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ABSTRACT Four new members of the fibroblast growth
factor (FGF) family, referred to as fibroblast growth factor
homologous factors (FHFs), have been identified by a combina-
tion of random cDNA sequencing, data base searches, and
degenerate PCR. Pairwise comparisons between the four FHFs
show between 58% and 71% amino acid sequence identity, but
each FHF shows less than 30% identity when compared with
other FGFs. Like FGF-1 (acidic FGF) and FGF-2 (basic FGF),
the FHFs lack a classical signal sequence and contain clusters of
basic residues that can act as nuclear localization signals. In
transiently transfected 293 cells FHF-1 accumulates in the
nucleus and is not secreted. Each FHF is expressed in the
developing and adult nervous systems, suggesting a role for this
branch of the FGF family in nervous system development and
function.

Fibroblast growth factors (FGFs) comprise a family of nine
related polypeptides with broad mitogenic and cell survival
activities (1-3). FGF-1 (acidic FGF) and FGF-2 (basic FGF),
the first family members to be identified, purified, and se-
quenced, are widely expressed and are potent mitogens for a
variety of cell types (4, 5). The gene encoding FGF-3 is a
common target for activation by the mouse mammary tumor
virus (6), and the genes encoding FGF-4, FGF-5, and FGF-6
have transforming activity when introduced into NIH 3T3 cells
(7-9). FGF-7, FGF-8, and FGF-9 are mitogens for keratino-
cytes, mammary carcinoma cells, and astrocytes, respectively
(10-12). Recent experiments indicate that several FGFs have
bioactivities that were not evident during their initial identi-
fication. For example, FGF-2 can induce ventral mesoderm in
Xenopus embryos (13, 14), FGF-4 is involved in growth and
patterning of the chicken limb bud (15), FGF-5 controls hair
follicle cycling in the mouse (16), and FGF-8 can cause
duplications of the embryonic chicken midbrain (17).

The nine known FGFs are between 155 and 268 amino acid
residues in length and share a conserved central region of
~140 amino acids. This region forms a compact B-barrel with
3-fold symmetry that is nearly identical in structure to the
folded core of interleukins-la and -18 (18-21). FGF-1 and
FGF-2 also resemble interleukin-1p in lacking a classical signal
sequence. Current data indicate that FGF-1 and FGF-2 are
released from cells by a route that is distinct from the
endoplasmic reticulum-Golgi secretory pathway (22, 23).

FGF signaling is generally assumed to occur by activation of
transmembrane tyrosine kinase receptors. Four FGF receptor
(FGFR) genes have been identified thus far (24), and activat-
ing or inactivating receptor mutations have been described for
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a subset of these genes in both mice and humans. In the mouse,
disruption of the FGFR1 or FGFR2 genes leads to early
embryonic lethality (25, 26), and disruption of FGFR3 leads to
bone overgrowth (27, 28). In humans, point mutations in
FGFR1, FGFR2, and FGFR3 have been found in a variety of
skeletal disorders (reviewed in ref. 29).

In this paper we report the identification and characteriza-
tion of four new members of the FGF family, which we refer
to as fibroblast growth factor homologous factors (FHFs).
FHFs are expressed principally in the nervous system and are
therefore likely to play a role in nervous system development
and/or function.

MATERIALS AND METHODS

Random ¢DNA Sequencing. Details of retina cDNA library
construction, template preparation, and sequence determina-
tion are reported in ref. 30.

Degenerate PCR. A fully degenerate sense-strand primer with
a flanking EcoRI restriction site was synthesized for the amino
acid sequence VFENYYYV, and three partially degenerate anti-
sense primers with a flanking BamHI site were synthesized to
include all possible codons for the amino acid sequence
MKGN(H/R)VK. These primers were used to amplify human,
murine, and bovine genomic DNA templates using Thermus
aquaticus polymerase under the following conditions: 1X (94°C,
7 min), 35X (45°C, 2 min; 72°C, 0.5 min; 94°C 0.5 min; 95°C, 0.25
min). PCR products were cleaved with EcoRI and BamHI,
fractionated by preparative agarose gel electrophoresis, sub-
cloned into pBluescript, and individually sequenced.

c¢DNA and Genomic Clones. Oligo(dT)-primed cDNA li-
braries from adult human retinas (31) and PO-P7 mouse eyes
(A. Lanahan, H. Sun, and J.N., unpublished work) were
screened by DNA hybridization under standard conditions
(32). The complete coding region sequences of human FHF-1,
FHF-2, and FHF-3 and mouse FHF-1, FHF-3, and FHF-4 were
obtained from two independent cDNA clones. For human

Abbreviations: FGF, fibroblast growth factor; FGFR, FGF receptor,
FHF, FGF homologous factor; RFLP, restriction fragment length
polymorphism; ER, endoplasmic reticulum; cM, centimorgan; e, em-
bryonic day; P, postnatal day; LGN, lateral geniculate nucleus; NLS,
nuclear localization signal; B-gal, B-galactosidase; CNS, central ner-
vous system.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank data base (accession nos. U66197-U66204).
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FHF-4, the first 72 codons were sequenced from a single clone,
and the rest of the coding region from two independent clones.
For mouse FHF-2, the coding sequence was determined from
cloned genomic DNA and from a PCR product obtained by
amplification of the full-length coding region from the PO-P7
mouse eye cDNA library. A partial Mbol digest mouse
genomic DNA library in bacteriophage A was screened to
obtain the mouse FHF-2 genomic clones.

