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Secreted and nuclear forms of fibroblast growth factor 3 (FGF3) have opposing effects on cells. The secreted
form stimulates cell growth and transformation, while the nuclear form inhibits DNA synthesis and cell
proliferation. By using the yeast two-hybrid system we have identified a nucleolar FGF3 binding protein
(NoBP) which coimmunoprecipitated and colocalized with FGF3 in transfected COS-1 cells. Characterization
of the NoBP binding domain of FGF3 exactly matched the sequence requirements of FGF3 for its translocation
into the nucleoli, suggesting that NoBP might be the nucleolar binding partner of FGF3 essential for its
nucleolus localization. Carboxyl-terminal domains of NoBP contain linear nuclear and nucleolar targeting
motifs which are capable of directing a heterologous protein b-galactosidase to the nucleus and the nucleoli.
While NoBP expression was detected in all analyzed proliferating established cell lines, NoBP transcription
was rapidly downregulated in the promyelocytic leukemia cell line HL60 when induced to differentiate. Analysis
on the expression pattern of NoBP mRNA throughout the cell cycle in HeLa cells synchronized by lovastatin
demonstrated a substantial upregulation during the late G1/early S phase. NoBP overexpression conferred a
proliferating effect onto NIH 3T3 cells and can counteract the inhibitory effect of nuclear FGF3, suggesting a
role of NoBP in controlling proliferation in cells. We propose that NoBP is the functional target of nuclear
FGF3 action.

In mammals, the fibroblast growth factor (FGF) family is
currently comprised of 20 genes encoding structurally related
proteins with molecular masses in the range of 20 to 40 kDa. In
vitro, the FGFs demonstrate the ability to regulate cell prolif-
eration, differentiation, cell motility, extension of neurites, and
cell survival, depending on the context. In vivo, many members
of this family of intercellular signaling molecules have been
shown to be crucial for normal development, while their inap-
propriate activity has been implicated in a wide range of patho-
logical conditions, including skeletal dysplasias, tumorigenesis,
and metastasis (3, 4, 10, 23, 25, 28, 34).

FGFs have been shown to bind three different types of
transmembrane receptor. A cystein-rich receptor which binds
FGFs and transforming growth factor b (TGFb) with high
affinity. This receptor resides in the secretory pathway as well
as on the cell surface. Its function is nuclear, although there is
evidence to suggest that it influences the intracellular traffick-
ing of FGFs (7, 26, 30, 33, 39). Intercellular signaling by FGFs
is mediated by high-affiniy cell surface receptors (FGFR) with
intrinsic tyrosine kinase activity (12, 15). However, there is also
a requirement for a lower-affinity heparan sulfate-containing
proteoglycan receptor which forms part of the multimeric sig-
naling complex (23). There are four different genes encoding

high-affinity FGFRs, although receptor complexity is expanded
by alternative splicing that gives rise to receptor isoforms with
different ligand binding specifities (29, 36, 37). However, there
is good evidence that several FGFs, including FGF2 and
FGF3, can signal by directly entering the nucleus, thereby
providing a cell with the potential to respond directly to intra-
crine signals, in addition to autocrine or paracrine signals, via
cell surface receptors (9, 16, 18, 27).

FGF3 was identified as a proto-oncogene in virally induced
mouse mammary tumors. However, subsequent analyses re-
vealed that it is not normally expressed in the mammary gland
but rather is primarily restricted to prenatal mouse develop-
ment. In situ hybridization revealed a dynamic pattern of ex-
pression from gastrulation to birth, suggesting potential roles
in mouse development (14, 32, 38). The biosynthesis of FGF3
is unusual in that a single CUG initiation codon is the major
translation start site which gives rise to a protein that is di-
rected in similar proportions to the cell nucleus and the secre-
tion pathway. The dual fate of FGF3 is achieved by finely
balanced opposing signals near the amino terminus: an inter-
nal signal peptide for vectorial translation across the endoplas-
mic reticulum and a bipartite nuclear localization signal (NLS).
The import of FGF3 into the nucleus is mediated by karyo-
pherin a1 (NPI-1), the NLS binding subunit of a heterodimeric
receptor of the nuclear import machinery. The N-terminal
targeting signals of FGF3 are weak signals since substitution
with stronger signals changes the balance between the secre-
tory pathway and nuclear uptake. These weak signals are
mechanistically important to allow competition between the
intracellular trafficking pathways. To overcome the disadvan-
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tage of a weak bipartite NLS, an additional NLS is located in
the body of the protein, which also interacts with karyopherin
a1 to enhance nuclear uptake without disturbing the balance
of the competing N-terminal targeting motifs (2). A C-terminal
motif was found to be necessary for efficient nucleolar associ-
ation but was dispensable for the nuclear import of FGF3.
Cells expressing low levels of an FGF3 mutant, lacks the signal
peptide and therefore is exclusively nuclear, proliferate very
poorly. The growth-inhibitory effect depends on the nucleolar
localization of FGF3. Cells transfected with cDNAs in which
the encoded FGF3 lacked the C-terminal motif essential for

nucleolar accumulation exhibited growth rates similar to those
of the nontransfected cells (2, 18, 20).

