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Abstract
Three alternatively spliced mRNA isoforms of the
human fibroblast growth factor-8 (FGF8) gene,
expressed in a prostatic carcinoma cell line, have been

isolated as cDNA clones and characterized by DNA
sequencing. The clones, designated FGF8a, FGF8b, and
FGF8e, differ from each other at the NH2-terminal
region of the mature proteins and share extensive
nucleotide sequence homology in the protein coding
region to the corresponding mouse cDNA isoforms that
were previously reported. FGF8a and FGF8b exhibit
identical amino acid sequences to those of their
murine counterparts. FGF8e displays partial sequence
variation from the corresponding mouse clone only in
the extra exon sequence found in this isoform in both
species. There is extensive sequence diversity between
FGF8 (human) and Fgf8 (murine) genes in the 3’-
untranslated region of the mRNAs. Northern blot
analyses revealed FGF8 mRNA expression only in fetal
kidney tissue among the various fetal and adult human
tissues tested. The reverse transcription-PCR
amplification method, however, detected FGF8 mRNA
expression in adult prostate, kidney, and testes (the
tissues that were tested) and in all normal and tumor
prostatic epithelial cell lines examined; although
expression of both FGF8a and FGF8b was seen in
kidney and testes, FGF8b appeared to be the
predominantly expressed species in the prostatic
tissue and cell lines analyzed by reverse transcription-

Received 6/4/96; revised 7/1/96; accepted 7/31/96.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to mdi-
cate this fact.
1 This work was supported by NIH Grant CA59705 and in part by NIH
Grant CA58412, a grant from T. J. Martell Foundation, University of Col-
orado Cancer Center, NIH Grant CA46934 through the Cytogenetics Core
Laboratory, University of California Breast Cancer Research Program
Grant 1RB-0484, a postdoctoral fellowship from NIH Training Grant T32-
CA09320, and predoctoral fellowship DAMD 17-94-J-4319 from the Dc-
partment of the Army.
2 To whom requests for reprints should be addressed, at Department of
Pathology, University of Southern California School of Medicine, 2011
Zonal Avenue, Los Angeles CA 90033.

PCR. To address the biological effect of specific
isoform expression, NIH3T3 cells were transfected with
a eukaryotic expression vector containing cDNA for
FGF8a, FGF8b, or FGF8e. Consistent with previous
reports on differences in the transforming potential of
mouse FGF8 Isoforms, human FGF8b was found to
induce marked morphological transformation to
NIH3T3 cells and strong tumorigenicity of the
transfected cells in nude mice. Human FGF8a and
FGF8e were moderately transforming in NIH3T3 cells,
and the transfected cells were moderately tumorigenic
in vivo. These results document the production of three
alternatively spliced FGF8 mRNAs in human tissues
and the transforming and tumorigenic potential of their
protein products. Moreover, these data, combined with
the tissue-specific expression of these isoforms,
suggest that they may have different biological
functions.

Introduction
The FGF3 family represents a group of physiological signal-
ing molecules that elicit their effects via high-affinity receptor

tyrosine kinases (1 , 2). The functional properties of most of
these growth factors pertain to wound healing and embry-
onic development in vivo and mitogenic stimulation in a
variety of cell types in vitro (3). Of the nine known members
of this growth factor family (FGF1-FGF9), FGF8 was origi-
nally identified as AIGF because it mediated the androgen-
dependent growth of a mouse mammary tumor cell line,
SC-3 (4). Subsequent studies with the mouse Fgf8 gene and
its protein products have generated additional interest in the
function of this gene. For example, there is evidence for a

specific interaction of FGF8 with certain isoforms of FGF
receptors (5), occurrence of a complex alternative splicing

phenomenon that generates transcripts with coding potential
for multiple secreted FGF8 proteins varying in their NH2-
termini (4-7), and differential cell transformation and tumor-
igenicity exhibited by these particular isoforms (8-1 0). Addi-

tionally, a strong collaboration between Fgf8 and the Wntl
proto-oncogene in murine mammary tumorigenesis has
been described (6).

Since androgen plays a profound role in prostatic epithe-
hum and in regulation of androgen-dependent prostate can-
cers (1 1-13), we became interested in studying the human
FGF8 gene and its protein products in relation to their normal
expression and potential abnormal regulation in the devel-
opment of androgen-independent prostate cancers (1 4). To
initiate this line of investigation, we describe here molecular

3 The abbreviations used are: FGF, fibroblast growth factor; AIGF, andro-
gen-induced growth factor, AT, reverse transcription; RACE, rapid ampli-
fication of cDNA ends; poly(A)� ANA, polyadenylated ANA; FBS, fetal
bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 1 . Detection of FGF8 mRNA in prostatic epithelial tumor cell lines by
RT-PCR. Columns 1-4, LNCaP, PC-3, DU145, and ALVA-31 cell lines,
respectively. Each column has two lanes, one showing PCR amplication
after RT (+), and the other without RT (-). A, ethidium bromide staining of
gels indicating bands corresponding to size fragments of FGF8 and
GAPDH. B, Southem blot of the same gel using either murine Fgf8 cDNA
or human GAPDH cDNA as probe. Bl, blank reaction.
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cloning of human FGF8 cDNA sequences from a prostate

carcinoma cell line, identification of cDNAs encoding three

protein isoforms, and the expression paftern of this gene in

various prostate epithelial cell lines and in adult and embry-

onic human tissues. Furthermore, we present evidence that

like mouse FGF8 isoforms, human homologues have differ-

ential abilities to induce morphological transformation of

NIH3T3 cells in vitro, and their tumorigenicity in vivo.

