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Cell growth and differentiation are controlled at multiple levels through various
pathways. External signals and their specific receptors represent important protago-
nists of this control. Among the signaling molecules are peptide regulatory factors
including numerous neuropeptides, cytokines, and growth factors, often grouped in
families. Growth factors and their receptors are involved in various processes
including cell proliferation, cell differentiation, cell-cell interactions and develop-
ment.

The FGF (historically meaning fibroblast growth factor) family presently com-
prises seven related members (hereafter designated FGF1 to FGF7) but the actual
size of the family remains unknown. Like most of the signaling molecules, they have
various known properties as well as suspected functions in basic processes as diverse
as cell proliferation, angiogenesis, tissue differentiation and regeneration, and
embryogenesis.' Due to these activities, FGFs may also play an important role in
carcinogenesis. This involvement in carcinogenesis is strongly suspected but is still, in
early 1991, a matter of discussion. The FGFs can behave as oncogene products or
potent angiogenic and mitogenic factors in in vitro cell cultures and in animal
models.”* Moreover, amplifications of some of the FGF (INT2 and HST/FGFK) and
FGF receptor (FLG and BEK) genes are observed in human carcinomas.™ In
cancer, each member of the couple growth factor-growth factor receptor represents
a particular potential therapeutical target aimed at blocking the specific interaction.
Therefore, it is paramount to characterize every member of the FGF and FGFR
families.

The sixth member of the FGF family, the FGF6 gene, was isolated a couple of
years ago’ by virtue of its sequence similarities with FGF4 (HST/FGFK). The
human" and murine" genes have been characterized, mapped on their respective
chromosome, and their expression and transforming capacity studied. These results
are the object of this report.

@This work was supported by grants from INSERM and from the following organisms:
Association Frangaise contre la Myopathie, Association pour la Recherche sur le Cancer,
Comités Départementaux de Bouches-du-Rhone et du Var de la Ligue Contre le Cancer,
FNCLCC, MGEN.
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STRUCTURE OF THE FGF6 GENE AND ENCODED PROTEINS

The FGF6 gene is localized on chromosome 12, band p12, in the human and on
chromosome 6, region F3-G1, in the mouse. It is composed of three coding exons
separated by large introns. Human and mouse deduced amino acid sequences are
shown in FIGURE 1. There is 93% amino acid sequence identity between the human
and mouse gene products. At the nucleotide level (not shown), the calculated rate of
nonsynonymous substitutions is 0.17 x 107° per site per year (assuming a time of
divergence between human and rodent genes of 80 x 10  years ago). This is well
below average'' and indicates a strong conservation.

The localization of the splice junctions is similar to that of the other members of
the family. There are four stop codons located immediately upstream of the
beginning of the coding sequence, followed by three in-frame ATG codons. With the
first ATG starts an open reading frame of 624 nucleotides, encoding a putative
protein of 208 amino acids. A potential signal peptide, constituted of a hydrophobic
region of 25 amino acids, starts shortly after the methionine residue corresponding to
the second ATG, extends from position 16 (considering the first ATG as position 1)
to position 40. Two potential proteolytic cleavage sites are located towards the end of
the signal peptide. In vitro translation experiments (not shown) seem to indicate that
it is the first site that is used. A potential asparagine-linked glycosylation site is
immediately adjacent, at position 45. This site is functional in in vitro translation
experiments (not shown).

The comparison of the deduced amino acid sequence of the human FGF6 gene
product with those of the other FGFs (FIGURE 2) shows that the closest relative is
the FGF4 gene product, as was expected considering the cross-reactivity of the
respective molecular probes. FGFs have sequence similarities in a “core” portion
coded by the 3' half of exon 1, exon 2, and exon 3, but differ greatly in the portion
coded by the 5 half of exon 1. In addition, some FGF proteins present specific
insertions and extensions. Paralogous FGF6 proteins have more similarities than
FGF6 and FGF4 proteins of the same species; this is especially true when consider-
ing the portion coded by the 5’ part of exon 1. It is possible that exon 1 corresponds to
a merger between two ancestral exons, created as a result of the loss of an intron. The
structural features of the FGF6 gene product are summarized in FIGURE 3.

. ] .
Human MALGQKLFITMSRGAGRLQGTLWALVFLGILVGMVVPSPAGTRANNTLLDSRGWGTLLSR 60
Mouse Y v Q v a G

o
Human SRAGLAGEIAGVNWESGYLVGIKRQRRLYCNVGIGFHLQVLPDGRISGTHEENPYSLLEI 120
Mouse P

o

Human STVERGVVSLFGVRSALFVAMNSKGRLYATPSFQEECKFRETLLPNNYNAYESDLYQGTY 180
Mouse K====], t Hd R===
Human IALSKYGRVKRGSKVSPIMTVTHFLPRI * 208
Mouse *

