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S-rp: We have isolated two cDNA clones encoding human acidic 
fibroblast growth factor (aFGF) which represent the utilization of 
alternative upstream exons in aFGF mRNA. Isolation and sequence 
analysis of genomic clones spanning the first coding exon and each of 
the upstream sequences confirms that the divergent 5' sequences are 
separate exons, spliced alternatively to the first coding exon 34 
nucleotides upstream of the initiator AUG codon. Restriction mapping of 
the genomic clones provides a minimum size estimate of 45 kilobase pairs 
for the aFGF locus. 0 1990 Academic Press, Inc. 

Acidic fibroblast growth factor (aFGF; also known as heparin-binding 

growth factor 1) is one member of an expanding family of heparin-binding 

polypeptide growth factors including basic fibroblast growth factor 

(bFGF; HBGF 2) and the translated products of several recently 

identified genes (for review see ref. 1). Members of the family share 

significant amino acid sequence identity and an identical intronlexon 

structure within the coding regions of the genes (Z-4). The FGF-related 

proteins include human keratinocyte growth factor (KGF) (5), the 

putative translation product of the murine int-2 oncogene (6), and the 

products of human oncogenes FGF-5 (7) and hstl/K-fgf (8,9) as well as 

the putative product of human FGF-6 (10). The FGF gene products promote 

new blood vessel growth (angiogenesis), stimulate mitogenesis in target 

cells of mesodermal and neuroectodermal origin (1) and induce mesoderm 

formation in the early amphibian embryo (12-14). 

We previously reported the nucleotide sequence and deduced amino 

acid sequence of cDNA clones encoding human aFGF (15). Further 

characterization of human aFGF transcription by additional cDNA cloning 

and sequence analysis revealed the utilization of multiple 

polyadenylation sites, which explained in part the heterogeneity often 

observed on RNA transfer blots (16). Much of the major 4.4 kilobase 

(kb) mRNA is encoded within the 3' untranslated region and extends to a 
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strong distal polyadenylation site, whereas less abundant RNA species 

are processed at less distal sites. The structure of aFGP mRNA at the 

5' end, however, has not been completely elucidated and a definitive 

start site for transcription has not been identified. In this paper, we 

report evidence from cDNA cloning for the utilization of two alternative 

5' exons in the synthesis and processing of human aFGF mRNA, each of 

which is spliced to the first coding exon 34 nucleotides (nt) upstream 

of the initiator AUG codon. The corresponding regions of human genomic 

DNA are shown to diverge from the cDNA sequences at authentic splice 

donor and acceptor sites. 

MATERIALS AND METHODS 

DNA Hybridization Probes: The cDNA insert from one of the original 
human aFGF clones, pDH15 (15), was utilized as probe (Probe 1) for the 
isolation of additional cDNA clones representing the 5' region. Probe 1 
was also used to isolate a human genomic clone spanning the first coding 

;;:s2 
The cDNA pro95 was radiolabelled by nick-translation with 

PJdATP and [a- PJdCTP as described (17). 
A probe for detecting genomic sequences specific to Clone 7 (XGC7) 

upstream exon (Probe 2) was developed by synthesizing the following two 
oligonucleotides (oligos): a sense strand oligo with the sequence 
5?CTTCCCCTGGGACAGCACTGAGCGAGTGTGGAGAGAGGTAC3' and an anti-sense oligo 
with the sequence 5'CTAAAGAGCTTGTAGGCCGAGGGCTGTACCTCTCTCCACACT3' The 
two oligos. which are complementary through the I.7 nt at their 3' 
termini, tiere annealed by heating to 65OC for 5 min. and cooling for 1 
hr. The annealed oligos (40 pmol) were filled in by incubation with 1 
unit of E. coli DNA polymerase I (Klenow fragment) (17), creating a 66 -- 
base pair (bp) double-stranded DNA probe. For detection of genomic 
sequences specific to the Clone.36 (xMJ36) upstream exon a 30 nt oligo 
with the sequence S'CCAACAGCCTTCGCTCCAGGGGAATCAGGG3' wa synthesized 
(Probe 3). Probes 2 and 3 were radiolabelled using [7- 92 P]ATP and T4 
polynucleotide kinase as described (17). 

Library Screening: For the isolation of new cDNA cloneg, the 
radiolabelled cDNA probe (Probe 1) was hybridized to 1 x 10 plaques 
from a neonatal human brainstem library in Xgtll (18) on replica 
nitrocellulose filters and washed at high stringency under conditions 
previously reported (16). 

Genomic clones were obtained by screening a library prepared by 
inserting Sau3A partial digests of human placental DNA 
(size-fractionated to - 
Biotec). 