Results
Isolation of Human FGF8 cDNA Isoforms and Their Se-
quence. Initially we determined whether mRNA homologous

to murine FgfS is expressed in prostate epithelial cell lines

using the RT-PCR amplification method. With two primers

specific for the Fgf8 exon 5 sequence (4), we obtained a

single prominent amplified product of expected 238 bp from

the mRNAs of each of the four human prostatic carcinoma

cell lines LNCaP, PC-3, DU145, and ALVA-31 (Fig. 1). Of

these, the DU145 cell line was selected to amplify the full

coding sequence of the human message corresponding to

Fgf8 using PCR primers that represented the 5’- and 3’-

termini of the published murine coding sequence (4). Anal-

ysis of the cloned cDNA products derived from DU145 cells

revealed alternatively spliced mRNAs encoding three differ-

ent FGF8 isoforms: FGF8a, FGF8b, and FGF8e (Figs. 2 and

3). As seen in the deduced amino acid sequence (Fig. 3), all

isoforms carry the same predicted signal peptide sequence

and the same protein sequence downstream of the alterna-

tive splice point. The isoforms differ in the length of the amino

acid sequence retained in the amino-terminal regions. The

extent of nucleotide sequence homology between Fgf8 and

FGF8 cDNAs indicates a high level of sequence conservation

of the gene between mammalian species. For example, com-

parison of the nucleotide sequence of human FGF8b shown

in Fig. 2 with that type of isoform of mouse (Fgf8b) showed

a difference of only 29 nucleotides within the 648-nucleotide

coding region (95.5% homology). Amino acid homology is

further striking as it is identical in murine FGF8 and human

FGF8 when isoforms a and b are considered (4, 6). A previ-

ous study of an exon-containing fragment of the human

FGF8 gene revealed a 1 00% identity to amino acids 85-120

of the mouse Fgf8 (10). A more recent report (15), which

appeared during the course of our work, also described

complete identity in amino acid sequence of human and

mouse FGF8b isoform. We did not obtain a cDNA corre-

FGF8 sponding to mouse FGF8c (6) but did isolate another version

that we named FGF8e and that is homologous to one of the

variants (variant 7) cloned from mouse embryos (7). The

G.APDH deduced peptide sequence of the additional exon of FGF8e

differs from the mouse sequence of variant 7 at 4 of the 29

amino acid positions as shown in Fig. 3. The remainder of the

233-amino acid FGF8e coding domain is identical to the

amino acid sequence of mouse FGF8 clone 7, indicating an

overall homology of 98.3%.

The 3-untranslated region was cloned from DU145

poly(A)� RNA by the RACE procedure. The appropriately

derived PCR product was cloned into the TA cloning vector

and analyzed for its DNA sequence. There is extensive di-

versity between mouse and human FGF8 gene sequences in

the 3-untranslated portion examined (Fig. 4). We confirmed

the contiguousness of this human sequence to the FGF8

coding sequences by designing PCR primers at this region

and using them in pairs with other primers located in the

coding region. PCR products were always obtained in which

the sequence corresponded to natural juxtaposition of the

3’ -untranslated portion to the protein coding sequence of

FGF8 cDNA.

Expression of FGF8 in Human Tissues. We conducted

Northern blot analysis of poly(A) � RNA from several normal

human tissues to examine the expression patterns of FGF8.
Northern blots were hybridized first to 32P-Iabeled FGF8

cDNA, and then, after exposure and stripping of the probe,

hybridized again to 32P-labeled human �-actin. As shown in

Fig. 5, only fetal kidney displayed a detectable level of FGF8

mRNA, whereas other fetal tissues (e.g. , brain, lung, and

liver) tested negative. All adult tissues tested (spleen, thy-

mus, prostate, testes, ovary, small intestine, colon, and pe-

ripheral blood lymphocytes) did not produce sufficient

amounts of FGF8 mRNAs to be detected by Northern blot

analysis. High expression of Fgf8 has been reported in

mouse embryos of early gestational age that diminished to

nearly undetectable levels by 1 4.5 days postconception (6,

1 0). Since gestational age of the human fetuses used in the

preparation of the commercial blots is unknown, lack of

detectable expression of FGF8 gene in the fetal brain, lung,

and liver tissues was not surprising. Although the strong

expression in fetal kidney is noteworthy, its significance is

not known at this time. Regarding adult human tissues, we

expected to find expression of FGF8 in ovary and testes

since these were the only two adult mouse tissues in which

expression was previously reported in one study (6). Another

report described detection of a low level of expression of

FGF8 by Northern blot in adult mouse testes (1 0). However,

no expression was detected in these two human tissues by

Northern blotting. It is possible that an inbred mouse line may

indeed be different from the outbred human species in FGF8
expression patterns, or the difference may be a matter of

sensitivity between the previous experiments (6, 10) and this



Fig. 2. Nucleotide sequences
of the human FGF8 cDNA iso-
forms. The nucleotide sequence
starts at the beginning of the
coding region and extends to the
termination codon. The se-
quence of the mouse Fgf8 previ-
ously reported as AIGF1 (4) or
Fgf8b (6) and that of Fgf8 variant
7 (7), which we named Fgf8e, are
shown, and the identical nucleo-
tides in the sequences of the hu-
man isoforms are indicated by
dots. Sequence gaps, denoted
by dashes, mark the alternatively
spliced forms.

