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Four isoforms of human fibroblast growth factor 2 (FGF-2) result from alternative initiations of translation
at three CUG start codons and one AUG start codon. Here we characterize a new 34-kDa FGF-2 isoform whose
expression is initiated at a fifth initiation codon. This 34-kDa FGF-2 was identified in HeLa cells by using an
N-terminal directed antibody. Its initiation codon was identified by site-directed mutagenesis as being a CUG
codon located at 86 nucleotides (nt) from the FGF-2 mRNA 5* end. Both in vitro translation and COS-7 cell
transfection using bicistronic RNAs demonstrated that the 34-kDa FGF-2 was exclusively expressed in a cap-
dependent manner. This contrasted with the expression of the other FGF-2 isoforms of 18, 22, 22.5, and 24 kDa,
which is controlled by an internal ribosome entry site (IRES). Strikingly, expression of the other FGF-2 iso-
forms became partly cap dependent in vitro in the presence of the 5,823-nt-long 3* untranslated region of FGF-
2 mRNA. Thus, the FGF-2 mRNA can be translated both by cap-dependent and IRES-driven mechanisms, the
balance between these two mechanisms modulating the ratio of the different FGF-2 isoforms. The function of
the new FGF-2 was also investigated. We found that the 34-kDa FGF-2, in contrast to the other isoforms, per-
mitted NIH 3T3 cell survival in low-serum conditions. A new arginine-rich nuclear localization sequence (NLS)
in the N-terminal region of the 34-kDa FGF-2 was characterized and found to be similar to the NLS of human
immunodeficiency virus type 1 Rev protein. These data suggest that the function of the 34-kDa FGF-2 is me-
diated by nuclear targets.

Fibroblast growth factor 2 (FGF-2) is a prototype of the
FGF family of 17 genes coding for either mitogenic proteins,
differentiating factors, or oncogenic proteins (22, 32, 35, 45,
52). FGF-2 is produced in many cell types and tissues, and its
biological roles are pleiotropic. It is involved in embryogenesis
and morphogenesis, especially in the nervous system and bone
formation (11, 50). FGF-2 is a major angiogenic factor and
thus a molecule of biological interest in cardiovascular disease
therapeutics. However, this angiogenic effect also activates tu-
mor neovascularization (25). In addition, the mitogenic and
differentiating effects of FGF-2 confer on it oncogenic poten-
tial (13, 42). FGF-2 has also been described as playing a crucial
role in wound healing (53).

The pleiotropic roles of FGF-2 can partly be explained by
the different modes of action of this factor. On the one hand,
it acts in a paracrine and autocrine manner, after being se-
creted by the producer cell. This mode of action is mediated by
the recognition by FGF-2 of specific receptors, whose activa-
tion induces signal transduction cascades (54). This paracrine
and autocrine effect may also be the result of nucleolar trans-
location of exogenous FGF-2 (2). On the other hand, FGF-2
also exhibits intracrine action, thereby allowing a direct effect
on intracellular targets in the absence of secretion (6, 14).

The different modes of action of FGF-2 are in fact the direct

consequence of a process of alternative initiation of translation
on the FGF-2 mRNA. Four in-frame initiation codons, includ-
ing three CUGs and one AUG, give rise to four FGF-2 iso-
forms with distinct features (15, 41). The CUG-initiated forms
of 22, 22.5, and 24 kDa (HMW [high-molecular-weight]
FGF-2) are localized in the nucleus, whereas the AUG-initi-
ated form of 18 kDa is mostly cytosolic (9, 10). Constitutive
expression of the 18-kDa form leads to transformation of adult
bovine aortic endothelial cells, whereas expression of the
HMW FGF-2 leads to immortalization of the same cells (13).
The 18-kDa FGF-2 is also able to stimulate cell migration and
to down-regulate its own receptor, which is not the case for the
HMW FGF-2 (6, 33). These different features of the FGF-2
isoforms are correlated to their distinct modes of action: the
18-kDa isoform, secreted despite the absence of a signal se-
quence, is responsible for the paracrine and autocrine effects.
In contrast, the nuclear HMW isoforms are not released from
the cell and are responsible for the intracrine effect of FGF-2
(6, 14, 34).

We have known for a few years that FGF-2 expression is
controlled at the translational level (40). Ninety percent of the
6,774-nucleotide (nt)-long human FGF-2 mRNA is composed
of nontranslated regions, with a GC-rich leader of several
hundred nucleotides and an AU-rich 39 untranslated region
(UTR) measuring almost 6,000 nt (41). Five regulatory ele-
ments have been identified in the leader region of the messen-
ger, either in the 59 UTR or in the alternatively translated
region (40). One of these elements has been identified as an
internal ribosome entry site (IRES) which enables the FGF-
2 mRNA to be translated independently of the classical
cap-dependent scanning mechanism (29, 47). A few cellular
mRNAs have been shown to possess an IRES (5, 16, 30, 36,
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46). This feature allows such mRNAs to be expressed in con-
ditions of cap-dependent translation arrest, such as under
stress (23).

A study of FGF-2 isoform expression in different human cell
types has shown that the HMW isoforms are produced in
various immortalized and transformed cell lines, while primary
cells almost exclusively synthesize the 18-kDa form at conflu-
ence (48). Furthermore, the HMW isoforms are induced when
normal cells are subjected to heat shock and oxidative stress,
suggesting that the IRES, located just upstream from the CUG
start codons, is activated by stress stimuli. In both transformed
and stressed cells, CUG codon expression is correlated to the
binding of specific factors to the FGF-2 mRNA leader (48).

In this study, we demonstrate the existence of a new FGF-2
isoform that is generated through an additional process of
alternative initiation of translation in human FGF-2 mRNA.
This fifth FGF-2, with a molecular mass of 34 kDa, is the result
of a translation initiation at a CUG codon located 86 nt down-
stream from the mRNA 59 end. The 34-kDa FGF-2, in contrast
to the other FGF-2 isoforms, is exclusively synthesized by a
cap-dependent, IRES-independent initiation mechanism. We
also show that the 34-kDa FGF-2, in contrast to the other
FGF-2 isoforms, permits NIH 3T3 cell survival in low-serum
conditions. Furthermore, we have identified a new nuclear
localization signal (NLS) sequence in the N-terminal region
specific to this FGF-2 isoform.

MATERIALS AND METHODS

Plasmid construction. The construct WT59-FGF (plasmid pSCT-12V) con-
tains the first 1,179 nt of FGF-2 cDNA (with a short 39 UTR) cloned into the
XbaI-SacI restriction sites of vector pSCT, under the control of T7 and cyto-
megalovirus promoters (40). The construct D1-257 (plasmid pSCT-27) corre-
sponds to a deletion of nt 1 to 257 (SmaI site) of the FGF-2 cDNA in the
above-mentioned vector pSCT-12V (40). To obtain the construct WT59CAT, a
PCR fragment containing nt 1 to 312 of the FGF-2 cDNA was synthesized, using
oligonucleotide FGF59, described previously (40), and oligonucleotide FLC,
complementary to nt 293 to 312 of FGF-2 cDNA with an ApaI site (Table 1).
This fragment was introduced between the XbaI and ApaI sites of plasmid pFC2
described previously (47), giving a fusion of nt 1 to 312 of the FGF-2 cDNA with
the chloramphenicol acetyltransferase (CAT) coding sequence devoid of an
AUG.