20 kb)6into WI-digested XEMBL3 arms (Promega 
Approximately 1 x 10 recombinant phage were screened 

separately with Probes 1, 2 and 3 for detection of genomic clones 
spanning the 5' portion of the coding region, the XGC7-specific upstream 
sequence and the XMJ36-specific upstream sequence, respectively. Probes 
1 and 2 were hybridized to genomic plaque lifts under the same high 
stringency conditions employed for cDNA screening. Probe 3 was 
hybridized to genomic DNA using conditions previously reported for oligo 
screening (16). Restriction maps of purified clones were compiled by a 
combination of single and double digestion with the restriction 
endonucleases -1, B&II, EcoRI, Hind111 and SalI. - - - 

DNA Sequence Analysis: The cDNA inserts and cDNA-hybridizing 
restriction fragments from genomic clones were subcloned into pGEM1 
(Promega Biotec) and Ml3 vectors and sequenced by dideoxy chain 
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termination (19) on either single-stranded templates or double-stranded 
templates denatured in alkali. 

KEWL.TS AND DISCUSSION 

Investigation of the 5’ structure of aFGF mRNA was initiated by 

screening for human genomic clones spanning the 5’ coding region and for 

cDNA clones extending further 5’ than previous isolates (15.16). The 

original cDNA clone was used as probe (Probe 1) to screen both a 

neonatal human brainstem cDNA library in Xgtll (18) and a human genomic 

DNA library in the XEMBL3 vector (see MATERIALS AND METHODS). 

Restriction mapping of several new cDNA isolates indicated that two aFGF 

recombinants, designated XGC7 and xMJ36, span the entire coding region 

and extend into previously uncharacterized sequence at their 5’ tennini. 

Nucleotide sequence comparison of clones XGC7 and xMJ36 (Fig. 1) showed 

them to be identical through most of their length, except that they 

diverge at nt position -35 relative to the initiator ATG throughout the 

remainder of their 5’ untranslated sequences. Clones XGC7 and XMJ36 

have 100 bp and 358 bp, respectively, of 5’ untranslated sequence. The 

comparisons shown in Fig. 1 are truncated within the coding region to 

emphasize the 5’ divergence. 

The initial genomic screen resulted in isolation of three 

non-overlapping genomic clones hybridizing to aFGF cDNA. Restriction 

analysis of the clones and genomic Southern blots (data not shown) 

confirmed the overall gene structure recently reported (3.4) showing 

-6 -358 atccccaa ggctaggagg ccaacctact aacaggtggg tgggt-gt gtgtggtttc 

-6 -300 actcagttct tctcatgggg tttctctgag ctccattcat accagaaagg gagcaggaga 

-6 -240 gagaggacaa gtggatccaa cagccttcgc tccaggggaa tcagggcatc gcctcctttt 

&J36 -180 ctgggaggac actcccttct gatqgtgac gggaactccc ttcctcctgc agcagcctgc 

-6 -120 CtgCagCtgt CCtggtagaa cagtgtggac attgcagaag ctgtcactgc cccagaaaga 

aGc7 -100 cttcccctgg gacagcactg agcgagtgtg gagagaggta 

bJ36 -60 aagcacccca gagccaaggc aaaga tctt gaaagcgcca caagcagcag ctg 3 g cc 

Gc7 
:::: . . . . . . . . . . . . . . . . . . . . ::::::.... . . . . :::::::::: 

Ii2 -60 cagccctcgg cctacaagct ctttagtctt gaaagcgcca caagcagcag ctgc cc 

luJ36 
+l AT 

m!7 Lx 

CTGAAG GGGAAATCAC CACCTTCACA GCCCTGACCG AGAAGTTTAA TCTGCCTCCA 
:::::::::: :::::::::: . . . . . . . . . . . . . . :::::::::: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

+l AT CTGAAG GGGAAATCAC CACCTTCACA GCCCTGACCG AGAAGTTTAA TCTGCCTCCA 

hJ36 +61 GGGAATTACA AGAAGCCCAA ACTCCTCTAC TGTAGCAACG GGGGCCACTT CCTGAm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
aGc7 

:::::::::: :::: :::::: ::::::::::: 
+61 GGGii+iiki iGii~$~~ii i&i+~+?&! TGTAGCAACG GGGGCCACTT CCTGAGGATCC 

Fig. 1: The Nucleotide Sequence of cDNA Clones hGC7 and hfw36. The cDNA 
clones XGC7 and xMJ36 both agree with the previously reported sequence 
throughout the coding region; hence, the sequences shown are arbitrarily 
truncated in the coding region at a BamHI site (overlined). The two sequences 
are aligned to emphasize the divergence upstream of position -34. Numbers 
given are relative to the initiator ATG. The initiator ATG and in-frame 
upstream TGA codons are boxed, and upstream ATG codons in XMJ36 are 
underlined. 
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that the coding region of human aFGF is, like other FGF-related genes, 

interrupted by two introns. One of the genomic clones, designated AGCl, 

spans the most 5' of the three coding region exons and contains 10 kb of 

5' flanking DNA as well as 2.8 kb of 3' flanking intron sequence (Fig. 