1 ATGGGCAGCCCCCGCTCCGCGCTGAGCTGCCTGCTGTTGCACTTGCTGGTTCTCTGCCTC

1 C
1 C

1 C
1

6 1 CAAGCCCAGGAAGGCCCGGGCGGGGGGCCTGCGCTGGGCAGGGAGCCCACTTCCCTGCTC

61 A. . .C T.G T..
61
61
61

CGAGCTCGCCGGGAGCCCCAGGGTGTTTCCCAACAG

..G C

GTAACTGTTCAGTCCTCACCTAAT

CATGTGAGGGAGCAGAGCCTGGTGACGGATCAGCTCAGCCGCCGCCTCATC

TTTACACAG

2 0 8 CGGACCTACCAGCTCTACAGCCGCACCAGCGGGAAGCACGTGCAGGTCCTGGCCAACAAG
208 A
121 A
154 A
154

2 6 8 CGCATCAACGCCATGGCAGAAGACGGAGACCCCTTCGCGA.AGCTCATTGTGGAGACCGAT

268 G C A C G. .C
181 G C A C G. .C
214 G C A C G. .C

214

32 8 ACTTTTGGAAGCAGAGTCCGAGTTCGCGGCGCAGAGACAGGTCTCTACATCTGCATGAAC
328 . .C C. .A. .A. .C G. .C
241 . .c C. .A. .A. .C G. .C
274 . .c C. .A. .A. .C G. .C

274

3 8 8 �G�GGGGAAGCTAATTGCCAAGAGCAACGGCAAAGGCAAGGACTGCGTATTCACAGAG
388 G. .C C G...
301 G. .C C G...
334 G. .C C G...
334

ATCGTGCTGGAGAACAACTACACGGCGCTGCAGAACGCCAAGTACGAGGGCTGGTACATG
..T A T

. .T A T

..T A T

GCCTTTACCCGCAAGGGCCGGCCCCGCAAGGGCTCCAAGACGCGCCAGCATCAGCGCGAG
C G C T...
C G C T...
C G C T.

GTGCACTTCATGAAGCGCCTGCCGCGGGGCCACCACACCACCGAGCAGAGCCTGCGCTTC

..c G C
..c C C
..c G C

GAGTTCCTCAACTACCCGCCCTTCACGCGCAGCCTGCGCGGCAGCCAGAGGACTTGGGCC

688 CCGGAGCCCCGATAG

688
601
634
634

Cell Growth & Differentiation 1427

Mouse
Human
Human

Human
Mouse

Mouse

Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human

Human
Mouse

Mouse
Human
Human

Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Mouse
Human
Human
Human
Mouse

Fgf8e
FGF8e
FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e

FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e
FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e
FGF8a
FGF8b
Fgf8b

Fgf8e

FGF8e
FGF8a
FGF8b
Fg’f8b

Fgf8e
FGF8e

FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e

FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e
FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e
FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e

FGF8a
FGF8b
Fgf8b

Fgf8e

FGF8e
FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e

FGF8a
FGF8b
Fgf8b

Fgf8e
FGF8e

FGF8a
FGF8b
Fgf8b

121
121

70
70

157
157

70
94
94

448
448
361
394
394

508
508
421
454
454

568
568
481
514
514

628
628
541
574
574

study. With use of a more sensitive method (RT-PCR), we

detected expression of FGF8 in adult human testes as well

as in prostate and kidney tissues (Fig. 6). In this experiment,

a primer set was used that yielded products that could be
readily resolved to indicate isoform-specific expression pat-

terns. Although FGF8b was the predominant isoform in the
prostate, testes and kidney tissues showed expression of
both FGF8a and FGF8b products. Similar to the prostate
tissue pattern, prostate-derived normal epithelial cell line

(MLC SV40) and carcinoma cell lines (LNCaP, ALVA-31,
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111

122
122
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Mouse Fgf8 1 -GCGCTCGCCCAGCTCCTCCCCACCCAGCCGG-CCGAGGAA

Human FGF8 1 G.A. . .- . . .TG. .- AAT. . .A.A. . .CA. .GAGGCTCATC

Mouse Fgf8 40 TCCAGC---GGGAGCTCGGCG--GCACAGCAA

Human FGF8 49 CTGTAGGGCACCCAAAAC. .A. .GCTG GT. . .CT. .T.T. . .G

Mouse Fgf8 68 A--GGGGAGGGGCTGGGG-AGC--TGCCTTCTAGTTGTGCATATTGTTTG

Human FGF8 99 GCT T G. . .CC. .GG. . .CG TG
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190
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Fig. 3. Comparison of the de-
duced amino acid sequences of
the three human FGF8 cDNA iso-
forms with those of mouse Fgf8
isoforms. The mouse isoforms
correspond to the original isolate
AIGF1 (4) or Fgf8b (6) and Fgf8e

(7). Identical amino acids are in-
dicated by dots. Note that fol-
lowing the predicted signal pep-
tide sequence (positions 1-23),
the three isoforms differ only at
the amino termini of the secreted
forms. Dashes, sequence gaps.

Fig. 4. Sequence diversity be-
tween FGF8 and Fgf8 cDNAs in
the 3-untranslated region. Nu-
cleotide identity is indicated by
dots and gaps by dashes. Nude-
otide position 1 marks the first
nucleotide immediately after the
TAG termination codon. The
mouse sequence represents nu-
cleotide positions 823-984, as
reported by Tanaka et al. (4).