Chromosomal Localization. Human chromosome mapping
was performed by Southern blot hybridization to DNA derived
from a panel of 24 human/mouse or human/hamster hybrid cell
lines, each carrying a different human chromosome (Oncor).
Interspecific backcross progeny were generated by mating
(C57BL/6J X Mus spretus)F; females and C57BL/6J males as
described (33). A total of 205 N, mice were used to map the FHF
loci. DNA isolation, restriction enzyme digestion, agarose gel
electrophoresis, Southern blot transfer, and hybridization were
performed essentially as described (34) using Zetabind nylon
membrane (AMF Cuno). Washing was done to a final stringency
of 0.8-1.0x SSCP/0.1% SDS at 65°C. The FHF-1 probe, a 1-kb
fragment of mouse genomic DNA, detected fragments of 2.1 kb
in C57BL/6J (B) DNA and 10.0 kb in M. spretus (S) DNA
following digestion with BamHI. The FHF-2 probe, a 0.75-kb
fragment of mouse cDNA, detected Bg/l fragments of 19.0, 11.5,
8.2,and 2.2 kb (B) and 13.5, 8.2, and 2.2 kb (S). The FHF-4 probe,
a 0.3-kb fragment of mouse cDNA, detected EcoRV fragments
of =~24.0 kb (B) and ~7.7 kb (S).

Most of the probes and restriction fragment length poly-
morphisms (RFLPs) for the loci linked to the FHF genes in the
interspecific backcross have been reported earlier. These
include: Irgl and Rap2a, on chromosome 14 (35); Smst on
chromosome 16 (36); and Hprt, Cd401, and Ar on the X
chromosome (37, 38). The probe for apolipoprotein D, a
290-bp HindIll/BamHI fragment of rat cDNA, which was
kindly provided by Alan Peterson, detected Xbal fragments of
3.1 and 2.8 kb (B) and 3.1 and 2.6 kb (S). The inheritance of
the 2.6-kb M. spretus-specific Xbal RFLP was followed. Re-
combination distances were calculated as described in ref. 39
using the computer program SPRETUS MADNESS. Gene order
was determined by minimizing the number of recombination
events required to explain the allele distribution patterns.

RNase Protection. Total RNA was prepared from adult mouse
brain, eye, heart, kidney, liver, lung, spleen, and testis by homog-
enization in guanidinium thiocyanate and extraction with phenol,
followed by centrifugation through 5.7 M cesium chloride (32).
Ten micrograms of total RNA from each tissue or 10 ug of yeast
tRNA was used for the RNase protection assay. Riboprobes were
synthesized using either T7 or T3 RNA polymerase on linearized
templates in pBluescript. Each mouse FHF probe contained
150-250 bases from the antisense strand linked to 25-50 bases of
vector sequence. Reagents were obtained from Ambion (Austin,
TX), and the hybridization and digestion conditions were as
recommended by Ambion.

In Situ Hybridization. Freshly dissected adult mouse brains,
whole embryos, or heads were rapidly frozen in plastic molds
placed on a dry ice/ethanol slurry and processed for sectioning
as described (40). 33P-labeled antisense riboprobes were prepared
from linearized pBluescript plasmid subclones using either T3 or
T7 RNA polymerase. In situ hybridization was performed in 50%
formamide/0.3 M NaCl at 56°C as described (41). Following
RNase treatment, the slides were washed for 1 hr in 0.1X SSC at
55°C. After the hybridized sections were exposed to x-ray film, the
slides were stained with cresyl violet. Digitized images of the
stained slides and corresponding autoradiograms were superim-
posed using Adobe Photoshop software. The probes used were:
FHF-1, 0.75 kb containing the complete coding region; FHF-2,
0.5 kb containing 0.3 kb of intron 4 and 0.2 kb of exon 5; FHF-3,
two 0.4 kb segments containing the 5’ or 3’ halves of the coding
region; FHF-4, 0.5 kb containing the 3’ two-thirds of the coding
region. The coding regions of the different murine FHFs share
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between 63% and 71% nucleotide sequence identity, suggesting
that there should be little or no cross-hybridization under the
conditions used.

Immunohistochemistry. Rabbit polyclonal anti-FHF-1 an-
tibodies were raised against a bacterial fusion protein consist-
ing of the carboxyl-terminal 190 amino acids of FHF-1 fused
to the T7 gene 10 protein (42). Anti-FHF-1 antibodies were
affinity-purified using the fusion protein immobilized onto
nitrocellulose; those antibodies directed against the fusion
partner were removed by absorption to immobilized T7 gene
10 protein. For immunostaining of the primate brain, three
monkeys (Macaca mulatta) were anesthetized with ketamine
(35 mg/kg, i.m.), injected with a lethal dose of sodium pen-
tobarbital (100 mg/kg, i.v.), and perfused through the heart
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The brains were removed, cryoprotected in 20% sucrose
at 4°C, frozen, and cut at a thickness of 10 or 20 um. Sections
were sequentially incubated with affinity-purified rabbit anti-
FHF-1 antibodies, biotinylated goat anti-rabbit IgG (Vector
Laboratories), peroxidase-conjugated avidin (Extravidin, Sig-
ma), and 3,3'-diaminobenzidine dihydrochloride (Aldrich) in
the presence of hydrogen peroxide. Most sections were then
mounted on gelatin-coated slides, dehydrated, cleared, and
coverslipped. Following the histochemical reaction, some of
the 10-um thick sections were washed and then incubated
sequentially in mouse anti-parvalbumin (Sigma), biotinylated
horse anti-mouse IgG (Vector Laboratories), and streptavidin
conjugated to Texas Red (Chemicon). These sections were
mounted on clean slides, partially dried, and covered in a
glycerol/phosphate buffer medium. Adjacent sections were
processed histochemically for cytochrome oxidase or were
stained for Nissl substance to determine the boundaries of
subcortical nuclei or cortical areas and layers.

