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The dual subcellular fate of fibroblast growth factor 3 (FGF3) is determined by the competing effects of
amino-terminal signals for nuclear localization and secretion (P. Kiefer, P. Acland, D. Pappin, G. Peters, and
C. Dickson, EMBO J. 13:4126–4136, 1994). Mutation analysis has implicated additional basic domains in the
carboxy-terminal region of the protein as necessary for nuclear uptake and the association of FGF3 with the
nucleoli. Immunogold electron microscopy shows that FGF3 is predominantly within the dense fibrillar
component of the nucleolus. A form of FGF3 that localizes exclusively in the nucleus and nucleolus was
generated by removing signals for secretion, and expression of this nonsecreted FGF3 in a mammary epithelial
cell line resulted in slowly growing colonies of enlarged cells. Thus, nuclear import and nucleolar association
of FGF3 are determined by the concerted interaction of several distinct motifs, and the exclusive production
of the nuclear isoform can inhibit DNA synthesis and cell proliferation.

Fibroblast growth factors (FGFs) are structurally related
proteins encoded by at least nine distinct genes in mammals
(31, 44; for reviews, see references 8 and 17). The prototypic
members of this protein family, FGF1 and FGF2, have been
ascribed a variety of properties, including the stimulation of
cell proliferation and motility, induction or inhibition of cell
differentiation, and enhanced neuron survival (8, 17). Para-
crine and autocrine signalling by FGFs appears to be mediated
through binding to high- and low-affinity cell surface receptors
(for reviews, see references 22 and 25). The heparan sulfate
glycosaminoglycans attached to proteoglycans function as low-
affinity receptors and facilitate signalling by the high-affinity
receptors. Four FGF receptor genes (FGFR1 to FGFR4) have
been identified, but alternative splicing produces multiple iso-
forms, some of which show altered ligand binding specificities
(reviewed in references 21 and 22). Signal transduction in-
volves receptor autophosphorylation which mediates the acti-
vation of second-messenger pathways, leading to changes in
gene expression and, ultimately, cell phenotype.
We have been interested in the properties of FGF3 both as

an oncoprotein in mouse mammary tumorigenesis and as a
signalling molecule during embryogenesis (12, 35, 45, 46). The
secreted form of FGF3 binds with high affinity to FGF receptor
2 and triggers a signalling cascade that includes activation of
the mitogen-activated protein kinase pathway (29). However,
FGF3 biosynthesis is unusual in that translation initiates at two
codons, a conventional AUG and an upstream CUG (13). We
and others recently showed that transcripts originating from
the P2 promoter of the mouse Fgf-3 gene initiate predomi-
nantly at CUG and that the CUG-initiated product has a dual
fate, being distributed in both the secretory pathway and the
nucleus (1, 23). The dual fate of FGF3 is achieved by the
competition between two classical signals within the same
polypeptide: a hydrophobic signal peptide for vectorial trans-
port across the endoplasmic reticulum and a bipartite nuclear
localization signal (NLS) (23). Once in the nucleus, most of the
protein associates with the nucleolus.

In this paper, we show that sequence motifs near the carboxy
terminus of FGF3 contribute to nuclear localization and are
necessary for its association with the nucleolus. These se-
quences are different from the NLS previously identified. We
also present evidence that FGF3 localized to the nucleus
causes a distinct effect on cell growth: cells become enlarged
and grow more slowly, consistent with a suppression of DNA
synthesis. These data provide the first indication of a biological
function for nuclear FGF3 which is different from that induced
by the secreted form and could have important implications for
the signalling potential of this protein in mammalian develop-
ment.