PC-3, and DU145) all revealed over-representation of the
FGF8b isoform. Since cDNA isoforms of FGF8a and FGF8e
were indeed cloned from the DU145 cell line, the presence of
these expressed isoforms appeared to be minor compared
to FGF8b expression in these prostatic epithelial cell lines.

Morphological Transformation of NIH3T3 Cells In-
duced by Expression of FGF. The three FGF8 isoform cD-
NAs were subcloned into the mammalian expression vector
pcDNA3. The vectors, with inserts in either the sense or
antisense orientation, along with the vector-only control,
were used to transfect NIH3T3 cells. Stable transfectants
were selected with G41 8. Pooled G41 8-resistant cells rather
than individual clones were examined to avoid potential atyp-
ical representation due to cbonal variation. Of all the different
isolates of transfected NIH3T3 cells, the cells transfected
with FGF8b cDNA in the sense orientation displayed the
most striking phenotypic changes (Fig. 7). These cells exhib-
ited marked morphological transformation with an ebon-
gated, spindle-like shape, in contrast to the generally flat
morphology seen with control transfectants receiving the
vector alone or an FGF8b antisense construct. They also
grew to a higher cell density at confluence than did control

cultures, indicating a loss of contact inhibition. NIH3T3 cells
transfected with the FGF8a and FGF8e cDNAs were less
strongly morphologically transformed than those cells re-
ceiving FGF8b and were roughly equal in phenotype to each
other. The cells of these two pools were detectably more
refractile by phase contrast microscopy and produced more
processes than controls (Fig. 7). Like the FGF8b-transfected
cells, the cells expressing FGF8a and FGF8e demonstrated
loss of contact inhibition at confluence. These results corre-
sponded closely to those described previously for mouse
FGF8 isoforms (8, 9). Since the deduced amino acid se-
quence of FGF8b is identical between mouse and human, it
was not surprising to find that human FGF8b, like mouse
FGF8b when expressed from the corresponding cDNA,
could induce morphological transformation to NIH3T3 cells.
Similarly, the result that cells transfected with human FGF8a

cDNA could not exhibit strong morphological transformation
was consistent again with its amino acid sequence homology
to the mouse Fgf8a isoform. Additionally, our results indicate
that another isoform, FGF8e, which has a sequence domain
partially specific for the human protein, also possesses a
modest transforming function. The fact that these three
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FGF8 isoforms are secreted from the cells was demonstrated

by a biological assay, which, however, was by nature not

quantitative. NIH3T3 cells transfected with the plasmid vec-

tor could be strongly transformed by exposure to condi-

tioned medium from FGF8b-transfected cells. Similarly, con-

ditioned medium from FGF8a- and FGF8e-transfected cells

induced morphological changes, although exhibiting a lower

level of transformation. These results, not shown, closely

resembled the findings described in Fig. 7.

Tumorigenicity Studies with Transfected NIH3T3 cells.
The tumorigenicity of NIH3T3 cells transfected with different

FGF8 cDNA isoforms was examined by intraocular inocula-

tion of the transfected cells into the anterior chamber of the

Cell Growth & Differentiation 1429

t
9.5 - :

7.5-

I

�3-actln - � � � .#{149}.

Fig. 5. Detection of FGF8 expression in the fetal kidney tissue. Northern
blots of normal adult and fetal tissue poly(A) � RNAs were probed with
either FGF8 cDNA or human f3-actin cDNA. A, fetal tissues (brain, lung,
liver, and kidney); B, adult tissues (spleen, thymus, prostate, testes, ovary,
small intestine, colon, and peripheral blood lymphocytes). The blot was
initially probed with FGF8b cDNA (top panel), and then with (3-actin cDNA
(bottom panel). The locations of RNA size markers for the top panels are
shown at left.
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Fig. 6. Detection of FGF8 mRNA isoforms by RT-PCR. Poly(A) ‘ RNA
from prostate epithelial cell lines and human tissues and total RNA from
FGF8 isoform-transfected NIH3T3 cell lines were examined by RT-PCR
using the RB416 and RB418 primer pair. Although all analyses were
conducted with and without RT, the negative results obtained when RT
was not used are only illustrated in Lanes 1 (MLC SV4O cells) and 2
(LNCaP cells). Other lanes (with RT): Lane 3, MLC SV4O ; Lane 4, ALVA-
31 ; Lane 5. PC-3; Lane 6, DU145; Lane 7, LNCaP; Lane 8, human adult
kidney; Lane 9. human adult prostate; Lane 10, human adult testes; Lane
1 1 , NIH3T3 cells transfected with FGF8a; Lane 12, NIH3T3 cells trans-
fected with FGF8b; and Lane 13, NIH3T3 cells transfected with FGF8e.
After electrophoresis, the blot was hybridized first to 32P end-labeled
RB402 oligonucleotide (A), and then to human GAPDH cDNA probe (B).
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Fig. 7. Representative illustrations of morphological transformation of
NIH3T3 cells by FGF8 isoforms. In this experiment, NIH3T3 cells were
transfected with expression plasmids containing cDNAs of FGF8a,
FGF8b, FGF8e, or a control plasmid with no insert. G418-resistant cob-
nies were pooled and grown for examination of induced changes in
morphology and contact inhibition. FGF8b showed strong morphological
transforming ability, and FGF8a and FGF8e showed moderate transform-
ing activity. All three isoforms induced a loss of contact inhibition at
confluence.
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Fig. 8. Rapid tumorigenesis of
FGF8b-transfected NIH3T3 cells.
Cells (1 0�) transfected with vector
alone (A), FGF8a (B), FGF8e (C), or
FGF8b (0) were injected intraocu-
larly and the pictures taken at 12
days postinjection. While tumors
were produced by FGF8b-trans-
fected cells, cells transfected with
other two isoforms grew better than
the vector alone transfected cells as
apparent from increased cloudiness
in (B) and (C) relative to (A).

