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The cysteine-rich FGF receptor (CFR) is a 150-kD membrane-associated glycopro-
tein that specifically binds FGFs. CFR protein is not detectable at the cell surface
and immunocytochemistry with anti-CFR antibodies demonstrates that CFR is
concentrated in the Golgi apparatus. These data suggest CFR does not function
as a plasma membrane FGF receptor. CFR expressed in chinese hamster ovary
cells reduces the intracellular accumulation of exogenously applied FGF-1 and
FGF-2. A mutant CFR lacking the juxtamembrane, transmembrane and intracellu-
lar domains is unable to alter intracellular FGF levels. Mutant CFR is detected
throughout the cell, indicating that the domains absent in mutant CFR are required
for appropriate subcellular localization and the regulation of intracellular FGF
levels. Although the activation of plasma membrane receptors is necessary for
cellular responses to FGFs, a requirement for intracellular FGF has also been
proposed. The subcellular localization of CFR and its ability to regulate the levels
of intracellular FGFs suggests that CFR may be involved in intracellular FGF
trafficking and the regulation of cellular responses to FGFs. J. Cell. Physiol.
170:217–227, 1997. q 1997 Wiley-Liss, Inc.

FGF-mediated cellular responses require activation FGF-2 start codon results in the synthesis of larger
forms of the growth factor containing nuclear targetingof plasma membrane receptors and may involve activa-
sequences (Acland et al., 1990; Quarto et al., 1991).tion of intracellular targets that require intracellular
NIH/3T3 cells expressing only the 18-kD (cytoplasmic)trafficking of FGFs. Three independent experiments
form display enhanced migration but are unable tosupport a requirement of nuclear transport for FGF-1
grow in low serum culture media (Bikfalvi et al., 1995).action. First, FGF-1 targeted to the nucleus of Vero
Cells expressing only the upstream CUG translatedcells induces DNA synthesis, but does not stimulate
(high molecular weight [MW]) forms of FGF-2 grow incellular proliferation (Wiedlocha et al., 1994). Cellular
low serum but do not display increased mobility (Bik-proliferation is restored only when cells are transfected
falvi et al., 1995). These results demonstrate that intra-with FGFR-1 (FGF receptor 1 tyrosine kinase), im-
cellular FGF-2 is likely to mediate specific cellular re-plying that intracellular FGF-1 and the plasma mem-
sponses.brane receptor are required for cell division (Wiedlocha

CFR is a 150-kD integral membrane glycoproteinet al., 1995). Second, an FGF-1 mutant lacking a nu-
originally purified from embryonic chicken (Burrus andclear translocation sequence induces intracellular re-
Olwin, 1989). The amino acid sequence of cysteine-richceptor-mediated tyrosine phosphorylation and c-fos ex-
FGF receptor (CFR) differs from the previously identi-pression but fails to induce DNA synthesis and cell
fied FGFRs and heparan sulfate proteoglycans (Burrusproliferation (Imamura et al., 1990). The fusion of a
et al., 1992). CHO (chinese hamster ovary) cells trans-heterologous nuclear translocation sequence results in
fected with a CFR cDNA (Burrus et al., 1992) expressa chimeric molecule with complete biological activity
a 150-kD protein that specifically binds FGFs. The(Imamura et al., 1990). Third, an FGF-1 mutant in
CHO cells used in these experiments are unresponsivewhich lysine 132 was mutated to glutamic acid elicits
to FGF; hence, the effect of chicken CFR expression ontyrosine kinase activity and stimulates protooncogene
in vitro cellular responses to FGF could not be studied.transcription but does not stimulate DNA synthesis,
Attempts to stably express CFR in other FGF-respon-suggesting the existence of alternate signaling path-
sive cell types has failed as overexpression of CFR ap-ways (Burgess et al., 1990).