2). In a preliminary characterization of this clone (2). we noted tlrp 

presence of a potential splice acceptor site at nt position -35 upstream 

of the initiator ATG codon. Other groups have made the same observation 

(3,4), but the presence of upstream exon sequences has not previously 

been reported. 

We hypothesized that the divergent 5' sequences observed in XGC7 and 

xMJ36 represent two alternative upstream exons because the point at 

which they diverge is exactly the same site where each diverges from 

XGCl genomic sequence, the site already noted as a potential splice 

acceptor (Z-4). To test the hypothesis we sought to isolate human 

genomic clones corresponding to each of the new 5' sequences. An 

initial hybridization of Probes 2 and 3 to transfer blots of XGCl DNA 

indicated that neither of the upstream sequences lies within the I.0 kb 

of 5' flanking DNA contained in XGCl. Hence, we screened the EMBL3 

genomic library with Probes 2 and 3 to isolate clones containing the 

unique portions of XGC7 and xMJ36, respectively. 

A single 14 kb genomic clone, XGCZO, was obtained in the 

XGC7-specific screen and a 12.5 kb clone, hGC6, was isolated with the 

XMJ36 probe. Restriction enzyme analysis and DNA transfer blot 

hybridization of the new clones allowed us to establish a general 

physical map of the upstream region (Fig. 2). Since neither clone 

hCX20 
BEBg 

E B Bg EB 
111 I , 

I l . 
l 

'. 
?&cl 

- pGc23 
l . H 33 Bg 

‘., I I 
.* 

pGcl2 H 
pGcl4 H 

H PGcls 1.0 kb 
u 

2: Pig. Restriction Maps of the Genomic Clones kX1, hGC20 and XGCC. The 
genomic clones were mapped by single and double-digestion with Ban&HI (B), 
B&II (Bg), EcoRI (E), Hind111 (H) and =I (S). XGCZO and XGC6 contain 
fragments hybridizing to unique upstream sequences in cDNA clones xGC7 and 
xM.l36, respectively, and XGCl spans the 5' end of the coding region. The 
upstream clones are each shown in their general relationship to the coding 
region clone. The relative positions of upstream clones and the absolute 
distance has not been determined. cDNA-hybridizing fragments that were 
subcloned and sequenced are shown below the phage DNA maps. The scale in kb 
is shown. 
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overlapped with the other or with XGCl (coding region clone), we were 

not able to assess the relative position of upstream clones or their 

total distance from the coding region. Restriction mapping of genomic 

clones places the hGC7-specific exon (in XGCZO) at least 20 kb upstream 

of the first aFGF coding exon (Fig. 2). Likewise, the XMJ36-specific 

exon (in XGC6) is estimated to be at least 12 kb upstream of the first 

coding exon. Neither of these estimates, however, takes into 

consideration the relative placement of these two exons, i.e. that one 

must be upstream of the other. Placing XGC6, hypothetically, upstream 

of XGCZO provides a minimum size estimate of the human aFGF locus of 45 

kb, including the estimated 19 kb already reported (3,4) for the region 

spanning the coding exons. 

In 'order to establish that the new, alternative cDNA sequences can 

actually be derived from transcription of the genomic sequences 

A 
*** * 

cccccagcct acaccccccc cacctcgatt tcccacagag ccctagggac gggtagccag 
ttttt l t l * *  l l * *  ****  *  l * *  l ***rt++e.* l *  et*“*** et******** 

ctctgtggca tggtatctgg aggca,ggcca gcaacctgat gtgcatgcca cggcccgtcc 
+*:tt*:*t*** l .*tt**.. t** +e l *  l t** l *re+ ***. 
ctctccccac tcagagctgc agtagcctgg aggttcagag agccgggcta ctctgagaag 

-100 .*t*t* 
aagacaccaa gtggattctg CTTCCCCTGG GACAGCACTG AGCGAGTGTG GAGAGAGGTA 

tcagggcatctgatctgggaaacag...... 