eye of nude mice. An advantage of the analysis, in addition

to the sensitivity of the method, is that the cell growth and

tumor formation can be readily monitored under the micro-

scope (16, 1 7). As illustrated in Figs. 8 and 9, FGF8b-trans-

fected cells demonstrated the ability to grow rapidly and

produce tumors that ruptured the eye. Such vigorous tumor

formation was not observed with cells transfected with either

FGF8a or FGF8e, although all cells, including the vector-

transfected NIH3T3 cells, could proliferate in vivo in the

orbital fluid (Fig. 9), and after a longer latency, both FGF8a-

and FGF8e-transfected cells could also produce tumors in

several animals. As summarized in Table 1 , as few as 102

FGF8b-transfected cells consistently produced tumors

within 1 8-20 days when injected intraocularly; inoculation of

a larger number of cells (1 0� or 1 0�) led to formation of

tumors even earlier. Although no tumors could be observed

with 102�104 cells transfected with the vector alone during

the 1 1 weeks of observation, all of the animals injected with

1 o� cells transfected with either FGF8a or FGF8e developed

tumors similar to that induced by FGF8b (Fig. 8) after a

latency of 6-8 weeks. Two of three animals receiving i03

cells of FGF8a-NIH3T3 cells and one ofthree receiving 1 02 of

these cells developed tumors over a period of 6-10 weeks,

whereas animals receiving 1 02 or 10� FGF8e-NIH3T3 cells

did not exhibit tumors during the 1 1 weeks of observation.

Tumors were isolated from two animals that received

FGF8b-transfected cells. From another animal that received

only vector-transfected cells, in vivo propagated cells were

collected and G41 8-resistant cells were reselected in culture.

Northern blot analyses of RNA of 0.8 kb (which was expected

from the design of the expression vector) from these tissues

and cultured cells show that FGF8 RNA was present in the

tumors but not in the control cells (Fig. 10). These results

suggest the expression of the transfected genes is stable

and is not altered by in vivo propagation in nude mice.

Lack of FGF8 Gene Induction by Androgen in LNCaP
Cells. LNCaP, the only prostate carcinoma cell line known

to be responsive to androgen, was investigated for stimula-

tion of FGF8 expression after exposure to dihydrotestoster-

one. A 3-5-fold increase in cell proliferation was recorded

relative to unstimulated LNCaP cells over a period of 72 h of

exposure. However, there was apparently no significant

change in the expression of FGF8 mRNA at various time

points following androgen exposure. Although the detection
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Fig. 9. Growth of transfected cells
in the mouse eye. Cells (10�) trans-
fected with vector alone (A), FGF8a
(B), FGF8e (C), or FGF8b (D) were
injected intraocularly; the pictures
were taken at 1 0 days postinjection.
While all injected cells grew in-
traocularly, only FGF8b-transfected
cells produced tumors consistently
at this early time point.

method was based on RT-PCR analysis that did not permit a

precise quantitative comparison, repeated analysis of sev-

eral independent experiments conducted along with GADPH

RT-PCR as an internal control did not reveal a significant

alteration in FGF8 expression in this cell line in response to

androgen exposure. An example of such analysis is illus-

trated in Fig. 11.

Discussion
In recent studies, mouse Fgf8 mRNAs were characterized as

products of alternative splicing in the 5’ region of the gene.