The wild-type FGF-CAT used for Fig. 5 corresponds to the previously de-
scribed plasmid pFC1 (47); it contains the 539 59 nt of the FGF-2 cDNA fused
to the CAT sequence in the vector pSCT. Site-directed mutagenesis of CTG-86
and ACG-122 was obtained in two steps. The first step was the creation of new

restriction sites. XbaI and BglII sites were introduced at positions 110 and 107 of
FGF-2 cDNA by PCR mutagenesis using Pwo DNA polymerase (Boehringer) as
follows. A PCR fragment was amplified from the template pFC1, using oligonucle-
otide FGF-59 (see above) as the 59 primer and oligonucleotide AUGm, contain-
ing the new BglII and XbaI restriction sites and the HgaI site at position 121, as
the 39 primer (Table 1; see Fig. 4A). The PCR fragment was cloned into the
vector pBluescript KS1 EcoRV site. It was then subcloned from pBluescript,
using enzymes HindIII and HgaI, into the vector pFC1; the new plasmid was
called pFC1-XB. An SfiI site was introduced at position 152 by insertion of
double-stranded oligonucleotide Sfi-S/Sfi-AS into plasmid pFC1, between posi-
tions 125 (SacII site) and 192 (PstI site) of the FGF-2 cDNA (Table 1); the new
plasmid was called pFC1-Sfi. Both plasmids pFC1-XB and pFC1-Sfi gave the
same FGF-2 isoform expression profile as pFC1 (not shown).

The second step of mutagenesis involved use of the double-stranded oligonu-
cleotide insertion strategy, starting either from plasmid pFC1-XB or from plas-
mid pFC1-Sfi. Plasmid pFC1-m1 (CTG-86 mutated to ATG) resulted from
insertion of the double-stranded oligonucleotide ATG86-S/ATG86-AS into plas-
mid pFC1-XB between positions 50 (BssHII site) and 110 (XbaI site) (Table 1).
The mutation introduced an AgeI site just downstream from the ATG-86 codon.
Plasmid pFC1-m2 (CTG-86 mutated to CCC) resulted from insertion into plas-
mid pFC1-m1 of the double-stranded oligonucleotide CCC86-S/CCC86-AS be-
tween positions 1 (BamHI site in the polylinker) and 89 (AgeI site) of the FGF-2
leader sequence (Table 1). Plasmid pFC1-m3 (insertion of TAA downstream
from CTG-86) was obtained in the same way as pFC1-m2, but using the double-
stranded oligonucleotide TAA89-S/TAA89-AS (Table 1). Both constructs con-
tained a deletion of the 59 region (nt 1 to 76). Plasmid pFC1-m4 (ACG-122
mutated to GCG) was obtained by insertion of the double-stranded oligonucle-
otide GCG122-S/GCG122-AS into plasmid pFC1-XB between the BglII site
(position 107) and the HgaI site (position 121) (Table 1). Plasmid pFC1-m24
(double mutant of CTG to CCC and of ACG to AAG) was obtained by ligation
of a XbaI-SacI fragment from plasmid pFC1-m4 (containing the FGF-2 leader
region downstream from position 107 and the CAT sequence) with an XbaI-SacI
fragment from the plasmid pFC1-m2 (containing the vector sequence and the
FGF-2 leader region in 59 from position 107).

Plasmids p59CAT-A0, p59CAT-A1, and p59CAT-A7 were derived from the
plasmid pKSCAT-pA. pKSCAT-pA had been constructed by insertion of a 70-nt
poly(A) fragment (5a) downstream from the CAT sequence, between the SpeI
and BamHI sites of plasmid pKSCAT (containing the CAT sequence subcloned
between the HindIII and BamHI sites of pBlueScript KS1, downstream from the
T3 promoter). Plasmid p59CAT-A0 resulted from introduction of a fragment of
plasmid pFC1 (treated with BamHI, Klenow enzyme, and BspEI), containing the
leader region of the FGF-2 cDNA, into plasmid pKSCAT-pA (digested by
HincII and BspEI) upstream from the CAT sequence. To construct p59CAT-A1,
a fragment containing the CAT sequence and the shortest FGF-2 39 UTR (90 nt
long) was obtained by PCR from the template pSCT-DOG (this plasmid had
been constructed by insertion of the complete FGF-2 39 UTR downstream from
the CAT sequence into the vector pSCT-CAT (42a), using oligonucleotides
CAT39-S and UTR39A1-AS (Table 1) as 59 and 39 primers, respectively. This
PCR fragment (digested by BstEI) was introduced into the BspEI and SmaI sites
of p59CAT-A0, giving rise to plasmid p59CAT-A1, which has the 59 end of FGF-2
fused to CAT, with a 90-nt FGF-2 39 UTR and a poly(A) site. To construct
plasmid p59CAT-A7, a DNA fragment from pSCT-DOG treated with XbaI,

TABLE 1. Sequences of oligonucleotides used for mutagenesis

Name Sequence

FLC...................................59-AAAATCGATTGGGCCCCCGCTCGGCCGCTCTTCTG-39
AUGm..............................59-CACCCGCCGGGCCGCGGCGTCAGATCTTCTAGATCTCCA-39
Sfi-S...................................59-GGCCCGGCGGGTGCCAGATTAGCGGCCGCGGTGGCCGCGGTTGCAACGGGATCCCGGGCGCTGCA-39
Sfi-AS................................59-GCGCCCGGGATCCCGTTGCAACCGCGGCCACCGCGGCCGCTAATCTGGCACCCGCCGGGCCGC-39
ATG86-S ..........................59-CGCGCAGGAGGGAGGAGAACTGGGGGCGCGGGATCATGACCGGTGTCGGGGGTGGAGAT-39
ATG86-AS .......................59-CTAGATCTCCACCCCCGACACCGGTTATGATCCCGCGCCCCCAGTTCTCCTCCCTCCTG-39
CCC86-S...........................59-GATCATAACGCGGGAGGCCCA-39
CCC86-AS........................59-CCGGTGGGCCTCCCGCGTTAT-39
TAA89-S ..........................59-GATCATCTAGAAGGCTGTAAA-39
TAA89-AS .......................59-CCGGTTTACAGCCTTCTAGAT-39
GCG122-S........................59-GATCTAGAAGATGTAGCGCCGCGG-39
GCG122-AS.....................59-CCGGGCCGCGGCGCCTACATCTTCTA-39
CAT39-S ...........................59-ATGGCAATGAAAGACGGTGAG-39
UTR39A1-AS...................59-ACACATTTATTTTCTTTTACTCTC-39
bigATG-S .........................59-ACACTCTAGAGCGGGAGGATGGTGGGTGTCGGGGGT-39
FGF59-AS.........................59-AGCCTCGAGCCGCTCGGCCGCTCTTCTGTC-39
DELNLS-59......................59-GCTTGGGAGGCGGCTCTCCACCCATCCGTGAACCCCAGGTC-39
DELNLS-39......................59-CCGGGACCTGGGGTTCACGGATGGGTGGAGAGCCGCCTCCCAAGCTGCA-39
SVNLS-59 .........................59-AAAAAGCTTCCATGGCAAAAAAGAAGCGGAAAAAAGAGAAAAAAATCACTGGAGAT-39
CAT-rev............................59-TTTGAGCTCAGATCTCATTACGCCCCGCCCTGCCA-39
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Klenow enzyme, and BspEI, and containing the CAT and FGF-2 5,823-nt-long 39
UTR sequences, was introduced into the BspEI and SmaI sites of p59CAT-A0.

