
Nucleic Acids Research, 1993, Vol. 21, No. 3 489-495

Cloning of two novel forms of human acidic fibroblast
growth factor (aFGF) mRNA

Robert A.Payson, Halit Canatan, Maqsood A.Chotani, Wen-Pin Wang, Stephen E.Harris1,
Ren6 L.Myers and Ing-Ming Chiu*
Department of Internal Medicine, The Ohio State University, Davis Medical Research Center,
480 West 9th Avenue, Room S2052, Columbus, OH 43210 and 'Division of Endocrinology,
Department of Medicine, University of Texas Health Science Center, San Antonio, TX, USA

Received October 27, 1992; Revised and Accepted December 29, 1992

ABSTRACT
We have previously isolated two different aFGF cDNA
clones from kidney and brain. The two corresponding
mRNA, designated aFGF 1.A and 11.B, are the
predominant species in kidney and brain, respectively.
During the characterization of aFGF mRNA in
glioblastoma cells, we demonstrated that aFGF mRNA
in U1242MG and D65MG glioblastoma cells contain
5'-untranslated sequences different from those of 1.A
and 1.B. Through a strategy combining chromosome
walking, identification and sequencing of evolutionarily
conserved DNA regions, and a reverse transcription
and polymerase chain reaction (RT-PCR)-based assay
for RNA expression, we have isolated two novel aFGF
cDNA clones. The cDNA clone representing aFGF
mRNA 1.C was isolated from U1242MG cells; another
aFGF cDNA, designated 11.D, was isolated from D65MG
cells. Promoter 1C has extensive sequence homology
to the hamster aFGF gene promoter that was shown
to respond to testosterone stimulation by chloram-
phenicol acetyltransferase reporter gene assays. Using
RT-PCR, we showed that normal, benign and
cancerous prostate tissues do not express aFGF 1.C
mRNA. In contrast, a prostate carcinoma cell line (PC-3)
expresses 1.C mRNA. RT-PCR using 11.D-specific
primers showed that kidney, brain and prostate do not
express 11.D mRNA even though kidney and brain are
the most abundant source for aFGF protein. RNase
protection analysis further showed that 11.D mRNA is
the predominant aFGF transcript in D65MG
glioblastoma cells and in NFF-6 neonatal foreskin
fibroblast cells. The genomic DNA corresponding to
these two cDNA clones and the 5'-flanking regions
were also isolated and their sequences determined.
These DNA clones will provide important reagents for
studying the regulatory elements of aFGF gene
expression.

GenBank accession nos L01485 - L01488
(incl.)

INTRODUCTION
Expression patterns of growth factors and their receptors are
highly complex, reflecting their crucial need in normal
development processes as well as responses to wounding and
infection. Multigene families of related ligands and their
receptors, often with overlapping specificities, allow for greater
flexibility in the timing and tissue distribution of these proteins.
Perturbation of these balances could create an autocrine
transforming loop, leading to abnormal cell growth and
regulation, resulting in tumorigenesis (1). One distinct family is
that of the fibroblast growth factors (FGF) and their receptors
(FGFR), which include seven growth factors (2, 3) and four
receptors (4-7) each encoded by a distinct gene. Another level
of complexity has been demonstrated recently in that variants
of the same receptor are encoded as alternative transcripts of the
same gene (8). In the case of FGFR-2, an alternative 49 amino
acid stretch at the second half of the third immunoglobulin-like
domain confers specific ligand binding capacity to basic FGF
(bFGF) and keratinocyte growth factor (KGF), respectively.
Remarkably, acidic FGF (aFGF) binds to both variants of
FGFR-2 with equal affinity (9, 10).

Acidic FGF was originally identified as a mitogen for endothelial
cells (11) and subsequently for a variety of mesenchymal- and
neuroectodermal-derived cells (3, 12). It was also shown to be
a mitogen for prostatic epithelial cells (13). In contrast, the
mitogenic activity of KGF is tightly restricted to epithelial cells
(14). A gene designated K-SAM was identified as an amplified
sequence in a human stomach carcinoma cell line (15); and its
cDNA encodes a KGFR variant of the FGFR-2 (16). KGFR/K-
SAM is expressed exclusively in keratinocytes (17) and has been
shown to transform NIH/3T3 cells (18). Thus, aFGF or KGF may
be important in human epithelial tumors. This is consistent with
the reports that showed ectopic expression following transfection
of the cDNA of either wild type aFGF (19) or a truncated form
of aFGF (A1-21) (20, 21) confers a transformed phenotype to
the recipient cells. Thus, over-expression of the aFGF gene may
be important in certain malignancies.
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The aFGF mRNA levels are up-regulated by a variety of
biological response modifiers including phorbol esters, serum and
combinations of growth factors (22-24). Of particular interest
is the up-regulation of aFGF mRNA by androgens in a ductus
deferens derived smooth muscle tumor cell line, DDTl cells (25)
as well as in a metastasized human prostate tumor cell line,
LNCaP (26). Characterization of the androgen response
element(s) in the aFGF gene promoter will likely shed light on
the role of aFGF in the etiology or pathogenesis of prostate
cancer. We have previously isolated two different human aFGF
cDNA clones from kidney (27) and brain (28). The two
corresponding mRNA, designated aFGF L.A and 1.B, are the
predominant species in kidney and brain, respectively. A Syrian
hamster aFGF cDNA was originally isolated from DDT1 cells
(25). The 5'-untranslated sequences of the two human aFGF
transcripts bear no homology to that of the hamster aFGF cDNA
sequences, although the brain-specific sequence is homologous
to the aFGF cDNA isolated from bovine retina (29). During the
characterization of aFGF mRNA in glioblastoma cells, we
demonstrated that aFGF mRNA in U1242MG and D65MG
glioblastoma cells contain 5'-untranslated sequences different
from the previously published sequences. Here we report the
isolation of two novel aFGF cDNA clones; one of them (aFGF
1.C) is homologous to the hamster aFGF cDNA clone while the
other (aFGF 1.D) has not been previously reported. The genomic
DNA corresponding to these two cDNA clones was also isolated
and their sequences determined. These DNA clones will provide
important reagents for studying the regulatory elements ofaFGF
gene expression.