Production and Localization of FHF-1 in Transfected Cells.
To increase the efficiency of FHF-1 translation, the region
immediately 5’ of the initiator methionine coding was con-
verted to an optimal ribosome binding site (CCACCATGG) by
PCR amplification, before inserting the complete FHF-1 open
reading frame into the eukaryotic expression vector pCIS (43).
The pCIS vector was also used for the B-galactosidase (B3-gal)
constructs. Human embryonic kidney cells (293) were tran-
siently transfected with the expression construct and a plasmid
expressing the simian virus 40 large T-antigen by the calcium
phosphate method (43). For [33S]methionine labeling cells were
transferred to serum-free medium 24 hr after transfection, and
labeled for 6 hr. For immunostaining, transfected cells were
grown on gelatin-coated coverslips. One day after transfection the
cells were fixed in 2% formaldehyde in PBS for 30 min at room
temperature, permeabilized with cold methanol for 10 min at
—20°C, preincubated for 15 min in 3% BSA in PBS, incubated for
1 hr at room temperature with affinity-purified anti-FHF-1
antibody at a dilution of 1:1000 and mouse monoclonal anti-BiP
at a dilution of 1:400 in 3% BSA in PBS, washed 3 times for 15
min with 0.1% Tween 20 in PBS at room temperature, and then
incubated with fluorescein-conjugated donkey anti-rabbit IgG
and rhodamine-conjugated goat anti-mouse IgG in 3% BSA in
PBS for 30-60 min. The coverslips were then washed in 0.1%
Tween 20 in PBS and mounted in 0.1% 1,4-diazobicyclo[2.2.2]-
octane, 75% glycerol, 10 mM Tris (pH 8.0). For 5-bromo-4-
chloro-3-indolyl B-D-galactoside (X-Gal) staining, transfected
cells were fixed in 0.5% glutaraldehyde/PBS for 10 min at room
temperature, washed twice in PBS with 2 mM MgCl,, incubated
in 5 mM K3Fe(CN)s, 5 mM K4Fe(CN)g, 2 mM MgCl, in PBS for
1-2 hr at 37°C, and postfixed in 0.5% glutaraldehyde in PBS for
10 min at room temperature.

RESULTS

Identification of a Family of Sequences Homologous to the
FGFs. In a pilot study aimed at identifying novel genes expressed
in the retina, we obtained partial sequences from 5000 human
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retina cDNA clones (ref. 30 and J.P.M., PM.S,, and J.N,, un-
published work). One of the partial cDNA sequences, hereafter
referred to as FHF-1, showed statistically significant homology to
the FGFs. Full-length FHF-1 cDNA clones were isolated from an
adult human retina cDNA library and were found to encode a
protein of 244 amino acids with 27% amino acid identity to
FGF-9, the most homologous member of the FGF family.

The FHF-1 sequence was used as a query to search the
National Center for Biotechnology Information data base of
expressed sequence tags and sequence tagged sites. One
expressed sequence tag entry (DBEST ID 06895) derived from
a human infant brain cDNA library (44), and hereafter re-
ferred to as FHF-2, encoded a segment of 77 amino acids with
significant homology to the carboxyl terminus of FHF-1 but
with no significant homology to other members of the FGF
family. Similarly, one sequence tagged site entry (DBEST ID
76387, ref. 45), derived from human genomic DNA and hereafter
referred to as FHF-3, contained a putative exon encoding a
protein segment with a high degree of homology to FHF-1 and
a low degree of homology to other FGF family members.
Full-length FHF-2 and FHF-3 cDNA clones were isolated from
an adult human retina ¢cDNA library and found to encode
proteins of 245 and 225 amino acids, respectively, with greater
than 58% amino acid identity to FHF-1 and to each other.

To search for additional FHF-like sequences, degenerate oli-
gonucleotide primers were designed for PCR amplification of
codons 151-190 (in the FHF-1 numbering system) based on a
comparison of the sequences of FHF-1, FHF-2, and FHF-3. An
analysis of amplification products obtained using mouse, human,
and bovine genomic DNA templates revealed that in each of
these species this region of FHF-1, FHF-2, and FHF-3 is encoded
within a single exon. This analysis also revealed a fourth class of
FHF-like PCR products. cDNA clones encoding this fourth FHF
family member, referred to as FHF-4, were obtained from a
human retina cDNA library. The DNA sequences of these clones

hFHF - AAATASSLI RQKRQARESN SDRVSASKRR SSPSKDGRSL CERHVLGVF! 50
hFHF - M IASGLI RQKR( !AREQH WDRPSAS PSKN-RGL CNGNLVDIF 49
hFHF - MA, SLI RQ ARERE KSN--ACKCV SS SKG-KTS CDKNKLNVF: 7
hFHF - M-, SLI RQ iEV'REPG GSRPVSAQRR VCPRGT-KSL CQKQLLILL 8
hFGF - M-APLGE--V Gl 'GVQDAV P----FGNVP VLPVDS-PVL - 8
hFGF - M--AEGE--~ --=------- -oc-- ITTFT ALTE---KF- -------] NL 9
hFGF - M- smmm—mmems eomeo ITTLP ALPEDGGSG- ------- AF! 22
v
hFHF - VRFCSGRKR PVRRRPEPQL VTR--LF SQQ-GYFLQM HPDGTIDC 7
hFHF - KVRIFGLKKR RLRRQ-DPQL --LY CRQ-GYYLOM HPDGALDGT 5
hFHF - RVKLFGSKKR RRRPEPQL VTK--LY SRQ-GYHLQL QADGTIDGT 3
hFHF- .VRLCGGRP. PDRGPEPQL VTK-~LF CRQ-GFYLQA NPDGSIQGTP 5
hFGF- SEAGGLPRG PA D-H] LRRRQLY CRT-GFHLEI FPNGTIQG 6
hFGF - PGNY---~K- -=---- KPKL ----- -~--LY CSNGGHFLRI LPDGTVDG 50
hFGF - PGHF----K- ------ DPKR ----- ---LY CKNGGFFLRI HPDGRVDGVI 53
hd v
hFHF - DENSDYTLFN LIPVGLRVVA IQGVKASLYV AMNGEGYLYS SDVF C 7
hFHF - DDSTNSTLFN LIPVGLRVVA IQGVKTGLYI AHNGEGYLYP SELFTP! S
hFHF - DEDSTYTLFN LIPVGLRVVA IQGVQTKLYL AMNSEGYLYT SELFTPEC 3
hFHF - EDTSSFTHFN LIPVGLRVVT SAKLGHYM AMNAEGLLYS PHP" AECRF S
hFGF - DHSRFGILE FISIAVGLVS GVDSGLYL GMNEKGELYG SEKLTQECVF 6
hFGF- DRSDQHIQLQ LSAESVGEVY IKSTETGQYL AMDTDGLLYG SQTPNEECLF 0
hFGF- EKSDPHIKLQ LQAEERGVVS IKGVCANRYL AMKEDGRLLA SKCVTDECFF 3