Similar requirements for intracellular FGF-2 have
also been demonstrated. Different biological responses *Correspondence to: Bradley B. Olwin, now at Molecular Cellular

and Developmental Biology, Campus Box 347, University of Colo-to FGF-2 are observed depending on the isoform of
rado, Boulder, CO 80308.FGF-2 expressed (Bikfalvi et al., 1995). Initiation of

translation from CUG codons upstream of the predicted Received 30 August 1996; Accepted 6 September 1996
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pears generally cytotoxic. Cell surface labeling of intact medium. Two days after plating, the cells were counted,
washed twice with 47C serum-free growth medium, andcells and FGF binding experiments indicate that the

CFR protein is not detectable on the cell surface. Thus, 0.25 ml of 200 pM 125I-FGF-1 or 125I-FGF-2 was added
in binding buffer (serum-free growth medium con-we performed experiments designed to analyze the fate

of intracellular FGF as a function of CFR expression taining 0.15% gelatin, 47C). A duplicate set of samples
was prepared in which a 250-fold molar excess of unla-to determine if CFR is involved in the regulation of

intracellular FGF levels. Here we demonstrate that the beled FGF was added in addition to 125I-FGF. Cells
were incubated for 1 h at 47C on a rocker, rinsed rapidlylevels of intracellular FGF-1 and FGF-2 are regulated

by CFR. CFR expressed in CHO cells reduces the intra- three times with 1 ml ice cold Tris-buffered saline (TBS)
containing 2 mM MgCl2 and 0.15% gelatin then incu-cellular accumulation of FGF-1 and FGF-2. Indirect

immunofluorescence indicates that wild-type CFR is bated 5 min at room temperature in TNT (50 mM Tris
Base, pH 7.4; 100 mM NaCl; 1% Triton X-100). Fourconcentrated in the Golgi apparatus. A CFR mutant

unable to alter intracellular FGF levels lacks the juxta- hundred fifty ml were removed and the 125I-cpm deter-
mined. Nonspecific binding was defined as the cpm inmembrane, transmembrane and intracellular domains

of the wild-type CFR. Moreover, this mutant CFR is the presence of excess unlabeled FGF. Specific binding
was calculated by subtracting the nonspecific cpm fromdistributed throughout the cell. The ability of CFR to

alter the levels of intracellular FGFs, its detection in the total cpm detected in the absence of competitor.
Values were normalized for cell number. Error barsthe Golgi apparatus, and the inability of mutant CFR

to regulate intracellular FGF levels suggest that CFR represent the S.E.M. of measurements performed in
triplicate. For crosslinking experiments, cells wereis involved in intracellular trafficking of FGFs.
plated in 6-well tissue culture plates at a density of 5

MATERIALS AND METHODS 1 104 cells per well and grown for 96 h. After washing
Cell culture cells 2 times with phosphate-buffered saline (PBS), 200

pM 125I-FGF { 40 nM unlabeled FGF was added toCHO-K1 cells (ATCC, Rockville, MD, #CCL 61) were
transfected with a previously described CFR cDNA wells in binding buffer. Cells were incubated for 1.5 h

at 47C and washed 2 times with Hepes-buffered salineand a vector control DNA (Burrus et al., 1992). The
CHO.mutCFR cell line expresses an altered CFR pro- (HBS: 20 mM Hepes, pH 7.4 containing 100 mM NaCl).

Crosslinking reactions were initiated by the additiontein due to a spontaneous deletion in the trans-
fected CFR cDNA. The deletion in the CFR cDNA of of 0.15 mM Disuccinimidyl suberate (Pierce Chemical

Co., Rockford, IL). Cells were incubated for 15 min atCHO.mutCFR was not engineered, but was a fortuitous
transfection artifact. CHO cells were grown on plastic 227C, washed 2 times with HBS, and harvested with a

rubber policeman. Cells were pelleted by centrifugationtissue culture plates in DME (Gibco BRL, Gaithers-
burg, MD) supplemented with 10% bovine calf serum at 18,000 1 g for 5 min at 47C and resuspended in 20

mM Hepes, pH 7.4 containing 250 mM sucrose, 1 mM(HyClone Laboratories, Inc., Logan, UT), 25 mM
Hepes, 10 mM L-Proline, penicillin and streptomycin EDTA, 20 kallikrein aprotinin units per ml, 1 mg/ml

leupeptin, and 1% Triton X-100. Samples were incu-(growth medium) in a humidified 5% CO2 incubator at
377C. Chick embryo fibroblasts (CEF) were isolated bated for 1 h at 47C and detergent-insoluble material

was pelleted by centrifugation at 18,000 1 g for 10 minfrom day 13 chicken embryos. CEF cells were grown
on collagen-coated plastic tissue culture plates in DME at 47C. The supernatant was electrophoresed in a 7.5%

SDS polyacrylamide gel, and subjected to autoradiogra-supplemented with 10% bovine calf serum, 2% chick
embryo extract, penicillin and streptomycin in a hu- phy with a single intensifying screen.
midified 5% CO2 incubator at 377C. 125I-FGF internalization assay

125I-FGF binding and covalent crosslinking to Proliferating cultures of CHO cells were passaged
CHO cells onto 6-well plates at a density of 5 1 105 cells per well

in growth media. The following day, cells were incu-FGF-1 purified from bovine brain and human recom-
binant FGF-2 were iodinated as previously described bated with 500 ml of 200 pM 125I-FGF for various times.

