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Endocytic uptake and intracellular transport of acidic FGF was studied in cells transfected with
FGF receptor 4 (FGFR4). Acidification of the cytosol to block endocytic uptake from coated pits
did not inhibit endocytosis of the growth factor in COS cells transfected with FGFR4, indicating
that it is to a large extent taken up by an alternative endocytic pathway. Fractionation of the cells
demonstrated that part of the growth factor receptor was present in a low-density, caveolin-
containing fraction, but we were unable to demonstrate binding to caveolin in immunoprecipi-
tation studies. Upon treatment of the cells with acidic FGF, the activated receptor, together with
the growth factor, moved to a juxtanuclear compartment, which was identified as the recycling
endosome compartment. When the cells were lysed with Triton X-100, 3-([3-chloramidopropy-
l]dimethylammonio)-2-hydroxy-1-propanesulfonate, or 2-octyl glucoside, almost all surface-ex-
posed and endocytosed FGFR4 was solubilized, but only a minor fraction of the total FGFR4 in the
cells was found in the soluble fraction. The data indicate that the major part of FGFR4 is anchored
to detergent-insoluble structures, presumably cytoskeletal elements associated with the recycling
endosome compartment.

INTRODUCTION

Acidic FGF (aFGF or FGF-1) belongs to the large FGF family
of growth factors that play important roles in cell prolifera-
tion and differentiation (Burgess and Maciag, 1989; Crumley
et al., 1991; Basilico and Moscatelli, 1992). The growth factors
bind to transmembrane receptors with a cytoplasmic split
tyrosine kinase domain. There are four identified FGF re-
ceptors (FGFRs) and a number of splicing variants (Johnson
et al., 1990, 1991; Hou et al., 1991; Partanen et al., 1991;
Chellaiah et al., 1994). Different FGFs bind with different
strengths to the different variants of the receptors. In addi-
tion, FGFs bind to cell surface heparans (Burgess and Ma-
ciag, 1989) as well as to a cysteine-rich binding protein of
unknown function (Burrus et al., 1992; Gonatas et al., 1995).

aFGF induces a strong mitogenic response in some cells,
whereas in other cells it induces differentiation (Burgess and
Maciag, 1989). It is not known what mechanism determines
which response will be induced in each case. Upon binding
of the growth factor to receptors, the tyrosine kinase is
activated, apparently as a result of dimerization of the re-
ceptors by the bound growth factor (DiGabriele et al., 1998).
Subsequently, a number of downstream signaling molecules

are activated, such as phospholipase Cg and MAPK (Mason,
1994). There is increasing evidence that externally added
aFGF also acts intracellularly and that upon binding to the
receptor the growth factor is able to penetrate cellular mem-
branes and enter the cytosol and the nucleus (Imamura et al.,
1990, 1994; Zhan et al., 1992, 1993; Wiedlocha et al., 1994;
Muñoz et al., 1997; Klingenberg et al., 1998).

After binding to FGFR, aFGF is internalized by endocyto-
sis (Muñoz et al., 1997). It has so far not been determined
whether this occurs from coated pits or from other struc-
tures of the surface membrane. Keratinocyte growth factor,
which belongs to the FGF family, was reported to be present
in clathrin-coated vesicles in NIH 3T3 cells that had been
transfected with the keratinocyte growth factor receptor, a
splicing variant of FGFR2 (Marchese et al., 1998), whereas
basic FGF was found in caveolae in BHK cells (Gleizes et al.,
1996). All four FGFRs contain a sequence that resembles the
binding site for caveolin found in the epidermal growth
factor receptor and other proteins (Couet et al., 1997).

In spite of the large amount of work done on the FGFs and
their receptors, little is known about the intracellular traf-
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ficking of these proteins. In the present work, we studied
endocytosis and intracellular transport of aFGF and FGFR4.

MATERIALS AND METHODS

Materials
PMSF, pronase, trypsin, cytochalasin D, 2-octyl glucoside, 3-([3-
chloramidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfon-
ate (CHAPS), wortmannin, nocodazole, and transferrin were ob-
tained from Sigma Chemical (St. Louis, MO). Brefeldin A was from
Epicentre Technologies (Madison, WI), disuccinimidyl suberate was
from Pierce (Rockford, IL), and protein A–Sepharose and heparin-
Sepharose were from Pharmacia (Uppsala, Sweden). Na125I was
obtained from the Radiochemical Center, Amersham International
(Buckinghamshire, United Kingdom). Anti-FGFR4, anti-FGFR1, an-
ti-clathrin, and anti-phosphotyrosine antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-caveolin 1 antibodies
were from Transduction Laboratories (Lexington, KY), anti-vimen-
tin antibodies were from Sigma Chemical, and rabbit anti-EEA1 was
obtained from Dr. Judy Callaghan at the Institute for Cancer Re-
search in Oslo, Norway. Anti-human CI-M6PR was a gift from Dr.
K. von Figura (Göttingen, Germany), anti-b-cop was obtained from
Affinity BioReagents (Golden, CO), anti-calnexin was from Stress-
gen Biotechnologies (Victoria, British Columbia, Canada), and anti-
transferrin receptor and Fugene-6 were from Boehringer Mannheim
(Indianapolis, IN). Unlabeled aFGF was produced in bacteria, pu-
rified on a heparin-Sepharose column as described (Wiedlocha et al.,
1996), and labeled chemically with 125I (Fraker and Speck, 1978).
aFGF metabolically labeled with [35S]methionine was synthesized in
a cell-free system as described previously (Wiedlocha et al., 1994).
aFGF labeled with CY3 and transferrin labeled with alexa were
obtained by incubating the proteins with CY3 (Amersham Interna-
tional) and alexa (Molecular Probes, Eugene, OR) according to the
procedures given by the suppliers. Transferrin receptor cDNA in
pcDNA3 was a gift from Dr. Toril Bremnes (Institute for Cell Biol-
ogy, University of Oslo, Oslo, Norway).

Cells
COS-1, NIH 3T3, and CPAE cells were propagated in DMEM with
10% (vol/vol) FCS in a 5% CO2 atmosphere at 37°C

Transfections
Transient expression of the different FGF receptors and human
transferrin receptor was performed by transfecting COS-1 cells with
plasmid DNA (pcDNA3 with appropriate inserts as described by
Muñoz et al. [1997]) with the use of Fugene-6 transfection reagent
according to the procedure given by the supplier. Cells were used
for experiments 48 h after transfection.