Plasmids used for transient transfection, pF18CAT and pF24CAT, expressing
chimeric CAT proteins with the N-terminal parts of the 18- and 24-kDa FGF-2
isoforms, respectively, have been described in a previous report (40), as has
plasmid pSCT-CAT. Plasmid pSV-CAT was obtained by introducing into the
vector pSCT HindIII and SacI sites a PCR fragment, obtained with oligonucle-
otides SVNLS-59 and CAT-rev (Table 1), containing the nucleotide sequence
encoding the simian virus 40 (SV40) large-T-antigen NLS preceded by an ATG
initiation codon, in frame with the CAT open reading frame (ORF). Plasmid
pF34CAT was obtained by amplifying a PCR fragment with the 59 primer
bigATG-S (corresponding to nt 78 to 103 of FGF-2 cDNA but introducing an
ATG start codon and preceded by a 59 XbaI site) and the 39 primer FGF59-AS
(complementary to nt 293 to 323 including the XhoI site [Table 1]). This 245-
nt-long fragment was introduced between the XbaI and XhoI sites of plasmid
pFC1 (see above). Plasmid pF34DX was obtained by introducing the double-
stranded oligonucleotide DELNLS-59/DELNLS-39 between PstI and XmaI sites
(positions 192 and 256, respectively); this resulted in deletion of nt 212 to 234.

All plasmids used for stable transfection except the plasmid expressing the
34-kDa FGF-2 from an ATG codon (pF34EN) have been described previously
(31, 37). Each of these plasmids expresses distinct (or no, in the case of pEN)
FGF-2 isoforms from the first cistron and the neomycin resistance gene (neo)
from the second cistron controlled by the encephalomyocarditis virus (EMCV)
IRES. pF34EN was obtained by introduction of the PCR fragment described in
the previous paragraph between XbaI and XhoI sites of plasmid pFEN, which
contains the wild-type FGF-2 cDNA (nt 1 to 1179) upstream from EMCV and
neo; in addition, the start codon ATG-485 was changed to TTA by insertion of
a PCR fragment in order to prevent expression of the 18-kDa FGF-2 from
plasmid pF34EN (it was not necessary to mutate the CTGs, as they were extin-
guished by the upstream ATG start codon [see Fig. 8A]).

Anti-N23 antibody preparation. The synthetic peptide NH2-VNPRSRAAG
SPRTRGRRTEERPS-COOH, deduced from the nucleotide sequence of FGF-2
cDNA from positions 242 to 310 (41), was provided by Neosystem S.A. This
peptide was coupled to keyhole limpet hemocyanin by using glutaraldehyde and
carbodiimide, and the coupled product was used for rabbit immunization (20).
Polyclonal antibodies were purified from rabbit serum by using an N23 peptide-
coupled Affigel 10 column (Bio-Rad).

Cell transfection, fractionation, and immunocytolocalization. COS-7 monkey
cells were transfected with DNA (1 mg/ml) by the DEAE-dextran method (47).
Cell lysates for Western blots were prepared 48 h later. For immunocytolocal-
ization experiments, cells were seeded on lamella before transfection (Life Tech-
nologies); 48 h later, cells were washed four times with phosphate-buffered saline
(PBS) and fixed for 7 min with 3% paraformaldehyde. Cells were washed again
three times for 5 min each, once with PBS and twice with PBS plus 50 mM
NH4Cl, permeabilized for 20 min at 37°C in PBS plus 0.025% saponin, and then
incubated for 20 min at 37°C with nonimmune antibody (1/100 in PBS–0.025%
saponin–0.5% bovine serum albumin). Cells were then incubated with anti-CAT
antibody (1/500; Santa Cruz Biotechnology) for 1.5 h at 37°C, washed again three
times as described above, incubated for 40 min at room temperature with fluo-
rescein isothiocyanate-coupled anti-rabbit antibody (1/400; Tebu), and then
washed again three times. Lamella were put on microscope slides in the presence
of 8 ml of Citifluor (Pelco, Inc.).

SK-Hep-1 cells were transfected by using Lipofectin (Life Technologies). Cell
fractionation to obtain cytosolic and nuclear extracts was performed as previ-
ously described (10, 37).

Stable NIH 3T3 clones were obtained by Lipofectin transfection with the
different vectors of the pEN series (see above), and G418 at 1 mg/ml in Dulbecco
modified Eagle medium (DMEM; Life Technologies) was added 72 h later. The
cultures were maintained for 2 weeks in the presence of G418, and 10 to 12
clones from each transfection experiment were picked up and transferred into
24-well plates before cultivation in larger dishes.

Analysis of cell proliferation. The proliferation curves were established with
three stable clones from each transfection assay. Two procedures were used in
parallel.

(i) Classical cell counting. Six-well plates were seeded at 20,000 cells per well
in DMEM plus 10% calf serum (CS). The next day, the complete medium was
replaced by DMEM plus 1% CS. This medium was changed every 2 days. Cells
were trypsinized every 3 days and counted in a Coulter counter (Coulter Elec-
tronics, Coultronics S.A., Andilly, France).

(ii) Crystal violet staining. The staining procedure allows measurement of cell
proliferation without the step of cell trypsination. Ninety-six-well plates were
seeded with 750 cells/well in complete medium (DMEM plus 10% CS). The next
day, the medium was replaced by DMEM plus 1% CS; it was then changed every
2 days. For the proliferation analysis, cells were fixed with 10% glutaraldehyde
for 15 min under agitation, then abundantly washed extensively with double-
distilled water, and dried for 1 h at room temperature. After addition of 100 ml
of 0.1% crystal violet to each well, the plates were incubated for 30 min at room
temperature under agitation. Cells were then washed with water three times and
dried for 1 h at room temperature; 100 ml of 10% acetic acid (diluted in 200 mM
formic acid [pH 6.7]) was added, and plates were shaken for 15 min. Optical
density was read at 540 nm.