Cultures were placed on a Belly Dancer Shaker (Stovall(Olwin and Hauschka, 1990). Specific activities were
determined by MM14 cell cycle exit assay and ranged Life Science Inc., Greensboro, NC.) in a humidified 5%

CO2 incubator at 377C for the length of the incubation.from 1,000 to 7,000 cpm/fmol (Olwin and Hauschka,
1986). CHO cells transfected with vector (CHO.vec) or At the end of the incubation period, the cells were

counted, and washed rapidly three times with ice-coldCFR cDNA (CHO.wtCFR) were plated onto 24-well
plates at a density of 1 1 105 cells per well in growth TBS / 0.2% bovine serum albumin (BSA) followed by

two washes with high salt/low pH buffer (15 mM so-
dium acetate, 2 M NaCl, 0.2% BSA, pH 4.0). Cells were
solubilized by adding 500 ml TNT for 5 min at room
temperature and a 450-ml aliquot of the solubilized cell
extract was counted in a LKB Clinigamma counter

Abbreviations (Wallac, Gaithersburg, MD). The amount of intracellu-
lar FGF was calculated using the following equation:CEF chick embryo fibroblasts

CFR cysteine-rich FGF receptor fmols intracellular FGF Å (average cpm/FGF specific
CHO chinese hamster ovary K1 cells activity). These values were then normalized to cell
CHO.mutCFR CHO cells expressing mutant CFR number. Average cpm and cell number were deter-CHO.vec vector transfected CHO cells

mined in triplicate. Error bars represent the S.E.M.CHO.wtCFR CHO cells expressing wild-type CFR
FGFR FGF receptor For multiple clone analysis (Fig. 3), cells expressing
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various amounts of CFR were incubated with 125I-FGF lower doublets were used. The values reported in Figure
4b are an average of duplicate experiments.for 5 h and processed as above.

Immunoblot analysis PCR amplification, DNA sequence
determination and analysisTo detect chicken CFR protein, proliferating CHO