FIGURE 1. Conservation between human and mouse FGF6 deduced amino acid sequences.
The human FGF6 amino acid sequence is shown using the single-letter code. The mouse
corresponding sequence is shown beneath using an = symbol for identical amino acids.
Different but conserved amino acids are in lowercase letters. Specific features are indicated as
follows: signal peptide, black bar; three potential methionine initiation codons, bold and
underlined; N-glycosylation site and cysteine residues, bold, underlined with a symbol. The
overall amino acid identity is 93.3% (97.6% when considering conservative changes).
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FGF6 MALGQKLF ITHSRGAGRLOGTLWALVFLGILVGHVVPSPAGTRANNTLLDSRGWGTLLSRSRAGLAGE
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FGF7 MHK P LYRSCFHIICLVGTISACNDMTPEQ)
FGF2 LDRGRGRALPGRLGGRGRGRAPERVGGRRGRTH APRE{ APAARG SRPGPARIIMA G

FGF1

FGF6 1nc-vm-Esc;vLVGIKRQRRLYcm.rc.mmquLpncn1sc'r:-!EENPYSL~LBISWERGWSLFGVRS;\L
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KQSEQPELSFTVTVPEKKENPPSPIKSKIPLSAPRENTNSVEYRLEFRFG*
LDHRDHEMVRQLQSGLPRPPGKGVQPRRRROQKQSPDNLEPSHVQASRLGSQ

FGF3 LEASAH*

FIGURE 2. Comparison between seven human FGF amino acid sequences. Sequences are
aligned, using the single-letter code, to allow comparison with the FGF6 amino acid sequence.
Identical amino acids are shown in dark shaded area and conserved amino acids in light shaded
area. Initiation methionines are in bold, stops in asterisks. Black squares indicate seven
identical residues; and circles, seven identical and conserved residues. FGFs are designated 1 to
7. The correspondence with commonly used names is as follows: FGF1 = aFGF or FGFA or
HBGF1; FGF2 = bFGF or FGFB or HBGF2; FGF3 = INT2; FGF4 = HST or HSTF1 or
K-FGF or FGFK; FGF7 = KGF. A 5’ extension for INT2 has been demonstrated in mouse and
probably also exists in human but was not represented. Sequences were taken from References
10 and 27-32.

The structure of the FGF genes is very similar in human and mouse. The overall
phylogenetic conservation is however difficult to evaluate. A member of the FGF
gene family has been cloned in frog.” We have looked for evidence of such a
conservation in lower species using zoo blot hybridizations (FIGURE 4). A murine
Fgf6 probe hybridizes well with the human FGF6 gene as well as with the human
FGF4 (HST/FGFK ) gene [lighter bands of 6 kilobases (kb) and 2.7 kb]. It lights up
clear bands in chicken and frog DNAs. Bands are also present in the Drosophila lane.
Except for human, it is not known presently whether these cross-reacting bands
correspond to homologous genes.

In view of the high degree of sequence similarities existing between them, we can
readily surmise that the FGF genes are homologues. A phylogenetic tree based on
sequencc data is shown in FIGURE SA. FGF genes have probably evolved by
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successive duplications but the evolution may have followed complex schemes at
certain stages. Among many possibilities, two such schemes could be hypothesized.
In the first, a recent duplication is at the origin of FGF3 (INT2) and FGF4
(HST/FGFK ), both located on chromosomal band 11q13.3, separated by less than 40
kb.” Then, FGF3 evolved separately and rapidly diverged from FGF4, which
remained very similar to FGF6. The second scheme hypothesizes a putative gene
similar to FGF3 on human chromosome 12. In FIGURE 5, we have tentatively
depicted these hypotheses (note that proteins and not gene sequences were used in
this figure).

TRANSFORMING CAPACITY OF CLONED FGF6 GENE

The normal FGF6 gene has a transforming capacity comparable to that of
FGF4.'"'* This was tested by bioassays involving the transfection of human and
murine cloned genes into cultured murine NIH 3T3 fibroblasts followed by either a
tumorigenicity assay or a focus assay. Clones of the normal FGF6 gene were either
genomic cosmid clones or cDNA clones inserted into mammalian expression vectors.
It is noteworthy that the sequence encoding the signal peptide is necessary for the
transforming activity of the transfected FGF6 gene (Coulier et al, in press).
Supernatants from mass culture of the transformed cells and proteins from in vitro
translated FGF6 gene are mitogenic for fibroblasts (FIGURE 6). Moreover, FGF6-
transformed cells are tumorigenic when injected into nude mice.

Despite this intrinsic transforming capacity, the FGF6 gene has never been
detected so far in transfection assays, in contrast to FGF4 which has been frequently
identified in these assays."”'® Furthermore, the gene has never been found altered in
human tumors. The intrinsic oncogenic capacity of the FGF genes must be repressed
in vivo. However, the mechanisms of this repression are not known.