Western immunoblotting. Total proteins were prepared, quantified, and ana-
lyzed by Western immunoblotting (5 mg of proteins from each cell lysate) as
previously described (47). FGF-2 and FGF-CAT proteins were immunodetected
with rabbit polyclonal anti-FGF-2 (Santa Cruz) and anti-CAT (homemade)
antibodies, respectively. FGF-2 enrichment of an HeLa cell extract (from 107

cells) on heparin-Sepharose beads (see Fig. 2) was performed as previously
described (13).

CAT activity analysis. Cell pellets were resuspended in 100 mM Tris (pH
7.8)–2 mM MgCl2 and sonicated four times for 5 s; 35 ml of the cell extract was
mixed with 5 ml of 1 M Tris (pH 7.8), 5 ml of butyryl coenzyme A at 5 mg/ml, and
5 ml of [14C]chloramphenicol and then incubated for 4 h at 37°C. Then 200 ml of
2,6,10,14-tetramethylpentadecane–xylene (2:1) was added, and the samples were
vortexed for 30 s. Centrifugation was achieved for 3 min at 13,000 rpm, and 150
ml of the upper phase was counted in the presence of 3 ml of Ready Safe
scintillating liquid in a scintillation counter (43).

In vitro transcription and translation. DNAs were linearized and transcrip-
tion was performed with T7 or T3 RNA polymerase, using the transcription kits
provided by Ambion. RNA transcripts were quantitated by absorbance at 260 nm
and ethidium bromide staining on agarose gels, and their integrity was verified.
Translation was carried out in rabbit reticulocyte lysate (RRL) provided by
Promega (47). The translation products were analyzed by electrophoresis on a
12.5% polyacrylamide gel (PAGE) followed by autoradiography and quantita-
tion on a PhosphorImager (Molecular Dynamics).

RESULTS

Identification of a 34-kDa isoform of FGF-2 resulting from
an upstream initiation of translation. As we analyzed endog-
enous FGF-2 expression in different human cell types, it be-
came apparent that a 34-kDa-migrating protein was recog-
nized by anti-FGF-2 antibodies in various transformed cell
lines (48). This protein was, for instance, clearly detectable by
Western immunoblotting of HeLa and SK-Hep-1 cell extracts
(Fig. 1). HeLa cell extracts were then run through a heparin-
Sepharose column to see if this protein corresponded to
FGF-2. As would be expected for an FGF-2 isoform, the 34-
kDa protein was retained by heparin (Fig. 2B, lane 2).

The size of this potential new FGF-2 suggested that it could
result from an additional initiation of translation at a codon
located upstream from the known start codons. We tested this
hypothesis by raising an antibody against a peptide (designated
N23) deduced from the nucleic acid sequence of the FGF-2
cDNA upstream from the first CUG start codon (Fig. 2A).
This antibody was used in a Western immunoblotting experi-
ment with heparin-Sepharose-retained HeLa cell proteins. As
shown in Fig. 2B (lane 1), the 34-kDa protein was recognized
by the anti-N23 antibody, in contrast to the other FGF-2 iso-
forms. We also detected a 16-kDa-migrating band correspond-
ing to a cleavage fragment of the 34-kDa protein (38).

To check that the 59 UTR of the FGF-2 cDNA was able to

FIG. 1. Analysis of endogenous FGF-2 isoforms in HeLa and SK-Hep-1
cells. Aliquots (20 mg) of cell extracts from HeLa and SK-Hep-1 cells were
analyzed by PAGE and transferred to nitrocellulose (see Materials and Meth-
ods). Immunoblotting was performed with anti-FGF-2 antibodies and chemilu-
minescence detection, immediately followed by autoradiography for 2 h. Posi-
tions of migration of size standards (right) and of the FGF-2 isoforms (left) are
indicated.
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initiate translation of the 34-kDa protein, we then studied
expression of the FGF-2 cDNA either with the complete
leader or with a deletion of the 59 257 nt (Fig. 3A). FGF-2
isoform synthesis was analyzed either by in vitro translation in
rabbit reticulocyte lysate (Fig. 3B, lanes 1 and 2) or by COS-7
cell transfection and Western immunoblotting with an anti-
FGF-2 antibody (Fig. 3B, lanes 3 and 4). In both in vitro and
in vivo experiments, an additional protein, sometimes migrat-
ing as a doublet, was detected at 34 kDa (Fig. 3B, lanes 1 and
3). This 34-kDa protein could not be detected with the 59-
deleted construct (Fig. 3B, lanes 2 and 4). Furthermore, an
FGF-CAT chimeric construct containing the 59 312 nt of
FGF-2 cDNA fused to the CAT coding sequence (Fig. 3A) was
able to express a fusion protein, migrating at 33 kDa, which
could be detected by both anti-CAT and anti-N23 antibodies
(Fig. 3B, lanes 5 and 6).

These results demonstrated the existence of a 34-kDa iso-
form of FGF-2 resulting from a process of alternative initiation
of translation at a start codon located between nt 1 and 257 of
FGF-2 mRNA.

The 34-kDa FGF-2 is initiated at a CUG codon located 86 nt
from the mRNA 5* end. To identify the start codon that gave
rise to the 34-kDa FGF-2, we looked for potential in-frame
start codons in the published nucleotide sequence of the
FGF-2 cDNA (41). The only potential initiation codon was an
ACG at position 154 (Fig. 4A, line 1). However, examination
of the published FGF-2 genomic DNA sequence (44) in this
region revealed that a C was missing at position 159, setting the
ACG-154 out of frame (Fig. 4A, line 2). Introduction of the
genomic DNA fragment (kindly provided by R. Z. Florkiewicz)
corresponding to nt 1 to 312 into our FGF cDNA construct
revealed an expression profile identical to that obtained with
the cDNA (not shown), suggesting an error in one of the
published nucleotide sequences.

By sequencing this region of the FGF-2 cDNA with an

automatic DNA sequencer (Applied Biosystems), we obtained
the DNA sequence 153-GACGCGGT downstream from posi-
tion 153, which still differed from the published sequences of
cDNA and genomic DNA, i.e., 153-GACGGCT and 153-GA
CGGT, respectively (Fig. 4A, line 3). According to this new
sequence, an HgaI restriction site (GACGC) had to be present
at position 153 and two HgaI fragments of 34 and 51 nt should
be generated following HgaI enzymatic digestion. As shown in
Fig. 4B, such HgaI fragments were observed with both the
cDNA and the genomic DNA (lanes 1 and 2) but not with a
control DNA in which a point mutation removes the HgaI site
(lane 3); this demonstrated that the new sequence shown in
Fig. 4A, line 3, corresponded to the correct sequence effec-
tively present in both the FGF-2 genomic DNA and cDNA.
This sequence gave two possible in-frame start codons: a CTG
codon at position 86 and an ACG codon at position 122 (Fig.
4C).

