell Scientific Publications Inc., 1991: 979-989.

. Ezzat S. The role of hormones, growth factors and their receptors in pituitary tumorigenesis. Brain

Pathol 2001; 11(3):356-370.

. Asa SL, Ezzat S. The pathogenesis of pituitary tumours. Nat Rev Cancer 2002; 2(11):836-849.
. van der Laan BFAM, FreemanJL, Asa SL. Expression of growth factors and growth factor receptors in

normal and tumorous human thyroid tissues. Thyroid 1995; 5:67-73.

. Minuto F, Barreca A, del Monte P, Cariola G, Torre GC, Giordano G. Immunoreactive insulin-like

growth factor I (IGF-I) and IGF-I-binding protein content in human thyroid tissue. J Clin Endocrinol
Metab 1989; 68:621-626.

. Okimura Y, Kitajima N, Uchiyama T et al. Insulin-like growth factor I (IGF-I) production and the

presence of IGF-I receptors in rat medullary thyroid carcinoma cell line 6-23 (clone 6). Biochem
Biophys Res Commun 1989; 161:589-595.

. Di Carlo A, Pisano G, Parmeggiani U, Beguinot L, Macchia V. Epidermal growth factor receptor and

thyrotropin response in human thyroid tissues. J Endocrinol Invest 1990; 13:293-299.

. Duh Q-Y, Gum ET, Gerend PL, Raper SE, Clark OH. Epidermal growth factor receptors in normal

and neoplastic thyroid tissue. Surgery 1993; 98:1000—1007.

. Grubeck-Loebenstein B, Buchan G, Sadeghi R et al. Transforming growth factor beta regulates thyroid

growth. role in the pathogenesis of nontoxic goiter. J Clin Invest 1989; 83:764-770.

. Aasland R, Akslen LA, Varhaug JE, Lillehaug JR. Co-expression of the genes encoding transforming

growth factor-& and its receptor in papillary carcinomas of the thyroid. IntJ Cancer 1990; 46:382-387.

. Driman DK, Kobrin MS, Kudlow JE, Asa SL. Transforming growth factor-& in normal and neoplastic

human endocrine tissues. Hum Pathol 1992; 23:1360-1365.

. Heldin N-E, Gustavsson B, Claesson-Welsh L et al. Aberrant expression ofreceptors for platelet-derived

growth factor in an anaplastic thyroid carcinoma cell line. Proc Natl Acad Sci USA 1993; 85:9302—
9306.

Matsuo K, Tang S-H, Sharifi B, Rubin SA, Schreck R, Fagin JA. Growth factor production by human
thyroid carcinoma cells: Abundant expression of a platelet-derived growth factor-f3-like protein by a
human papillary carcinoma cell line. J Clin Endocrinol Metab 1993; 77:996-1004.

Logan A, Gonzalez AM, Buscaglia ML, Black EG, Sheppard MC. Basic fibroblast growth factor is an
autocrine factor for rat thyroid follicular cells. Ann NY Acad Sci 1991; 638:453-455.

Beerli RR, Hynes NE. Epidermal growth factor-related peptides activate distinct subsets of ErbB
receptors and differ in their biological activities. J Biol Chem 1996; 271:6071-6076.

Ezzat S, Walpola IA, Ramyar L, Smyth HS, Asa SL. Membrane-anchored expression of transforming
growth factor-& in human pituitary adenoma cells. J Clin Endocrinol Metab 1995; 80:534-539.
Fisher DA, LakshmananJ. Metabolism and effects of epidermal growth factor and related growth factors
in mammals. Endocr Rev 1990; 11:418-442.

Bates SE, Davidson NE, Valverius EM et al. Expression of transforming growth factor o and its
messenger ribonucleic acid in human breast cancer: Its regulation by estrogen and its possible functional
significance. Mol Endocrinol 1988; 2:543-555.

Liu SC, Sanfilippo B, Perroteau I, Derynck R, Salomon DS, Kidwell WR. Expression of transform-
ing growth factor & (TGF«) in differentiated rat mammary tumors: estrogen induction of TGFo
production. Mol Endocrinol 1987; 1:683-692.

Nelson KG, Takahashi T, Lee DC et al. Transforming growth factor-« is a potential medicator of
estrogen action in the mouse uterus. Endocrinology 1992; 131:1657-1664.

Son HY, Nishikawa A, Kanki K et al. Synergistic interaction between excess caffeine and deficient iodine
on the promotion ofthyroid carcinogenesis in rats pretreated with N-bis(2-hydroxypropyl)nitrosamine.
Cancer Sci 2003; 94(4):334-337.

Mikinen T, Pekonen F, Franssila K, Lamberg B-A. Receptors for epidermal growth factor and thy-
rotropin in thyroid carcinoma. Acta Endocrinol (Copen) 1988; 117:45-50.



128 6. Pathogenetic mechanisms of thyroid neoplasia

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Marti U, Ruchti C, Kampf J et al. Nuclear localization of epidermal growth factor and epidermal
growth factor receptors in human thyroid tissues. Thyroid 2001; 11(2):137-145.

Carlomagno F, Vitagliano D, Guida T et al. ZD6474, an orally available inhibitor of KDR tyrosine
kinase activity, efficiently blocks oncogenic RET kinases. Cancer Res 2002; 62(24):7284-7290.

Qian X, LeVea CM, Freeman JK, Dougall WC, Greene MI. Heterodimerization of epidermal growth
factor receptor and wild-type or kinase-deficient Neu: A mechanism ofinterreceptor kinase activation
and transphosphorylation. Proc Natl Acad Sci USA 1994; 91;1500-1504.