hFHF - ESVFENYYV I TLYRQQ ESGRAWFIGL NKEGQIMKGN RVKKTKPSSH 7
hFHF - ESVFENYYV I MLYRQQ RAWFLGL NKEGQAMKGN RVKKTKPAAH

hFHF - ESVFENYYV T MIYRQQ QSG RGWYLGL NKEGEIMKGN HVKKNKPAAH

hFHF - ECVFENYYV L AL VRQR RSGRAWYLGL DK GQVMKGN \VKKTKAAAH

hFGF - REQFEENWYN TYSSNLYKHV DTGRRYYVAL TKRHOKFTH 6
hFGF - LERLEENHYN TYISKKHAEK ----NWFVGL KKNGSCKRGP THYGQKAIL 6
hFGF- FERLESNNYN TYRSRKYT-- ---- SWYVAL KRTGQYKLGS KTGPGQKAIL

A

hFHF- FV TEVCM YREPSLHEIG E---KQG--R SRKSSGTPTM NGGKVVNQ-D 24
hFHF- FLPKPLEVAM YREPSLHDVG ETVPKPGVTP SKSTSASAIM NGGKPVNKSK 24
hFHF- FLPKPLKVAM YKEPSLHDLT EFSRSGSGTP TKSRSVSGVL NGGKSMSHNE 4.
hFHF- FL. LEVAM YQEPSLHSVP EASPSS---P 2
hFGF- FLPRPVDPD- -KVPELY--- --=-- KD---- —------- 0!
hFGF- FLPLPVS--=- —--o--cmon cmmmmmoooo 5
hFGF- FLPMSAKS-- ----=-=s-om mmmmmmooo e mmmemomme e e 55
hFHF - ST 4
hFHF- 4
hFHF - ST 4
hFHF- AP 2
hFGF- S 0
hFGF- D 55
hFGF- - 55

FiG. 1.
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predict an encoded protein of 247 amino acids with greater than
60% amino acid identity to FHF-1, FHF-2, and FHF-3.

Fig. 1 shows an alignment of the amino acid sequences of
human FHF-1, FHF-2, FHF-3, and FHF-4 with those of
human FGF-1, FGF-2, and FGF-9. Also shown in Fig. 1 is a
dendrogram of all the known FGF sequences, including the
sequences of mouse FHF-1, FHF-2, FHF-3, and FHF-4.
Pairwise comparisons between each FHF and the nine FGF
family members show less than 30% amino acid identity,
whereas all pairwise comparisons among the four FHFs show
between 58 and 71% amino acid identity. Between mouse and
human orthologues there is greater than 97% amino acid
identity (see Fig. 1 legend). Thus, the four FHFs define a
distinct and highly conserved branch of the FGF family.

As seen in Fig. 1, the four FHFs lack a recognizable amino-
terminal signal sequence. Among the nine previously character-
ized members of the FGF family, FGF-1, FGF-2, and FGF-9 are
also distinguished by the lack of a recognizable amino-terminal
signal sequence (4, 5, 12). Current evidence indicates that FGF-1
and FGF-2 are synthesized in the cytosol and are released by a
mechanism independent of the ER-Golgi secretory pathway (22,
23). Although FGF-9 lacks a cleavable amino-terminal signal
sequence, it is glycosylated and efficiently secreted from cultured
glioma, Chinese hamster ovary, and COS cells, presumably via
the ER-Golgi pathway (12).

Intron-Exon Structure of the FHF-2 Gene. In the mouse,
the FHF-2 gene is divided into five coding exons spread over
at least 50 kb (Fig. 24). The locations of the introns are
indicated in Fig. 1 by arrowheads above the aligned amino acid
sequences. By contrast, the genes encoding FGF-1, FGF-2,
FGF-3, FGF-4, FGF-5, and FGF-6 are divided into three
coding exons; in these genes the locations of the two introns
correspond to the locations of introns 2 and 3 in the FHF-2
gene (Fig. 2B; refs. 6-9, 49, 50). The gene encoding FGF-8 also
conforms to this arrangement but has two additional exons at
the extreme 5’ end of the coding region (48).