MATERIALS AND METHODS

Cell culture and DNA transfection. COS-1 cells were maintained in Dulbec-
co’s modified Eagle’s medium containing 10% fetal calf serum (FCS) and pas-
saged weekly at a ratio of 1/10. For transient DNA transfections, 20 mg of
purified plasmid DNA was introduced into 5 3 105 COS-1 cells by electropora-
tion (450 V, 250 mF) using a Bio-Rad Gene Pulser. Between 48 and 72 h after
transfection, the cells were harvested for immunoblot or immunofluorescence
analysis. HC11 mammary epithelial cells were maintained in RPMI 1640 medium
supplemented with 8% FCS, 10 ng of epidermal growth factor (EGF) per ml, and
5 mg of insulin per ml as described previously (4).
Immunofluorescence. COS-1 cells grown on glass coverslips were transfected

with the appropriate plasmids, and 48 h later the cells were fixed in 4% paraform-
aldehyde in phosphate-buffered saline (PBS) for 20 min. The cells were perme-
abilized with 0.2% Triton X-100 in PBS for 4 min and then treated with 3%
bovine serum albumin (BSA) in PBS (3% BSA–PBS) to block nonspecific bind-
ing of antibodies. The coverslips were then exposed to primary antibodies and
fluorescently labelled secondary antibodies diluted in 3% BSA–PBS. After being
washed, the stained cells were mounted in 90% glycerol containing p-phe-
nylenediamine and viewed with a 1003 oil immersion lens on a Zeiss microscope
equipped with the appropriate barrier filters for Texas red optics. Confocal
images were taken on a Zeiss confocal laser scan microscope. For FGF3 detec-
tion, a 1:1,000 dilution of a carboxy-terminal antipeptide serum was used (13).
Immunogold electron microscopy. Transfected COS-1 cells were fixed with 1%

monomeric glutaraldehyde in 0.1 M Sorensen’s phosphate buffer (pH 7.4) for 1
h at room temperature. After fixation, the cells were treated with 0.5 M NH4Cl
in phosphate buffer for 4 h and then washed in buffer overnight. The cells were
dehydrated in a graded series of methanols at progressively lower temperatures
and infiltrated with Lowicryl HM20 at2508C. For immunogold studies, ultrathin
sections were mounted on carbon-coated grids and were labelled as follows.
After preincubation on a drop of 5% normal goat serum–5% BSA in PBS, the
grids were incubated on a drop of C-terminal polyclonal anti-FGF3 serum
diluted 1:2 in preincubation medium overnight at 48C. The sections were washed
in PBS and then incubated with immunogold conjugates of goat anti-rabbit
immunoglobulin G–10-nm-diameter gold particles for 2 h. After three rinses in
PBS followed by one in distilled water, the sections were air dried and then
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contrasted with uranyl acetate and lead citrate and examined with a Zeiss 10C
electron microscope. As a staining control, the primary antibody was omitted
from the procedure to visualize any nonspecific binding of gold particles on cell
organelles. A further control of COS-1 cells transfected with pKC4.24 was also
included.
Plasmid constructions. The simian virus 40-based vectors pKC4.12 and

pKC4.16, which express full-length mouse FGF3 and a mutant FGF3 lacking the
signal peptide, respectively, have been described previously (23) (see Fig. 2 for
schematic illustration). Mutant plasmids pKC4.16(1N,2N) and pKC4.16(D1,2)
were constructed by replacing the sequences of pKC4.16 (between the ApaI and
NotI sites) with the corresponding fragments of the previously described plas-
mids pKC4.12(1N,2N) and pKC4.12(D1,2), respectively (23). The C-terminal
deletion clone pKC4.19 was constructed by PCR amplification using mismatched
oligonucleotides, creating a stop codon after codon 212 and introducing point
mutations in the last 12 amino acids to allow detection of the mutant protein with
a C-terminal FGF4 polyclonal antibody (16).
pKC4.20 was produced by changing Lys-130 to Thr by PCR amplification using