Nuclear localization of FGFs is not an exclusive property of
FGF3, since FGF1 and FGF2 have been shown to localize to
the nucleus by two apparently independent processes (34).
Moreover, FGF2 shows an intracellular route to the nucleus,
as well as an extracellular uptake and transport to the nucle-
olus. Extracellular uptake of FGF2 to the nucleolus occurs
during late G1 phase of the cell cycle in growing aortic endo-
thelial cells and is correlated with increase rRNA transcription
(6). Intracellular nuclear transport occurs primarily with ami-

FIG. 1. (a) Amino acid sequence of human NoBP (Hm) and comparison to mouse NoBP (Mm). Alignment of the deduced amino acid
sequence of human and mouse cDNAs using the DNAsis program. Identical amino acids are indicated by gray boxes. Two amino acid differences
were found in the human NoBP compared to the sequence present in the GenBank database (accession no. NM_006824) and are indicated as
superscripts. The basic amino acid-rich regions involved in targeting are boxed. (b) Amino acid sequence alignment of the middle region of human
NoBP and the yeast ORF YKL172w. Identical and chemically similar amino acid residues are boxed in gray.
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no-terminally extended isoforms of FGF2 that are initiated at
CUG codons. In contrast to FGF3, the nuclear localization of
FGF2 appears not to involve a classical NLS but rather re-
quires methylated glycine-arginine-rich sequences within the
amino-terminal extension (5, 24).

To gain some insight into the signaling pathway used by
nuclear FGF3, we used a yeast two-hybrid screen to identify
genes encoding possible FGF3 interacting proteins. We iden-
tified a human gene of unknown function whose 305-amino-
acid product interacts with FGF3 in vitro and in vivo. The
protein contains a nuclear and a nucleolar targeting signal and
accumulates in the nucleoli. We therefore named the protein
NoBP, for nucleolar binding protein. NoBP transcription is
regulated in a cell cycle-dependent fashion, and overexpression
of NoBP in NIH 3T3 cells resulted in proliferation under
serum-reduced conditions. Significantly, overexpression of
NoBP in nuclear FGF3-expressing mouse mammary epithelial
cells can abrogate the inhibitory effect of nuclear FGF3.

MATERIALS AND METHODS

Cell culture. COS-1, HeLa, and NIH 3T3 cells were routinely maintained in
Dulbecco modified Eagle medium (DMEM) containing 10% fetal calf serum

(FCS). HC11 mouse 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 (20). HL60 cells were
maintained in RPMI 1640 medium supplemented with 10% FCS. To induce
granulocyte differentiation, HL60 cells were resuspended at a concentration of
2 3 105 cells/ml in the growth medium supplemented with 1.2% dimethyl sul-
foxide (DMSO), and for the induction of monocyte-macrophage differentiation
the growth medium was supplemented with 3.3 3 1028 M tetradecanoyl phorbol
acetate (TPA). Differentiation was monitored by examining the morphological
appearance and by the ability to reduce nitroblue tetrazolium. For growth rate
comparisons, equal numbers of each cell type were seeded in DMEM with the
indicated concentration of FCS. At the times indicated, triplicate samples were
harvested with trypsin, and four independent dilutions were counted in a hemo-
cytometer. For transient DNA transfections, 20 mg of purified plasmid DNA was
introduced into 5 3 105 COS-1 cells by electroporation (450 V/250 mF) using a
Bio-Rad Gene-Pulser. At between 48 and 72 h after transfection, the cells were
harvested for immunoblot analysis or processed for immunofluorescence. For
stable DNA transfections, purified plasmid DNAs were introduced by lipofection
using Transfast (Promega) as recommended by the manufacturer.

RNA isolation and Northern blot hybridization. Total cellular RNA was ex-
tracted from cultured cell lines and mouse tissues by guanidium isothiocyanate
and cesium trifluoroacetate gradient purification. For Northern blot analysis, 20
mg of total RNA was fractionated in denaturing Glyoxal gels, transferred to
Hybond N (Amersham), and hybridized with 32P-labeled probes under stringent
conditions (1).

Plasmid constructions. pNoBP1.1 was constructed by inserting the anti-RGS
(His)6 epitope upstream and in frame of the coding region of human NoBP

FIG. 2. Interaction between NoBP and FGF3. (a) In vitro-translated 35S-labeled FGF3 (FGF3 4.16) was incubated with GST beads containing
the NoBP fusion protein or GST beads as indicated. After an extensive washing, the retained proteins were analyzed as described in the text. (b)
To assess the affinity of FGF3 binding to NoBP bound to GST beads, the beads were loaded with 35S-labeled FGF3 at increasing concentrations
of NaCl as indicated. (c) Cell extracts from Fgf-3-transfected COS-1 cells were affinity precipitated with GST-NoBP-loaded beads. Bound proteins
were eluted, subjected to SDS–12.5% PAGE, and examined for the presence of FGF3 by immunoblotting with a rabbit anti-FGF3 peptide
antibody. (d) COS-1 cells were transfected with RGS(His)6-tagged full-length NoBP cDNA (pKCNoBP1.0) or with the control vector alone,
together with pKC4.16. The cell lysates were immunoprecipitated with the anti-PentaHis monoclonal antibody (Qiagen) and immunoblotted with
the anti-FGF3 peptide antibody or with an anti-RGS(His) monoclonal antibody (Qiagen).
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cDNA. The modified NoBP cDNA was then inserted into the expression vector
pKC4 under control of the early simian virus 40 (SV40) promoter. To obtain the
plasmids pNoBP1.2, pNoBP1.3, and pNoBP1.4, PCR was used to delete the
carboxyl-terminal 44, 86, and 139 amino acids of NoBP, respectively. The vector
pKC4.16, which expresses a mutant FGF3 lacking the signal peptide, has been
described previously (18). pNoBP1.5 was produced by deleting the 162 N-termi-
nal amino acids and inserting 59 the sequence encoding the anti-RGS(His)6
epitope. The b-galactosidase–NoBP fusion proteins were based on the expres-
sion plasmids pGAL1.0 and pGAL1.1, which have been previously described.
Using PCR, partial sequences of NoBP, including the His-tag, were amplified
with 39 primers that introduced an XhoI site and 59 primers that introduced an
XbaI site. The resulting PCR fragments were inserted into the single XhoI site
and the XbaI site of pGAL1.1, replacing the fgf3 sequences. The expression
plasmid pDobs4.16 was described previously (20). A retrovirus vector based on
Moloney murine leukemia virus was used to construct pBabe NoBP1.1 by in-
serting the NoBP cDNA from pKCNoBP1.1 as a blunted HindIII/EcoRI frag-
ment into the SnaBI and EcoRI sites of the pBabe neo vector.