cells were washed two times with ice-cold PBS and Genomic DNA was isolated from CHO cells as pre-
harvested with a rubber policeman. Cells were centri- viously described (Weeks et al., 1986). The forward and
fuged at 300 1 g for 5 min at 47C and resuspended in reverse primers used for polymerase chain reaction
solubilization buffer (20 mM Tris, pH 7.4, 100 mM (PCR) amplification were 5*CUACUACUACUATGG-
NaCl, 4 mM EDTA, 1 mg/ml leupeptin, 1 mM PMSF, ACATTAAACACC3* and 5*CAUCAUCAUCAUCATCC-
and 1% Triton X-100). Membranes were solubilized by ACACATCAGGC3*, respectively and were designed for
incubating samples on a rotating wheel for 30 min at use with the CloneAmp cloning system (Gibco BRL). The
47C. Detergent-insoluble material was removed by cen- primers correspond to nucleotides 3112 to 3126 (forward)
trifugation at 18,000 1 g for 10 min at 47C. Protein and 3379 to 3392 (reverse) of the chicken the CFR cDNA
concentrations of the supernatants were determined (GenBank accession number M95766). PCR was per-
using the BCA assay per manufacturer’s instructions formed in PCR reaction buffer (10 mM Tris-HCl, pH 8.3,
(Pierce Chemical Co., Rockford, IL). CHO cell extracts 50 mM KCl and 2.5 mM MgCl2), 200 mM each of dGTP,
were subjected to electrophoresis in a 7.5% SDS poly- dATP, dTTP, dCTP, 0.2 mM each primer, and 0.1 U/ml
acrylamide gel and electrophoretically transferred to AmpliTaq DNA Polymerase (Perkin Elmer Cetus, Foster
an Immobilon membrane (Millipore, Bedford, MA). Im- City, CA). Template DNA was either 1 ng plasmid DNA
mobilon membranes were blocked with TBS containing or 500 ng genomic DNA. Temperature cycling was per-
3% nonfat dry milk and 0.05% Tween-20 (blocking formed in Perkin Elmer Cetus DNA Thermal Cycler 480,
buffer) for 2 h. The blot was incubated for 1 h with a 1 min at 957C, 1 min at 557C, and 2 min at 727C for 30
purified anti-CFR mAb (clone 15.E.9 TC10) diluted 1/ cycles. PCR products were cloned into the pAMP (Gibco
5,000 in blocking buffer. Unbound antibody was re- BRL) vector using the CloneAmp cloning system. Double-
moved by washing three times for 20 min with blocking stranded template DNA was prepared by a small scale
buffer. 125I-labeled goat-anti-mouse IgG (Promega Cor- DNA alkaline extraction procedure. Sequencing was per-
poration, Madison, WI) was diluted to 7.5 1 105 cpm/ formed by the dideoxynucleoside chain termination
ml in blocking buffer and added to the blot for 1 h. The method (Sanger et al., 1977) using Sequenase version 2.0
blot was washed with blocking buffer three times for per manufacturer’s instructions (US Biochemicals, Cleve-
20 min and subjected to autoradiography. To determine land, OH). Both strands of DNA were sequenced to en-
the relative levels of CFR protein (Fig. 3), individual sure sequence fidelity. DNA and amino acid sequences
lanes were cut from the blot and counted in a LKB were analyzed using DNA Strider (Marck, 1988) and Ge-
Clinigamma counter. netics Computer Group (GCG, 1992) software packages.

FGF degradation assay Indirect immunofluorescence and confocal
microscopy of CHO and CEF cellsProliferating cultures of CHO cells were passaged us-

ing trypsin-EDTA onto 10-cm plastic tissue culture Proliferating cultures of CHO and CEF cells were
dishes in growth media at a density of 3.5 1 106 cells plated onto collagen-coated glass coverslips. The follow-
per dish. The following day the cells were incubated at ing day, the cells were fixed for 8 min with 4% para-
various time intervals with 3 ml culture media con- formaldehyde in PBS, pH 7.0, and permeablized for 2
taining 200 pM 125I-FGF. The dishes were continuously min in PBS containing 0.2% Triton X-100. The cells
rocked to ensure that the cells were covered with media. were rinsed, and nonspecific protein binding sites were
At the end of the incubation period, the cells were blocked with 1% BSA in PBS for 1 h prior to antibody
counted and washed rapidly three times with ice-cold incubations. Cells were incubated in 1% BSA in PBS
TBS containing 0.2% BSA, three times with high salt/ with primary antibodies (1/1,000 dilution of a-Mannos-
low pH buffer then three times with TBS containing idase II rabbit polyclonal (provided by Dr. Marilyn Far-
0.2% BSA. Cells were harvested with a rubber police- quhar, UC San Diego) and 0.02 mg/ml anti-CFR mAb
man, pelleted by centrifuged at 300 1 g for 5 min at 47C 15.E.9 TC10) for 1 h, then with 1 mg/ml Texas Red-
and resuspended in solubilization buffer. Membranes conjugated anti-mouse IgG and FITC-conjugated anti-
were solubilized by incubating samples on a rotating rabbit IgG secondary antibodies (Promega Corporation)
wheel for 30 min at 47C. Detergent-insoluble material for 1 h. Stained cells were analyzed by confocal micros-
was removed by centrifugation at 18,000 1 g for 10 min copy using a Bio-Rad MRC 1000 Confocal System at
at 47C. CHO cell extracts were subjected to electrophore- Purdue University Cytometry Laboratories.
sis through a 12% SDS polyacrylamide gel and autoradi-