mismatched oligonucleotides. To replace the Arg-191 and Lys-197 codons with
Asn codons to make pKC4.21, two PCR products were amplified by using
mismatched oligonucleotides to encompass the desired mutations and to intro-
duce a single SacII site which allowed fusion of the two PCR products. By a
similar strategy, two PCR products were derived from Fgf-3 cDNA, 39 of codon
237 and 59 of codon 247, and joined to create a new SmaI site resulting in a
deletion of codons 238 to 247. This deletion was introduced into plasmids
pKC4.22, pKC4.23, and pKC4.24 by replacing the carboxy terminus by using
appropriate restriction enzyme fragments of pKC4.20 or pKC4.21. The N-ter-
minal deletion mutant pKC4.18 has been previously described (23). Plasmids
pKC4.25 to pKC4.27 were generated by PCR amplification so that codons 102,
137, and 200 were converted to an optimized translation start site, effectively
deleting upstream sequences and introducing an amino-terminal methionine.
The mutant pKC4.28 was generated by replacing the KpnI-EcoRI fragment of
pKC4.16 with the corresponding fragment of pKC4.24.
The expression plasmids pHst1 and pHst1.1 have been described previously

(16) as kFGFwt and NSP, respectively (kindly provided by F. Fuller-Pace). To
produce pHst1.2, a SacI-EcoRI fragment of pHst1.1 was replaced by the corre-
sponding region of the previously described plasmid pKC5.2 (24). A retrovirus
vector based on Moloney murine leukemia virus was used to construct
pDobs4.16 by inserting the FGF3 cDNA from pKC4.16 as a blunted HindIII
fragment into the blunted BamHI site of the pDobs vector (32).
Cell proliferation assay. A cell proliferation kit supplied by Amersham was

used. Briefly, cells were incubated for 1 h at 378C in complete medium containing
5-bromo-29-deoxyuridine (BrdU). After being labelled, the cells were fixed for 30
min in 90% ethanol–5% acetic acid–5% water at room temperature. To block
endogenous peroxidases, the cells were washed for 30 min in 2% hydrogen
peroxide in methanol. The incorporated BrdU was detected with a monoclonal
antibody and visualized with a second, peroxidase-conjugated anti-mouse immu-
noglobulin G antibody.

RESULTS

The bipartite NLS is not necessary for nucleolar localiza-
tion. To investigate the basis for the nucleolar association of
FGF3, we have used the standard approach of expressing mu-
tant Fgf-3 cDNAs in COS-1 cells and monitoring subcellular
localization by indirect immunofluorescence as described pre-
viously (24). A schematic illustration of FGF3 showing the
identified functional domains and basic motifs which might
participate in nucleolar association is presented in Fig. 1. Most
of the mutant cDNA constructs were based on two derivatives,
pKC4.12 and pKC4.16, described in an earlier report (23). In
pKC4.12, the upstream CUG initiation codon was changed to
AUG and the adjacent sequence was altered to match a con-
sensus for optimal translation initiation (GGCAUGG) (26). In
addition, the second initiation codon was changed from AUG
to AAG to suppress internal initiation. Expression of this plas-
mid in COS-1 cells produces full-length FGF3 which is distrib-
uted to the nucleus, nucleolus, and secretory pathway (Fig. 2).
In contrast, pKC4.16, in which the hydrophobic domain of the
signal sequence has been deleted (codons 30 to 46), produces
a protein that is exclusively nuclear (Fig. 2). We had previously
found that R-to-N mutations in the bipartite NLS of pKC4.12
block nuclear localization and lead to an exclusively secreted
protein (23). However, when analogous mutations were intro-
duced into pKC4.16, the protein was still nuclear (Fig. 2). This
result implies that in the absence of the hydrophobic signal
peptide, it was possible for FGF3 to accumulate in the nucleus
and nucleolus even when the bipartite NLS was mutated.
Moreover, replacement of the entire bipartite NLS domain with
an unrelated linker sequence also allowed nuclear and nucleolar
localization of FGF3 protein (construct pKC4.16D1.2; Fig. 2).
Two important conclusions can be drawn from these experi-
ments: first, the previously defined bipartite NLS is not neces-
sary for nucleolar association, and second, other regions of the
protein contribute to the nuclear and nucleolar locations.
However, for the wild-type protein, which contains a signal