—

hFGF-5
mFGF-3
hFGF-1
hFGF-2
hFGF-9
hFGF-7
hFGF4
hFGF-6
mFHF-4
hFHF-4
hFHF-1
mFHF-1
hFHF-2
mFHF-2
hFHF-3
mFHF-3
mFGF-8

llllﬁ A

Amino acid sequences of FHFs. (Left) Sequence alignment of the four human FHFs with human FGF-1, FGF-2, and FGF-9 using

Geneworks software. The murine FHFs differ from their human orthologues by the amino acid substitutions listed below. The first and last letters
indicate the amino acids in the human and mouse sequences, respectively, and the number indicates the position along the polypeptide chain. FHF-1:
QB86E; FHF-2: A2T, L136H; FHF-3: A58T, P60Q, Q180R, L197V, Q207R, A217T, P225H; FHF-4: C40F, A181V, P221A, S244C. Intron locations
for murine FHF-2 are indicated by arrowheads above the aligned sequences. If the adenosine of the initiator ATG is taken as nucleotide 1, then
the FHF-2 introns are located after nucleotides 187, 298, 402, and 601. The locations of the 12 segments with B-sheet conformation in the FGF-2
crystal structure are underlined (20). Amino acid sequences of FGF-1, FGF-2, and FGF-9 are from refs. 12, 46, and 47. (Right) Dendrogram of
mammalian FGF family members in which the length of each line is proportional to the degree of amino acid sequence divergence. h, human; m,

murine.
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Comparison of the FGF-1 and FGF-2 crystal structures with
the FGF and FHF intron—exon structures shows that most introns
demarcate boundaries between structural units. The FGF-1 and
FGF-2 crystal structures (18-21) reveal five structural units as
indicated schematically in Fig. 2B: a disordered amino terminus
(unit a), an ordered central domain composed of three structur-
ally homologous units arranged in a trigonal pyramid (units b—d),
and a disordered carboxyl terminus (unit €). The disordered
termini correspond to the regions of highest sequence divergence
among FGF family members and in the FHF-2 gene these regions
are encoded by the first and fifth exons. The second unit within
the central domain (c) is encoded by the second exon in the
FGF-1-FGF-6 genes and by the third exon in the FHF-2 gene.
Three of 4 B-sheets that comprise the first folding unit within the
central domain (b) are encoded by the second exon of the FHF-2
gene; the fourth B-sheet of this unit and the entire third unit of
the central domain (d) are encoded by the fourth exon. This
general correspondence between intron—exon structure and pro-
tein domains supports the hypothesis that exons evolved to
encode distinct structural units (51).

Chromosomal Localization of FHFs. As a first step in the
genetic analysis of the FHF subfamily, we have determined the
chromosomal and subchromosomal localization of these genes.
In humans, FHF-1, FHF-2, FHF-3, and FHF-4 are located on
chromosomes 3, X, 17, and 13, respectively, as determined by
Southern blot hybridization of genomic DNA from rodent—
human hybrid cell lines carrying individual human chromo-
somes. The sequence tagged site described above, which
encompasses one exon of FHF-3, was derived from human
chromosome 17 and maps near the BRCA-1 gene (45).

16 X 14
2131
Smst 3q28 15411 Hprt  Xq26.1
2ns Cddol g1
[CWEE I ones (o) <57 X
mar
24135
N7 5.5+-2.0
5.4+-1.7 178433
ona2 Rap2a  13q34
Apod  3q27-gter Ar  Xq11.2q12 @1 Five

FiG. 3. Partial chromosome linkage maps showing the locations of
the FHF-1, FHF-2, and FHF-3 genes in the mouse. The genes were
mapped by interspecific backcross analysis. To the left of each
chromosome map, the number of recombinant N animals is presented
divided by the total number of N animals typed for each pair of loci.
The recombination frequencies, expressed as genetic distance in cM
(* 1 SEM) are also shown. The upper 95% confidence limit of the
recombination distance is given in parentheses when no recombinants
were found between loci. The positions of loci on human chromo-
somes, where known, are shown to the right of the chromosome maps.
The map positions of most human loci can be obtained from the
Genome Data Base, a computerized data base of human linkage
information maintained by The William H. Welch Medical Library of
The Johns Hopkins University.
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FiG. 2. Murine FHF-2 gene structure. (4) A restriction map
derived from cloned mouse genomic DNA segments is shown with
the locations of the five coding exons. Gaps separating the four
cloned segments are of unknown size. B, BamHI; E, EcoRI; H,
HindIIl. (B) Comparison of FGF-1 and FGF-2 tertiary structures
(Left) and the intron-exon structures for FGF-1, FGF-2, FGF-3,
FGF-4, FGF-5, and FGF-6 (Center) and FHF-2 (Right). The tertiary
structure cartoon is based on the crystal structures of FGF-1 and
FGF-2 (18-21), and is divided into a disordered amino-terminal
domain (a), three structurally homologous folding units that make up
a trigonal core (b-d), and a disordered carboxyl terminus (e).
Folding unit b is formed from noncontiguous polypeptide segments,
denoted b1 and b2. The FGF gene structures are reported in refs. 4,
6-9, and 48 and their associated GenBank entries.

The chromosomal locations of FHF-1, FHF-2, and FHF-4 in
the mouse were determined using an interspecific backcross
mapping panel from crosses of (C57BL/6J X M. spretus)F; X
C57BL/6J. This mapping panel has been typed for over 2100
loci that are well distributed over all 19 mouse autosomes and
the X-chromosome (33). C57BL/6J and M. spretus DNAs were
digested with several different restriction enzymes and ana-
lyzed by Southern blot hybridization for informative RFLPs.
The chromosomal location of each locus was determined by
comparing its strain distribution in the backcross mice with the
strain distribution patterns for all other loci already mapped in
the backcross (Fig. 3). FHF-1 mapped to the proximal region
of mouse chromosome 16, 1.6 centimorgans (cM) distal to
Smst and 5.1 cM proximal to apolipoprotein D. FHF-2 mapped
to the X chromosome and did not recombine with Cd401 in 168
mice typed in common, suggesting that the two loci are within
1.8 cM of each other (upper 95% confidence interval). FHF-4
mapped to the distal region of chromosome 14, and did not
recombine with Rap2a in 142 mice typed in common, suggest-
ing that the two loci are within 2.1 cM of each other. The
FHF-3 gene was not mapped with the backcross panel because
it failed to reveal an informative RFLP when tested with 14
restriction enzymes. The proximity of the human FHF-3 gene
to BRCA-1 suggests that the mouse FHF-3 gene resides on
chromosome 11 in the region that is syntenic with the BRCA-1
region of human chromosome 17. The FHF genes map in
regions of the composite mouse linkage map (Mouse Genome
Database, The Jackson Laboratory) that contain a number of
mutations that may be candidate FHF alleles.