MATERIALS AND METHODS
Cell culture
The human glioblastoma cell line U1242MG was provided by
Dr. Christer Betsholtz and Dr. Bengt Westermark, University
of Uppsala, Sweden. The D65MG human glioblastoma cell line
was provided by Dr. Yancey Gillespie, University of Alabama
at Binmingham. These glioblastoma cells were maintained in
modified Eagle's minimal essential media (MEM) (Gibco, Grand
Island, NY) supplemented with 10% calf serum. PC-3, a prostate
carcinoma cell line, was grown in RPMI medium plus 10% fetal
bovine serum. The NFF-6 cells (human neonatal foreskin
fibroblasts strain 6) were obtained from Dr. Gary Shipley,
Oregon Health Sciences University, Portland, Oregon and
maintained as described (23). Human tissues were obtained from
the Tissue Procurement Service of The Ohio State University
Comprehensive Cancer Center.

Library screening, Southern blotting and hybridization
A chromosome 5 specific library was constructed by partial
digestion of DNA with Sau3AI and cloned into the BamHI site
of Charon 40. One million independent recombinants were
screened with appropriate Alu-free probes. Plaque lift filters were
hybridized overnight at 620C with 1 x 106 cpm/ml of
[a-32P]dATP-labeled probe in 6 x SSC, 1 x Denhardt's
solution, 0.5% SDS containing 100 ,ug/ml herring sperm DNA.
The probes were labeled using the random-primer labeling
method (30). The filters were washed at 620C in 0.1 x SSC/0. 1%
SDS prior to autoradiography. Phage DNA was prepared from
25 ml of bacterial lysate as described (31). Phage DNA digested
with appropriate restriction enzymes was followed by Southern
blot hybridization analysis according to standard procedures (32).

Nucleotide sequencing and sequence comparison
Human DNA fragments shown to be homologous to the hamster
aFGF promoter region were subcloned into pBluescript vectors
(Stratagene) and sequenced by the dideoxynucleotide chain
termination method (33) on double-stranded DNA templates.
Occasionally single-stranded DNA was isolated following
superinfection with fl helper phage and used as a template for
sequence analysis. The DOTPLOT and ALIGN programs (DNA
Star, Inc., Madison, WI) were used to compare the aFGF
sequences of human and hamster.

Reverse transcription and polymerase chain reaction
(RT-PCR)
RNA was isolated from tissues or cell lines using the guanidinium
thiocyanate and CsCl gradient method (34). Complementary
DNAs were synthesized from 1 yg of total cellular RNA by
murine leukemia virus reverse transcriptase using oligo(dT),
random hexamers or gene-specific oligonucleotides as primers.
After heating at 95°C for 5 min, 5 ,d of the cDNA reaction was
amplified using a GeneAmp kit (Perkin-Elmer) in a 100 yd PCR
reaction for 35 cycles (35) with appropriate annealing and
extension parameters. Primers used were derived from sequences
of the first coding exon for human aFGF and the unique upstream
sequences of aFGF cDNA 1.C or 1.D. The PCR products were
analyzed on a 2% Nusieve and 1% Seakem (FMC BioProducts,
Rockland, ME) agarose gel and visualized by staining with
ethidium bromide. Restriction enzyme digestion was performed
to confirm the identity of the amplified products. The amplified
fragments were cloned into pCR1000 using the TA cloning kit
(InVitrogen, San Diego, CA) or cloned into the T-tailed, EcoRV-
digested pBluescript KS(+) as described (36).