FIG. 1. Schematic of FGF3 showing motifs implicated in protein targeting. The predicted amino acid sequence of mouse FGF3 mutant pKC4.12 optimized for
translation from the CUG codon is shown in single-letter code. Alternative initiation at a downstream AUG triplet was prevented by changing AUG to AAG (boldface
lysine [K]). The five basic domains in the mouse FGF3 sequence (motifs 1 to 5) are indicated. The bipartite NLS is composed of motifs 1 and 2. The amino-terminal
domain (light diagonal stripes) signal peptide (heavy stippling) bipartite NLS (light stippling) and additional domains (shaded bars) are identified in subsequent figures
with the same shadings. The signal peptide cleavage site (arrow) is also shown.
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peptide for entry into the secretory pathway, the bipartite NLS
is essential for nuclear uptake (23).
Identification of elements necessary for nucleolar associa-

tion. In addition to the previously defined bipartite NLS, FGF3
contains several clusters of basic residues depicted as motifs 3,
4, and 5 in Fig. 1. To test the effects of these motifs on nucle-
olar accumulation, a series of point and deletion mutations
were introduced into pKC4.12, which disrupted these putative
motifs singly or in combination (Fig. 3). Changing the KRGR
(motif 3) to TRGR (construct pKC4.20) had no detectable
effect on the subcellular distribution of FGF3 (compare Fig. 2
and 3). However, further amino acid substitution in motif 4
[G(R3N)PRRGF(K3N)TRRTQK] reduced but did not
completely abolish the accumulation of the mutant protein in
the nucleoli (pKC4.21 in Fig. 3). The absence of nucleolar
FGF3 in a significant proportion of cells was verified by con-
focal imaging (Fig. 3). In contrast, deletion of the sequence
RQRRQKKQSP, which shows some similarity to proposed
retroviral nucleolar targeting motifs (10, 18, 27, 42), leads to a
virtual disappearance of nucleolar staining (pKC4.22). Com-
bining the mutations in all three motifs (pKC4.24) still resulted
in staining of the nucleus but with exclusion of the nucleoli
(Fig. 3). Interestingly, none of these mutations significantly
changed the staining for FGF3 in the secretory pathway, which
is clearly seen as strong perinuclear staining of the Golgi com-

plex. These experiments suggest that motif 5 is necessary for
nucleolar association and that motif 4 has a contributory effect.
The FGF3 C-terminal domain is necessary but not sufficient

for nucleolar accumulation. Having implicated the C terminus
of FGF3 as involved with nucleolar association, we were inter-
ested in determining the minimal structural domain of protein
necessary for this interaction. For this purpose, several amino-
terminal deletion mutants were generated as illustrated in Fig.
4, and their subcellular localization was analyzed as described
above. Deleting the signal peptide and the sequence upstream
of the signal sequence (pKC4.18 in Fig. 4) excluded entry into
the secretory pathway but did not significantly affect the nu-
clear and nucleolar localization of the encoded protein. More-
extensive deletion to remove exon 1 (pKC4.25) also did not
change the subnuclear localization of the product, although a
low level of cytoplasmic staining was also detected. By contrast,
deletion of a further 35 amino acid residues (pKC4.26), rep-
resenting the highly conserved domain of exon 2, prevented the
protein from localizing to the nucleoli. With this construct
there was still some staining of the nucleus, but cytoplasmic
staining was predominant. Expression of the carboxy-terminal
domain containing the last 73 amino acids (pKC4.27) resulted
in a similar distribution of protein between cytoplasm and
nucleus but with exclusion of the nucleoli. These results sug-
gest that the carboxy-terminal domain of FGF3, which contains