To determine which of the CUG-86 and ACG-122 codons
was used as the start codon, point mutations of each or of both
together were then introduced into a chimeric FGF-CAT con-
struct in which the FGF-2 59 539 nt was fused to CAT (Fig.
5A). The effect of each mutation on translation initiation was
analyzed either in vitro (in RRL [Fig. 5B]) or in vivo (in COS-7
cells [Fig. 5C]). Translation of the wild-type construct gave rise
to a doublet at 42 and 40.5 kDa (consistent with the predicted
size of the FGF-CAT protein derived from the 34-kDa FGF-
2), the upper band being the most abundant in RRL (Fig. 5B
and C, lanes 2). Whereas mutation of CUG-86 to AUG re-
sulted in overexpression of the upper band (Fig. 5B and C,
lanes 3), its mutation to CCC or the addition of a UAA codon
downstream from it resulted in disappearance of the upper

FIG. 3. Analysis of the ability of the FGF-2 mRNA 59 UTR to promote
translation initiation of the 34-kDa FGF-2. Expression of the 34-kDa FGF-2 was
analyzed for three DNA constructs either by in vitro transcription and translation
in RRL or by COS-7 cell transfection followed by Western immunoblotting (see
Materials and Methods). (A) Schema of the mRNAs expressed from the differ-
ent constructs (see Materials and Methods). WT59-FGF corresponds to the
FGF-2 mRNA with a complete 59 leader; D1-257 corresponds to a deletion of nt
1 to 257 in the FGF-2 mRNA 59 end; WT59CAT corresponds to a fusion of
FGF-2 cDNA nt 1 to 312 with the CAT sequence (devoid of an AUG start
codon). (B) Analysis of mRNA expression either by in vitro translation (lanes 1
and 2) or by Western immunoblotting (lanes 3 to 6). Names of the antibodies
(aFGF-2, aCAT, and aN23) are indicated at the bottom. Migration of size stan-
dards is indicated on the right; migration of FGF-2 isoforms is indicated on the left.

FIG. 2. Identification of the 34-kDa FGF-2 with anti-N-terminal antibodies.
(A) Schema representing the FGF-2 mRNA and the FGF-2 coding sequence,
showing positions of the peptides used to prepare the anti-N23 and anti-FGF-2
polyclonal antibodies (see Materials and Methods). (B) Heparin-Sepharose-
purified HeLa extract was analyzed by Western immunoblotting with either
anti-N23 (aN23) or anti-FGF-2 (aFGF-2) antibodies (see Materials and Meth-
ods). Migration of size standards is indicated on the left; migration of FGF-2
isoforms is indicated on the right. The 16-kDa-migrating band revealed in lane
1 by anti-N23 probably corresponds to a cleavage product.
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band and an increase of the lower band (lanes 4 and 5). In
contrast, mutation of ACG-122 to GCG did not affect the
upper band and resulted in strong decrease of the lower band
(lane 6). The double mutation of CUG-86 and ACG-122 was,
however, followed by the extinction of both bands (lane 7).
These data clearly show that the FGF-2 34-kDa isoform was
mostly initiated at CUG-86 (hereafter called CUG 0) in vitro
and in vivo. The 40.5-kDa band of the doublet seemed to result
in part from a secondary initiation at ACG-122 (lane 7), while
the remaining 40.5-kDa protein expressed from the ACG-122
mutant could be attributed to the putative GUG start codon
located just upstream from the ACG codon (Fig. 5A).

The 34-kDa isoform of FGF-2 is translated in a cap-depen-
dent manner, independently of the IRES. We have known for
several years that the mechanism of synthesis of the FGF-2

isoforms is IRES driven (47). To find out whether the 34-kDa
CUG 0-initiated isoform expression was cap dependent, in
vitro translation experiments were performed with capped and
uncapped mRNAs, using increasing concentrations of in vitro-
synthesized polyadenylated FGF-2 mRNA with or without the
5,823-nt-long 39 UTR (Fig. 6). When mRNAs devoid of a 39
UTR or with a short (90-nt) 39 UTR were used, expression of
the isoforms initiated at CUG 1, 2, or 3 or AUG was, as
expected, unaffected by the cap (Fig. 6A, lanes 2 to 11; Fig. 6B,
left). In contrast, synthesis of the 34-kDa FGF-2 was clearly
cap dependent (Fig. 6A and B, CUG 0): its expression at the
optimal mRNA concentration increased three- to fourfold in
the presence of the cap (Fig. 6B, CUG 0, left). Furthermore,
this cap dependence was even enhanced in the presence of the

FIG. 4. Sequence of the FGF-2 mRNA leader. (A) The sequence of the
FGF-2 cDNA 59 region was obtained by using a DNA analyzer (see Materials
and Methods) and compared to the two published sequences. Under the schema
of the FGF-2 cDNA indicating the two HgaI sites at positions 121 and 224
downstream from the 59 end are represented the three sequences of the region
from 146 to 166. Lines 1 and 2 correspond to the published sequences of the
cDNA and genomic DNA, respectively (41, 44). Line 3 is the sequence obtained
in this study for both DNAs with the DNA analyzer. The new HgaI site is
underlined (position 153). (B) The pFC1 plasmid with the 59 region of the FGF-2
cDNA, its homolog with the corresponding genomic sequence (kindly provided
by R. Florkiewicz), and a pFC1-derived plasmid lacking the HgaI site at position
153 (point mutations change nt 153-GACGCGG to 153-GATGGC; published
for its in-frame ATG-154 [47]) were BssHII digested. The 291-nt-long resulting
fragments were dephosphorylated, kinase treated in the presence of [32P]ATP,
and then digested with enzyme HgaI. Each step was followed by a G50 column
purification. The restriction fragments were fractionated on a 15% polyacryl-
amide–Tris-borate-EDTA gel, which was dried and autoradiographed. Sizes of
the expected fragments are (i) 121, 85, 51, and 34 nt in the presence of the new
HgaI site and (ii) 121 nt plus a doublet at 85 nt in its absence. The DNA origin
(cDNA or genomic) is indicated at the top; control corresponds to the plasmid
lacking the HgaI site at position 153. (C) Representation of the new reading
frame given by the DNA sequence shown in A (line 3). The sequence between
nt 80 and 163 is shown. The two potential initiation codons are shown in
boldface; the HgaI site (positions 153 to 157) is underlined.