Cross-Linking of 125I-aFGF to Receptors and
Subsequent Purification of Caveolin-enriched
Membrane Fractions
Caveolin-enriched membrane fractions were prepared with a deter-
gent-free method, as described previously (Song et al., 1996). The
cells (in two 150-mm dishes) were washed twice with ice-cold
binding buffer (DMEM with 50 mM HEPES, pH 7.4, and 10 U/ml
heparin), and then the cells were kept at 4°C for 4 h in the same
buffer containing 50 ng/ml 125I-aFGF. After washing once with cold
binding buffer and once with PBS, the cells were treated for 20 min
at 4°C with 0.3 mM disuccinimidyl suberate in PBS. After cross-
linking, the cells were washed with cold 25 mM Tris buffer, pH 7.4,
and twice with PBS. The cells were scraped into 2.2 ml of 0.5 M
sodium carbonate, pH 11. The cell suspension was homogenized
first with a syringe, then with a Dounce homogenizer (20 strokes),
and finally with a sonicator (three 20-s bursts). The homogenate was

then adjusted to 45% sucrose by the addition of 2.2 ml of 90%
sucrose prepared in 25 mM 2-(N-morpholino)ethanesulfonic acid,
pH 6.5, 0.15 M NaCl and placed in the bottom of an ultracentrifuge
tube. A discontinuous sucrose gradient was formed by overlaying
this solution with 4 ml of 35% sucrose and 4 ml of 5% sucrose [both
in 25 mM 2-(N-morpholino)ethanesulfonic acid, pH 6.5, 0.15 M
NaCl]). The tubes were centrifuged at 150,000 3 g in a SW40 rotor
for 19 h at 4°C, and then 12 or 13 1-ml fractions were collected
manually from the top of the gradient. Aliquots (50 ml) of the
fractions were subjected to SDS-PAGE on 7.5 or 10% gels. The
cross-linked ligand-receptor complexes were detected by autora-
diography, and caveolin and the receptors were visualized by West-
ern blotting after transfer of the protein from the gel to a nitrocel-
lulose membrane.

Measurement of Receptor-mediated Endocytosis of
125I-aFGF and 125I-Transferrin
To measure endocytic uptake of transferrin in cells with acidified
cytosol, COS cells transfected with FGFR4 were incubated for 5 min
at 37°C in HEPES medium, pH 5.5, with and without different
concentrations of acetic acid. 125I-Transferrin was added and, after 5
min of incubation, the cells were washed three times with cold
HEPES medium; subsequently, the cells were treated for 1 h at 0°C
with HEPES medium containing 2 mg/ml pronase. Finally, the cells
and the medium were transferred to Eppendorf tubes and centri-
fuged for 2 min, and the radioactivity in the pellet and the super-
natant was measured.

Endocytosis of 125I-aFGF under similar conditions was measured
by incubating cells for 5 min in HEPES, pH 5.5, with and without
acetic acid as indicated; 50 ng/ml 125I-aFGF was added in the
presence of 10 U/ml heparin, and the cells were incubated for 15
min. After this, the cells were washed three times with cold PBS and
then kept for 6 min at 4°C in a solution containing 2 M NaCl, 20 mM
Na-acetate, pH 4, to release surface-bound aFGF. The cells were
then washed once in the same buffer and dissolved. The released
surface-bound radioactivity and the remaining cell-associated ra-
dioactivity were measured.

For endocytosis experiments at neutral pH, confluent cultures of
transfected COS cells grown on 35-mm plates were incubated with
DMEM containing 50 mM HEPES, pH 7.4, and 10 U/ml heparin for
5 min at 37°C. After this, the cells were incubated at 37°C with 50
ng/ml 125I-aFGF for the time indicated. The cells were then treated
as described above.

Fractionation of Cells
After lysis in lysis buffer (0.1 M NaCl, 10 mM Na2PO4, 1% Triton
X-100, 1 mM EDTA, 1 mM PMSF, 4 mg/ml aprotinin, pH 7.4), cells
were centrifuged for 15 min at 720 3 g. The supernatant was
designated the cytoplasmic fraction. The pellet was washed twice by
resuspension in lysis buffer containing 0.3 M sucrose, layered onto
lysis buffer containing 0.8 M sucrose, and centrifuged at 720 3 g for
15 min at 4°C; then it was sonicated and centrifuged for 5 min at
15,800 3 g. The supernatant after the last centrifugation was desig-
nated the nuclear fraction.

Surface Labeling of Cells with 125I by the
Lactoperoxidase Method
COS cells transfected with FGFR4 were washed three times with
HEPES-buffered saline (HBS; 10 mM HEPES, 0.15 M NaCl, pH 7)
and incubated with Na125I in the presence of lactoperoxidase (20
mg/ml) and 0.00003% H2O2 for 5 min at 30°C. The labeling reaction
was stopped by adding saturated tyrosine and 0.5 mM DTT. After
washing with HBS, the cells were scraped in HBS containing pro-
tease inhibitors and lysed in lysis buffer (20 mM HEPES, pH 7, 50
mM NaCl, 1% Triton X-100, 10% glycerol, 1.5 mM MgCl2, 1 mM
EDTA, 1 mg/ml PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin) on
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ice for 30 min. Then the cells were fractionated by centrifugation
into a cytosolic fraction and a nuclear fraction.

Immunofluorescence Staining
Cells grown on coverslips and incubated with CY3-aFGF or alexa-
transferrin were fixed with 3% paraformaldehyde in PBS for 15 min
at room temperature. For double-staining experiments, paraformal-
dehyde-fixed cells were permeabilized with 0.5% Triton X-100 in
PBS for 4 min. Coverslips were then incubated in PBS containing 5%
dry milk and 0.1% Tween-20 at room temperature for 20 min with
the primary antibody, washed, and then incubated with the second-
ary antibody. After staining, the coverslips were mounted in
Mowiol (Calbiochem, San Diego, CA). Confocal microscopy was
performed with the use of a Leica (Wetzlar, Germany) confocal
microscope. Images were taken at 3100 magnification and captured
as images at 1024 3 1024 pixels. Montages of images were prepared
with the use of Photoshop 4.0 (Adobe, Mountain View, CA).