Dougall WC, Quan X, Peterson NC, Miller MJ, Samanta A, Greene MI. The neu-oncogene: signal
transduction pathways, transformation mechanisms and evolving therapies. Oncogene 1994; 9:2109—
2123.

Goldman R, Levy RB, Peles E, Yarden Y. Heterodimerization of the erbB-1 and erbB-2 receptors in
human breast carcinoma cells; A mechanism for receptor transregulation. Biochem J 1990; 29:11024—
11028.

Sugg SL, Ezzat S, Zheng L, Freeman JL, Rosen IB, Asa SL. Oncogene profile of papillary thyroid
carcinoma. Surgery 1999; 125:46-52.

Grande M, Franzen A, KarlssonJO, Ericson LE, Heldin NE, Nilsson M. Transforming growth factor-
beta and epidermal growth factor synergistically stimulate epithelial to mesenchymal transition (EMT)
through a MEK-dependent mechanism in primary cultured pig thyrocytes. J Cell Sci 2002; 115(Pt
22):4227-4236.

Banerjee SK, Sarkar DK, Weston AP, De A, Campbell DR. Over expression of vascular endothelial
growth factor and its receptor during the development of estrogen-induced rat pituitary tumors may
mediate estrogen-initiated tumor angiogenesis. Carcinogenesis 1997; 18(6):1155-1161.

Banerjee SK, Zoubine MN, Tran TM, Weston AP, Campbell DR. Overexpression of vascular endothe-
lial growth factor164 and its co- receptor neuropilin-1 in estrogen-induced rat pituitary tumors and
GH3 rat pituitary tumor cells. IntJ Oncol 2000; 16(2):253-260.

Mason IJ. The ins and outs of fibroblast growth factors. Cell 1994; 78:547-552.

Gospodarowicz D, Ferrara N, Schweigerer L, Neufeld G. Structural characterization and biological
functions of fibroblast growth factor. Endocr Rev 1987; 8:95-114.

Boelaert K, McCabe CJ, Tannahill LA et al. Pituitary tumor transforming gene and fibroblast growth
factor-2 expression: potential prognostic indicators in differentiated thyroid cancer. J Clin Endocrinol
Metab 2003; 88(5):2341-2347.

Komorowski J, Pasieka Z, Jankiewicz-Wika J, Stepien H. Matrix metalloproteinases, tissue inhibitors of
matrix metalloproteinases and angiogenic cytokines in peripheral blood of patients with thyroid cancer.
Thyroid 2002; 12(8):655-662.

Givol D, Yayon A. Complexity of FGF receptors: genetic basis for structural diversity and functional
specificity. FASEBJ 1992; 6(15):3362-3369.

Yan G, Wang F, Fukabori Y, Sussman D, HouJ, McKeehan WL. Expression and transformation of a
variant of the heparin-binding fibroblast growth factor receptor (flg) gene resulting from splicing of the
exon at alternate 3'-acceptor site. Biochem Biophys Res Commun 1992; 183:423-430.

Peters KG, Werner S, Chen G, Williams LT. Two FGF receptor genes are differentially expressed in
epithelial and mesenchymal tissues during limb formation and organogenesis in the mouse. Develop
1992; 114:233-243.

Hanneken A, Ying W, Ling N, Baird A. Identification of soluble forms of the fibroblast growth factor
receptor in blood. Proc Natl Acad Sci USA 1994; 91:9170-9174.

Werner S, Weinberg W, Liao X et al. Targeted expression ofa dominant-negative FGF receptor mutant
in the epidermis of transgenic mice reveals a role of FGF in keratinocyte organization and differentiation.
EMBO J 1993; 12:2635-2643.

Gonzalez AM, Logan A, Ying W, Lappi DA, Berry M, Baird A. Fibroblast growth factor in the
hypothalamic-pituitary axis: Differential expression of fibroblast growth factor-2 and a high affinity
receptor. Endocrinology 1994; 134:2289-2297.

Eisemman A, Ahn AJ, Graziani G, Tronick SR, Ron D. Alternative splicing generates at least five
different isoforms of the human bFGF receptor. Oncogene 1991; 6:1195-1202.

Becker D, Lee PLP, Rodeck U, Herlyn M. Inhibition ofthe fibroblast growth factor receptor 1 (FGFR-
1) gene in human melanocytes and malignant melanomas leads to inhibition of proliferation and signs
indicative of differentiation. Oncogene 1992; 7:2303-2313.

Yan G, Fukabori Y, McBride G, Nikolaropolous S, McKeehan WL. 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 1993; 13:4513-4522.



45.

46.

47.

129

Revest JM, Spencer-Dene B, Kerr K, De Moerlooze L, Rosewell I, Dickson C. Fibroblast growth
factor receptor 2-IIIb acts upstream of Shh and Fgf4 and is required for limb bud maintenance but not
for the induction of Fgf8, Fgf10, Msx1, or Bmp4. Dev Biol 2001; 231(1):47-62.

Onose H, Emioto N, Sugihara H, Shimizu K, Wakabayashi I. Overexpression of fibroblast growth factor
receptor 3 in a human thyroid carcinoma cell line results in overgrowth of the confluent cultures. Eur
J Endocrinol 1999; 140(2): 169-173.

Ranzi V, Meakin SO, Miranda C, Mondellini P, Pierotti MA, Greco A. The signaling adapters fibroblast
growth factor receptor substrate 2 and 3 are activated by the thyroid TRK oncoproteins. Endocrinology
2003; 144(3):922-928.