Cell cycle analysis. Medium was removed from growing HeLa cells and re-
placed with fresh medium containing 60 mM lovastatin for 33 h. At time zero,
cells were stimulated by replacing the medium with fresh medium plus 6 mM
mevalonic acid. At the indicated times, the level of DNA synthesis was estimated
by labeling the cells with 5 mCi of 3H-radiolabeled thymidine per ml for 1 h at
37°C in medium lacking thymidine and hypoxanthine (17). DNA synthesis was
then assayed as described previously (21).

Immunofluorescence. COS-1 cells grown on glass coverslips were transfected
with the appropriate plasmids, and 48 h later they were fixed in 4% paraformal-
dehyde in phosphate-buffered saline (PBS) for 20 min. The cells were then
permeabilized with 0.2% Triton X-100 in PBS and processed as previously
described (22).

Immunoblot analysis and in vitro translation. The procedures used for pre-
paring cell lysates have been described in detail elsewhere (18). Samples from
equivalent numbers of cells were fractionated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) in 12.5 or 15% polyacrylamide gels,
transferred to nitrocellulose membranes (Schleicher & Schuell), and then
probed with rabbit polyclonal antibody to FGF3 or a mouse monoclonal antibody
against the RGS-His tag (Qiagen). The immunoreactive proteins were detected
by enhanced chemiluminescence using horseradish peroxidase-coupled anti-rab-
bit immunoglobulin antibodies as described by the manufacturer (Amersham
International). Mouse FGF3 and NoBP cDNAs in pGem4Z were used in an in
vitro translation system (Promega) to generate 35S-labeled products for use in
binding assays as described in the text.

GST fusion proteins. To obtain the glutathione S-transferase (GST)–NoBP
constructs, DNA sequences encoding the appropriate amino acids were ampli-
fied by PCR using Pfu polymerase (Stratagene) and oligonucleotides with SmaI
and EcoRI recognition sequences. The PCR products were cloned into SmaI-
EcoRI-digested pGEX (Pharmacia). All expression constructs were verified by
DNA sequence analysis and transformed into Escherichia coli DH5a for the
expression of the fusion proteins.

GST-NoBP fusion protein affinity chromatography. An overnight 30-ml E. coli
culture containing pGEX-NoBP or a control GST plasmid was diluted 10-fold
into Luria-Bertani or ampicillin medium and grown at 37°C to an optical density
at 600 nm of 1.0 before induction with 0.5 mM isopropyl-b-D-thiogalactopyrano-
side (IPTG). Bacteria were lysed by pulse sonication in lysis buffer (1% Triton
X-100, 1.5% N-laurylsarcosine, 25 mM triethanolamine, and 1 mM EDTA in
PBS). Then, 200 ml of a 50% slurry of glutathione (GSH)-agarose beads (Mo-
lecular Probes) was added, and the mixture was incubated at 4°C overnight. After
six washes in PBS–1% Triton X-100 (PBS-TX), agarose beads containing bound
proteins were analyzed by SDS-PAGE, followed by Coomassie blue staining and
immunoblot analysis. Interactions between GST-NoBP and 35S-labeled FGF3 or
cell-associated proteins were analyzed using 0.5-ml aliquots of fgf3-transfected
COS-1 cells or 2 ml of 35S-labeled FGF3 to which 50 ml of the prepared GST- or
GST-NoBP-glutathione-agarose beads was added. The binding reactions were
incubated at 4°C overnight. The beads were washed, resuspended in PBS-TX
buffer, and poured into a column. The columns were extensively washed with an
excess of PBS-TX, and the retained proteins were analyzed by SDS-PAGE.
FGF3 was detected by immunoblotting or fluororadiography.

Immunoprecipitation of His-NoBP from transfected COS-1 cells. COS-1 cells
transfected with vectors containing His-NoBP cDNA or pKC4.16 (18) were
washed twice with PBS and lysed in ice-cold lysis buffer (50 mM Tris, pH 8.0; 150
mM NaCl; 1% Nonidet P-40; 0,5% sodium deoxycholate; 0.1% SDS; 0.02%
sodium azide; 1 mM phenylmethylsulfonyl fluoride; 10 mg of aprotinin per ml).
The lysates were incubated at 4°C overnight with anti-PentaHis (Quiagen)
preadsorbed onto 40 ml of protein G-Sepharose (Pharmacia). The precipitates