RESULTS

Endocytosis of aFGF in COS Cells Transfected with
FGFR4
aFGF has been shown to be internalized upon binding to
high-affinity FGFR (Sorokin et al., 1994; Muñoz et al., 1997).
To study this process further, we transfected COS cells with
FGFR4, incubated them with 125I-aFGF at 37°C for different
periods of time, and measured endocytic uptake as radioac-
tive material that could not be removed with 2 M NaCl, 20
mM Na-acetate, pH 4.0. Treatment with high salt/low pH
removes surface-bound aFGF but not internalized growth
factor (Muñoz et al., 1997). As shown in Figure 1A, the
amount of internalized aFGF leveled off after 30 min, indi-
cating that uptake and degradation or exocytosis had ap-
proached equilibrium at this time.

To determine if aFGF is internalized from clathrin-coated
pits or from other membrane areas, we used acidification of
the cytosol to inhibit internalization from clathrin-coated
pits (Sandvig et al., 1987). Transferrin is endocytosed by this
pathway (Hopkins, 1983). Figure 1B shows that acidification
of the cytosol efficiently blocked endocytosis of transferrin,
whereas the uptake of aFGF was not much reduced. This
indicates that the major part of the uptake of aFGF occurs by
clathrin-independent endocytosis in COS cells transfected
with FGFR4.

FGFRs Partly Copurify with Caveolin-containing
Structures
Caveolae have been implicated in vesicular transport and in
signal transduction processes (Lisanti et al., 1994; Schnitzer et
al., 1995a). Caveolin is a principal component of caveolae
membranes. Because all four FGFRs contain a sequence re-
sembling the sequence found to be involved in caveolin
binding in a number of other proteins (Couet et al., 1997), we
sought to determine if the growth factor receptor is present
in caveolin-containing material. Caveolae have been shown
to be separable from bulk cellular lipids and proteins by
flotation in a discontinuous sucrose density gradient
(Schnitzer et al., 1995a; Smart et al., 1995; Song et al., 1996).
With the use of a detergent-free, carbonate-based fraction-
ation method for the purification of caveolin-rich membrane
domains, the vast majority of caveolin, the protein marker
for caveolae, appeared in fraction 5, corresponding to the

interface between the 5 and 35% sucrose layers (Figure 2, A
and B). The bulk of the cellular protein was present in
fractions 9–13 (Figure 2A). These fractions correspond to the
position of the original lysate (mixed with sucrose) at the
bottom of the gradient and would be expected to contain
cytosolic proteins as well as membrane proteins. These frac-
tions contained clathrin and the receptor for transferrin (Fig-
ure 2B).

To determine if part of the FGFRs cofractionated with
caveolin-enriched membranes, COS cells transiently trans-
fected with FGFR4 were allowed to bind 125I-aFGF in the
cold and then treated with a chemical cross-linker. After
cross-linking of 125I-aFGF to the receptors, the cells were
fractionated to separate caveolin-enriched membranes from

Figure 1. Internalization of aFGF in cells transfected with FGFR4.
(A) COS cells transiently transfected with FGFR4 were incubated at
37°C for the indicated periods of time in HEPES containing 10 U/ml
heparin and 50 ng/ml 125I-aFGF. Then the cells were washed with
PBS and treated for 6 min with 20 mM Na-acetate, pH 4, containing
2 M NaCl to remove surface-bound aFGF. The removed material
was collected. The cells were subsequently dissolved, and the ra-
dioactivity in the medium and in the cells was measured. The data
are expressed as the internalized radioactivity as a percentage of the
total radioactivity associated with the cells. (B) Uptake of 125I-
transferrin (Œ) and 125I-aFGF (F) by COS cells transfected with
FGFR4. The cells were incubated for 5 min at 37°C in HEPES
medium, pH 5.5, with increasing concentrations of acetic acid. 125I-
Transferrin or 125I-aFGF was then added as described above, and
after 5 and 15 min of incubation, respectively, the amount of endo-
cytosed proteins was measured as in A.
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the bulk cellular material. Autoradiographic analysis dem-
onstrated that a considerable part of the cross-linked mate-
rial comigrated with caveolin, although most of the radio-
activity was in the bottom fractions (Figure 2C).

Analysis of the fractions of the gradient by Western blot-
ting with antibodies to FGFR4 showed that only a small
fraction of the total amount of FGFR4 was present in the
fractions enriched in caveolin, whereas the bulk protein
appeared in fractions 8–13 (Figure 2D).

Because COS cells do not express endogenous FGFR4, it
was possible that the presence of FGFR4 in the caveolin-
enriched fractions was an artifact of receptor overexpres-
sion. Therefore, we sought to determine if FGFR was present
in caveolin-rich fractions in nontransfected CPAE cells,
which express endogenous FGFR1. Fractionation of CPAE
cells resulted in a similar distribution of FGFR1 and caveolin
when the gradient fractions were analyzed by Western blot-
ting (Figure 2E). We also carried out cross-linking experi-
ments with 125I-aFGF in NIH 3T3 cells, which express en-
dogenous FGFR1. Fractionation of NIH 3T3 cells under the
same conditions as in Figure 2C resulted in a similar distri-
bution of cross-linked material in the gradient (not shown).
These data indicate that both FGFR4 and FGFR1 are partly
present in a low-density, caveolin-enriched fraction.

When COS cells transfected with FGFR4 were incubated
with aFGF for different periods of time and the caveolin-
containing fractions were isolated, submitted to SDS-PAGE,
and immunoblotted with anti-FGFR4, the receptor was
found to remain in the caveolin-containing fraction for ;10
min after the addition of aFGF, and then the amount started
to decline. After 70 min, the receptor was essentially absent
from this fraction (Figure 3). This finding indicates that the
addition of aFGF induces displacement of receptors from the
caveolin-containing fraction, probably by endocytosis.

To determine whether caveolae are involved in clathrin-
independent endocytosis of aFGF, we tested different sterol-
binding drugs that have been shown to disorganize caveolae
by cholesterol chelation, because cholesterol is required for
the integrity of caveolae (Bolard, 1986; Rothberg et al., 1990).
We tested filipin, nystatin, and digitonin. None of these
drugs was found to have an effect on aFGF endocytosis (our
unpublished results), suggesting that aFGF is endocytosed
by a pathway different from that used during endocytosis of
clathrin-coated pits and caveolae.

Caveolin 1 has been shown to interact directly with a
variety of cytoplasmic signal-transducing molecules and re-
ceptors (Song et al., 1996; Couet et al., 1997; Michel et al., 1997;
Yamamoto et al., 1999). We tried to coimmunoprecipitate
FGFR4 and caveolin with antibodies raised against either
protein, as described previously (Couet et al., 1997), but we
were unable to demonstrate any interaction (our unpub-
lished results).