RESULTSography was used to detect the fate of the internalized
125I-FGF. An equivalent number of cpm were loaded in To determine if CFR affects the binding, intracellular
each lane so a comparison could be made between the accumulation, or degradation of FGFs, we examined
different cell types (e.g., FGF-1 internalized by CHO.vec and compared each of these processes in CHO cells
and CHO.wtCFR cells in Fig. 4a). For Figure 4b, the expressing the chicken CFR (CHO.wtCFR) and vector
relative level of the 125I-FGF-2 degradation products transfected control (CHO.vec) CHO cells. CHO cells
were determined using Molecular Imager System GS- were used, as we were unable to isolate stable trans-
363 (BioRad, Richmond, CA). Since the resolution of the formants of Swiss 3T3, NMuMg, NIH 3T3, Raji, MM14,
individual degradation fragments by SDS-PAGE was or PC12 cells overexpressing CFR even thought the

selection gene and CFR coding sequences were con-not sufficient for analysis, the 125I-cpm of the upper and
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Fig. 1. CFR-dependent FGF binding is not detected on the cell sur-
face of wtCFR-expressing CHO cells. 125I-FGF was incubated with
intact CHO.vec and CHO.wtCFR cells under conditions that would
minimize internalization of FGF (see Materials and Methods). The
cells were washed to remove nonspecifically bound FGF and the rela-
tive amount of FGF bound to the cell surface was determined.

tained on the same plasmid (data not shown). An analy-
sis involving transfection of different levels of CFR ex-
pression vector in Raji cells suggests that overex-
pression of CFR is cytotoxic (data not shown). Attempts
to overexpress CFR in other cell types were abandoned
and the effects of CFR overexpression on FGF-1 and
FGF-2 trafficking were examined in CHO cells.

CFR regulates the level of intracellular FGF
125I-FGF binding assays were used to determine if

cell surface FGF binding was altered in CHO.wtCFR
versus CHO.vec cells. Although CFR was expressed in
transfected cells as confirmed by immunoblot analysis,
no detectable effect on 125I-FGF binding (Fig. 1) or
crosslinking (not shown) was observed. Additional ex-
periments to detect CFR at the cell surface were nega-
tive and included cell surface immunolocalization, pro-
teolytic treatment of intact cells, and 125I-labeling of
cell surface proteins (not shown).

Immunolocalization experiments indicated that CFR
Fig. 2. CFR regulates the level of intracellular FGF-1 and FGF-2 inwas present intracellularly (see Fig. 7). Therefore, we
CHO cells. a: wtCFR cells, CHO.vec cells, and CHO.mutCFR cellsdetermined if CFR expression altered the level of intra-
were cultured in the presence of 200 pM 125I-FGF-1 or 200 pM 125I-cellular FGF-1 or FGF-2 internalized via cell surface FGF-2 for 5 h. At the end of the incubation period, the cells were

receptors. CHO.vec and CHO.wtCFR cells were cul- washed with a low pH, high salt buffer to remove cell surface bound
125I-FGF-1 and 125I-FGF-2. The cells were then solubilized, cyto-tured in the presence of 125I-FGF-1 or 125I-FGF-2. Cell
plasmic extracts prepared, proteins separated by SDS-PAGE and vis-surface bound 125I-FGFs were removed and the amount
ualized on a phosphoimager. b: A time course for 125I-FGF-1 internal-of intracellular FGF was determined. CFR expression ization was performed in CHO.vec (diamonds) and CHO.wtCFR cells

reduces the amount of intracellular FGFs in CHO cells (closed squares). Cell extracts were prepared and the total intracellu-
lar 125I-FGF was determined. Error bars represent the S.E.M. of mea-(Fig. 2a). A time course for the internalization of 125I-
surements done in triplicate.FGF-1 revealed that this CFR-dependent effect is first

detected 10 min following the addition of 125I-FGF-1
(Fig. 2b). A maximal reduction in intracellular FGF
levels is observed 5 h following the addition of 125I-FGF was not detected in CHO.vec cells, but was detected in

five CHO cell lines stably transfected with the chickento the medium. At this time, the levels of intracellular
125I-FGF-1 were reduced 60% (Fig. 2b). Beyond 5 h, the CFR cDNA (Fig. 3, inset). CHO transformants express-

ing higher levels of CFR exhibit reduced intracellularreduction in intracellular 125I-FGF-1 is attenuated until
no significant differences are observed (Fig. 2b). Simi- FGF-1 (Fig. 3). Similar results were obtained with FGF-

2 (not shown). An inverse linear relationship exists be-lar results were observed with 125I-FGF-2 (Fig. 2a and
data not shown). tween the level of CFR expression and the level of intra-

cellular FGF-1 (Fig. 3). The inverse correlation is consis-To demonstrate that the reduction in intracellular
FGF levels is CFR-dependent and not due to clonal phe- tent for four of the five cell lines expressing CFR.