Initially, Tanaka et a!. (4) reported two isoforms induced by

androgen in a mouse mammary carcinoma cell line. Subse-

quently, three cDNA isoforms were isolated by MacArthur et

a!. (6), two of which (Fgf8b and Fgf8c) were identical to AIGF1

and AIGF2 (4), respectively; the third one was named as

Fgf8a. Finally, four additional Fgf8 RNAs encoding different

protein isoforms were reported by Crossley and Martin (7). All

of these different isoforms appear to be derivatives of differ-

Table 1 Tumorigenicity of NIH3T3 cell lines expressing FGF8 isoform
cDNAs

Cell line
transfected with

No. of cells
injected

Tumorigenicity Tumor latency

FGF8a#{176} 1 02

1o�
1o�

1/3

3/3

3/3

10 weeks

6�-8 weeks

6-8 weeks
FGF8bb 1 02

1o�

1 �

6/6
6/6

6/6

1 8-20 days
10-12 days
7-8 days

FGF8ea 102
io�
io�

0/3
0/3

3/3 6-8 weeks
Vector abonea 1 02

io�
io�

0/3
0/3

0/3

a Results shown were obtained from the second experiment with a longer

period of observation (up to 1 1 weeks). In the first experiment, also, three
animals were used for each set of injection, but no tumors developed
during the 4 weeks of observation, at which time the experiment was
terminated.
b Combined results of first and second experiments.
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Fig. 10. Detection of FGF8b expression in tumors induced by FGF8b-
transfected NIH3T3 cells. The total cellular RNA was subjected to North-
em blot analyses with a 32P-labeled FGF8b cDNA probe (top panel). Lane
1 , vector alone transfected cells; Lane 2, vector alone transfected cells
after propagation in mouse eye; Lane 3, FGF8b-transfected cells; and
Lanes 4 and 5, two tumors produced by FGF8b-transfected cells. Bottom
panel, analysis of the same blot with 32P-labeled human actin cDNA.
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Fig. 1 1. Analysis of FGF8 mRNA expression in androgen-stimulated LN-
CaP prostate tumor cell line. Lane 1, unstimulated cells; Lanes 2-4,
stimulated cells at 8, 24, and 72 h postexposure to 10 8 M dihydrotest-
osterone, respectively; Lane 5, RT control (without RNA); and Lane 6,
water control. Each lane shows RT-PCR products with (+) or without (-)

RT. DNA markers (M) of 100-bp ladder and positions of expected FGF8
and GAPDH products are also indicated.

ential exon usage and differential involvement of splice donor

and acceptor sites within these exons (5-7). The products
retain a common large COOH-terminal portion and vary in

only a short domain residing between the signal peptide and

the beginning of the conserved FGF core sequence (6, 7).

In this report, we describe the isolation of three distinct

cDNAs of human FGF8 expressed in a prostatic carcinoma

cell line. Two of these cDNA isoforms are highly homologous

to murine AIGF1 (or Fgf8b) and Fgf8a in terms of nucleotide

sequence of the coding region and identical to them in the

deduced amino acid sequence. These results are in agree-

ment with the recent reports that there is 100% amino acid

identity between a fragment of the human gene sequenced

and that of mouse FgF8 gene amino acids 85-120 (10), and

there is complete deduced amino acid homology between

human and mouse FGF8b isoforms (1 5). Fgf8a is equivalent

to variant isoform 4 described by Crossley and Martin (7).

Our third isoform, FGF8e, is analogous to another mouse

isoform, namely variant 7 (7). This human FGF8 isoform

differs from the mouse counterpart in only 4 of 29 amino

acids coded by an exon sequence not present in either

FGF8a or FGF8b cDNAs. Although there is extensive homol-

ogy between the known mouse and the human isoforms in

the coding domain, the 3-untranslated region of the human

FGF8 cDNAs is shown here to vary significantly from that of

the mouse Fgf8 cDNA. It is not known whether such variation

may have a cis-acting regulatory effect on FGF8 mRNA

translation or stability in human cells and tissues compared

to the mouse model.

Our interest in isolating the cDNAs from prostatic epithelial

cells was prompted by the earlier characterization of the gene

products in the mouse as AIGFs (4). Although it is very inter-

esting to find expression of certain FGF8 mRNA isoforms in

prostate epithelial cells, we failed to demonstrate that androgen

can induce a strong response in the expression of FGF8 mR-

NAs in one test system, the androgen-responsive LNCaP cell

line. Although LNCaP cells contain an androgen receptor sys-

tem, the receptor gene is known to carry a single point mutation

changing threonine to alanine at codon 868 in the ligand bind-

ing domain (18). There is also evidence that this abnormality of

the androgen receptor affects steroid binding characteristics

and response to antiandrogens (18, 1 9). Although FGF8 expres-

sion is not stimulated by androgen in LNCaP cells, exposure of

these cells to recombinant FGF8 protein, however, does stim-
ulate their growth (15).

Our finding that human FGF8 isoforms have different poten-

cies in inducing morphological transformation of NIH3T3 cells

and their in vivo tumorigenicity is consistent with previous re-

suits with the mouse isoforms (6, 8, 9). Since the human FGF8a

and FGF8b are identical in amino acid sequence to the corre-

sponding mouse isoforms, these results further validate the

previous observations. Additionally, evidence is now presented

that the new isoform FGF8e also exhibits a moderate capacity

to induce morphological transformation in NIH3T3 cells and to

promote tumorigenicity in vivo. Why does one isoform display

marked transforming ability whereas others do not? It may be

logical to postulate that variation in biological effects of the

isoforms might be related to their binding affinity to FGF recep-

tors. In other words, the demonstrated amino-terminal differ-

ences in the human FGF8 isoforms are likelyto determine which

isoform or isoforms can bind to FGFRs present on NIH3T3 cells

and thereby activate the signaling pathway necessary for bring-

ing about morphological transformation. In addition to the pos-

sible receptor specificity of the isoforms (controlling the trans-

forming potential of the isoforms), differences in affinity of each

isoform for a single receptor could conceivably also affect re-

ceptor occupancy and thus the strength of the signal.

There is evidence that FGF8b and FGF8c may activate the

“c’ splice form of FGFR3, and FGFR4, while FGF8b is also

capable of activating the c splice form of FGFR2 (5). Perhaps

NIH3T3 cells express preferentially an FGFR that interacts

with FGF8b but not the other isoforms. Alternatively, receptor

interactions could be equal with one or more isoforms but
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varied in their signaling responses. It is not possible to dis-

tinguish between these possibilities at present. The notion

that differences in the amino-terminal portion of FGFs can

influence their interactions with FGFRs is illustrated by the

observation that FGF4 truncated at NH2-terminus is more
efficient in binding FGFR in vitro than the full-length FGF4

(20). On the other hand, whereas both the amino-truncated
and full-length versions of FGF7 display equivalent binding to

FGFR, the truncated protein, unlike full-length FGF7, fails to
induce intracellular tyrosine phosphorylation (21). Therefore,

to understand clearly the functional differences between

FGF8 isoforms, it will first be necessary to further define

isoform/FGFR interactions and then scrutinize the signals

elicited by these complexes.