Figure 2. FGFRs partly comigrate with caveolin. (A) COS cells
were homogenized in sodium carbonate, sonicated, and fraction-
ated by floating in a sucrose density gradient. The protein content of
each fraction is expressed as a percentage of the total amount of
protein in the gradient. (B) Aliquots of the fractions in A were
analyzed by SDS-PAGE and Western blotting with anti-caveolin,
anti-clathrin, and anti-transferrin receptor antibodies. (C) COS cells
transfected with FGFR4 were incubated with 125I-aFGF for 3 h at 4°C
and treated for 20 min at 4°C with 0.3 mM disuccinimidyl suberate
to cross-link the bound growth factor to the receptors. Then the cells
were homogenized, sonicated, and fractionated as described above.
The fractions were analyzed by SDS-PAGE and autoradiography.
COS cells transfected with FGFR4 (D) and CPAE cells (E) were
treated and fractionated as described above. The fractions were
analyzed by Western blotting with anti-FGFR4 (D) or anti-FGFR1
and anti-caveolin (E).

Figure 3. Kinetics of aFGF-induced disappearance of FGFR4 from
the caveolin-rich fraction. COS cells transfected with FGFR4 were
grown for 12 h in the absence of serum and then incubated in the
presence of 50 ng/ml aFGF for the indicated periods of time. Caveo-
lin-rich fractions were prepared as described in Figure 2. Fractions
4 and 5 were pooled, dialyzed against distilled water, lyophilized,
separated by SDS-PAGE, and visualized by immunoblotting with
anti-FGFR4 antibodies.
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Localization of Tyrosine-phosphorylated Receptor
Caveolae and other low-density lipid domains concentrate
protein kinases and their substrates (Liu et al., 1996, 1997;
Mineo et al., 1996; Waugh et al., 1999). To determine if FGFR
present in the low-density fractions is activated, FGFR4-
transfected cells were starved for 12 h and then incubated in
the presence of aFGF for 10 min, and subsequently the cells
were lysed. After fractionation of the cells to obtain the
caveolin-rich fractions, a Western blot was probed with anti-
phosphotyrosine antibodies. Figure 4 shows that activated
FGFR4 was present in caveolin-rich fractions 4 and 5 as
expected, because we found FGFR in these domains for at
least 20 min after stimulation with aFGF (Figure 3). The
majority of the activated receptors, however, were found in
the bottom fractions of the gradient.

To determine where in the cell the growth factor receptor
is localized and where it is active, we transfected COS cells
with wild-type FGFR4 or, as a control, with the kinase-
negative FGFR4-K503R mutant receptor, and we carried out
immunofluorescence studies with anti-FGFR4 and with anti-
phosphotyrosine. In cells not treated with the growth factor,
the receptor was found at the cell surface as well as inside
the cell, presumably partly in the endoplasmic reticulum
and the Golgi apparatus, as the synthesis of the receptor was
ongoing (Figure 5A). A large amount of labeling was found
in the juxtanuclear region. When the cells were labeled with
antibodies against phosphotyrosine, the strongest labeling
was found in the juxtanuclear region. Very little labeling
was found at the cell surface. The presence of activated
receptors in the absence of aFGF could be due to transphos-
phorylation of receptors because of the high number of
receptors in transfected cells.

Upon incubation of the cells with aFGF at 37°C, the
amount of receptors at the cell surface was reduced and the
amount of phosphotyrosine in the perinuclear area was
increased (Figure 5B). In the case of the kinase-negative
mutant FGFR4-K503R, we did not see any labeling with
anti-phosphotyrosine antibody (Figure 5C). This finding
demonstrates that the phosphotyrosine visualized in cells
transfected with the wild-type receptor is dependent on
FGFR. Part of the labeling is probably due to tyrosine phos-
phorylation of additional proteins initiated by the activated
FGFR4. A large part of the FGFR4 colocalized with the
phosphotyrosine (Figure 5, A and B, merge).

Triton X-100 Insolubility of the Major Part of
FGFR4
Many of the receptors were found in a juxtanuclear area by
immunofluorescence, and we sought to determine if the recep-

tors sedimented with the nuclei. COS cells transiently trans-
fected with FGFR4 or with the kinase-negative mutant FGFR4-
K503R were dissolved in buffer containing Triton X-100 and
separated into a nuclear and a cytoplasmic fraction by centrif-
ugation. The fractions were analyzed by Western blotting with
anti-FGFR4 antibodies. Surprisingly, the receptors were found
mainly in the Triton X-100–insoluble nuclear fraction (Figure
6A). Approximately 90% of the receptors were sedimented
under these conditions. Treatment with either CHAPS (0.5%)
or 2-octyl glucoside (60 mM), which dissolve cholesterol-rich
membrane domains (Brown and Rose, 1992), did not alter this
pattern (our unpublished results).

To determine if the presence of receptors in the nuclear
fraction was a consequence of contamination with plasma
membrane material, we labeled the cell surface of transiently
transfected COS cells with 125I by the lactoperoxidase method
and fractionated the cells into a nuclear and a cytoplasmic
fraction. Both fractions were sonicated, and FGFR4 was immu-
noprecipitated from both fractions and analyzed by SDS-PAGE
(Figure 6B). In this case, labeled receptors were found only in
the cytosolic fraction. This finding excludes contamination of
the nuclear fraction with plasma membrane receptors.

The data suggested that a large fraction of the FGFR4 is
anchored to cytoskeletal material that sediments together
with the nuclei. However, attempts to dissolve the receptors
by treating the cells with cytochalasin D to disassemble actin
filaments, with nocodazole to disassemble the microtubuli,
or with both compounds at low temperature (4°C) were
unsuccessful (our unpublished results). Also, in cells ex-

Figure 4. Stimulation of tyrosine kinase activity in caveolin-rich
fractions of FGFR4-transfected COS cells. The cells were grown in
the absence of serum for 12 h and then incubated in the presence of
50 ng/ml aFGF for 10 min. The cells were fractionated as in Figure
2B, and the fractions were analyzed by SDS-PAGE and immuno-
blotted with anti-phosphotyrosine antibodies.