RNase protection analysis
RNase protection analysis was performed as outlined in Current
Protocols in Molecular Biology (31) with minor modifications.
A [a1-32P]UTP-labeled antisense riboprobe specific for 1.D
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Figure 1. Restriction enzyme map of genomic clones ChIR 101, 104 and 105.
A human genomic DNA library was screened using the 0.52 kbp XbaI-Bgll
fragment derived from the 5'-end of our most 5' clone, ChIO 209. Genomi clones
downstream from ChIO 209 have been previously described (37). The restriction
enzyme maps of each ofthe three new clones were determined and the topographic
relationship of these three clones was established by aligning the common restiction
sites. Restriction digests of ChIR 104 was hybridized to total human genomic
DNA to reveal regions that do not contain Alu-repetitive sequences (hatched boxes).
The open box on clone ChIO209 indicates the probe used for library screening.
The stippled boxes indicate sequences homologous to the 1.6 kbp EcoRI fragment
(see Fig. 4) of hamster genomic DNA which is adjacent to the 5'-untranslated
sequences of a hamster aFGF cDNA clone (39). Vertical bars indicate Notl sites
flanking the insert of each ChIR phage clone. Closed boxes indicate the position
of each exon.
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aFGF cDNA was generated by in vitro transcription of a PCR
fragment cloned into pBluescript vector, which contains the entire
203 bp first coding and 7 bp of the second coding exons spliced
to 39 bp of known -1D exon sequence. Forty /tg of RNA and
antisense riboprobe (5 x 10 cpm) were denatured at 85°C for
5 min and hybridized in 30 tl of 80% formamide, 0.4M NaCl,
1 mM EDTA and 40 mM PIPES (pH 6.4) at 42°C for 18 hr.
Samples were digested with RNase A (20 jg/ml) and Ti (1
,gg/ml) for 60 min at 30°C, and analyzed on a 6% polyacrylamide
gel.

RESULTS

We have previously isolated a continuous stretch of 54 kbp of
human genomic DNA containing the three coding exons ofaFGF
(37). Since the 5'-end of the first coding exon (exon 1) does not

. EcoRI .

Hamster AGGCTCCTAAGGAATTCCTGGCCAGAGACATCTTCCTACCTCTGMGGCT
111111 I 1111111 11111

Human AGACTCTTGGGGGATTCCTTAGTGAGTGAGTTCACTGCTCAAAGAAGGGC
unc1rAni

50

50

Hamster CGCGTCTCTTCAGA---- AAGGCAGCCAGGTGCCAGCAGGTAAGCAGAAA 96
1111111

Human TTTGCCACTTCTGCAGGGAAGCCAGCCACGGGCCAGCAGGTAAGCATGTT 100
*****

Figure 2. Alignment of the hamster aFGF gene sequence with the homologous
human DNA sequence. The human sequence was derived from the 1.2 kbp BgIll-
BglII firget of ChIR104. The hamster sequence represents the exon that contains
the 5'-untranslated sequence of aFGF mRNA. Vertical lines indicate identity
between the two sequences. Asterisks indicate the consensus splicing donor
sequence. Oligonucleotide HBGF1601 was used in RT-PCR for amplification
of the I.C-specific cDNA.

represent a transcription start site (38) we isolated upstream clones
to identify the aFGF gene promoter(s). Three positive clones,
designated ChIR 101, 104 and 105, were mapped and regions
not containing repetitive sequences were determined (Fig. 1). The
phage DNA from ChIR104 was hybridized to a 1.6 kbp EcoRI
fragment that contains the promoter region and part of the
5'-untranslated sequence of the hamster aFGF mRNA (39). The
results showed hybridization to the 1.8 kbp NotI-BglII and 1.2
kbp BglII-BglII fragments indicating sequences homologous to
the hamster DNA (Fig. 1). Comparison of the DNA sequence
from the 1.2 kbp BglII-BglII fragment with the hamster cDNA
sequence showed a stretch of 21 nucleotides of human sequence
with 85.7% (18 out of 21) sequence similarity to the last 21
nucleotides of the hamster aFGF 5'-untranslated exon (Fig. 2).
Moreover, this sequence was followed by GTAAG, a consensus
splice donor recognition sequence.
We designed an oligonucleotide (HBGF1601), 31 nucleotides

long, whose 5'-end is 89 bp upstream from a putative splice donor
site (Fig. 2). This oligonucleotide in combination with HBGF151
(downstream oligonucleotide) was used in reverse transcription
and polymerase chain reactions (RT-PCR). Oligonucleotide
HBGF15 1 contains the last 16 nucleotides of exon 1 and the first
7 nucleotides of exon 2. The RNA templates used were from
two glioblastoma cell lines D65MG and U1242MG which
expressed aFGF but did not express either of the two previously
identified transcripts (aFGF 1.A or 1.B). In the specimens of
both glioblastoma cell lines, a band of the predicted size of 299
bp was detected . Upon digestion with BamHI, an expected 241
bp fragment was also observed in both samples of D65MG and
U1242MG. Cloning and sequence analysis (accession no.
L01485) of the 299 bp RT-PCR product from U1242MG showed
that the first 89 bp is identical to nucleotides 1-89 shown in
Fig. 2 while the remaining 210 bp is identical to the sequences
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Figure 3. Nucleotide sequence of the 0.8 kbp SacI-BglI fragment and the adjacent 1.2 kbp BgllI-BglII fragment and localization of exon --1C. The nucleotide
sequences of the 0.8 kbp SacI-BglII fragment and the 1.2 kbp BglII-BgII fragment that hybridized to the hamster 1.6 kbp EcoRI DNA were determined. The sequence
present in our aFGF L.C cDNA clone is double underlined. The consensus splice donor sequence, GTAAG, is indicated by asterisks. Several candidate regulatory
DNA elements (50) including AP1, AP2, ARE, CRE (cAMP response element) and Spl, are indicated. The diamond symbol indicates the transcription start site
for aFGF 1.C mRNA assuming the human and hamster genes have similar transcription start sites. The accession no. is L01486.
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Figure 4. Homology between the human (the 2.06 kbp SacI-BglI fragment) and
the hamster genomic DNA sequences. The 2.01 kbp hamster genomic DNA
sequence used starts from EcoRI (nucleotide -1584) and ends at the 3' end
(nucleotide 429) of available 5'-flanking sequence of the hamster aFGF gene (39).
Nucleotide 1 is the transcription start site of hamster aFGF gene. The human
sequence is the 2.06 kbp DNA shown in Fig. 3. Hatched boxes represent the
sequences present in the human aFGF 1.C and in the hamster aFGF cDNA clone.
The parameters used for the DOTPLOT program were 70% sequence similarity
with a window of 30 nucleotides.