Expression Patterns of FHFs in the Mouse. In the adult
mouse the tissue distribution of transcripts derived from each
FHF gene was determined by RNase protection. Analysis of

FHF-1

FHF-2

FHF-3

FHF-4

RNA Pol Il

FiG.4. Tissue distribution of FHF transcripts in the adult mouse. Ten
micrograms of total RNA was used for RNase protection with the
indicated FHF probes. A control reaction with an RNA polymerase II
probe is shown at bottom. The RNA samples are as follows. Lanes: 1,
brain; 2, eye; 3, heart; 4, kidney; 5, liver; 6, lung; 7, spleen; 8, testis; 9, yeast
tRNA.
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FIG. 5. In situ localization of FHF transcripts in the developing and adult mouse. 33P in situ hybridization is shown in red superimposed upon
a cresyl violet stain shown in black and white. (4) FHF-2, ell; (B) FHF-3, el1; (C and D) FHF-2, e17; (E) FHF-1, P1, coronal section through
the head at the level of the eyes; (F) FHF-2, P1, coronal section through the center of the head; (G) FHF-1, adult; (H and /) FHF-2, adult; (/)

FHF-3, adult. (K and L) FHF-4, adult.

RNA from brain, eye, heart, kidney, liver, lung, spleen, and
testis revealed expression of each FHF in the brain, and
expression of FHF-1, FHF-2, and FHF-3 in the eye; FHF-1 and
FHF-4 in the testis; and FHF-2 in the heart (Fig. 4). In the
brain, FHF-2 transcripts are at least 5-fold more abundant than
transcripts from any of the other FHFs.

The patterns of FHF gene expression during development
were studied by in situ hybridization to sections obtained on
embryonic day 11 (e11) and 17 (e17), postnatal day 1 (P1), and
from adults. FHF-2 transcripts are abundant at each of the
times examined, and are present in all divisions of the central
and peripheral nervous systems, including the enteric nervous
system (Fig. 5 A, C, D, and F). Consistent with the RNase
protection experiment, FHF-2 transcripts were also observed
in the developing heart at €17 (Fig. 5D). FHF-1, FHF-3, and
FHF-4 transcripts are also widely distributed throughout the
developing nervous system (Fig. 5 B and E and data not
shown). For example, at P1, FHF-1 is highly expressed in the
retina, olfactory epithelium, and olfactory bulb (Fig. 5E). At
ell, FHF-1 and FHF-3 are also found in a segmental pattern
in the body wall (Fig. 5B and data not shown). In the adult
brain each FHF shows a distinctive pattern of expression:
FHF-1 transcripts are present at high levels in the olfactory

bulb and at lower levels in the cerebellum, the deep cerebellar
nuclei, throughout the cortex, and in multiple midbrain struc-
tures (Fig. 5G); FHF-2 transcripts are most abundant in the
hippocampus and are present at lower levels in multiple brain
areas (Fig. 5 H and I); FHF-3 transcripts are present in the
olfactory bulb, hippocampus, and cerebellum where they are
most concentrated in the Purkinje cell layer (Fig. 5/); and
FHF-4 transcripts are present at high levels throughout the
granular layer of the cerebellum and at lower levels in the
hippocampus and olfactory bulb (Fig. 5 K and L).

Distribution of FHF-1 Immunoreactivity in Monkey Brain.
The distribution of FHF-1 immunoreactivity in the adult
rhesus monkey brain was examined using affinity-purified
polyclonal anti-FHF-1 antibodies. These antibodies bind to
recombinant FHF-1 but do not bind to recombinant FHF-2, as
determined by immunostaining of transfected 293 cells and by
Western blotting; their binding to FHF-3 and FHF-4 has not
been tested. Although we refer to immunoreactivity with these
antibodies as “FHF-1 immunoreactivity,” the possibility exists
that other members of the FHF family are in part responsible
for the observed immunostaining.

FHF-1 immunoreactive somata are present throughout the
rhesus monkey cerebral cortex, but these are unevenly distrib-
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uted across layers in any one area and display marked varia-
tions in density and distribution across functional areas (Fig. 6
A-E). The low magnification photomicrographs in Fig. 6 show
that in primary visual, somatosensory, and auditory areas a
relatively high density of immunostained cells is present and
these occupy predominantly the middle layers. In contrast,
fewer and more widely scattered immunostained neurons are
present in the precentral motor area and in the association
cortex of the superior parietal lobule.

Common to each of these cortical areas is the presence of
several FHF-1 immunoreactive populations, the most promi-
nent of which have relatively large (12-14-um diameter),
intensely immunoreactive somata. Other neurons with smaller
(8-10-um diameter) and more lightly immunostained somata
are also present in all areas (Fig. 6F). Colocalization experi-
ments demonstrate that the FHF-1 immunoreactive neurons in
the cerebral cortex make up a subpopulation of neurons
immunoreactive for the calcium binding protein, parvalbumin
(Fig. 6 G and H), which have previously been shown to
comprise a subset of GABAergic interneurons in the monkey
cerebral cortex (52). Variations in immunostained cell density
are also seen in the hippocampal formation where intensely
immunoreactive somata are relatively common in the subicular
complex but are widely scattered in the CA fields, the dentate
hilus, and the dentate gyrus (Fig. 61).