FIG. 3. Deletion analysis of the FGF3 and NoBP binding domains
in the yeast two-hybrid system. (a) fgf3 cDNAs encoding wild-type or
mutant FGF3 proteins with previously characterized subcellular local-
izations (18, 20) were cloned into the pAS2 vector and examined for
NoBP binding in the two-hybrid system. Interactions between FGF3
and NoBP were scored based on growth on His2 plates and b-galac-
tosidase (b-gal) activity. The fgf3 cDNA encodes a signal peptide (Sp),
a bipartite NLS (biNLS), a second NLS, and a C-terminal motif es-
sential for nucleolar accumulation (checkered pattern). The part of the
FGF proteins encoded by the second exon is marked by vertical stripes.
The subcellular localization of the mutants are summarized to the right
of each depicted cDNA as follows: N, nuclear; No, nucleolar; S, se-
creted; and C, cytoplasmic. (b) Truncation mutations of NoBP were
generated by cleavage with appropriate restriction enzymes and then
cloned into pACT2. Interactions between the NoBP mutations and
wild-type FGF3 were scored as in panel a. (c) The binding of FGF3 to
mutations of NoBP was assessed by affinity precipitation. Deletion
mutations of NoBP fused to GST are indicated. The fusion proteins
were expressed in E. coli, and extracts were bound to GSH-Sepharose
beads as described in the text. The washed beads were incubated with
35S-labeled FGF3, and the retained protein was analyzed as described
in Fig. 2b.
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were washed four times with sodium phosphate wash buffer, eluted in Laemmli
loading buffer, and subjected to SDS-PAGE and Western blot analysis with
anti-His monoclonal antibody or anti-FGF3 serum.

Yeast two-hybrid screening. The bait contained fgf3 cDNA encoding the entire
protein (4.12 [18]) fused in frame to the DNA-binding domain of Gal4. The
cDNA insert from pKC4.12 was inserted at the NcoI/SalI restriction sites of
vector pAS2 (Clontech). The bait was used to screen a human B-cell lymphoma
cDNA library (a generous gift of Steve Elledge [8]) cloned in pACT. After
cotransfection of the pAS2-construct and the pACT library into Y190 yeast cells,
positive clones were selected on triple-minus plates (Leu2 Trp2 His2) contain-
ing 25 mM 3-aminotriazol and assayed for b-galactosidase activity. Positive
cDNA clones were cycloheximide selected and tested by cotransfection and by
mating with control bait vectors and with the original pAS2 vector to confirm the
interaction. Mutations in the NoBP constructs were made by PCR, and the
sequence was confirmed by DNA sequencing before the mutations were analyzed
in the yeast two-hybrid assay. The N-terminal and C-terminal deletion mutants
of FGF3 were previously described (20), and the inserts were transfered into the
NcoI/SalI restriction sites of the pAS2 vector.

RESULTS

Identification of an FGF3 NoBP. A yeast two-hybrid screen
was used to search for FGF3 binding proteins. A cDNA library
prepared from human B-cell lymphoma cells and containing
in-frame fusions with the activator domain of GAL4 in the
vector pACT was screened with a bait containing a full-length
FGF3 cDNA fused to the DNA binding domain of GAL4 in
the vector pAS2. From a total of 2.5 3 107 transformants, 29
clones were isolated. Inserts from 19 independent clones that
gave strong signals with the FGF3 bait were isolated, se-
quenced, and compared to sequences in GenBank using the
BLAST search program. Four identical clones (F2, F3, F17,
and F31) were found to be very similar to a partial human
cDNA designated p40, which was submitted as a sequence
encoding a nucleolear protein of unknown function (D. Hen-
ning et al., GenBank NM_006824). The NoBP is 306 amino

acids long, with a calculated molecular weight of 39,000. The
amino acid derived sequence of the clone F2 was found to
begin at amino acid 53 of the published cDNA sequence.
Features of NoBP include a consensus sequence for casein
kinase II phosphorylation at the N terminus, two overlapping
basic domains which may function as NLSs, and a GR- and
GK-rich region at its C terminus. A search of the mouse EST
database revealed overlapping cDNA sequences which would
encode a protein which shares 82% amino acid sequence iden-
tity with the human NoBP protein (Fig. 1), and a BLAST
search of the GenBank database with the entire NoBP coding
cDNA sequence revealed 57% identity with a hypothetical
Caenorhabditis elegans protein of 40 kDa, and a 32% identity
with a hypothetical protein of 49 kDa encoded by the open
reading frame (ORF) YKL172W in Saccharomyces cerevisiae.
(EMB CAA82014.1). The predicted human NoBP product
aligned with the sequences of C. elegans and S. cerevisiae pro-
teins (Fig. 1b) demonstrates the highest homology acids over
the central region of 100 amino acids (residues 103 to 203) with
62% identity and 55% similarity, respectively, allowing for
substitution of chemically similar amino acids.

To determine whether the p49 from S. cerevisiae could in-
teract with mouse FGF3, the hypothetical ORF encoding p49
(YKL172W) was amplified by PCR and cloned into the pACT
vector to create an in-frame fusion with the activator domain
of GAL4. The generated plasmid, pACTY49, was cotrans-
formed into yeast with the FGF3 bait vector. A good positive
signal was obtained, indicating conservation of the FGF3 in-
teracting region in the NoBP homologs (data not shown).