Figure 5. Localization of activated FGFR4 in cells. COS cells trans-
fected with FGFR4 (A and B) or the FGFR4-K503R mutant (C) were
starved of serum for 5 h at 37°C and then kept for 2 h at 4°C in the
absence (A) or in the presence (B and C) of aFGF. The cells were then
either fixed (A) or incubated at 37°C for 15 min before fixation (B
and C). Double staining was performed with anti-FGFR4 and anti-
phosphotyrosine antibodies.
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pressing the receptor mutant FGFRalan4 lacking a putative
caveolin-binding sequence, as described in a forthcoming
paper (Citores, Khnykin, Wesche, Klingenberg, Wiedlocha,
and Olsnes, unpublished results), most of the receptors were
found in the insoluble fraction.

To localize the Triton X-100–insoluble receptors, COS cells
transfected with FGFR4 were extracted for 10 min in buffer
containing 1% Triton X-100 before fixation and staining with
anti-FGFR4 antibodies. The detergent-insoluble receptor
was found mainly in the juxtanuclear and perinuclear re-
gions (Figure 6C).

The possibility existed that the FGFR4 contained in the
nuclear fraction was misfolded and inactive. To determine if
these receptors were capable of interacting with aFGF, we
examined the binding of [35S]methionine-labeled aFGF to
sonicated cytoplasmic and nuclear fractions. The soluble
material in each fraction was incubated with heparin and
labeled aFGF for 3 h at 4°C and then immunoprecipitated
with anti-FGFR4. High-affinity binding sites were detected
in both the cytoplasmic and nuclear fractions (Figure 6D),

indicating that at least part of the receptors sedimenting
with the nuclei are functional.

It was recently demonstrated that aggresomes can be
formed as a general cellular response to cytoplasmic accu-
mulation of misfolded proteins. The aggregates are deter-
gent insoluble and are localized in a juxtanuclear region,
similar to the localization of FGFR. Aggresome formation is
accompanied by a massive redistribution of vimentin inter-
mediary filaments to a pericentriolar location (Johnston et al.,
1998). After staining with anti-vimentin and anti-FGFR4 an-
tibodies, there was no apparent difference between the la-
beling in transfected and untransfected cells (Figure 6E).
This indicates that the presence of insoluble FGFR4 in the
juxtanuclear region is not due to aggresome formation.

Accumulation of Endocytosed aFGF in a
Juxtanuclear Area
To determine the intracellular transport of aFGF in cells
expressing high-affinity receptors, we labeled the growth

Figure 6. Characterization of the expressed recep-
tor. (A) Western blot analysis of FGFRs in subcellu-
lar fractions of COS cells. Transfected COS cells
were lysed and fractionated into a nuclear (N) and a
cytoplasmic (C) fraction. The fractions were precip-
itated with trichloroacetic acid and analyzed by
SDS-PAGE. Blots were probed with anti-FGFR4 an-
tibodies. (B) Localization of surface-labeled FGFR4.
COS cells transfected with FGFR4 were surface la-
beled by incubating them with Na125I, lactoperoxi-
dase, and H2O2 for 5 min, and then DTT and ty-
rosine were added to stop the reaction. The cells
were subsequently lysed and fractionated into a
nuclear (N) and a cytoplasmic (C) fraction. The frac-
tions were sonicated and centrifuged, and the recep-
tors in the supernatants were immunoprecipitated
with anti-FGFR4 antibodies. The immunoprecipi-
tates were analyzed by SDS-PAGE and autoradiog-
raphy. (C) Localization of detergent-insoluble
FGFR4. Transfected COS cells were grown on cov-
erslips and extracted in buffer containing 1% Triton
X-100 before fixation with 3% paraformaldehyde.
Fixed cells were incubated with antibody to FGFR4
followed by FITC-conjugated secondary antibody.
(D) Nuclear and cytosolic fractions contain func-
tional FGFRs. COS cells transfected with FGFR4
were lysed and fractionated into a nuclear (N) and a
cytoplasmic (C) fraction. Both fractions were care-
fully sonicated for 5 s, and insoluble material was
removed by centrifugation. Then the supernatants
were incubated with [35S]methionine-labeled aFGF
and 10 U/ml heparin for 3 h at 4°C, immunopre-
cipitated with anti-FGFR4 antibodies, and analyzed
by SDS-PAGE and autoradiography. (E) Effect of
transfection on the distribution of vimentin. Tran-
siently transfected COS cells were fixed and double
stained with anti-FGFR4 and anti-vimentin antibod-
ies followed by FITC- and CY3-conjugated second-
ary antibodies, respectively.
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factor with the fluorophore CY3 and incubated it with
COS cells transfected with FGFR4. Heparin was present to
avoid binding to cell surface heparans. The distribution of
the growth factor in the cells was studied after incubation
at 37°C for various periods of time. The data in Figure 7
demonstrate that when the cells were treated with the
growth factor at 0°C, it was bound to the cell surface in a
homogenous manner. When the cells were subsequently
incubated for 8 min at 37°C, the amount of growth factor
at the surface was reduced and the fluorescent growth
factor appeared as intracellular dots, indicating uptake in
vesicles. After longer incubation at 37°C (60 min), the
growth factor started to accumulate in an area close to the
nucleus. Similar localization of endocytosed aFGF was

observed in BHK, U2OSDr1, and HeLa cells transfected
with FGFR4 and in COS cells transfected with FGFR1 (our
unpublished results). Therefore, the juxtanuclear localiza-
tion is not unique to FGFR4 and COS cells.

We next carried out double-labeling experiments with
EEA1, a protein that is associated with early endosomes (Mu
et al., 1995). As shown in Figure 8A, incubation for 8 min at
37°C resulted in good overlap of EEA1 and the fraction of
aFGF that was observed as intracellular dots. This was dem-
onstrated in the overlay experiments when spots labeled
with both colors appeared yellow. After 2 h at 37°C, the
growth factor appeared in a juxtanuclear area that did not
stain for EEA1, indicating that it is different from early
endosomes (Figure 8B). When the incubation for 2 h was at
16°C rather than 37°C, the growth factor remained in vesi-
cles that stained positive for EEA1 (Figure 8C). At the lower
temperature, therefore, the transfer to the juxtanuclear com-
partment is blocked. Incubation at 16°C has been shown to
block transport of endocytosed material to late endosomes
and to the recycling endosome compartment (Ren et al.,
1998).