CFR could decrease the intracellular level of 125I-notypic variation, four additional CFR transfectants
were isolated and the effect of CFR expression on the FGFs by promoting rapid degradation of the growth

factors. However, the fragment patterns of intra-level of intracellular FGF was determined. Chicken CFR
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Fig. 3. The level of CFR expression alters the level of intracellular
FGF-1. Cellular extracts prepared from stable CHO cell lines express-
ing CFR were subjected to immunoblot analysis to determine the
relative level of CFR present. The fmols of intracellular FGF-1 are
plotted as a function of CFR expression. Relative CFR expression
levels are as follows: open square (vector transfected) õ open dia-
monds õ open circles õ open triangles õ closed squares õ closed
diamonds. A linear relationship exists between the level of intracellu-
lar FGF and CFR expression (with the exception of CHO.mutCFR
(open triangles)). Inset: Immunoblot analysis for CFR in extracts
prepared from CHO.wtCFR (open diamonds õ open circles õ closed
squares õ closed diamonds) and CHO.mutCFR (open triangles) cells.

cellular 125I-FGF-1 and 125I-FGF-2 in CHO.vec and
CHO.wtCFR cells (Fig. 4a) are indistinguishable at 5 Fig. 4. CFR expression has no detectable effect on the pattern or rate
h. This corresponds to the time at which a maximal of 125I-FGF degradation. a: CHO.vec (lanes 1 and 3) and CHO.wtCFR

(lanes 2 and 4) cells were cultured in the presence of 125I-FGF-1 (lanesdifference in intracellular FGF levels is observed (see
1 and 2) or 125I-FGF-2 (lanes 3 and 4) for 5 h. After washing to removeFig. 2). In addition, the rate of 125I-FGF-2 degradation
cell surface bound 125I-FGF, the cells were solubilized in detergent(Fig. 4b) is not significantly different in CHO.vec and and SDS-PAGE was used to determine the fate of the intracellular

CHO.wtCFR cells. Taken together, these results indi- 125I-FGF. Cell extracts were normalized for 125I-cpm prior to electro-
phoresis to provide a better comparison of degradation patterns. b:cate it is unlikely that CFR increases the rate of FGF
CHO.vec (open circles, open triangles) and CHO.wtCFR (closed circles,degradation in CHO.wtCFR cells.
closed triangles) cells were cultured in the presence of 125I-FGF-2 for
various times. Solubilized cell extracts were separated by SDS-PAGECharacterization of a spontaneous CFR
and the relative cpm of the 125I-FGF-2 degradation products (see Fig.mutant that does not affect the intracellular 4a) were determined. Upper doublet (triangles), lower doublet (cir-

level of FGF cles). Open and filled symbols represent the results from two indepen-
dent experiments.The CFR-expressing CHO subclone (CHO.mutCFR)

that is unable to reduce intracellular FGF-1 levels syn-
thesizes a CFR protein product that migrates with an
apparent molecular weight 5 to 10 kD smaller than specifically bind 125I-FGF-2 (Fig. 5). The FGF binding

kinetics for wild-type and mutant CFR are indistin-wild-type CFR (Fig. 3, inset). Therefore, we hypothe-
sized that characterization of this spontaneously gener- guishable (not shown). A series of CFR deletion mu-

tants have been constructed and the FGF binding do-ated CFR mutant could provide information regarding
the mechanism involved in CFR-dependent reduction main is intact in mutCFR (Zhou et al., in press). Taken

together, these results indicate that mutCFR bindsof intracellular FGF levels.
FGF with affinities similar to wtCFR.