NoBP associates with FGF3 in vitro and in vivo. To inves-
tigate the interaction between FGF3 and NoBP, we used re-
combinant NoBP generated as a GST fusion protein immobi-

FIG. 4. Colocalization of nuclear FGF3 and NoBP in COS-1 cells by immunofluorescence microscopy. COS-1 cells transiently transfected with
pKC4.16 encoding nuclear FGF3 (a) or with RGS(His)-tagged NoBP (pKC-NoBP1.1) (b) or cotransfected with pKC4.16 and pKC-NoBP1.0 (c and
d) were grown on coverslips for 48 h, fixed in 4% paraformaldehyde, and permeabilized with Triton X-100 as described in the text. The coverslips
were then stained with a rabbit polyclonal peptide antibody against FGF3 or with anti-RGS(His) monoclonal antibody (Qiagen) against the His
epitope. The NoBP His-tagged protein complexes were visualized with goat anti-mouse immunoglobulin tagged with fluorescein and the anti-FGF3
immunocomplexes were detected with goat anti-rabbit immunoglobulin tagged with Texas red.
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lized on GSH-Sepharose beads to bind to in vitro-translated
35S-FGF3. The result was a strong retention of 35S-FGF3 by
GST-NoBP, demonstrating that the two proteins can interact
and that posttranslational modifications of the proteins are
unlikely to be needed for the interaction (Fig. 2a). Moreover,
binding under conditions of increasing NaCl concentration

demonstrated that the complex can form in 1 M NaCl, which is
indicative of a strong interaction (Fig. 2b). Similarly, an extract
of COS-1 cells expressing a mutant of FGF3 (pKC4.16) that
resides exclusively in the nucleus and/or nucleolus, was mixed
with GST-NoBP bound to GSH-Sepharose beads, washed,
subjected to SDS-PAGE, and immunoblotted for FGF3. The
results confirmed the ability of FGF3 to bind NoBP in vitro. To
show that FGF3 and NoBP may form an intracellular associ-
ation, COS-1 cells were cotransfected with vectors expressing
NoBP (pKCNoBP1.1) and FGF3 (pKC4.16), and cell extracts
were immunoprecipitated with anti-Penta His monoclonal an-
tibody, which detects the histidine tag at the N terminus of
NoBP encoded by pKCNoBP1.1. After separation by SDS-
PAGE, FGF3-related proteins were detected by immunoblot-
ting using a polyclonal antibody against FGF3 (Fig. 2d, upper
panel). To detect the expression of NoBP, a monoclonal anti-
RGS(His) antibody was used in similar immunoblots (Fig. 2d,
lower panel). The results demonstrate that detection of FGF3
was dependent on the presence of NoBP.

Localization of the sequences necessary for the FGF3 and
NoBP association. Previous mutation analyses have implicated
different basic domains in the carboxy-terminal region of
FGF3 as important for nuclear uptake and nucleolar associa-
tion (20). To determine whether the nucleolar retention se-
quences are necessary for NoBP binding, several deletion and
point mutants of FGF3 previously described (Fig. 3a) were
analyzed for NoBP binding in a yeast two-hybrid screen. The
results are summerized in Fig. 3a and show a perfect correla-
tion between nucleolar localization in COS-1 cells and colony
formation in the yeast screen. Mutant FGF3 analysis and the
results obtained with the FGF chimera demonstrated that the
sequences necessary for nucleolar localization have to be pre-
sented in a certain structural context, suggesting a nucleolar
retention via binding to interacting proteins rather than a lin-
ear nucleolar targeting motif (19). The FGF3 mutant 4.26
lacking the sequences encoded by the second exon which is
highly conserved in the FGF family and thought to be essential
for their structural integrity is no longer located in the nucleoli
and no longer interacted with NoBP in the yeast two-hybrid
binding assay. The deleted N-terminal FGF3 sequences could
be functionally replaced by the corresponding sequences of the
exclusively secreted FGF family member FGF4 (Hst1.2). The
mutant 4.19, in which the FGF4 C terminus is substituted for
that of FGF3, was not detected in the nucleoli and did not bind
to NoBP. These findings support the idea that, in fact, binding
of FGF3 to NoBP is essential for its nucleolar accumulation.

To locate the domain in NoBP that interacts with FGF3,
truncation mutants were generated and assayed for FGF3
binding in the yeast two-hybrid screen (Fig. 3b). The results
indicate that a fragment composed of amino acids 160 to 236
retained the ability to bind FGF3. This result was substantiated
using a similarly truncated NoBP as GST-fusion protein in an
in vitro binding assay with 35S-labeled in vitro-translated FGF3
(Fig. 3c). The results show that the region of NoBP between
amino acids 160 and 236 is sufficient for FGF3 binding.

Nuclear FGF3 and NoBP colocalize in cells. The association
between FGF3 and NoBP was further investigated by immu-
nofluorescence microscopy. FGF3 and His-tagged NoBP pro-
tein were coexpressed by transfecting COS-1 cells with
pKC4.16 (FGF3) and pKCNoBP1.1 (NoBP) (Fig. 4). The nu-

FIG. 5. Deletion mutations affecting nuclear and nucleolar local-
ization of NoBP. (a) Deletion mutations of pKC-NoBP1.1. Domains
rich in basic amino acids are depicted schematically by the various
stripped boxes (see Fig. 1). (b) Subcellular distribution of NoBP-
related products of the deletion mutations depicted in panel a were
analyzed by immunofluorescence using the anti-RGS(His) monoclonal
antibody. Examples of the staining patterns are shown and are sum-
marized alongside the depiction of each mutation shown in panel a. N,
nuclear; No, nucleolar; C, cytoplasmic.
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clear and nucleolar distribution of both proteins appears to be
virtually identical. For staining of the cotransfected cells, a
rabbit polyclonal antibody against FGF3 and a monoclonal
anti-His antibody was used with species-specific secondary an-
tibodies conjugated to different fluorescence dyes (Texas red
and fluorescein). Extensive colocalization of nuclear FGF3 and
NoBP was observed. In experiments with single-staining anti-
bodies, no crossover was observed between the channels for
Texas red and fluorescein.