FIG. 2. Influence of the bipartite NLS on nucleolar association. A series of mutant cDNAs with alterations of the bipartite NLS is depicted schematically with the
shading convention used in Fig. 1. The subcellular localization of FGF3-related proteins in COS-1 cells transiently transfected with these cDNAs is shown below. The
FGF3-related proteins were detected by immunostaining as described in Materials and Methods. Representative examples are shown, and the overall staining patterns
are summarized to the right of each depicted cDNA as follows: N, nuclear; No, nucleolar; and S, juxtanuclear and reticular staining indicative of the secretory pathway.
Sp, signal peptide; M, position of the translational start site; bip., bipartite. Amino acids in italics are non-FGF3 amino acids.
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basic motifs 4 and 5, was not sufficient for association with the
nucleoli.
Sequence context affects the function of the C-terminal mo-

tifs. As an alternative strategy to test whether different regions
of the FGF3 protein could confer nucleolar association, we
linked various combinations of the different motifs to a marker
protein, b-galactosidase. Surprisingly, although motifs 4 and 5
together were able to confer a nuclear localization upon b-ga-
lactosidase, none of the combinations, including one with all
five motifs, was able to direct b-galactosidase to the nucleoli
(data not shown). This suggests that the context of these motifs

may be important for their ability to target protein to the
nucleolus.
To address this idea, we questioned whether the FGF3 mo-

tifs would alter the subcellular location of another FGF which
does not normally show a nuclear distribution. Two classes of
mutants were tested. In the first, the carboxy-terminal se-
quences of FGF3 were joined to a cDNA clone of FGF4, and
in the second, the carboxy-terminal sequences containing motif
5 were deleted from pKC4.12 and replaced by those of FGF4
(Fig. 5). In both cases, the hybrid protein was detected by using
an antiserum against the C-terminal peptide of FGF4 (16).

FIG. 3. Mutations affecting nucleolar accumulation of FGF3. Mutations introduced into pKC4.12 are depicted schematically, with the changed nucleotides in
boldface. The different plasmids were introduced into COS-1 cells by electroporation, and 48 h later, the subcellular distribution of FGF3-related proteins was analyzed
by immunofluorescence. Representative examples of the staining are shown, and the overall staining patterns are summarized to the right of each cDNA as follows:
N, nuclear; No, nucleolar in some cells; and S, secretory pathway. Confocal microscopy images are shown for pKC4.21 and pKC4.24 (last two panels of the bottom row).
Only the nuclei and the bright perinuclear fluorescence of the Golgi complex (24) are stained. M, position of the translational start site.
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Since FGF4 is normally an exclusively secreted protein, the
signal peptide was deleted to generate plasmid pHst1.1 (Fig.
5). After transfection into COS-1 cells, the resultant protein
was retained in the cytoplasm, as expected (16). When the
carboxy terminus of FGF3 was appended to pHst1.1 to gener-
ate pHst1.2, the resultant hybrid protein was transferred to the
nucleus and accumulated in the nucleoli (Fig. 5). Conversely,
the product of pKC4.19, in which the FGF4 C terminus is
substituted for that of FGF3, was not detected in the nucleoli,
although there was still strong staining of the nucleus and the
secretory pathway. These findings strongly support the idea
that motif 5 is necessary for nucleolar accumulation but func-
tions only in a restricted structural context.

FGF3 is associated with DFCs of nucleoli. In the electron
microscope, the nucleolus appears as a membrane-free or-
ganelle containing one or more fibrillar centers bounded by a
dense fibrillar component (DFC) and surrounded by the gran-
ular components that dominate the overall structure (for a
review, see reference 41). To determine whether FGF3 distrib-
utes to a subcompartment of the nucleolus, COS-1 cells were
transfected with pKC4.12 and processed for immunogold
staining and electron microscopy as described above. A survey
of approximately 200 nuclei showed gold labelling associated
specifically with the DFC substructure (Fig. 6).
Nuclear FGF3 suppresses cell growth. To assess the biolog-