FIG. 5. Identification of the start codon by site-directed mutagenesis. Several
point mutations of CTG-86 or of ACG-122 were introduced into a chimeric
FGF-CAT construct in which the first 539 nt of FGF-2 cDNA were fused to the
CAT sequence (40) (see Materials and Methods). The mutant constructs were
used either for in vitro transcription and translation in RRL or for COS-7 cell
transfection followed by Western immunoblotting, as for Fig. 3. (A) Represen-
tation of nt 83 to 127 of the FGF-2 cDNA. CTG-86 and ACG-122 are repre-
sented in boldface; arrows indicate the mutations obtained. (B) Translation of
the different in vitro-transcribed mRNAs in RRL. (C) Western immunoblotting
of transfected COS-7 cell extracts with anti-CAT antibody. The names of the
mutants are indicated above the lanes. WT corresponds to the wild-type FGF-
CAT construct; the mutant m24 (lane 7) corresponds to a double mutant (m2
plus m4). Lane 1 corresponds to the control (C) assay without mRNA. Positions
of migration of the size standards (left) and of FGF-CAT proteins (right) are
indicated. The two bands corresponding to the largest FGF-CAT protein (42 and
40.5 kDa) are shown by arrows.
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39 UTR, with a fivefold increase of expression in the presence
of the cap (Fig. 6B, CUG 0, right). Interestingly, the presence
of the 39 UTR also rendered the synthesis of the other isoforms
partly cap dependent, with a twofold increase in the presence
of the cap (Fig. 6B, right). mRNA stability was measured to
check that the mRNAs were not degraded during translation
both in the presence and in the absence of the 39 UTR (not
shown).

The effect of the long FGF-2 39 UTR on cap dependence of
the different FGF-CAT isoforms suggested an effect on the
ratio of the CUG 0-initiated isoform versus total FGF-CAT
expression. This ratio was calculated for the capped RNA with
or without the 39 UTR (Fig. 6C). Interestingly, this ratio in-
creased as a function of mRNA concentration. This increase
was, however, much greater in the absence of the 39 UTR, with

the ratio of CUG 0 isoform versus total FGF-2 attaining 34.5%
at the highest mRNA concentration. This ratio did not exceed
11% in the presence of the 39 UTR, suggesting a negative
regulation by the long FGF-2 mRNA 39 UTR of the 34-kDa
isoform in relation to the other FGF-2 isoforms.

To confirm that the 34-kDa FGF-2 was exclusively expressed
in a cap-dependent manner, we studied its expression in trans-
fected COS-7 cells by using bicistronic vectors CAT-FGF, with
or without a 59 hairpin (Fig. 7A). These vectors enabled us to
demonstrate the existence of the FGF-2 IRES in a previous
report (47). As expected for IRES-driven translation, expres-
sion of the FGF-2 isoforms initiated at CUGs 1, 2, and 3 and
AUG, analyzed by Western blotting, was not affected by the 59
hairpin (Fig. 7B, lanes 3 and 4). In contrast, expression of the
34-kDa FGF-2 initiated at CUG 0 was detected in the absence

FIG. 6. Cap dependence of 34-kDa FGF-2 expression. Capped and uncapped FGF-CAT mRNAs, with or without the FGF-2 mRNA 39 UTR, were transcribed in
vitro 2, and different dilutions of each mRNA were translated in RRL in the presence of [35S]methionine and analyzed as for Fig. 5. (A) Autoradiography after PAGE
analysis of FGF-CAT mRNA expression. The mRNA was transcribed in vitro from plasmid p59CAT-A1, in which the first 539 nt of FGF-2 cDNA were fused to the
CAT sequence and the shortest FGF-2 39 UTR (90 nt long). The results correspond to representative experiments that were repeated five times, either with a 90-nt-long
39 UTR (p59CAT-A1) or with no 39 UTR (p59CAT-A0). Migrations of the size standards and of FGF-CAT proteins are indicated (CUG 0 represents the largest
isoform). C (lane 1) is the control without mRNA. FGF-CAT mRNA amounts used in each sample were 0.3, 0.9, 2.8, 8.3, and 25 mg/ml for lanes 2 to 6 (uncapped RNAs)
and lanes 7 to 11 (capped RNAs), respectively. (B) FGF-CAT isoform expression using capped and uncapped mRNAs in which the 90-nt-long FGF-2 39 UTR (239
UTR, corresponding to panel A) or the 5,823-nt-long FGF-2 39 UTR (139 UTR) was quantified by PhosphorImager analysis (ImageQuant software). Expression of
each isoform from capped or uncapped mRNA is shown in a separate plot. The data are from representative experiments that were repeated at least five times. (C)
Ratio of 34-kDa FGF-2 isoform versus total FGF-2 expression in the presence or absence of a 39 UTR, calculated for capped mRNAs from experiments shown in panel
B (expressed as percentage of total FGF-2 expression).
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of the hairpin but disappeared in its presence (lanes 3 and 4)
following cap-dependent CAT expression (Fig. 7B, lanes 1 and
2). This finding indicated that the synthesis of the 34-kDa
FGF-2 observed in the absence of a hairpin resulted from a
cap-dependent reinitiation process, although the distance
of 191 nt between the CAT stop codon and CUG-86 was longer
than the optimal intercistronic length for reinitiation (28).

In conclusion, these results obtained for RRL and COS-7
transfected cells clearly showed that in contrast to the other
isoforms, the new isoform of FGF-2 was exclusively synthe-
sized according to a cap-dependent mechanism.

The 34-kDa FGF-2 permits NIH 3T3 cell survival in low-
serum conditions. To investigate the function of the 34-kDa
FGF-2 and compare it to functions of the other FGF-2 iso-
forms, NIH 3T3 fibroblasts were permanently transfected with
bicistronic vectors expressing separately the 24-kDa isoform,
the 18-kDa isoform, or the 34-kDa isoform from the first cis-
tron and the neomycin resistance gene from the second cistron
(Fig. 8A, pF24EN, pF18EN, and pF34EN, respectively). As a
control, NIH 3T3 cells were also transfected by the empty
vector pEN. G418-resistant clones were derived from the dif-
ferent transfection experiments, and their FGF-2 production
was checked by Western immunoblotting with anti-FGF-2 an-
tibody (Fig. 8A).

The different clones were plated at low cell density and
grown in the presence of 1% CS to analyze their ability to
proliferate independently of serum. The cells were counted (by
the crystal violet method; see Materials and Methods) during
17 days of growth, and their phenotypes were compared (Fig.
8B and C). Results showed that cells expressing either the
empty vector pEN, the 24-kDa FGF-2, or the 18-kDa isoform
were able to proliferate only during the first 9 days; thereafter
all of them started to die, as shown by the drastic decrease
in cell number in the dishes (Fig. 8C, pEN, pF24EN, and
pF18EN). In contrast, the two clones expressing the 34-kDa
FGF-2 did not stop growing and did not exhibit any cell death

on day 17 (Fig. 8C, pF34EN-cl14 and -cl19). The proliferation
rate of clone 19 was better than that of clone 14, in correlation
with the different levels of 34-kDa FGF-2 production. The
phenotype analysis performed also showed that the two cell
clones expressing the 34-kDa FGF-2 were still growing in the
end of the proliferation experiment and exhibited a fibroblast

FIG. 7. Expression of the 34-kDa FGF-2 from bicistronic vectors. Bicistronic
vectors expressing CAT as first cistron (ORF1) and FGF-2 as second cistron
(ORF2) were used to analyze the cap dependence of the 34-kDa FGF-2. (A)
Representation of the two constructs with or without the presence of a 59 hairpin.
(B) Transfection of COS-7 cells with the bicistronic constructs. CAT expression
was analyzed by measuring CAT activity (lanes 1 and 2). FGF-2 expression was
analyzed by Western immunoblotting with anti-FGF-2 antibodies (lanes 3 and 4).
The presence or absence of a hairpin is indicated by 1 or 2, respectively.
Migration of the different FGF-2 isoforms is shown on the right.