When the cells were allowed to take up CY3-labeled
growth factor and then stained with a fluorescent anti-
body to FGFR4, there was a considerable overlap of the
two fluorescent signals in the juxtanuclear region (Figure
9). This finding indicates that the major part of the recep-
tor in the cells is localized to the compartment where
growth factor accumulates after receptor-mediated endo-
cytosis.

Figure 7. Transport of fluorescent aFGF in FGFR4-transfected COS
cells. The cells were incubated at 4°C for 2 h with CY3-aFGF in the
presence of heparin to allow binding of the growth factor and then
either fixed immediately (0 min) or incubated at 37°C for 8 or 60 min
before fixation.

Figure 8. Colocalization of aFGF with EEA1, a
marker for early endosomes. FGFR4-transfected
COS cells were incubated with CY3-aFGF for 8 min
(A) or 2 h (B and C) at 37°C (A and B) or 16°C (C) and
then fixed and stained with anti-EEA1 antibodies
followed by FITC-conjugated secondary antibody.
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Identification of the Organelle in Which
Endocytosed Growth Factor and Its Receptor
Accumulate
The area near the nucleus where the growth factor and FGFR
accumulate is close to the Golgi apparatus. In attempts to identify
the compartment, we first carried out fluorescence experiments
with antibodies to b-cop, a marker for the Golgi apparatus (Glick
and Malhotra, 1998), in cells that had been incubated with CY3-
aFGF for 2 h at 37°C. As shown in Figure 10A, there was partial
overlap with internalized growth factor at the fluorescence mi-
croscopy level of resolution.

Treatment with brefeldin A induces the disappearance of the
Golgi apparatus in many cell types, including COS cells; there-
fore, we tested its effect on cells that internalized fluorescent
growth factor. Under these conditions, b-cop was distributed
over the whole cell area, consistent with the finding that in the
presence of brefeldin A the Golgi components are transported
back to the endoplasmic reticulum (Klausner et al., 1992). The
localization of the internalized growth factor in the jux-
tanuclear area did not change as a result of brefeldin A treat-
ment (Figure 10B). Clearly, therefore, the internalized growth
factor is not transported to the Golgi apparatus.

Figure 9. Colocalization of FGFR4 and endocytosed
aFGF. COS cells transfected with FGFR4 were incubated
with CY3-aFGF for 2 h at 37°C, and then the cells were
fixed and stained with anti-FGFR4.

Figure 10. Colocalization of aFGF with markers for
different intracellular organelles. (A and B) FGFR4-
transfected COS cells were either untreated (A) or
pretreated for 30 min with brefeldin A (B), incubated
for 2 h at 37°C with CY3-aFGF, and then fixed and
stained for the Golgi marker b-cop. (C and D) COS
cells were cotransfected with the human transferrin
receptor and FGFR4. The cells were then either left
untreated (C) or pretreated for 30 min with 2 mg/ml
brefeldin A (D) and incubated with CY3-aFGF for 2 h
at 37°C. Subsequently, alexa-transferrin was bound
to the cells at 4°C, and then the cells were washed
and incubated for 20 min at 37°C and fixed.
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With antibodies to mannose-6-phosphate receptor, a
marker for late endosomes and the trans-Golgi network
(Goda and Pfeffer, 1988), there was very little overlap with
the growth factor or with FGFR4. The lysosomes, visualized
with acridine orange, were partly localized in the jux-
tanuclear area, but they appeared as distinct vesicles, unlike
in the compartment where aFGF and FGFR4 were found.
With an antibody to calnexin, a marker for the endoplasmic
reticulum (Helenius et al., 1992), we could not see any over-
lap with aFGF (our unpublished results).

When the cells were cotransfected with the transferrin
receptor and treated with fluorescent transferrin for 20 min
and aFGF for 2 h, there was almost complete overlap with
the fluorescent growth factor (Figure 10C). (Note that not all
transfected cells expressed both FGFR4 and transferrin re-
ceptors.) Transferrin endocytosed for 20 min is a marker for
the recycling endosome compartment. The distribution of
the internalized transferrin was not changed by treatment
with brefeldin A (Figure 10D), in agreement with the finding
that the recycling endosome compartment is not dispersed
by treatment with the drug (Prekeris et al., 1998). Also, in
experiments similar to those shown in Figure 5, A and B, the

tyrosine phosphorylation pattern was unaffected by treat-
ment with brefeldin A (our unpublished results).

We also tested a number of other drugs for their ability to
alter the localization of internalized growth factor in the
cells. Inhibitors of PI3 kinase, such as wortmannin and
LY294002, interfere with intracellular vesicular transport
(Shepherd et al., 1996; Spiro et al., 1996) and conceivably
could prevent the transport of the growth factor to the
juxtanuclear region. Our data indicate that aFGF transport
was not altered by these drugs (our unpublished results).
Whereas cytochalasin D, which induces depolymerization of
actin microfilaments, did not alter the distribution of the
growth factor, treatment with nocodazole, which induces
disassembly of microtubuli, prevented the appearance of the
growth factor in the juxtanuclear region; instead, it was
located in vesicular structures dispersed over the cytoplasm
(Figure 11, A and B). Here it colocalized with transferrin
(Figure 11D), in agreement with earlier observations that the
recycling endosome compartment disaggregates in the pres-
ence of nocodazole (Ren et al., 1998). The same pattern was
found for FGFR4 (Figure 11C) in nocodazole-treated cells.
Staining with anti-phosphotyrosine demonstrated that the

Figure 11. Effect of nocodazole on the intracellular
localization of aFGF and FGFR4. COS cells trans-
fected with FGFR4 (A–C) or cotransfected with
FGFR4 and human transferrin receptor (D) were
either left untreated (A) or pretreated for 30 min
with 33 mM nocodazole (B–D). In some cases (A and
B), the cells were then incubated with CY3-aFGF for
2.5 h at 37°C, fixed, and stained for tubulin. In C, the
cells were stained with anti-FGFR4 and anti-tubulin.
In D, the cells were treated with CY3-aFGF at 37°C
for 2 h, alexa-transferrin was bound at 4°C, and then
the cells were incubated for 20 min at 37°C.
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disaggregated recycling endosome compartment contained
activated receptors (Figure 12).