ical properties of nuclear FGF3, the pKC4.16 cDNA was trans-

FIG. 4. Carboxy-terminal motifs are not sufficient to target FGF3 to the nucleolus. Deletion mutants derived from pKC4.12 are depicted schematically with domains
shaded as in Fig. 1. The positions of the new translational start sites (M) are indicated. The different plasmids were introduced into COS-1 cells, and the subcellular
distribution of FGF3-related products was monitored by immunofluorescence. Representative examples of the staining are shown, and the overall patterns are
summarized to the right of each cDNA as follows: N, nuclear; No, nucleolar; and C, cytoplasmic.
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ferred to a Moloney murine leukemia virus-based vector
(pDOBs [32]) and transfected into mammary epithelial
(HC11) cells (4). Transfected cells were selected by resistance
to G418, and several colonies were chosen and passaged in
complete medium supplemented with FCS, EGF, and insulin.
Colonies of HC11 cells transfected with the empty-vector
DNA were used as controls. At the outset, it was clear that
pDobs4.16-transfected colonies grew at a much lower rate than
the control or parental cells. In Fig. 7a, the growth rates of six
independent pDobs4.16-transfected colonies are compared
with those of two vector-only controls and the parental cell
line. Cells were seeded at low density, and cell numbers after 3
and 5 days of growth in complete medium were measured. An
even more pronounced effect was obtained when rates of
growth at low concentrations of serum were compared. Cells
were seeded at low density in medium supplemented with 2.5%
serum, EGF, and insulin. At 10 days, the cells containing the
empty vector were nearly confluent, while the cells expressing
the nuclear form of FGF3 had grown into only small colonies,
although there was no significant difference in the number of
colonies (Fig. 7b). The morphologies of a control line contain-
ing the empty vector (HCDobs-2) and a transfected line
(HC4.16-16) expressing nuclear FGF3 growing under reduced-
serum conditions were compared, as shown in Fig. 8a. The cells
expressing a nucleolus-associated form of FGF3 appear larger
and grow to a lower density than the empty-vector-transfected
control cells. The expression of FGF3 was confirmed for each
of the cell clones by Northern (RNA) blotting and Western

blotting (immunoblotting) (data not shown). The Western
blots showed that all the clones were expressing FGF3 but at a
relatively low level. Interestingly, in the original selection,
there were many very small, slowly growing colonies that were
not selected for practical reasons and which might have re-
sulted from higher FGF3 expression levels causing an even
more potent growth-inhibitory effect.
To assess cell proliferation, subconfluent cell lines were

pulse-labelled with BrdU and incorporation was detected by
using a specific monoclonal antibody. The results show that
more than 50% of the control cells were positive for BrdU
incorporation, compared with less than 10% of HC4.16-16 cells
(Fig. 8b). Therefore, it appears that the nuclear isoform of
FGF3 inhibits the entry into S phase of the cell division cycle.

DISCUSSION

In a previous report, (23), we and others demonstrated that
mouse FGF3, initiated at a CUG codon, contains two classical
signals at the amino terminus for protein distribution, a hydro-
phobic signal sequence for secretion and a juxtaposed bipartite
NLS. In the presence of the signal peptide, the NLS is essential
for nuclear localization. However, the data presented here
(Fig. 2 and 3) indicate that FGF3 must contain at least one
additional NLS element, since deletion of the entire amino-
terminal region does not prevent nuclear uptake. This may be
an advantageous arrangement of signals, since the amino-ter-
minal bipartite NLS is necessarily weak, to allow a proportion

FIG. 5. Effect of the FGF3 carboxy-terminal domain (motif 5) on subcellular localization. Conversion of the carboxy-terminal domain of FGF3 to that of FGF4
(pKC4.19), which effectively deletes motif 5, results in the loss of nucleolar staining. FGF4 expressed without a signal peptide (pHST1.1) remains as a cytoplasmic
protein, whereas fusion of the C-terminal region of FGF3 to FGF4 (pHST1.2) confers a nucleolar staining pattern. Representative staining patterns are shown. S,
secretory pathway; C, cytoplasmic; N, nuclear; No, nucleolar; bip., bipartite; Sp, signal peptide; M, position of the translational start site.
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of FGF3 to be sequestered by the secretory pathway (23). We
therefore suggest that once a choice to enter the nuclear route
has been made, the presence of a second NLS facilitates effi-
cient uptake. In addition, the deletion analyses show that nu-
clear uptake and nucleolar association are separable processes.
The accumulation of mouse FGF3 in the nucleolus is depen-
dent on sequences located in the carboxy terminus of the
protein, in particular motif 5. However, motif 4 was also shown
to aid this association (Fig. 3). In addition, motif 4 has been
shown to act in a concerted manner with the bipartite NLS to
transport pyruvate kinase to the nucleus as well as to overcome
the effect of the signal peptide on b-galactosidase to establish
dual locations, as occurs with native FGF3 (reference 23 and
unpublished data). These observations strongly indicate that
motif 4 is the second NLS in FGF3.
Motif 5 shows some resemblance to the nucleolar targeting