derived from the coding exons of aFGF L.A and 1.B mRNA
except one nucleotide. These results established that the 299 bp
fragment represents an aFGF mRNA variant (designated aFGF
1.C) resulting from the splicing of an upstream untranslated exon
(hereafter referred to as exon -iC) to the first coding exon.
RNase protection analyses showed that 1.C mRNA is not
expressed in kidney and brain (data not shown).
Upon further restriction digestion and Southern hybridization

using the hamster 1.6 kbp EcoRI fragment as a probe, the
hybridizing region in the 1.8 kbp NotI-BglII fragment derived
from ChIR104 was further localized to its 3'-portion represented
by a 0.8 kbp SacI-BglII fragment (Fig. 1; data not shown).
Having established that exon -1C represents the corresponding
human DNA to the hamster aFGF cDNA, we determined the
sequence of the 0.8 kbp SacI-BgllI fragment and the adjacent
1.2 kbp BgllI-BglII fragment for comparative analysis (Fig. 3).
Exon -1C localizes to 29.3 kbp upstream from exon 1. Using
DOTPLOT analysis, we were able to show that a stretch of more
than 1.5 kbp ofhuman DNA surrounding exon - IC has greater
than 70% sequence similarity with the corresponding hamster
sequence (Fig. 4). Since the hamster sequence was shown to be
activated by testosterone and aFGF itself in chloramphenicol
acetyltransferase (CAT) reporter gene assays (39), and aFGF
mRNA is up-regulated by testosterone in a ductus deferens
derived smooth muscle cell line (25), we speculated that 1.C
mRNA may be expressed in human prostate tissues. We screened
one normal and three benign hypertrophic prostate tissues and
four primary prostate carcinomas using RT-PCR and all of them
were negative for 1.C mRNA. In contrast, PC-3, a prostate
carcinoma cell line, expresses the aFGF L.C mRNA (Fig. 5).
When a riboprobe derived from the aFGF 1.C cDNA was used

to analyze the aFGF mRNA in D65MG and U1242MG cells,

Figure S. Expression ofaFGF 1.C mRNA in D65MG and PC-3 cells. RT-PCR
was utilized to detect 1.C- specific transcripts in D65MG and PC-3 cells. One
/tg of RNA was used to generate cDNA using random hexamers as primers. PCR
was carried out using primers HBGF1601 and HBGF151 and the following cycling
conditions: 95°C for 2 minutes, 35 cycles of 1 minute at 94°C, 1 minute at 58°C,
and 2 minutes at 720C, followed by a 15 minute extension at 720C. Plus and
minus signs indicate reverse transcription in the presence or absence of reverse
transcriptase. Lane H20 was a negative control with no DNA template in the
PCR reaction. An expected 299 bp amplicon as indicated by an arrowhead is
seen only in plus RT lanes for both cell lines. Lane M contains X DNA digested
with Hind]][ and OX174-RF DNA digested with Haell.
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Figure 6. RT-PCR of aFGF 1.D mRNA. RNA was isolated from human
glioblastoma cell line D65MG, Iddney, brain and prostate. One itg ofRNA was

reverse transcribed using both oligo(dT)12_18 and random hexamers as primers.
The cDNA was then amplified by PCR with primers HBGF1702 and HBGFlSt.
The PCR parameters were denaturation at 94°C for 30 sec, annealing at 480C
for 45 sec and extension at 720C for 1 min for 35 cycles. An expected 249 bp
product, indicated by arrowhead, is seen only in the D65MG lane. The PCR
product was cloned into EcoRV-digested, T-tailed pBluescript and sequenced
(accession no. L01487). Marker is a 100 bp DNA ladder (Gibco/BRL).
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1 EcoRI
GAATTCACAGGACATAcTAATMGCATAGGTATTTGCTCAATGCTAGATACAGAAGAAAGGCATAGTTTCTGTCCCAGGGTCTCAGAGCTAATGAAGGAGTCAGTGAAGTAAACGTAG 120

TTAAATTACATTCATTTGCCCATTCAACAGATGTTTATC'AAATGCCCATcAGGTGTCAGGCATTTTGCT'AGGcACTGGGATACCATTGTGAGCAAGACCMYATGGTTTGT'ACTATCATGG 240
Pu.l

AGCTGACAGTCCAGTCAT TTAAATTAATCACAAGAGTGAATGTGYMTAATACACTGGTrAGTAAAGCTGAAAATGTTAAATGGTCCTATGAGACTG&iAGAC' 36
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ITGACCA G CAGGGAAAGACAGCTTTCAT6AbiTGAGAGTTGAACTAA ATTTGAAGAA ATTAGTACAGGGGACGTAGGGTAGAGAr-AAMfAiAATCAC U*P . P.ll . * . *..H.a*.