Triton X-100 Solubility of Endocytosed FGFR4
Because the major part of the expressed FGFR4 was present
in a fraction not solubilized with Triton X-100 (Figure 6A),
we sought to determine if the endocytosed aFGF was bound
to free or anchored receptors. Cells were incubated with
[35S]methionine-labeled aFGF for 10 h at 37°C and then
fractionated into a cytosolic and a nuclear fraction, both of
which were sonicated and immunoprecipitated with anti-
FGFR4. The data in Figure 13 show that most of the growth
factor taken up by the cells was present in the cytosolic
fraction and only a small part was found in the nuclear
fraction. Because the data in Figure 6A show that most of
FGFR4 was in the Triton X-100–insoluble fraction, this indi-
cates that most of the endocytosed receptors represent a
subfraction that is not anchored.

To test this possibility, we labeled surface-exposed recep-
tors with 125I and lactoperoxidase in experiments similar to
those shown in Figure 6B and then incubated the cells for 3 h
at 37°C. Although part of the radioactive material disap-
peared during the incubation, probably as a result of deg-
radation, the remaining labeled receptor was found mainly
in the Triton X-100–soluble fraction (our unpublished re-
sults). Taken together, the data indicate that there is a large
population of FGFR that is anchored in the recycling com-

partment and a much smaller population that is not an-
chored and that could be cycling between the surface and
the juxtanuclear regions.

DISCUSSION

We have demonstrated that endocytic uptake of aFGF was
not much inhibited by acidification of the cytosol to inhibit
uptake from clathrin-coated pits. Although aFGF bound to
the receptor was found to partially cofractionate with caveo-
lin in a low-density fraction, we did not obtain evidence that
the receptor interacts with caveolin. In a forthcoming paper
(Citores, Khnykin, Wesche, Klingenberg, Wiedlocha, and
Olsnes, unpublished results), we demonstrate that most of
the endocytic uptake of the growth factor continues in cells
expressing a mutant dynamin that is reported to block en-
docytosis from both clathrin-coated pits and caveolae. Ap-
parently, therefore, the growth factor is endocytosed by an
alternative pathway that involves neither clathrin nor caveo-
lae. The internalized growth factor is first found associated
with endosomes, but after 1 h at 37°C it is to a large extent
found in a juxtanuclear organelle that was identified as the
recycling endosome compartment.

When surface-bound proteins are taken up by endocyto-
sis, they are first delivered to peripheral sorting endosomes
irrespective of whether they are endocytosed from coated
pits or from noncoated regions of the membrane (van Deurs
et al., 1989). From the sorting endosomes, some material is
rapidly recycled back to the cell surface and some is trans-
ported to late endosomes and lysosomes for degradation
(van Deurs et al., 1989). Most of the receptors that are even-
tually returned to the cell surface are first transported to a
distinct recycling compartment that is not accessible to ma-
terial destined for the lysosomes. The recycling endosome
compartment consists of a juxtanuclear pericentriolar collec-
tion of membranous tubular elements (Hopkins et al., 1994).
The transferrin receptor is a marker for the recycling endo-
some compartment, and endocytosed transferrin is concen-
trated in this compartment. It has been estimated that ;80%
of the endocytosed transferrin is found in the recycling
endosome compartment under steady-state conditions (Gru-
enberg and Maxfield, 1995).

The recycling endosome compartment partly overlaps
with the Golgi apparatus at the resolution level of the fluo-
rescence microscope. Also, the majority of FGFR4 was
present at this location, but unlike in Golgi components, the
FGFR was not relocated after treatment with brefeldin A.
Most of the FGFR was found to be insoluble in Triton X-100,
CHAPS, and 2-octyl glucoside, but it could be partly solu-
bilized by sonication. This suggests that it is anchored to

Figure 12. Effect of nocodazole on the localization of
tyrosine-phosphorylated proteins in aFGF-treated
cells transfected with FGFR4. COS cells transfected
with FGFR4 were pretreated for 30 min with 33 mM
nocodazole and then incubated for 2 h in the presence
of 50 ng/ml aFGF. Then the cells were fixed and
stained with anti-FGFR4 and anti-PY99 antibodies.

Figure 13. Triton X-100 solubility of internalized aFGF. COS cells
transfected with FGFR4 were incubated with [35S]methionine-la-
beled aFGF for 10 h at 37°C and then washed with PBS and acid-salt
buffer to remove surface-bound aFGF. The cells were lysed and
fractionated into a nuclear (N) and a cytoplasmic (C) fraction, and
then both fractions were sonicated. After removal of insoluble ma-
terial by centrifugation, FGFR4 with bound labeled aFGF was im-
munoprecipitated with anti-FGFR4 antibodies and analyzed by
SDS-PAGE and fluorography.
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cytoskeletal elements. Because very little labeled growth
factor taken up by the cells was found in the Triton X-100–
insoluble fraction, we think that there are two populations of
FGFR4 in the cells, one that is involved in endocytic uptake
of the growth factor and another that is not. The last fraction
could be anchored to the cytoskeleton, as was recently found
for the anion antiporter AE1 (Ghosh et al., 1999) and the
glucose transporter Glut1 (Bunn et al., 1999). It may also be
the case with Glut4 (Pessin et al., 1999). Additionally, work
by other authors has demonstrated the presence of FGFR in
the Triton X-100–insoluble fraction, but at least in some
cases it was found to be associated with the nuclei as such
(Johnston et al., 1995; Maher, 1996; Stachowiak et al., 1996a,b,
1997).

The function of the immobilized receptors is not known.
They could be released upon demand by a metabolic signal
and then migrate to the surface, or they could play a role in
the juxtanuclear region as such. Experiments attempting to
elucidate this question are in progress.

There is ample evidence for the presence of cytoskeletal
elements in the Golgi region. Spectrin and ankyrin have
been found to be associated with the Golgi as well as with
cytoplasmic vesicles in a variety of cells (De Matteis and
Morrow, 1998). An isoform of b-spectrin was found to lo-
calize to the Golgi complex, and when pure erythroid
b-spectrin was microinjected into cells, it was localized to
the Golgi area (Beck et al., 1994). Ankyrin is important for
linking the cytoskeleton to the membranes by binding to
both b-spectrin and the cytoplasmic domain of integral
membrane proteins (Bennett, 1992). Ankyrin also binds with
high affinity to tubulin (Bennett and Davis, 1981). Golgi
ankyrin and b-spectrin are found in the trans-Golgi network
as large oligomeric and Triton X-100–insoluble complexes
(Beck et al., 1997). The recycling endosome compartment
was found to be particularly rich in cytoskeletal proteins
(Pol et al., 1997).