sequences described for the retroviral proteins Rex of human
T-cell leukemia virus and Tat and Rev of human immunode-
ficiency virus (10, 18, 27, 42). Unlike the FGF3 motif, the
nucleolar targeting signal of Rex when fused to a heterologous
protein directs it to the nucleolus. However, the mode of nu-
clear uptake and nucleolar accumulation is not clear. Rex has
been shown to bind the nucleolar protein B23, which under-
goes nucleocytoplasmic shuttling, suggesting that the proposed
nucleolar targeting signal may be a binding domain for B23,
which transports Rex to the nucleolus (2). In fact, a variety of
binding domains has been implicated in the accumulation of
cellular proteins with the nucleolus. As this organelle does not
appear to possess a membrane barrier, an affinity for a nucle-
olar component should be sufficient for targeting. For example,
the accumulation of nucleolin relies on both RNA-binding
domains and a carboxy-terminal glycine-arginine-rich region
(11, 19, 30, 40). Similarly, the nucleolar transcription factor
upstream binding factor (UBF) has an NLS but requires a

large region including the DNA-binding domain and the acidic
C-terminal region for its accumulation (28). In the case of
FGF3, deletion of motif 5 was sufficient to abolish nucleolar
accumulation, but deletion of the amino-terminal region had
the same effect. These findings suggest that maintenance of the
protein structure as well as the integrity of motif 5 is important
for binding to a nucleolar component. This idea is consistent
with the inability to confer nucleolar binding to b-galactosidase
by fusing it to different regions of FGF3, while addition of
motif 5 to the structurally related FGF4 successfully conferred
this property (Fig. 5).
Immunogold electron microscopy (Fig. 6) locates FGF3

within the DFC region of the nucleoli, which is regarded by
many as the major site of transcription of genes coding for
rRNA (for a review, see reference 41). This implies that FGF3
could potentially influence the transcription, splicing, or as-
sembly of ribosomal components. However, there may be
other functions of the nucleolus which are yet to be discovered.
For example, there is some evidence to implicate this organelle
in the posttranscriptional processing and cytoplasmic transport
of c-myc transcripts, providing a tenuous link with cell growth
and division (5). The nucleolar targeting of retroviral proteins
such as Rex appears to be necessary for the nuclear export of
unspliced or singly spliced viral mRNAs. Thus, it is possible
that nuclear FGF3 may affect the splicing of genes such as the
FGF receptor genes which are expressed in a variety of spliced
isoforms. At present, these possibilities are difficult to recon-
cile with the observed effect on DNA synthesis.
The nuclear and nucleolar localization of FGFs is not spe-

cific to FGF3. FGF2 has been shown to localize to the nucleus
by two apparently independent processes. One route follows
the exposure of cells to the free ligand. In this process, nucle-
olar location occurs preferentially during the G0-to-G1 transi-
tion and is correlated with increased rRNA synthesis (3, 6).