Mutant CFR binds FGF
Mutant CFR sequenceOne possibility is that mutCFR may be altered such

that it no longer binds FGFs, thereby inhibiting its To characterize mutCFR, we synthesized CFR-spe-
cific PCR primer pairs and amplified CFR cDNA fromability to regulate intracellular FGF levels. CFR pre-

pared from extracts of CHO.wtCFR and CHO.mutCFR genomic DNA isolated from CHO.vec, CHO.wtCFR and
CHO.mutCFR cells. A product of 281 bp was amplifiedcells were assayed for 125I-FGF-2 binding as previously

described (Burrus et al., 1992). Both CFR preparations from genomic DNA isolated from CHO.vec and
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and for a-Mannosidase II (a resident Golgi protein) us-
ing a rabbit polyclonal antibody (Velasco et al., 1993).
As the anti-CFR mAb is specific for avian CFR (Kudla,
submitted for publication), no detectable staining is ob-
served in CHO.vec cells (Fig. 7a). The a-Mannosidase
II antibody exhibits a staining pattern consistent with
that of the Golgi apparatus (Fig. 7b). In CHO.wtCFR
cells, the localization of the Golgi marker a-Mannosi-
dase II overlaps that of CFR (Fig. 7d vs. c). However,
note that some CFR staining is also observed in regions
adjacent to a-Mannosidase II-stained areas (Figs. 7
and 8).

If the subcellular localization of CFR to the Golgi
apparatus is due to overexpression in CHO cells, then
this pattern should not be observed in chicken cells
expressing endogenous CFR. Chick embryo fibroblasts
were costained for chicken CFR and a-Mannosidase II
(Fig. 7e and f). CFR was localized to the Golgi appara-
tus of chicken embryo fibroblast cells, demonstrating
that native CFR has a staining pattern indistinguish-
able from that of CFR expressed in CHO cells. Similar
staining patterns were also observed with three epi-
tope-distinct anti-CFR mAbs (not shown). When theFig. 5. Mutant CFR binds 125I-FGF-2. A radio-immunosorbant assay

was used to quantify 125I-FGF-2 binding (open bars) to extracts pre- anti-CFR mAb was preincubated with CFR purified
pared from CHO.wtCFR, CHO.mutCFR and CHO.vec cells. Controls from chicken embryos, no staining was detected (not
include the addition of a 250-fold molar excess of FGF-2 (closed bars), shown).no cell extract (hatched bars) and no anti-CFR mAb (stippled bars).

In contrast to wtCFR, mutCFR is detected in the
Golgi apparatus and additional subcellular compart-
ments (Fig. 8d–f). The staining pattern for a-Mannosi-
dase II in CHO.mutCFR cells is similar to nontrans-CHO.wtCFR cells (Fig. 6a, lanes 3 and 5, respectively).

A second PCR product of approximately 200 bp was fected and wtCFR transfected CHO cells, indicating the
Golgi apparatus is intact and has not been compro-amplified from genomic DNA isolated from CHO.-

mutCFR cells (Fig. 6a, lane 4). mised by mutCFR expression. Similar to wtCFR,
mutCFR staining was not detected in nonpermeabil-The PCR product amplified from CHO.vec cells

codes for the hamster CFR. Chicken and hamster CFR ized cells (not shown).
were amplified from genomic DNA isolated from

DISCUSSIONCHO.wtCFR cells. The 281-bp fragment from CHO.-
mutCFR cells contained only hamster CFR cDNA. The Our results demonstrate that CFR overexpression

reduces the levels of intracellular FGF-1 and FGF-2 insmaller product amplified from CHO.mutCFR cells con-
tains chicken CFR cDNA containing a 106-bp deletion CHO cells. Reduction of intracellular FGF levels may

alter biological responses to these factors, as transport(Fig. 6b).
The deletion in mutCFR shifts the open reading of exogenously applied FGFs to the nucleus appears

to be required for their function (Amalric et al., 1991;frame and introduces a premature in frame stop codon
(Fig. 6b). Thus, the predicted amino acid sequence of Bouche et al., 1987; Cao et al., 1993; Wiedlocha et al.,

1994; Zhan et al., 1993). In addition, FGF-2 and FGF-mutCFR lacks the juxtamembrane, transmembrane
and intracellular domains present in wtCFR. The pre- 3 isoforms derived from alternative translational initia-

tion sites are found in the nuclei of cells in which theydicted molecular weight of mutCFR is 7 kD smaller
than that of wtCFR, consistent with the migration of are expressed (Acland et al., 1990; Florkiewicz and

Sommer, 1989; Powell and Klagsburn, 1991; Prats etthe mutant protein observed by SDS-PAGE (Fig. 3,
inset). al., 1989; Quarto et al., 1991; Zhan et al., 1993).