TCCAGAGGGAACAGCATGGGCAAAGGTCCTAGGGTGGcGGGGATCAGAAAAGGAAGGCAAGTTTGGAGGGAGAcGTGATGGGAAATGAGGCAGAGGGGGAGTAAGGGCTGAACCTCCCA 600

GAGTCCTGCAGGCCACAGCAAGGCTTTTGTTTTTGTCCCAGAGCAATGGGAAATCACTGAAGAGTTTAG.GCAGGGGGATATAGATGGGAATTACAC.CCAGCGCTGCAGTGAAGTAAAGGA 720
CArG Box 1XhoI

AATGCTGTCTGCTGTTGGGAGAGCACAGGGGAATGAACCCACCTAAACTGGTATATGTGAATTTTAAAAAGAGTAGGGAGGTTAGGGTTGGGGGATGTGrCAAATAAGaTTGCTCGA 840
PU-1I PU-1I PU.1I

G&iAGGMATATCCGATATCCAGCTAAATTTTTGAAGGGTGAGTGTGACTTAGTCAGACCATGGTAAGGGT MAGGAAGEWA_GGGGGAMg-m960
AAAGAGAAAAGAGA AAAAATACTGTTGGCAGCAGCACAATGTTTGGGCTAAGACCT2GT2Ga*TATGAGGGTGTAGGGGGACTATAAAGAGGCCAATAAGAGAAAGTCA 1 080

* . . . . . * . . BgLllI
CAGGGTTAAGAAGGGGTCAAATGATGAGAGCCTCACAGGTCATGGCAGGAGTCTGGGTTTTATCTGGAAAGACAACGGG-TCAATGACCCAGTCAAAGATCT 1184

Figure 7. Nucleotide sequence of the 1.2 kbp EcoRI-BglII fragment and localization of exon - ID. The 1.2 kbp EcoRl-BglII fragment was subcloned into pBluescript
KS(+). The 39 bp sequence present in our aFGF 1.D cDNA clone is double underlined. The consensus splice donor sequence, GTGAG, is indicated by asterisks.
The 72 bp homopurine stretch is indicated by a wavy line. Several trans-acting transcription factor binding sequences (50), including AP1, CArG Box and PU. 1,
are indicated. The accession no. is L01488.

it was shown that 1.C mRNA is not the predominant aFGF
transcript in these cells (unpublished results). To identify the
5'-untranslated exon that is used predominantly in these
glioblastoma cells, we used the 'exon-connection' strategy (40).
We have previously identified a highly conserved DNA fragmnent,
10.7 kbp upstream from the first coding exon of human aFGF,
which hybridized to distinct DNA fragments in primate and
rodent genomes (37). DNA sequences of this fragment and the
surrounding region were determined. We then searched for the
consensus mammalian splice donor sequences, GT G/A AG, as
a guideline to design oligonucleotides for the upstream exon. If
the putative upstream exon was present in the same RNA
transcript, then, with the use of the downstream oligonucleotide
HBGF151, it would be possible to amplify a cDNA product
linking these two regions. One oligonucleotide (HBGF 1702),
39 bp upstream of a consensus splicing donor sequence, together
with HBGF151 generated a discrete 249 bp RT-PCR product
from the D65MG RNA but not from kidney, brain or prostate
RNA (Fig. 6).
The 249 bp PCR product from D65MG was cloned into

pBluescript KS(+), sequenced (accession no. L01487) and found
to be the product (designated aFGF mRNA 1.D) of splicing the
predicted exon from the upstream fragment to exon 1 of the aFGF
gene. This upstream exon (designated exon - ID) was localized
to a 1.2 kbp EcoRI-BgllI fragment in our previously isolated
clone, ChIK 117 (37,38). The D65MG-specific cDNA sequence
of the RT-PCR product is present in nucleotides 987-1025 of
the genomic DNA sequence (Fig. 7). This sequence is
immediately followed by the consensus splice donor sequence,
GTGAG. The size of the intron between exon -1D and exon
1 is 6.9 kbp (Fig. 1). It is also noted that exon -1D is preceded
by 72 nucleotides of purine stretch, a sequence prone to triplex
formation.
A riboprobe derived from aFGF 1.D was used in RNase

protection analysis to confirm the authenticity of this clone. The
result showed that 1.D mRNA is the predominant aFGF transcript
in the D65MG cell line (Fig. 8). It was previously shown that
a human neonatal fibroblast cell line expresses aFGF mRNA (23).
We also included a neonatal foreskin fibroblast cell line, NFF-6,
in the RNase protection assay, and we were able to demonstrate
that aFGF 1.D is also the major aFGF transcript in NFF-6 cells
(Fig. 8).
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Figure 8. RNase protection analysis using aFGF 1.D cDNA derived riboprobe.
The aFGF 1.D cDNA was linearized with EcoRI and used as template to generate
an anti-sense riboprobe (314 nucleotides) by in vitro transcription. Forty jig of
tRNA was used as a negative control. Protected fragments of 249 nucleotides
correspond to aFGF 1.D mRNA while protected fragments of 210 nucleotides
correspond to aFGF mRNA that contains an upstream untranslated exon other
than exon -ID. Marker is pBR322 DNA digested with MspI.