Finally, detection of expression of FGF8 mRNAs in pros-

tatic epithelial cell lines presents a rationale for asking

whether expression may have a role in prostate tumorigen-

esis in particular, and perhaps in human malignancy in gen-
eral. In this connection, it is interesting to find a recent report

(22) that describes FGF8 expression in prostate cancer. By

the method of in situ hybridization using mouse FGF8 anti-

sense riboprobe, a significant up-regulation of FGF8 expres-
sion was found in high-grade prostate tumors, whereas

stroma, including endothelium of blood vessels, were nega-

tive for FGF8 expression. It would now be important to
determine whether isoform-specific expression of FGF8 may

have a role in prostate tumor growth and progression. Our
isolation and characterization of three of the FGF8 cDNA
isoforms provides essential materials and information for

future investigations on the biological functions of these and,

potentially, other isoforms of this human growth factor in

normal and abnormal proliferations.

Materials and Methods
Cell Lines. Human prostate carcinoma cell lines LNCaP, DU145, PC-3,

and ALVA-31 , obtained from Gary J. Miller (23), were grown in RPMI 1640

with 10% FBS, and the mouse fibroblast cell line NIH3T3 was grown in
DMEM with 10% FBS. Both media were supplemented with streptomycin,

penicillin, and L-glutamine. Adult human prostatic epithelial cells (MLC
SV4Oj, obtained from Johng S. Rhim (24), were grown in K-SFM (Life
Technologies, Inc.) serum-free medium. All cell lines were maintained at

37” in 5% Co2.
RT-PCR Detection of FGF8 Expression in Prostate Carcinoma Cell

Lines. Total RNA was extracted from the cells by using an RNA isolation

kit (Stratagene), from which poly(A)� RNAs were isolated by oligo(dT)
cellulose chromatography (25). PoIy(A)� RNA (2 gig) was reverse tran-

scribed by M-MuLV reverse transcriptase and oligo(dT)-1 7 primer in buff-
ers (Life Technologies, Inc.) in a 20-pJ reaction volume at 37”C for 1 h
along with a negative control reaction without reverse transcriptase. Ali-
quots (4 .d) of reverse-transcribed products were used for PCR amplifi-

cation using a primer pair specific for mouse Fgf8 exon 5 region. The 5’
primer was RB376 (5’-AAAGGCAAGGACTGCGTCUCACG-3’), and the

3’ primer was RB359 (5’-CGTGAAGGGCGGGTAGUGAG-3’). Amplifica-
tion was carried out in a 50-jib reaction for 35 cycles with denaturation at

94”C for 1 mm, annealing at 68”C for 50 s, and extension at 72CC for 1 mm
30 s. As a positive control, GAPDH message was amplified using a sense
primer, RB146 (5’-CCACCCATGGCAkATTCCATGGCA-3’), and an anti-

sense primer, RB147 (5’-TCTAGACGGCAGGTCAGGTCCAC-3’), under

identical PCR amplification conditions. Amplified products (10 .d) were

analyzed on a 2% agarose gel and DNA bands visualized by ethidium
bromide staining. To determine the specificity of the products, Southern

blots were analyzed either using 32P-Iabeled mouse Fgf8 cDNA or
labeled GAPDH cDNA as probe.

To detect isoform-specific mRNA expression, 2 �g oftotal RNA from each

FGF8 isoform-transfected NIH3T3 cell line or 2 g of poly(A) RNA from
prostate epithelial cell lines and human tissues were reversed transcribed in

a 20-id reaction volume as described above. RNAs of human tissues (adult
kidney, prostate, and testes) were purchased from Clontech. Aliquots (5 �d) of

reverse-transcribed products were used for PCR amplification using a primer

pair. The 5’ primer, RB416 (5’-TGAGCTGCCTGCTGUGCACU-3’), and the
3’ primer, RB418 (5’-TGAAGACGCAGTCC1TGCC1T-3’), are positioned at
23-44 and 334-355 nucleotide positions of human FGF8S (Fig. 2). Amplifi-

cation was carried out in a 50-g�J reaction for 40 cycles with denaturation at
95CC for 3 mm, annealing at 94”C for 1 mm followed by 61 “C for 30 s and

72#{176}Cfor 30 5, and final extension at 72”C for 5 mm. Amplified products (20
pJ)were analyzed on a 3% agarose gel, and DNA bands were visualized by
ethidium bromide staining. The specificity of the products were confirmed by

Southern blots using an internal sequence oligonucleotide probe, RB402
(5’-TGAGCTGATCCGTCACCA-3’), located at nucleotide positions 89-106

of FGF8a (Fig. 2) and common to all isoforms. The probe was end labeled
using [y-32P]ATP. This strategy yielded products of 333, 366 and 420 bp,
corresponding to FGF8a, FGF8b and FGF8e RNA species, respectively,
which were readily resolved under the conditions used for electrophoresis.