A different pattern of FHF-1 immunostaining is seen in the
dorsal thalamus (Fig. 6J). Only a few of the many nuclei in this
region contain immunoreactive neurons; most prominent
among them is the principal somatosensory relay nucleus (the
caudal ventroposteriolateral nucleus) and the visual relay
nucleus (the lateral geniculate nucleus, LGN). In the LGN
both magnocellular and parvocellular layers are equally im-
munostained. Fig. 6J shows that in the LGN ipsilateral to an
eye deprived by occlusion since birth, FHF-1 immunostaining

Proc. Natl. Acad. Sci. USA 93 (1996) 9855

FiG. 6. FHF-1immunostaining in the macaque monkey CNS.
(A4) Precentral motor cortex; (B) area 3b in the primary somato-
sensory cortex; (C) primary -auditory cortex; (D) area 7b in the
superior perietal lobule; (E) primary visual cortex; (F-H) pop-
ulations of cortical-neurons immunoreactive for FHF-1 include
large intensely immunoreactive cells (arrows), small weakly im-
munoreactive cells (arrowheads), and small weakly immunore-
active cells with fine processes resembling microglia (double
arrows). Simultaneous immunostaining for parvalbumin (G) and
FHF-1 (H) shows that large and small neurons are immunore-
active for both. An uneven distribution of FHF-1 immunoreactive
somata is seen in the hippocampal formation (7), including the
subicular complex (S), the CA fields, and the dentate gyrus (DG).
In the dorsal thalamus (J), FHF-1 immunoreactive somata
occupy patches in the caudal ventroposteriolateral nucleus and
are found in both magnocellular and parvocellular layers of the
LGN. The medial geniculate complex contains few immuno-
stained cells. In the basal telencephalon (K), immunoreactive
neurons are present in both the external and internal segments of
the globus pallidus (Gpe and GPi). (Scale bars = 500 wm in A-E,
20 pm in F, 75 pm in G and H, and 1 mm in /-K.)

is markedly lower in layers innervated by the deprived eye than
in layers innervated by the normal eye.

The relatively large size of FHF-1 immunostained somata in
nuclei of the dorsal thalamus suggests they are cell bodies of
neurons that send their axons to the cerebral cortex. Localization
of FHF-1 immunoreactivity in neurons of caudal ventroposterio-
lateral nucleus and LGN that are lightly immunoreactive for
parvalbumin (data not shown) supports such a conclusion, be-
cause these parvalbumin immunostained neurons in dorsal thal-
amus have been shown to be thalamocortical neurons (53).

Outside of the dorsal thalamus FHF-1 immunoreactive
neurons are present in a diverse collection of subcortical
nuclei, including the globus pallidus and putamen, red nucleus,
substantia nigra, and third nerve complex (Fig. 6K and data

hGH FHF-1 Red
CMCMCM

— FHF-1
— hGH

FiG. 7. FHF-1 is not secreted by human embryonic kidney (293)
cells. 293 cells were transiently transfected with expression plasmids
directing the synthesis of human growth hormone (Left), FHF-1
(Middle), or the human red cone pigment (Right). The cells were
labeled for 6 hr with [3*S]methionine in serum-free medium, and the
total protein present in the cells (C) or medium (M) was resolved by
SDS/PAGE and visualized by autoradiography. Secretion of human
growth hormone (hGH), but not FHF-1, is observed. The mobilities
of protein standards are indicated at the left; from top to bottom their
molecular masses (in kDa) are: 220, 97, 66, 46, 30, 21.5, and 14.3. The
mobilities of hGH and FHF-1 are indicated to the right.
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not shown). In addition, large cells in the deep layers of both
the superior and inferior colliculi are immunostained, as are
neurons in the deep cerebellar nuclei. In conclusion, FHF-1
immunoreactivity is broadly distributed across the neuraxis but
at each level is present in subsets of neurons.

Subcellular Localization of FHF-1 in Transfected Cells. As
noted above, of the nine FGFs described prior to this report,
FGF-1 and FGF-2 are distinguished by the lack of an amino-
terminal signal sequence and by secretion via a pathway that is
independent of the ER and Golgi apparatus (22, 23). Moreover,
FGF-1 and a subset of FGF-2 isoforms (produced by alternative
translation initiation) have been shown to accumulate in the
nuclei of the cells in which they are synthesized as well as in the
nuclei of target cells (54-59). These proteins contain a nuclear
localization signal (NLS) that conforms closely to a consensus
NLS. The nuclear accumulation of FGF-1 and the FGF-2 iso-
forms has raised the possibility that these proteins may have
modes of action in addition to those mediated by binding and
activation of cell surface receptors.

Like FGF-1 and FGF-2, each FHF both lacks a classical
signal sequence and contains clusters of basic residues near its
amino terminus that could serve as an NLS. These data suggest
that the FHFs may resemble FGF-1 and FGF-2 in their
mechanism of secretion and in their subcellular localization.
To test this possibility, we determined the fate of FHF-1
synthesized in transiently transfected human embryonic kid-
ney (293) cells. In one set of experiments, biosynthetically
labeled FHF-1 was found to accumulate to high levels intra-
cellularly but was not detectably secreted into the medium
(Fig. 7). By contrast, human growth hormone produced in
parallel transfections was efficiently secreted. As 293 cells can
secrete a wide variety of growth factors through the ER-Golgi
pathway, this experiment is consistent with the idea that the
FHFs are not secreted via this route.