Localization of elements in NoBP necessary for nuclear
uptake and nucleolar association. The NoBP sequence con-
tains several clusters of basic residues located in the C-terminal
half of the protein as depicted schematically in Fig. 5. To test
the importance of these motifs on nuclear uptake, a series of
deletion mutations were introduced into pKCNoBP1.1 which
removed combinations of these potential targeting motifs. De-
letion of the C terminus from amino acid 167, which encom-
passes all of the basic elements, leads to an even distribution of
the protein between the nucleus and cytoplasm, but without
nucleolar association. Deletion of the carboxyl terminus from
amino acid residue 220, which conserves a lysine-, arginine-,
and glutamine-rich domain resulted in exclusively a nuclear
location of the product, but with exclusion from the nucleoli. In
contrast, deletion of the carboxy-terminal 45-amino-acid resi-
dues did not affect the nuclear or nucleolar distribution. More-
over, deletion of the N-terminal half of NoBP (amino acids 1 to
166), did not change the subcellular location of the truncated
protein. These results indicate that the domain between amino
acids 167 and 220 contains sequences that are important for
nuclear localization, while the sequences between amino acids
220 and 262 are necessary for nucleolar association (Fig. 5).

Motifs in the carboxyl terminus of NoBP can confer nuclear
and nucleolar localization to a heterologous protein. A more
stringent test of nuclear and nucleolar targeting function is
whether the candidate C-terminal motifs are sufficient to direct

a heterologous cytoplasmic protein into the nucleus and asso-
ciate it with the nucleolus. Segments of the carboxy terminus of
NoBP were fused with the bacterial gene b-galactosidase as
depicted in Fig. 6. After transfection of the various constructs
into COS-1 cells, their intracellular localization was deter-
mined by immunofluorescence by using antibodies to b-galac-
tosidase. The parental vector, Gal1.0 was located in the cell
cytoplasm while, in contrast, constructs with segments of the
carboxyl terminus of NoBP fused at the N terminus of the
b-galacosidase accumulated in the nucleus. The fusion protein
containing NoBP sequences between amino acids 162 and 262
and amino acids 220 and 262 both showed nuclear and nucle-
olar staining indistinguishable from that of NoBP. However,
the segments at 162 and 220 only showed a nuclear staining
pattern with exclusion from the nucleoli, a result again consis-
tent with the deletion analysis of NoBP (Fig. 5). Taken to-
gether, the deletion analysis and signal transfer experiments
suggest that there is a nucleolar targeting motif contained in
amino acids 220 to 262 which is necessary and sufficient to
direct a heterologous cytoplasmic protein into the nucleus and
associate it with the nucleoli.

FIG. 6. Localization of NoBP nuclear and nucleolar localization
signals. (a) Segments of the carboxy terminus of NoBP, encompassing
amino acids 162 to 262, were fused to the coding domain of b-galac-
tosidase. The shading used to mark the different basic domains in the
C-terminal region of NoBP are the same as in Fig. 5. (b) The location
of the NoBP–b-galactosidase fusion proteins was determined by stain-
ing with a monoclonal antibody against b-galactosidase, followed by
the addition of a secondary antibody conjugated to fluorescein.
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NoBP is widely expressed in mouse tissue and cell lines. The
expression of NoBP in adult mouse tissues and several cell
lines of mouse and human origin was assessed by Northern blot
analysis. A single transcript of 1.5 kb was detected in all mouse
tissues and cell lines examined. The highest levels of expression
were found in the lung, heart, spleen, and kidney. The broad
expression of NoBP in mouse tissue, which does not express
FGF3, suggests that NoBP has a common function in all cells and
presumably interacts with partners other than FGF3 (Fig. 7).

Modulation of NoBP transcripts in differentiating HL60
cells and cell cycle synchronized HeLa cells. To determine
whether NoBP is regulated during the cell cycle, we examined
NoBP RNA expression in two different systems: differentiating
HL60 cells and HeLa cells reentering the cell cycle from a
lovastatin block. HL60 promyelocytic leukemia cells can be
induced to differentiate into monocytes by treatment with a
phorbol ester such as TPA or into granulocytes by treatment
with DMSO (19). Differentiation is preceded by a withdrawal
from the cell cycle. To examine expression of NoBP in differ-
entiated cells, total RNA was prepared from HL60 cells ex-
posed to DMSO or TPA for 3 days and then analyzed by
Northern blotting. No NoBP-specific transcription was detect-
able in the differentiated HL60 cell populations. To investigate
the kinetics NoBP transcript disappearance, HL60 cells were
monitored for 3 days as they ceased to proliferate and differ-
entiate in response to TPA treatment. Under these conditions,
NoBP transcripts diminished in the absence of proliferation,
but not as rapidly as c-myc transcripts (Fig. 8a). The kinetics of
disappearance will be a function of transcriptional repression
and messenger half-life which were not separable in this ex-

periment; nevertheless, downregulation of NoBP appears to
parallel exit from the cell cycle.

To further investigate the association of NoBP transcription
with the cell cycle, lovastatin, an inhibitor of the cholesterol
biosynthetic pathway, was used to synchronize HeLa cells in
early G1 (17). After 33 h in lovastatin, the cultures were refed
with medium supplemented with mevalonate to stimulate their
reentry into the cell cycle. After release from the lovastatin
block, there was a delay in DNA synthesis for several hours
before an increase in incorporation of [3H]thymidine was ob-
served (Fig. 8c). Immediately after release there was a peak of
p21 (CIP1/WAF1) RNA expression (11), followed by a peak of
NoBP transcription in late G1 and early S phases. However,
NoBP expression decreased before the peak of DNA synthesis.
These results demonstrate a strong correlation between pro-
liferation and the expression NoBP mRNA.