At temperatures between 15 and 22°C, endocytosis still
occurs, but the sorting in endosomes is considerably re-
duced. As a result, proteins such as the transferrin receptor
and the glucose transporter Glut4 remain in peripheral
structures that probably represent expanded vacuolar endo-
somes (Schmidt et al., 1997a,b; Wei et al., 1998). Also, aFGF
was not transported from endosomes to the recycling com-
partment at 16°C.

The receptor was found to be tyrosine phosphorylated
even in the absence of added aFGF. Possibly, the reason for
this is that the high concentration of receptors is sufficient to
ensure cross-phosphorylation even without growth factor–
induced dimerization of the receptor. Interestingly, the vast
majority of the phosphorylated receptors were found in the
juxtanuclear compartment. Upon treatment with aFGF,
there was an increase in phosphotyrosine at this location
and in the perinuclear region. Therefore, we think that most
of the receptor signaling occurs from this location. Also,
when the sonicated cells were fractionated by floatation in a
sucrose gradient, most of the tyrosine-phosphorylated re-
ceptor was in the heavy fraction and only a small amount
was found in the fraction enriched in caveolin. Together, the
data indicate that in the transfected cells most of the signal-
ing takes place after the receptor is internalized. Interest-
ingly, when the receptor was dispersed to more peripheral
regions of the cell by treatment with nocodazole, the recep-

tor remained activated, as determined by anti-phosphoty-
rosine immunofluorescence.

The presence of FGFR in the caveolin-containing fraction
was found not only in cells overexpressing FGFRs but also in
CPAE cells and NIH 3T3 cells that naturally express FGFR1.
Therefore, the cofractionation with caveolin-containing
structures is not an artifact of receptor overexpression. In
this study, we used a carbonate-based method for the prep-
aration of caveolin-containing membranes. The fraction thus
isolated contained ,5% of the total cell protein. There is
some evidence that the caveolae fraction prepared in this
way still includes at least two types of structures in addition
to caveolae, i.e., detergent-insoluble glycolipid-rich domains
(Schnitzer et al., 1995b) and low-density microdomains dif-
ferent from caveolae and glycolipid-rich domains (Waugh et
al., 1999). We could not detect direct interaction of FGFR4
with caveolin by immunoprecipitation, but this does not
exclude the possibility that a weak interaction could exist.
Caveolin was recently shown to interact directly with EGF
receptor and PDGF receptor and to inhibit autophosphory-
lation of the receptors (Couet et al., 1997; Yamamoto et al.,
1999).

Externally added aFGF has been found by several labora-
tories, including our own, to be transported to the nuclear
fraction (Imamura et al., 1990, 1994; Wiedlocha et al., 1994;
Klingenberg et al., 1998). This fraction was defined in most
cases as the material that sedimented with the nuclei after
detergent lysis of the cells. The finding that most of the
FGFR is found in this fraction raises the question of whether
the growth factor believed to be transported to the nuclei
was in fact bound to cytoskeleton-anchored FGFR present in
the recycling compartment.

There are several reasons to assume that this is not the
case. First, when the nuclear localization sequence present at
the N terminus of aFGF was deleted, the growth factor was
not found in the nuclear fraction (Imamura et al., 1990;
Wiedlocha et al., 1994). Furthermore, aFGF is able to pene-
trate cellular membranes and enter the cytosol and nucleus
in intact cells. When we added a farnesylation signal (a
CAAX box) to the C terminus of the growth factor and
incubated it with cells expressing FGFR, the growth factor
became farnesylated (Wiedlocha et al., 1995). Part of the
farnesylated growth factor was found in the nuclear fraction.
Because farnesylation is known to occur only in the cytosol
and in the nucleus (Lutz et al., 1992a,b; Sinensky et al., 1994),
this finding demonstrated that the growth factor is indeed
able to enter the nucleus. In the nucleus, the growth factor
appears to be necessary for the induction of DNA synthesis,
at least in some cells (Imamura et al., 1990; Wiedlocha et al.,
1994, 1996).

Another piece of evidence that the growth factor is trans-
located into cells is the fact that externally added growth
factor is phosphorylated by the cells in a unique PKC site
(Klingenberg et al., 1998). PKC also has been found only
inside cells.

In the present work, we were unable to demonstrate with
certainty the presence of CY3-aFGF in the nucleus. There
may be several reasons for this. First, it is difficult to exclude
the possibility that a small amount of the CY3-aFGF is
indeed in the nucleus in our experiments. The presence of
basic FGF in the nucleus has been demonstrable only after
prolonged incubation with the growth factor (more than
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4 h), and it has been reported to take place only during the
G1 phase of the cell cycle (Baldin et al., 1990). After pro-
longed incubation of cells with the CY3-labeled growth fac-
tor, most of the label disappears, probably as a result of
degradation of the internalized fluorescent protein. Another
possibility is that the CY3 label may interfere with translo-
cation to the nucleus. We demonstrated previously that a
fusion protein of aFGF with diphtheria toxin A fragment is
unable to reach the nucleus when it is added as such to the
cells, but it readily enters the nucleus when it is translocated
into the cytosol by means of diphtheria toxin B fragment
(Wiedlocha et al., 1994). It is possible that even minor mod-
ifications of the growth factor may interfere with transloca-
tion across cellular membranes. Further experiments are
required to demonstrate where in the cell the membrane
translocation of aFGF takes place.
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and Olsnes, S. (1996). Stimulation of proliferation of a human os-
teosarcoma cell line by exogenous acidic fibroblast growth factor
requires both activation of receptor tyrosine kinase and growth
factor internalization. Mol. Cell. Biol. 16, 270–280.

Yamamoto, M., Toya, Y., Jensen, R.A., and Ishikawa, Y. (1999).
Caveolin is an inhibitor of platelet-derived growth factor receptor
signaling. Exp. Cell Res. 247, 380–388.

Zhan, X., Hu, X., Friedman, S., and Maciag, T. (1992). Analysis of
endogenous and exogenous nuclear translocation of fibroblast
growth factor-1 in NIH 3T3 cells. Biochem. Biophys. Res. Commun.
188, 982–991.

Zhan, X., Hu, X., Friesel, R., and Maciag, T. (1993). Long term
growth factor exposure and differential tyrosine phosphorylation
are required for DNA synthesis in BALB/c 3T3 cells. J. Biol. Chem.
268, 9611–9620.

L. Citores et al.

Molecular Biology of the Cell3848