. . . . . . . . . . . . . . . . . INTRON..........................gaaccgactacaggtt 

tc&tcaatttcttac 
l *  tr** t**t t**-****et l **t***t** ‘A** l tt 
TT GAAAGCGCCA CAAGCAGCAG CTGCTGAGCC ATG GCT 

Met Ala 

B tcacatgaga gggggagaaa taaatataca gtgcttgtcc ttagcctttc tgtgggcata 

ccagtgtcag ctgcacttgt aggggcccaa gtgcctcatg acccactcgg cagcctttcc 
-358 

tctccaggAT CCCCAAGGCT AGGAGGccAA ~CTACTAACA GGTGGGTGGG TATGGTGTGT 

GGTTTCACTC AGTTCTTCTC ATGGGGTTTC TCTGAGCTCC ATTCATACCA GMAGGGAGC 

AGGAGAGAGA GGACAAGTGG ATCCMCAGC CTTCGCTCCA GGGGAATCAG GGCATCGCCT 

CCTTTTCTGG GAGGACACTC CCTTCTGATG GTGAATGGGA ACTCCCTTCC TCCTGCAGCA 

GCCTGCCTGC AGCTGTCCTG GTAGAACAGT GTGGACATTG CAGAAGCTGT CACTGCCCCA 
35 

GAAAGAAAGC ACCCCAGAGC CAAGGCAMGAGgtgagt@ catctgtttctgcaa........ 

. . . . . . . . . . . . . . . ..INTRON . . . . . . . . . . . . . . . . . . . . . . . . . . gaaccgactacaggtt 

CTT GAAAGCGCCA CMGCAGCAG CTGCTGAGCC+h 'XT 
Met Ala 

Fig. 3: Genomic Sequences of Clones XGCZO and XGCB. The sequences of XGC'2.0 
and XGC6 spanning the Clone 7 (Panel A) and Clone 36 (Panel B) exons, 
respectively, are shown in relationship to coding exon 1 and the boundaries of 
the intron between. Nucleotides found in both cDNA and genomic clones are 
shown in upper case letters. The upstream exon sequences are underlined. 
Numbers refer to the cDNA nt sequence relative to the initiator ATG codon. 
The putative splice donor and acceptor sequences are boxed. Positions of 
identity between a bovine aFGF cDNA clone (20) and the clone 7-specific 
genomic clone are marked with asterisks. 

11 



Vol. 171, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

isolated, we subcloned restriction fragments from the genomic clones 

which hybridized to exon-specific probes. The subcloned fragments shown 

in Fig. 2 were sequenced. The nt sequence spanning exon regions of 

XGCZO, XGC6 and XGCl are shown in Fig. 3 in the context of the 

relationships revealed by the cDNA clones. In Fig. 3, one observes a 

canonical splice donor site (20) on the 3’ side of each alternative 

upstream exon and a splice acceptor site on the 5’ side of the first 

coding exon. These splice sites are located at precisely the correct 

positions to generate mRNA species corresponding to cDNA clones 7 and 

36. Finally, a bovine aFGF cDNA reported recently (20) exhibits 

substantial sequence similarity to the xGC7 cDNA clone on both sides of 

the upstream splice junction and also in the 5’ flanking XGCZO genomic 

sequence (see Fig. 3). Clearly, transcription of the human aFGF locus 

can initiate well upstream of the coding region. 

The presence of 5’ untranslated exons located far from the coding 

region raises anew the question of how aFGF transcription is initiated 

and controlled. There are now numerous examples in the literature of 

genes encoding one or more upstream exon. For example, a number of 

oncogenes encode alternative upstream exons that appear to regulate 

negatively the translational efficiency of the mRNA, wherein truncation 

of the leader exon can lead to cell transformation (for review see ref. 

22). In this light, it is worth noting that the Clone 36 exon has four 

upstream ATG codons that could impede translation. In human and rat 

IGF-II mRNA, the use of alternative 5’ exons appears to reflect 

tissue-specific transcription from two different promoters (23,24). The 

function of 5’ exons in aFGF mRNA cannot be evaluated at present but 

future experiments will attempt to distinguish whether the upstream 

exons reflect a special role in aFGF regulation, such as tissue-specific 

use of alternative promoters or translational modulation. We have 

examined the genomic sequence for 1 to 2 kb upstream of each 5’ exon, 

including coding exon 1, for promoter sequences (data not shown). No 

set of canonical promoter elements could be identified at any of these 

sites, but functional characterization of the three available genomic 

regions may ultimately reveal novel promoter elements. Alternatively, 

aFGF transcription may initiate at yet unrecognized sites in human 

genomic DNA. 
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