NoBP expression confers a growth-stimulating effect on
NIH 3T3 cells. To determine whether the level of NoBP ex-
pression affected the proliferation rate, we tested the effect of
overexpressing NoBP. NIH 3T3 cells were transfected with
pBABE-NoBP1.1, and stably expressing clones were selected.
Clones were selected on the basis of high or moderate levels of
NoBP protein expression and analyzed for their proliferation
potential (Fig. 9a). Expression of NoBP in NIH 3T3 did not
lead to a transformed morphology and, with a full serum sup-
ply, a growth stimulatory effect was only detected in the cell
line expressing high levels of NoBP (Fig. 9b). Still even in
culture medium supplemented with 10% serum, NoBP is able
to induce a twofold increase in the growth rate of NIH 3T3
cells. However, under serum-reduced conditions, the cell line
expressing high and moderate levels of NoBP grew significantly
better than the parental cells. The cell line with the low level of
NoBP expression still grew at a 10-fold-higher rate than the
parental NIH 3T3 cell line and the NoBP-overexpressing cell
line (NIH-NoBP-A) induced a 100-fold-higher growth rate
compared to the control cells. These findings suggest that
higher expression levels of NoBP can confer a clear growth-
promoting effect on NIH 3T3 cells without changing the cell
morphology (Fig. 9c).

Expression of NoBP can antagonize the inhibitory effect of
nucleolar FGF3 on HC11 cells. Expression of the nucleolar
isoform of FGF3 in mammary epithelial HC11 cells inhibits
cell proliferation (20). To determine whether overexpression
of NoBP could reverse the block, a cell line (HC4.16-16 [20])
expressing nucleolar FGF3 was cotransfected with an SV40-
based vector expressing the human NoBP cDNA and selected
with a vector carrying the puromycin-resistant gene. Trans-
fected cells were selected by resistance to puromycin, and
several colonies were chosen and passaged in complete me-
dium supplemented with FCS, EGF, and insulin. A cell line
expressing a high level of NoBP mRNA was selected (Fig. 10,
upper panel). The growth rate of this cell line (HC4.16-16-K3)
was compared with those of the parental cell line HC4.16-16
under low-serum conditions. A cell line of HC11 cells trans-
fected with the empty vector DNA was used as control (HC
Dobs-1). Cells were seeded at a low density in medium sup-
plemented with 2.5% serum, EGF, and insulin. Under these
conditions, there was a significant correlation of high growth
rate with high NoBP expression (Fig. 10b). The HC11 cells
transfected with the 4.16 cDNA which encodes the nucleolus-

FIG. 7. Expression of NoBP transcripts in human and mouse cell
lines and adult mouse tissues. Northern blots containing 10 mg of total
RNA from different established human cell lines (a) or mouse cell lines
(b) were hybridized with 32P-labeled human or mouse NoBP cDNA
probe. (c) Northern blot of 10 mg of total RNA from different adult
mouse tissues was done with a 32P-labeled mouse NoBP cDNA probe.
The size of the NoBP-specific transcripts are indicated.
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associated form of FGF3 grew at a much lower growth rate
than the control cells. However, when these cells were trans-
fected with the NoBP cDNA and were expressing similar levels
of NoBP transcripts as the HeLa cells, the growth-inhibitory
effect of FGF3 was antagonized and NoBP induced a 10-fold
increase in the growth rate compared to the parental cell line
(HC4.16-16). These findings clearly demonstrate that expres-
sion of NoBP can counter the inhibitory effect of nuclear FGF3
and suggest that the growth-inhibitory effect of nuclear FGF3
may be due to an interaction of nucleolar FGF3 with NoBP,
slowing entry into the S phase of the cell division cycle.

DISCUSSION

Many FGF family members have important intercellular
signaling functions during mammalian development (34). For
autocrine and paracrine signaling, the FGFs are secreted and
activate receptors on the same or adjacent cells. However,
several members of the FGF gene family encode isoforms that
have a nuclear location (4). These include FGF1, FGF2, and
FGF3, as well as the more recently described FGF homology
factors (FGF11 to FGF14) (31). The latter encode proteins
that do not contain signal sequences for secretion and may

primarily function as nuclear proteins. In contrast, FGF3 en-
codes isoforms that are either exclusively secreted or have a
dual localization. Thus, the amino-terminally extended isoform
either enters the secretion pathway or is translocated to the
nucleus or nucleolus. This allows the same protein to poten-
tially have two signaling pathways: one autocrine or paracrine
through secretion and receptor activation and a second directly
acting on some nuclear targets. In an effort to establish possi-
ble components of a nuclear FGF3 signaling pathway, we used
a yeast two-hybrid assay to identify an FGF3 binding protein
that normally resides in the nucleolus. The affinity of FGF3 for
NoBP is sufficiently strong to account for its nucleolar local-
ization. Moreover, a mutation analysis of FGF3 shows a cor-
relation between nucleolar localization and binding to NoBP.
A search of the databases showed that NoBP was previously
identified as a nucleolar protein of no known function. Here
we demonstrate that it not only binds to FGF3 but is regulated
in a cell cycle-dependent manner. Unlike FGF3, NoBP is
widely distributed in different tissues and cell lines, and there
appear to be homologues in flys and yeast, suggesting that it
may have a function common to most, if not all, eukaryotic
cells.