DISCUSSION
The human aFGF gene extends > 100 kbp and contains at least
7 exons (37, unpublished results). Determination of the exon-
intron organization of the coding region revealed a gene structure
very similar to other members of the FGF gene family (3). In
each case, the gene is comprised of three protein-coding exons
and the second coding exon is invariably 104 bp. The similarity
in primary amino acid sequence, the common domain structure,
and common modes of action through membrane receptors are
additional proof that the various FGF proteins are related
evolutionarily. The first four exons of the aFGF gene, which
are untranslated, are spliced alternatively to a common protein-
coding exon (27, 28, Fig. 3, Fig. 7). Thus, in contrast to the
conservation of gene structure in the coding region, the promoter
organization of the aFGF gene seems to be highly complex and
is diverged from other FGF genes.
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Unlike bFGF which is ubiquitously expressed, aFGF is
expressed in a more restricted manner. Using the aFGF coding
region as a probe, we have shown that aFGF is expressed in
kidney, brain and heart but not in intestine, liver and lung (28).
In addition to the two aFGF transcripts reported previously (27,
28) we have identified two novel aFGF transcripts through a
strategy combining chromosome walking, identification and
sequencing of evolutionarily conserved DNA regions, and RT-
PCR based assays for RNA expression. Transcripts arising from
the four promoters differ in their expression in various tissues
and cell lines. Promoter IA is active in kidney (27); promoter
lB is active in brain (28); while promoter ID is active in two
glioblastoma cell lines and a neonatal foreskin fibroblast cell line
(Fig. 8). We also showed that kidney, brain and prostate do not
express 11.D mRNA (Fig. 6) even though kidney and brain are
the two most abundant sources for aFGF (27, 28). Thus, alternate
promoter sampling and utilization may be an indication of the
potential diversified function of the aFGF protein in various
organs and tissues.
The transcript for aFGF mRNA 1.C is expressed in low levels

in both U1242MG and D65MG cells as demonstrated by RNase
protection analysis. Similar to 1.D, 1.C mRNA is not expressed
in kidney and brain. We have found that aFGF mRNA levels
are up-regulated in LNCaP cells stimulated with androgens (26)
and we have isolated a 1.C cDNA clone from LNCaP cells
cultured in the presence of testosterone (unpublished results). A
1.7 kbp Bglll-BanI hamster sequence, 5'-flanking exon -IC,
was shown to be activated by testosterone and aFGF itself in
chloramphenicol acetyltransferase (CAT) reporter gene assays
(39). The hamster promoter IC-CAT constructs when transfected
into DDT1 cells demonstrated androgen responsiveness in a cell-
specific manner (39). Furthermore, human aFGF promoter IC
shares extensive sequence similarity with the hamster aFGF
promoter that is activated by androgens and aFGF (Fig. 4).
Remarkably, nucleotides 668-720 and nucleotides 1471-1500
share greater than 90% sequence similarity with their hamster
counterpart. A half androgen response element (ARE), AGAA-
CA (41) was found in nucleotides 1485-1490. These results
imply that e putative ARE may be functional in human promoter
1C. However, our studies on one normal and three benign
hypertrophic prostate tissues and four primary prostate
carcinomas showed no expression of 1.C mRNA. It remains
possible that the 1.C mRNA is restricted to certain cell types
within the prostate. Expression of 1.C mRNA in both PC-3
(Fig. 5) and LNCaP (26) prostate epithelial cells emphasizes the
significance of in situ hybridization of normal and cancerous
prostate tissues in order to identify the source of aFGF mRNA
synthesis. Whether the activity of this promoter is connected with
androgen-induced tumorigenesis requires futher study. In other
cell tpes, aFGF mRNA levels are up-regulated by phorbol
esters, serum, and combinations of growth factors (22-24). It
would be of interest to identify which promoter(s) is under the
control of these regulatory factors.
A homopurine stretch of 72 bp (Fig. 7, nucleotides 915 -986)

was observed upstream of the 39 bp sequence present in exon
- ID. Homopurine stretches are known to favor transition to a
triplex state in vitro (42-44). This triplex state involves strand
looping that exposes a single stranded region of DNA which
forms a substrate for single strand specific nucleases such as mung
bean nuclease. When supercoiled plasmid containing this region
(EcoRI-Bglll, Fig. 7) was treated with mung bean nuclease, a
sensitive region around the homopurine stretch was observed