In a second set of experiments immunostaining of transfected
293 cells revealed accumulation of FHF-1 in the nucleus (Fig.
84), suggesting that the clusters of basic residues can function as
an NLS. A similar result was obtained with FHF-2 (data not
shown). Two main classes of NLS motifs have been described, the
classical and bipartite (60). The classical NLS contains a cluster
of 6 lysine or arginine residues, and the bipartite NLS contains 2
clusters of 3 or 4 basic residues separated by a 10 amino acid
spacer. In FHF-1 the clusters of basic residues resemble more

FiG. 8.
(Left) Summary of the FHF-1 constructs and 5
their localization by immunostaining (con- 1
structs 1-4) or FHF-1-B-gal fusions and their ¢

Identification of a NLS in FHF-1. 110799 277" 39

localization by X-Gal staining (constructs 1 56
5-12). The numbers underneath each construct 7 _¢|
indicate the amino acids from FHF-1 that are 1.0

present in that construct. (Right) (A and B) g

Double-label immunofluorescent localization 23 55
of FHF-1 (green) and BiP (an ER marker,red) ¢
optically sectioned at 0.7 um. (C-F) Histo-
chemical localization of FHF-1-B-gal fusion 4g
proteins. All experiments were performed with 1 27 7 39
transiently transfected 293 cells. (4) Full-length 44
FHF-1, construct 1; (B) construct 4; (C) full-
length B-gal; (D) construct 6; (E) construct 11; 4,
(F) construct 12. ++, strong staining; +, weak 11 38
staining; —, no staining. “a,” construct 12 shows

cytoplasmic staining in 15-20% of cells and I FHF-1
nuclear localization in 80-85% of cells.
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closely the bipartite NLS consensus. To identify and characterize
the putative FHF-1 NLS, we determined the subcellular local-
ization of deletion mutants of FHF-1 by immunostaining with
anti-FHF-1 antibodies, and of fusions between FHF-1 and p-gal
by X-gal staining. These experiments show that the two clusters
of arginines and lysines at amino acids 11-18 and 28-38 comprise
the two basic regions of a bipartite NLS. In the context of the
FHF-1 protein, deletion of either cluster produced a modest
increase in the level of cytoplasmic FHF-1 but left significant
nuclear accumulation (constructs 2 and 3), whereas deletion of
both regions abolished nuclear accumulation (Fig 8B, construct
4). To further characterize the minimal region required for
import, the first 56 or the first 69 residues of FHF-1 were fused
to B-gal and shown to contain a functional NLS (Fig. 8 C-F,
constructs 5 and 6). Fusion of FHF-1 residues 1-22 or 23-55
individually to B-gal failed to direct nuclear localization, indicat-
ing a requirement for both parts of the bipartite NLS or for
sequences distal to the first 55 residues. With B-gal fused to the
first 69 amino acids of FHF-1, the results of deletion analysis
resembled those seen with intact FHF-1 (constructs 5, 9, 10, and
11). Finally, fusion of FHF-1 residues 11-38, containing only the
two clusters of basic residues separated by a 10 amino acid spacer,
conferred nuclear localization, although less efficiently than the
larger segments that contained this region, suggesting that resi-
dues 1-10 or 56-68, outside of the bipartite NLS consensus, may
play an ancillary role in nuclear localization.

DISCUSSION

In this report we present the cloning and initial characterization
of four FHFs that together define a new branch of the FGF
family. This work brings to 13 the number of known FGF family
members. The FHFs share ~30% amino acid identity with
previously characterized FGFs, a degree of relatedness typical of
most pairwise comparisons between FGF family members. The
high degree of sequence diversity among known FGFs in part
reflects the independent routes by which these factors were
identified. With the exception of FGF-6, each of the previously
described FGF family members was identified without using
probes or sequence information derived from other family mem-
bers.

The expression of each FHF is highly restricted during devel-
opment and in the adult, being confined primarily to the nervous
system. In the adult mouse brain, in situ hybridization reveals
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distinctive patterns of expression of each FHF, and in the adult
rhesus monkey brain, immunostaining with anti-FHF-1 antibod-
ies reveals immunoreactivity within neurons in a wide variety of
central nervous system (CNS) regions. If the FHFs resemble
other FGFs in acting as local growth or survival factors then we
would predict that they act on cell types within the CNS, i.e.
neurons, glia, and/or cells of the vasculature.

The pathway(s) of FHF biosynthesis and the mechanisms by
which the FHFs act are currently unknown, but it is reasonable
to suppose that they will resemble those of other FGFs. Thus, we
presume that high-affinity transmembrane receptors exist to
transduce FHF signals and that extracellular matrix molecules
such as heparin act as co-ligands for receptor binding. Similarities
between the sequences of the FHFs and of FGF-1 and FGF-2
suggest additional similarities in those properties that are peculiar
to FGF-1 and FGF-2. In particular, the absence of an amino-
terminal signal sequence in all FHFs and the observed lack of
FHF-1 secretion from transfected 293 cells, suggests that, like
FGF-1 and FGF-2, the FHFs may be released from cells by a
mechanism that is independent of the ER-Golgi secretory path-
way. Whether such an alternative release pathway is activated by
specific stimuli, as observed for the pathway of interleukin-18
release (61), or is present in only some cell types, remains to be
determined. Similarly, the presence of a functional NLS in FHF-1
and of NLS-like sequences in FHF-2, FHF-3, and FHF-4 suggests
that the FHFs, like FGF-1 and FGF-2, may normally enter the
nucleus, a possibility supported by the localization of FHF-1
immunoreactivity to both the nucleus and cytoplasm of neurons
within the primate CNS. Although the relevance of nuclear
accumulation to FHF action remains to be determined, recent
experiments suggest that mitogenic activity of FGF-1 requires a
functional NLS (54, 59).

The preceeding discussion suggests that the FHFs may play
important roles in nervous system development, function, and
disease. Moreover, the evolutionary conservation of FHF
orthologues suggests that each FHF has distinct and conserved
biological activities. The identification and characterization of
these activities will require both the development of assays for
FHF action in vitro and targeted manipulations of FHF gene
structure in vivo. Once these activities are identified, it may be
possible to produce biological effects of therapeutic value by
either augmenting or antagonizing FHF action.
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