FIG. 6. FGF3 is associated with the DFC of the nucleolus. Following transfection into COS-1 cells, the monolayers were fixed and processed for immunogold
electron microscopy as described in the text. Cells transfected with pKC4.12 showed a marked concentration of gold label over the DFCs of the nucleoli. (a)
Magnification, ca. 315,000. (b) Photographic enlargement of the relevant area.
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The second route involves intracellular distribution of amino-
terminally extended isoforms initiated at CUG codons (7, 14,
36, 39). However, in contrast to the situation for FGF3, the
translocation of FGF2 from cytoplasm to nucleus appears to
require glycine-arginine-rich elements encoded in the amino-
terminal extensions of FGF2 and does not involve a classical

NLS (37). FGF2 also differs from FGF3 in that it is not con-
stitutively secreted but is released from the cell cytoplasm by
an unknown process. A nuclear location has also been reported
for FGF1 but, as for FGF2, may involve more than one mech-
anism (9, 15, 20). An NLS has been reported for FGF1, but
translocation to the nucleus appears to be inhibited under

FIG. 7. Growth inhibition by nuclear FGF3. (a) G418-resistant HC11 clones
transfected with pDobs4.16 or the pDobs vector were seeded at 104 cells per
25-mm-diameter dish and grown for 5 days in Dulbecco’s modified Eagle’s
medium containing 10% FCS, EGF, and insulin. Cells were harvested and
counted at days 3 and 5. Counts are plotted as the means of duplicate determi-
nations, with bars indicating standard errors. (b) G418-resistant cell clones were
seeded at 2.5 3 103 (upper row) and 5 3 103 (lower row) cells per 25-mm-
diameter dish and grown in Dulbecco’s modified Eagle’s medium containing
2.5% FCS, EGF, and insulin for 14 days before being stained with Giemsa stain.
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FIG. 8. Cell morphology and inhibition of DNA synthesis following nuclear FGF3 expression in HC11 cells. HC11 cells transfected with pDobs4.16 (HC4.16-16)
and control cells (HCDobs-2) were grown under low-serum conditions and photographed under phase-contrast. (b) To monitor DNA synthesis, the same transfected
cell clones were assessed for their ability to incorporate BrdU over a 24-h period when grown in complete medium. BrdU incorporation was measured immunocy-
tochemically.
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normal conditions (47). In contrast, exogenous FGF1 is trans-
located into the nucleus by an apparently receptor-dependent
process.
To explore the properties of nuclear-nucleolar FGF3, we

introduced into HC11 mouse mammary cells a form of FGF3
that was expressed exclusively in the nucleus. We chose to use
mouse mammary epithelial cells because they are known to
respond to FGF3 in vivo (33, 34, 43). A consequence of ex-
pressing the nuclear isoform alone was that the cells grew very
slowly. Furthermore, BrdU labelling and fluorescence-acti-
vated cell sorting on the basis of DNA content showed that
most of these cells were in the G1 phase of the cell division
cycle (Fig. 8 and data not shown). In cells transfected with
cDNAs in which the encoded FGF3 lacked the C-terminal
motif 5, the growth rates were similar to that of the parental
line (data not shown). Thus, the inhibitory effect of nuclear
FGF3 appears to require the sequences which have been im-
plicated in nucleolar localization. Interestingly, a low level of
expression of CUG-initiated FGF2 in NIH 3T3 cells was sim-
ilarly shown to be associated with suppression of growth (38).
However, for both FGF2 and FGF3, the nuclear target(s) and
mechanism(s) of impaired growth remain to be determined,
although the lack of a domain corresponding to the FGF3 C
terminus makes it unlikely that the targets of the two FGFs are
the same.
Secreted FGF3 interacts with cell surface FGF receptors, a

process which has been shown to stimulate the mitogen-acti-
vated protein kinase pathway and induce DNA synthesis in
several cell lines, including HC11 (28a, 29). In vivo, this may
occur in an autocrine and/or paracrine manner. Thus, the abil-
ity to signal directly to the cell nucleus would provide a cell
with the potential to respond differently to an autocrine versus
a paracrine receptor-mediated signal. The preliminary evi-
dence presented here suggests that the secreted and nucleolar
forms of FGF3 may have opposing effects on cells, leading to
the interesting possibility that the autocrine response to this
factor may indeed be different from the paracrine response.
These considerations could have important implications for
the role of FGF3 as an oncogene product and as a signalling
molecule during the embryonic and fetal development of ver-
tebrates.
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