cgo 1

Potential M
cleavage

sites “Core” region
11 3440 78 157
[l T l]l L T I
1 16 sads 90 208

FIGURE 3. Structure of the FGF6 protein. The structure of the FGF6 protein was predicted
from cDNA sequence and in vitro translation experiments. A long open reading frame starting
with three in-frame ATG codons is able to code for a protein of 208 residues. Only the two first
ATG codons seem to be used for translation initiation. A stretch of 25 hydrophobic residues,
indicated by a hatched box (a bar in FIGURE 1), may act as a signal peptide. Two potential
cleavage sites are indicated. A unique N-linked glycosylation site, which appears to be used in
vitro, is indicated by N. Two cysteine residues, conserved among the seven FGFs described to
date, are indicated; they may be involved in a disulfide bridge. A “core” region (hatched)
represents a region having sequence similarities in all members. The corresponding amino acid
positions are indicated below.
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FIGURE 4. Conservation of the FGF6 gene. Southern “zoo blot™ hybridization was carried out
at 42°C, in 35% formamide, 5 X SSC, 5 x Denhardt’s, on 10 pg of DNA from various species as
follows: H, human; M, mouse; C, chicken; F, frog (Xenopus laevis); D, fly (Drosophila
melanogaster). The probe used (probe PN) was a murine Fgf6 cDNA spanning the three coding
exons.

EXPRESSION OF THE FGF6 GENE IN ADULT AND EMBRYONIC TISSUES

FGF genes are expressed in a wide variety of cells, in the adult as well as in the
embryo. FGF genes present various patterns of expression in the developing embryo,
where they could play an important physiological role as inducers of cell determina-

tion and migration.'>"
Fgf6 expression was analyzed by northern blot hybridization in the adult and in
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the embryonic mouse." In adult tissues the Fgf6 gene is expressed in skeletal muscle
and heart, but not in smooth muscle. An Fgf6 transcript was also detected in adult
testis. Use of northern blot hybridization with sense and antisense RNA probes
showed that this testis-specific expression corresponds to an antisense transcript
from the Fgf6 locus (FIGURE 7). Presently, nothing is known of its structure and role.

A FGF6
FGF4
FGF5
FGF3

\ FGF7

FGF1

FGF6

FGF6
FGF4

C
?
FGF4
FG
K FGF3

FIGURE 5. Phylogenetic FGF protein trees. A: Unrooted phylogenetic tree inferred from the
amino acid sequences of the FGFs. The operational units (OU) present at the external nodes
are the seven FGF proteins with names used in FIGURE 2. The tree shows one topology only
(out of 954 theoretically possible given 7 OU; Reference 11). Branches are scaled, i.e., their
lengths are proportional to the number of substitutions. B and C: portions of unrooted trees
inferred from sequence and chromosomal localization data, with focus on three QU; FGF3 and
FGF4 are clustered on chromosomal band 11q13," while FGF6 lies on band 12pter.” In these
particular trees, a specific rapid divergence of FGF3 (B) or a cluster duplication (C) is
hypothesized.

The presence of an antisense transcript originating from an FGF locus has already
been noted in the case of FGF2 in Xenopus laevis.”

In mouse embryos, Fgf6 is expressed during middle and late gestation with a peak
at day 15. The transcript has a size of 4.8 kb. As a rule, the expression level is low,
necessitating use of poly(A)” RNA to be detected.
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FIGURE 6. Mitogenic activity of in vitro translated FGF6 peptides. RNAs transcribed in vitro
were used in a rabbit reticulocyte lysate system, in the presence of canine pancreatic microso-
mal membranes, to translate FGF6 peptides. Increasing amounts of in vitro translation mixtures
were tested for stimulation of [H]thymidine incorporation of Balb/c 3T3 cells. Samples tested
included translation products from antisense (circles) or sense (squares) transcripts.
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FIGURE 7. Detection of an antisense transcript from the FGF6 locus by northern blot
hybridization. Poly (A*) RNA was isolated from 2-month-old mouse testis and hybridized with
[“P]CTP-labeled RNA, transcribed either in the Fgf6 sense orientation by T7 (lane S) or in the
antisense orientation by T3 (lane AS) polymerase from the appropriately linearized cDNA
clone p173. This clone represents the mouse Fgf6 gene first exon. Markers on the left represent
Hae 111 DNA fragments from phage PhiX 174. The sense probe reveals an antisense transcript
of 0.85 kilobase pair (kbp) (arrowhead).
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CONCLUSION

When the number of the known FGFs suddenly rose from two to seven, it became
important to define their specific role and how they assume it. Characterization of
the FGF receptors could have helped in resolving this question. However, the
analyses of ligand-receptor interactions reveal a peculiar pattern characterized by an
ambiguity in the interacting FGF-FGFR couples; for the time being this contributes
to darkening the picture a little more. How the cells discriminate between the various
FGFs remains unknown. Furthermore, nothing is known about possible interactions
between FGFs themselves. Is there such a thing as a coordinate regulation of FGF
gene expression, at least during certain periods of development, under certain
circumstances, or in certain areas? Study of the FGF6 gene has so far only
introduced an element of complexity into these problems. It has shown that some
members of the family can be more closely related than the average. It has confirmed
that some FGF genes do present an intrinsic transforming activity even if their role in
carcinogenesis—especially of those having this capacity—is far from being estab-
lished. Finally, the restricted pattern of expression of the gene points to a specific
activity of FGF6 in the embryo and in cardiac and skeletal muscle cells. Regulating
muscular activity or development appears to be an important function of the FGFs,
and members of the family seem to exert a control on myoblasts.”* The precise role
of FGF6 with respect to muscle function will have to be defined.
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