FIG. 8. Expression of the different FGF-2 isoforms in permanently trans-
fected NIH 3T3 cells. NIH 3T3 cells were transfected with bicistronic vectors ex-
pressing the 24-kDa (pF24EN), the 18-kDa (pF18EN), or the 34-kDa (pF34EN)
FGF-2 or no protein (pEN) from their first cistrons and the neomycin resistance
gene from their second cistrons; 10 to 12 G418-resistant clones were kept for
each transfection, and analyses were performed with at least three clones of each
origin. Two clones expressing two different levels of 34-kDa FGF-2 (cl14 and
cl19), and one clone expressing a medium level of FGF-2, chosen for 24- and
18-kDa FGF-2 expression, are shown as representative clones. (A) Western
immunoblotting was performed with cell extracts of the different clones, using
anti-FGF-2 antibody as for Fig. 1. Positions of size standards are represented on
the right. (B) Phase-contrast microscopy examination (magnification, 3100) of
the different cell clones after 14 days of cultivation in six-well plates in 1% CS
(see Materials and Methods). The panels correspond to representative parts of
the culture dishes. (C) Proliferation curves obtained by the crystal violet method
for cells seeded in 96-well plates and cultivated for 17 days (see Materials and
Methods). In this procedure, cell growth is measured by determining the optical
density at 540 nm (OD 540). Experiments were done in quadruplicate; they were
also reproduced several times in triplicate with the classical cell counting pro-
cedure, which always gave similar results (not shown).
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aspect, whereas the other three were sparse and had a very
poor aspect (Fig. 8B).

These results led us to conclude that endogenous expression
of 34 kDa FGF-2 permitted NIH 3T3 cell survival in conditions
where expression of the other FGF-2 isoforms was unable to
prevent cell death.

The 34-kDa FGF-2 contains a Rev-like NLS. The survival
role of the 34-kDa FGF-2 distinguished it from the other
isoforms and thus raised the question of its mode of action.
Our first attempt was to determine the intracellular localiza-
tion of this new FGF-2.

The 78-amino-acid-long sequence of the 34-kDa FGF-2 N-
terminal region was examined and revealed an arginine-rich
box, PRRRPRR, reminiscent of the NLS of the human immu-
nodeficiency virus type 1 (HIV-1) Rev protein (Fig. 9A and
reference 21). This N-terminal region, either wild type or with
the putative NLS deleted, was fused to CAT protein (Fig. 9B,
F34CAT or F34DNCAT). Plasmids expressing these two CAT
fusions, as well as plasmids expressing either CAT alone or

CAT fused to the SV40 NLS or to the 24-kDa or the 18-kDa
FGF-2 N-terminal part (SV-, F24-, or F18CAT, respectively),
were used for cell transient transfection (Fig. 9B). In the first
experiment, COS-7 cell transfection was followed by CAT im-
munodetection in situ, using anti-CAT antibody (Fig. 9B, flu-
orescent staining). In a second experiment, SK-Hep-1 cell
transfection by the different constructs was followed by cell
fractionation and measurement of CAT activity in the cyto-
plasmic and nuclear fractions (Fig. 9B, histograms). As ex-
pected, the CAT and F18CAT controls were cytosolic with
both procedures, while the SVCAT and F24CAT constructs
were nuclear (Fig. 9B and references 10 and 24). The results
obtained with the F34CAT fusion clearly indicated a nuclear
localization, whereas F34DN-CAT was strictly cytosolic (Fig.
9B). These data show that the N-terminal portion of the 34-
kDa FGF-2 contains an arginine-rich NLS involving the PRR
RPRR box and suggest that the survival role of this protein is
probably mediated by nuclear targets.

DISCUSSION
This work has revealed the existence of a new isoform of

FGF-2 whose synthesis is initiated at a fifth alternative initia-
tion codon, a CUG at position 86 downstream from the mRNA
59 end. Expression of the 34-kDa FGF-2 was shown to be ex-
clusively cap dependent, in contrast to the IRES-dependent
expression of the other FGF-2 isoforms of 18, 22, 22.5, and 24
kDa. Furthermore, the long 39 UTR of the FGF-2 mRNA
seemed to influence the ratio of the CUG 0-initiated isoform
versus total FGF-CAT expression in vitro. We have also dem-
onstrated that the 34-kDa FGF-2 isoform, nuclearized by a
novel arginine-rich NLS, has a specific survival function.

This makes the FGF-2 mRNA the most complex system of
translational regulation described up to now. As schematized
in Fig. 10, FGF-2 mRNA can be translated by two alternative
mechanisms, depending on the activity of the cap binding pro-
tein eIF-4E. When translation occurs according to a cap-de-
pendent mechanism, expression of the 34-kDa FGF-2 is fa-
vored. In contrast, the other isoforms are produced according
to an IRES-driven mechanism, although their synthesis may
also occur according to the cap-dependent mechanism in cer-
tain conditions (15a). The balance between these two mecha-
nisms controls the use of the different initiation codons. This
balance seems to be influenced, at least in vitro, by the long 39
UTR of the FGF-2 mRNA (Fig. 6). The activities of the dif-
ferent regulatory cis elements are presumably controlled by
trans-acting factors bound to the FGF-2 mRNA, whose iden-
tification is currently under investigation (48).

From a mechanistic point of view, one could be surprised by

FIG. 9. Characterization of an NLS in the N-terminal domain of the 34-kDa
FGF-2. (A) Amino acid sequence of the NH2-terminal domain of the 34-kDa
FGF-2 (78 amino acid residues). The boldface boxed characters represent the
amino acids that were deleted in construct F34DNCAT. (B) Subcellular distri-
bution of different chimeric CAT proteins was analyzed either by immunocyto-
localization in transfected COS-7 cells (fluorescent staining micrographs in the
middle) or by fractionation of transfected SK-Hep-1 cells into nuclear and
cytosolic extracts (histograms on the right), as described in Materials and Meth-
ods. SVCAT fusion contains the minimal SV40 large-T antigen NLS (PKKK
RKV [24]). F18- and F24CAT chimeras have N-terminal parts corresponding to
the 20 and 75 N-terminal amino acid residues of 18- and 24-kDa FGF-2, respec-
tively. The latter includes the 24-kDa FGF-2 NLS described previously (1). The
F34CAT chimera contains the 78-amino-acid N-terminal domain of the 34-kDa
FGF-2 shown in panel A. F34DNCAT has a deletion of the arginine-rich box
shown in panel A, corresponding to residues 43 to 49. Results from immunocy-
tolocalization and cell fractionation are presented at the right for each chimeric
protein and the control (CAT). The subcellular distribution between nucleus and
cytosol is represented as a percentage of the total CAT activity measured.