(unpublished results). The same plasmid, when linearized with
EcoRI prior to incubation with mung bean nuclease, did not show
this sensitivity. Several actively transcribed eukaryotic genes have
5' flanking homopurine-homopyrimidine sequences that are S1
nuclease hypersensitive (45 -48). We believe that these regions
may assume a triple-helical DNA structure, and may be involved
in modulation of gene expression. It has been proposed that
transcription could be regulated via triplex formation and that
the triplex structure may be stabilized by cell-specific protein(s)
(49). It is tempting to speculate a similar mechanism of control
for expression of aFGF 1.D mRNA.
An understanding of cell differentiation requires the elucidation

of the molecular basis for the regulation of tissue-specific gene
expression. A more detailed investigation of the human aFGF
gene with its remarkable regulation of expression is imperative.
Such studies may lead to the identification of development-specific
transcription factors and the elucidation of various processes
involved in development and differentiation. Characterization of
the four distinct promoters of the aFGF gene may provide new
insights concerning the molecular mechanisms regarding aFGF-
induced tumorigenesis.

ACKNOWLEDGMENTS
We thank Julia Wilson for her assistance in preparing the
manuscript and Runny Bergman for her excellent technical
assistance. This work was supported in part by grants from the
National Cancer Institute (RO1 CA4561 1) and the Ohio Cancer
Research Associates, Inc. I.-M.C. is a recipient of the Research
Career Development Award (K04 CA01369) from the National
Institutes of Health. R.A.P. and R.L.M. are supported by NIH
NRSA T32 CA09498 and T32 CA09338, respectively. H.C. is
a recipient of a NATO Science fellowship via the Scientific and
Technical Research Council of Turkey.

REFERENCES
1. Aaronson,S.A. (1991) Science, 254, 1146-1153.
2. Burgess,W.H., and Maciag,T. (1989) Annu. Rev. Biochem., 58, 575-606.
3. Chiu,I.-M., Sandberg,P., and Wang,W.-P. (1990) In Horrocks, L. A., Neff,

N. H., Yates, A. J., and Hadjiconstantinou,M. (eds.), Trophic Factors and
the Nervous System. Raven Press, New York, Vol. HI, pp. 57-74.

4 .Lee,P.L., Johnson,D.E., Cousens,L.S., Fried,V.A., and Williams,L.T.
(1989) Science, 245, 57-60.

5. Dionne,C.A., Crumley,G., Bellot,F., Kaplow,J.M., Searfoss,G., Ruta,M.,
Burgess,W.H., Jaye,M., and Schlessinger,J. (1990) EMBO J., 9,
2685-2692.

6. Keegan,K., Johnson,D.E., Williams,L.T., and Hayman,M.J. (1991) Proc.
Natl. Acad. Sci. USA, 88, 1095-1099.

7. Partanen,J., Makela,T.P., Eerola,E., Korhonen,J., Hirvonen,H., Claesson-
Welsh,L., and Alitalo,K. (1991) EMBO J., 10, 1347-1354.

8. Hou,J., Kan,M., McKeehan,K., McBride,G., Adams,P., and
McKeehan,W.L. (1991) Science, 251, 665-668.

9. Miki,T., Bottaro,D.P., Fleming,T.P., Smith,C.L., Burgess,W.H.,
Chan,A.M.-L., and Aaronson,S.A. (1992) Proc. Natl. Acad. Sci. USA, 89,
246-250.

10. Mansukhani,A., Dell-Era,P., Moscatelli,D., Kornbluth,S., Hanafusa,H., and
Basilico,C. (1992) Proc. Natl. Acad. Sci. USA, 89, 3305-3309.

11. Maciag,T., Kelly,B., Cerundolo,J., Ilsley,S., Kelley,P.R., and Forand,R.
(1979) Proc. Natl. Acad. Sci. USA, 76, 5674-5678.

12. Gospodarowicz,D. (1987) Methods Enzymol., 147, 106-119.
13. Crabb,J.W., Armes,L.G., Carr,S.A., Johnson,C.M., Roberts,G.D.,

Bordoli,R.S., and McKeehan,W.L. (1986) Biochemistry, 25, 4988-4993.
14. Rubin,J.S., Osada,H., Finch,P.W., Taylor,W.G., Rudikoff,., and

Aaronson,S.A. (1989) Proc. Natl. Acad. Sci. USA, 86, 802-806.



Nucleic Acids Research, 1993, Vol. 21, No. 3 495

15. Hattori,Y., Odagiri,H., Nakatani,H., Miyagawa,K., Naito,K., Sakamoto,H.,
Katoh,O., Yoshida, T., Sugimura,T., and Terada,M. (1990) Proc. Natl.
Acad. Sci. USA, 87, 5983-5987.

16. Katoh,M., Hattori,Y., Sasaki,H., Tanaka,M., Sugano,K., Yazaki,Y.,
Sugimura,T., and Terada,M. (1992) Proc. Natl. Acad. Sci. USA, 89,
2960-2964.