FIG. 8. NoBP transcripts are downregulated in HL60 cells following differentiation. (a) Northern blot analysis of RNA samples were taken after
72 h of treatment of HL60 cells with TPA or DMSO. As a control for RNA loading, the blot was reprobed for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). (b) Kinetics of NoBP RNA (nobp) downregulation following treatment with TPA to induce monocyte-macrophage
differentiation. (c) Transcriptional regulation of nobp expression in lovastatin-synchronized HeLa cells. HeLa cells were cultured in 60 mM
lovastatin for 33 h, at which time lovastatin was replaced with medium containing mevalonate as described in the text. Cell samples were harvested
at the indicated times after lovastatin removal, and the extracted RNA was analyzed by Northern blotting. The membranes were probed with
32P-labeled cDNA to nobp, p21, and GAPDH. RNA loading was also monitored by ethidium bromide staining of the RNA gel. The DNA synthesis
rate was monitored by pulse labeling the DNA with [3H]thymidine as described in the text.
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A mutation analysis of NoBP shows that FGF3 binding and
its ability to translocate to the nucleus and associate with the
nucleolus reside in the carboxy-terminal region of the protein
(Fig. 3 and 5). A preliminary deletion analysis suggests that
sequences between amino acids 162 and 220 encode the nu-
clear localization motif. This region is rich in basic amino acids
(Fig. 1). Inclusion of amino acid sequences that are more
carboxy terminal confer nucleolar association. Moreover,
amino acid sequences between 220 and 262 are sufficient to
confer nuclear localization and nucleolar association on b-ga-
lactosidase that normally resides in the cytoplasm. Interest-

FIG. 9. NoBP is growth stimulatory for NIH 3T3 cells. Two stable
clones of NIH 3T3 cells expressing human NoBP (designated pBabe
NoBP1.1-A and pBabeNoBP1.1H) were selected and tested for growth
in complete medium or in low-serum conditions. (a) Immunoblot anal-
ysis of His-tagged NoBP expression in the two transfected NIH cell
lines are compared to control COS-1 cells transiently transfected with
pKCNoBP1.1. Protein samples corresponding to the same number of
cells were analyzed. Cells were seeded at 2.5 3 103 cells per well in
24-well dishes and grown for 8 days in DMEM containing 10% FCS (b)
or 2% FCS (c) for 15 days. Cells were harvested and counted, and the
cell numbers were plotted as the means of triplicate determinations,
with bars indicating the standard error of the mean.

FIG. 10. NoBP expression can reverse the inhibitory effect of nu-
clear FGF3 in HC11 cells. (a) An HC11 cell line expressing the nuclear
form of FGF3 (HC4.16-16) was transfected with a vector encoding
human His-tagged NoBP protein and a high-expression cell clone was
selected (HC4.16-16-K3), followed by Northern blot analysis. (b) The
nuclear FGF3 expressing cell line HC4.16-16, a control vector trans-
fected cell clone (HC Dobs-1), and the NoBP and nuclear FGF3
expressing cell clone (HC4.16-16-K3) were seeded at 2.5 3 103 cells
per well in 24-well dishes and grown for 9 days in DMEM containing
2% FCS, EGF, and insulin. Cells were harvested and counted, and the
cell counts are plotted as the means of triplicate determinations, with
bars indicating the standard error of the mean.
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ingly, amino acids 162 to 220 will translocate b-galactosidase to
the nucleus, indicating some redundancy of NLSs. The car-
boxy-terminal domain of NoBP is quite complex, encoding
nuclear localization sequences, the nucleolar association do-
main, as well as a region that binds FGF3. How proteins which
have no obvious RNA-binding domain elements accumulate in
the nucleoli is not well understood.

Expression of human NoBP in NIH 3T3 cells resulted in a
reduced requirement for serum and could keep them in a
proliferating state under conditions in which they would nor-
mally quiesce. Furthermore, expression of NoBP RNA is reg-
ulated during the cell cycle, peaking during the late G1 and
early S phases, supporting the idea that NoBP may be involved
in controlling progress through the cell division cycle. The high
degree of sequence homology between the mammalian NoBP
and the putative S. cerevisiae gene product p49 suggests that
the function of these proteins may be conserved during evolu-
tion. Homozygous deletion of p49 is lethal, establishing an
essential function (data not shown). Recently, two groups dem-
onstrated that the yeast homologue of NoBP is an essential
nucleolar protein required for pre-rRNA processing (13, 35).
The sequences critical for the essential activity of the yeast
homologue comprise the most conserved region between the
yeast and human protein and two putative NLSs (13). The
FGF3 binding domain of human NoBP corresponds to the
C-terminal part of the conserved region. Since the synthesis of
ribosomes is essential for growing cells, mechanisms involved
in the control of ribosome synthesis are therefore expected to
determine the coordination between cell growth and cell divi-
sion. Also, candidate c-myc target genes implicated in cell
growth control regulate rRNA transcription and processing. In
the light of these new findings, it is interesting to notice that
immunogold electron microscopy locates FGF3 within the
dense fibrillar components, which are regarded as the site of
active transcription of rRNA genes and processing of pre-
rRNA (20). Taken together, these findings suggest NoBP may
be essential for integrating growth-regulatory signals with gene
transcription and RNA processing.

Dual subcellular localization of FGF3 appears to reflect two
opposing biological effects. Hence, secreted FGF3 induces cell
proliferation through cell surface tyrosine kinase receptors,
while in the same HC11 cells a nuclear-targeted FGF3 sup-
presses proliferation in the G1 phase of the cell cycle. This dual
arrangement of signaling might hypothetically cause an FGF3-
producing cell to send a paracrine signal inducing a mitogenic
response, while its nuclear form blocks autocrine proliferation
by an intracrine signal. We would suggest that NoBP serves as
a target for the inhibition of cell proliferation by nuclear
FGF3.
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