Molecular Cloning of FGF8 cDNAs. A pair of oligonudleotide primers

were designed based on the NH2-terminal and COOH-terminal nucleotide
sequence of the mouse Fgf8 cDNA (4) coding sequence. These were the

5’ primer, RB202 (5’-CCATGGGCAGCCCCCGCTCCG-3’), and the 3’

primer, RB203 (5’-GCCTATCGGGGCTCCGGGGCCCAAG-3’). PoIy(A)�
RNAS isolated from the DU145 prostate carcinoma cell line were amplified

by RT-PCR using this primer pair, the PCR products were cloned into the
TA cloning vector (Invitrogen), and transformed Escherichia coil colonies

were screened by hybridization with mouse Fgf8 cDNA. Positive clones
were selected, and the plasmids were extracted and sequenced by
Sanger’s (26) dideoxy chain termination method. A series of oligonucleo-

tides (20-24-mers) were synthesized from positions every 200 bases
along the coding sequence and used as primers for sequencing. The two

ends of the cDNA5 were sequenced using oligonucleotide primers corre-

sponding to the 17 promoter and Ml 3 reverse sequences present in the
plasmid vector. DNA sequences were aligned using the GENALIGN (In-

telligenetics) program on a SUN microcomputer. This analysis resulted in

isolation and identification of three different human FGF8 cDNA clones
with varied sequences at the 5’ end of the coding region.

Cloning of 3’-Untranslated Region by RACE. Poly(A)� RNA from
DU145 cells was used in a reaction carried out with 3-Amplifier RACE Kit

(Clontech). The first cDNA was synthesized using NN-1-oligo(dT) CDS
primer, followed by PCR amplification with RB168 primer (5’AAGGCAAG-

GACTGCGTATTCACAG-3’) and anchor primer in 25 cycles of 94#{176}Cfor
45 5, 60”C for 45 s, and 72#{176}Cfor 2 mm (primary PCR). RB250 primer

(5’-GCTTCGAGTTCCTCAACTAC-3’) and anchor primer were then used

for secondary or nested PCR (25 cycles) under the same conditions. A
350-bp amplified product was obtained by this procedure. After cloning
into the TA cloning vector, the sequence of the insert was determined.

Expression of FGF8 in Eukaryotic Cells. All three isoforms of FGF8

cDNAs (8a, 8b, and 8e) were excised from the TA vector by EcoRl
digestion and cloned into the corresponding site of the eukaryotic cx-
pression vector pcDNA3 (Invitrogen) in both the sense and antisense

orientations. Plasmids were transfected into NIH3T3 cells either by cal-

cium phosphate method as described previously (27) or by Lipo-

fectAMINE (Life Technologies, Inc.) as per the manufacturer’s instructions.
Twenty-four h after transfection, the cells were transferred to new plates,
and the cells were selected for stable transfectants with DMEM-1 0% FBS

containing 400 �g/ml G418 (Geneticin, Life Technologies, Inc.). These

cells were grown for 7-1 0 days. At least 60 colonies were pooled from
each transfection to generate the stable cell lines used in the transforma-
tion and tumorigenicity assays. Supernatant fluids from the transfected

and selected cell cultures were collected to determine their effect on

inducing morphological transformation of NIH3T3 cells. For the latter
work, vector-transfected NIH3T3 cells rather than untransfected NIH3T3

cells were used since the conditioned medium contained G41 8.
Northern Blot Analyses. Total RNA was isolated by the acid guani-

dinium thiocyanate method (28). The samples were separated by electro-
phoresis on a 1 % denaturing formaldehyde agarose gel, and transferred

to Hybond N membrane (Amersham Corp.). The hybridization procedure
for Northern blots of human mRNAs obtained from Clontech was as

specified by the company. The blots were hybridized to a 32P-labeled
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FGF8 cDNA probe. After exposure to X-ray film, the filters were stripped

and rehybridized to a control human fractin probe for normalization of the
amount of RNA loaded.

Stimulation of LNCaP Cells by Androgen and ExaminatIon of FGF8
Expression. LNCaP cells were grown in 10% serum-supplemented

RPMI until approximately 75% confluency was attained. After the medium

was removed, the cells were washed gently on the plate three times with
PBS. RPMI containing 5% charcoal-stripped serum was placed on the

cells that were then allowed to sit for 72 h. Androgen (dihydrotestosterone)
was added at 108 M to fresh medium (RPMI plus 5% charcoal-stripped
serum), and the cells were incubated with this medium. Cells collected at
different time intervals were used to extract total RNA. Contaminating
DNA from the RNA preparations was removed by DNase I digestion

according to the Clontech protocol. FGF8 expression was detected by
RT-PCR as described above. Equal amounts of AT products were also
subjected to GAPDH amplification to verify proportions of the starting

materials.

Tumorigenicity Studies. Tumorigenicity was examined by inoculation
of cells into the anterior chamber of the eyes of 5-week-old nude mice.
The mice were anesthetized with 40 mg/kg of pentobarbital delivered i.p.,

and then approximately io�-io4 cells in suspension were injected only
into the left eye as described previously (16, 17). In the first experiment,
three mice were injected for each cell line at each cell concentration, and

the animals were observed for a period of 4 weeks. In the repeat exper-
iment, again three mice were used for each cell concentration, but the

observation period was extended to 1 1 weeks. The formation of tumors
was monitored every other day under the microscope. The experimental

animals were cared for in accordance with institutional guidelines, and
they were sacrificed soon after the tumor development.

Accession Numbers. The nucleotide sequence data reported in this

paper can be retrieved from the GenBank under the following accession
numbers: U4621 1 , FGF8a; U46212, FGF8b; U46213, FGF8e; and U46214,

FGF8 3-untranslated region.
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