17. Champion-Arnaud,P., Ronsin,C., Gilbert,E., Gesnel,M.C., Houssaint,E.,
and Breathnach,R. (1991) Oncogene 6, 979-987.

18. Miki,T., Fleming,T.P., Bottaro,D.P. Rubin,J.S., Ron,D., and Aaronson,S.A.
(1991) Science 251, 72-75.

19. Bunnag,P., Waddell,K.S., Varban,M.L., and Chiu,I.-M. (1991) In Vitro
Cell. Dev. Biol., 27A, 89-96.

20. Jaye,M., Lyall,R.M., Mudd,R., Schlessinger,J., and Sarver,N. (1988) EMBO
J., 7, 963 -969.

21. Burgess,W.H., Shaheen,A.M., Ravera,M., Jaye,M., Donohue,P.J., and
Winkles,J.A. (1990) J. Cell Biol., 111, 2129-2138.

22. Alterio,J., Courtois,Y., Robelin,J., Bechet,D., and Martelly,I. (1990)
Biochem. Biophys. Res. Commun., 166, 1205-1212.

23. Cook,P.W., Coffey,R.J., Jr.,Magun,B.E., Pittelkow,M.R., and Shipley,G.D.
(1990) Mol. Endocrinol., 4, 1377-1385.

24. Winkles,J.A., and Gay,C.G. (1991) Cell Growth Differ., 2, 531-540.
25. Hall,J.A., Harris,M.A., Malark,M., Mansson,P.-E., Zhou,H., and

Harris,S.E. (1990) J. Cell Biochemistry, 43, 17-26.
26. Harris,S.E., Harris,M.A., Rong,Z., Hall,J., Judge,S., French,F.S.,

Joseph,D.R., Lubahn,D.B., and Simental,J.A. (1991) In Karr, J.P., et al.
(eds.), Molecular and Cellular Biology of Prostate Cancer. Plenum Press,
New York, pp. 315-330.

27. Wang,W.-P., Myers,R.L., and Chiu,I.-M. (1991) DNA Cell Biol., 10,
771-777.

28. Chiu,I.-M., Wang,W.-P., and Lehtoma,K. (1990) Oncogene, 5,755-762.
29. Halley,C., Courtois,Y., and Laurent,M. (1988) Nucleic Acids Res., 16,

10913.
30. Feinberg,A.P., and Vogelstein,B. (1983) Anal. Biochem., 132, 6-13.
31. Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,

Smith,J.A., and Struhl,K. (1989) Current Protocols in Molecular Biology.
Green Publishing Associates and Wiley Interscience, New York.

32. Sambrook,J., Fritsch,E.F., and Maniatis,T. (1989) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor University Press, Cold Spring
Harbor.

33. Sanger,F., Nicklen,S., and Coulson,A.R. (1977) Proc. Natl. Acad. Sci. USA,
74, 5463-5467.

34. Chirgwin,J.M., Przybyla,A.E., MacDonald,R.J., and Rutter,W.J. (1979)
Biochemistry, 18, 5294-5299.

35. Saiki,R.K., Gelfand,D.H., Stoffel,S., Scharf,S.J., Higuchi,R., Horn,G.T.,
Mullis,K.B., and Erlich,H.A. (1988) Science, 239, 487-491.

36. Marchuk,D., Dmmm,M., Savlino,A., and Collins,F.S. (1991) NucleicAcids
Res., 19, 1154.

37. Wang,W.-P., Quick,D., Balcerzak,S.P., Needleman,S.W., and Chiu,I.-M.
(1991) Oncogene, 9, 1521-1529.

38. Wang,W.-P., Lehtoma,K., Varban,M.L., Krishnan,I., and Chiu,I.-M. (1989)
Mol. Cell. Biol., 9, 2387-2395.

39. Hall,J.A., Harris,M.A., Intres,R., and Harris,S.E. (1992) J. Cell. Biochem.,
in press.

40. Fearon,E.R., Cho,K.R., Nigro,J.M., Kern,S.E., Simons,J.W.,
Ruppert,J.M., Hamilton,S.R., Preisinger,A.C., Thomas,G., Kinzler,K.W.,
and Vogelstein,B. (1990) Science, 247, 49-56.

41. Martinez,E., Givel,F., and Wahli,W. (1991) EMBO J., 10, 263-268.
42. Lyamichev,V.I., Mirkin,S.M., and Frank-KamenetsIdi,M.D. (1986) J.

Biomol. Strc. Dyn., 3, 667-669.
43. Johnston,B.H. (1988) Science, 241, 1800-1804.
44. Hanvey,J.C., Shimizu,M., and Wells,R.D. (1988) Proc. Natl. Acad. Sci.

US4, 85, 6292-6296.
45. Mace,H.A.F., Pelham,H.R.B., and Travers,A.A. (1983) Nature, 304,

555-557.
46. Schon,E., Evans,T., Welsh,J., and Efstadis,A. (1983) Cell, 35, 837-848.
47. Shen,C.-K.J. (1983) Nucleic Acids Res., 11, 7899-7910.
48. Evans,T., Schon,E., Gora-Maslak,G., Patterson,J., and Eftatadis,A. (1984)

Nucleic Acids Res., 12, 8043-8058.
49. Lee,J.S., Woodsworth,M.L., Laimer,J.P., and Morgan,A.R. (1984) Nucleic

Acids Res., 12, 6603-6614.
50. Faisst,S., and Meyer,S. (1992) Nucleic Acids Res., 20, 3-26.