FIG. 10. Model of translational regulation of FGF-2 expression. The FGF-2
mRNA can be translated by two alternative mechanisms (see the text): either a
cap-dependent mechanism dependent on eIF-4E activity or an IRES-dependent
mechanism that is independent of eIF-4E activity. The initiation factors 4A and
4G, forming with eIF-4E the complex eIF-4F, are represented. The 43S corre-
sponds to the 40S ribosome subunit associated with eIF2 and with the initiator
tRNA. The two putative IRESes and the 39 UTR are schematized. The start
codons of the FGF-2 isoforms are indicated.
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the strong polar effect generated by introduction of an AUG in
place of CUG 0, which completely extinguished expression of
those isoforms initiated at CUGs 1, 2, and 3 (positions 320,
347, and 362) in vitro and in vivo (Fig. 5B and C, lanes 3). This
interference of the AUG at position 86 with the downstream
IRES can be explained by IRES masking and/or destruction
due to the presence of the elongation machinery. Such a polar
effect is not, however, observed with an AUG at position 156,
which is in a different surrounding context and at a longer
distance from the mRNA 59 end (47). This IRES extinction
observed in the case of an upstream efficient cap-dependent
initiation favors the idea that the cap-dependent and IRES-
driven mechanisms are exclusive and do not occur simulta-
neously on the same RNA molecule.

The extinction of downstream-initiated isoform synthesis re-
sulting from the presence of an AUG codon in place of CUG
0 (Fig. 5) confers considerable significance on the presence of
noncanonical codons as initiators in alternative translation ini-
tiation systems: if an AUG were naturally present at position
86, the 34-kDa FGF-2 would be predominant. This could be
harmful to the function of FGF-2 in the cell as overexpression
of the 34-kDa isoform results in maintenance of cell prolifer-
ation (Fig. 8). Consistent with this inference, we have detected
it only in transformed cell lines (Fig. 1 and reference 48). The
presence of a weakly efficient CUG codon to initiate 34-kDa
FGF-2 synthesis is a clever way of maintaining a correct ratio
of the 34-kDa protein in relation to the other isoforms. The
crucial role of non-AUG codons in alternative initiation sys-
tems is not limited to FGF-2. Examples in the literature in-
clude the messengers of murine leukemia virus and of the
proto-oncogene c-myc, both of which have an alternative CUG
initiation codon (19, 39). In the first case, a cap-dependent
CUG codon initiates the synthesis of a cell surface antigen
important for viral dissemination within the animal, whereas
an IRES-driven AUG codon controls synthesis of the viral
capsid proteins; this allows the maintenance of a suitable ratio
between the two synthesized proteins (4, 12, 49). As regards
c-myc mRNA, the CUG- and AUG-initiated proteins c-Myc1
and c-Myc2, whose synthesis is also controlled by an IRES,
have distinct targets as transcription factors and must also be
present in a suitable ratio (18, 36).

This report suggests for the first time a role for the huge 39
UTR of the FGF-2 mRNA (Fig. 6). This 5,823-nt-long 39 UTR
in fact corresponds to the longest of several species of the
FGF-2 mRNA resulting from the use of alternative polyade-
nylation sites (3, 41, 51). The length of the 39 UTR is in fact
regulated according to cell density (7, 46a); this could result in
a modulation of the ratio of 34-kDa FGF-2 to the other FGF-2
isoforms.

We have demonstrated here that the 34-kDa human FGF-2
does effectively exist in cells (Fig. 2). This protein is detected in
various transformed cell types but not in primary cells (Fig. 1
and reference 48). Such an observation is in good agreement
with previous reports that showed an up-regulation of eIF-4E
in cancer cells (26). As the 34-kDa FGF-2 synthesis is cap
dependent, it could be expected to follow the level of eIF-4E
activity. This was supported in a study of translational enhance-
ment of rat FGF-2 by eIF-4 factors which showed that trans-
lation of a rat 31-kDa FGF-2 isoform was induced when the
eIF-4E level increased (27). Although the existence of the rat
FGF-2 isoform has not been confirmed by specific antibodies,
it could correspond to human 34-kDa FGF-2. In that same
study, the 22- and 21-kDa rat isoforms were not enhanced by
eIF-4E, suggesting that they corresponded to the CUG 1-, 2-,
or 3-initiated isoforms of human FGF-2 whose synthesis is
IRES driven. In conclusion, the complex mechanism of FGF-2

mRNA translation, with alternative initiations of translation
regulated by the balance between cap-dependent and IRES-
dependent initiation, seems to be evolutionarily conserved.

The important function of the 34-kDa FGF-2 evidenced in
the present study could explain its conservation in evolution.
Clearly, this FGF-2 isoform is involved in cell growth mainte-
nance, by preventing cell death in low-serum conditions. Pre-
vious reports have shown that constitutive expression of the 24-
or the 18-kDa FGF-2 leads to cell immortalization and/or
transformation (13, 42). However in our experiments, where
cells were seeded at low density, neither the 18-kDa nor the
24-kDa FGF-2 could prevent cell death. This survival effect of
endogenous FGF-2 seems to be a specific function of the 34-
kDa isoform.

As regards its mode of action, the presence of an NLS in the
N-terminal part of the 34-kDa FGF-2 suggests that this protein
has nuclear targets and that its effect may be intracrine, like
that of the nuclear 24-kDa isoform. An Arg-rich NLS is also a
novel feature for a cellular NLS-containing protein. This NLS
resembles the NLS recently described for HIV-1 Rev (RQAR
RNRRRRWR [21]). Its Arg-rich NLS allows Rev to enter the
nucleus through a nonclassical pathway involving its direct
interaction via its NLS with the human nuclear import recep-
tor, importin b (other NLS-containing proteins bind to impor-
tin a receptor, which itself interacts with importin b via an
Arg-rich domain [17, 21]). Such an NLS is responsible in the
case of HIV-1 Rev for regulation of importation, as the NLS
overlaps with the RNA binding domain of the protein and is
then masked when Rev binds RNA.

The existence of two different (and atypical) NLSs in the
34-kDa FGF-2 versus the 21-, 22-, and 24-kDa (HMW) FGF-2
isoforms offers the possibility of a differential nuclearization
regulation. Furthermore, their different N-terminal domains
may allow a differential targeting of FGF-2 isoforms within the
nucleus. On the one hand, the HMW FGF-2 contains a gly-
cine-arginine-rich domain (RGG), which might be involved in
protein-protein interaction as shown for the RGG domain of
nucleolin (8). On the other hand, the 34-kDa FGF-2 contains
an Arg-rich N-terminal domain (Fig. 9A) that renders it more
basic than the other isoforms, with a pI greater than 12. This
suggests that the N-terminal domain of the 34-kDa FGF-2, in
addition to its NLS function, could mediate direct interactions
of the new FGF-2 with nucleic acids.
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