The reduction of intracellular FGF-1 and FGF-2 lev-
Subcellular localization of wild-type els is CFR-dependent, as CHO transfectants expressing

and mutant CFR higher levels of CFR have correspondingly reduced lev-
els of intracellular FGF (Fig. 3). At least four indepen-Mutant CFR lacks the juxtamembrane, transmem-

brane and intracellular domains present in wtCFR. dent mechanisms could explain this effect. CFR may:
(1) increase FGF degradation, (2) decrease FGF inter-Therefore, we speculated that the cellular localization

of wild-type and mutCFR may differ and correlate with nalization, (3) sequester FGF in a subcellular compart-
ment, or (4) transport internalized FGF out of the cell.the inability of mutCFR to alter intracellular FGF

levels. The first mechanism is unlikely since the fragment pat-
tern and rate of 125I-FGF degradation are not affectedTo test this hypothesis, we examined the cellular lo-

calization of both wtCFR and mutCFR by indirect im- by the expression of CFR in CHO cells (Fig. 4).
CFR could reduce the internalization of FGF, therebymunofluorescence. Preliminary experiments indicated

that CFR was concentrated in a region of the cell consis- inhibiting the intracellular accumulation of the growth
factor. CFR may bind FGF at the cell surface and in-tent with the Golgi apparatus. Therefore, cells were

stained for chicken CFR using an anti-CFR mouse mAb hibit the interaction of the ligand with FGF-internaliz-
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Fig. 6. Characterization of mutCFR. a: Genomic DNA was isolated sequence (not shown). b: The nucleotide and predicted amino acid
from CHO cells transfected with CFR and subjected to PCR analysis sequence of chicken wtCFR (top sequence) and mutCFR (bottom se-
using primers designed to amplify the transmembrane and juxtamem- quence) are compared. A 106-bp deletion (dashed line) in the chicken
brane domains of CFR. Template DNA used in the amplification was mutCFR cDNA results in a shift of the open reading frame (dots) and
vector plasmid (lane 1), vector plasmid containing chicken CFR cDNA the introduction of a premature stop codon (asterisk). Numbers left
(lane 2), genomic DNA isolated from CHO.vec cells (lane 3), CHO.- of the nucleotide and amino acid sequences represent the base num-
mutCFR cells (lane 4), and CHO.wtCFR cells (lane 5). Lane 6 is bers and residue numbers of chicken wtCFR. These sequence data
amplification in the absence of added template DNA. Hamster CFR are available from GenBank under accession numbers M95766 and
is amplified from CHO genomic DNA since the primers used for ampli- U48395.
fication of the chicken CFR perfectly match the hamster CFR DNA
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Fig. 7. Subcellular localization of wtCFR is consistent with localiza- in a perinuclear region consistent with Golgi apparatus but is not
tion to the Golgi apparatus. Indirect immunofluorescence was used detected in vector-transfected cells (a). a-Mannosidase II (b, d, f )
to determine the intracellular localization of CFR. CHO cells (a–d) localization overlaps that of CFR (c vs. d and e vs. f ). The polyclonal
and chick embryo fibroblasts (e, f) were doubly stained with antibodies antibody prepared against rat a-Mannosidase II weakly recognizes
to CFR and the Golgi marker a-Mannosidase II. CFR (c, e) is detected chicken a-Mannosidase II protein (f ).

ing receptors. However, we have been unable to detect mutant CFR should have similar effects. However, se-
creted mutCFR does not affect the intracellular levelCFR on the surface of CHO.wtCFR cells. Moreover, the

binding or crosslinking of FGF-1 and FGF-2 to cell sur- of FGF-1 (Fig. 3).
CFR could target FGF to a specific subcellular com-face receptors is not affected by CFR expression (Fig.

1). Together, these results are inconsistent with CFR partment such as the nucleus. Our data represent total
intracellular CFR and a preliminary examination ofbinding exogenous FGF at the cell surface of intact

CHO.wtCFR cells. cytoplasmic and nuclear FGF levels suggests CFR may
alter the subcellular localization of FGFs (unpublishedIt is possible that a secreted form of CFR could bind

extracellular FGF and inhibit FGF internalization. Me- data). However, changes in intracellular distribution
of FGF-1 or FGF-2 does not account for the reductiondium conditioned by CHO.wtCFR cells contains CFR

protein that is approximately 3–5 kD smaller than cell- in intracellular FGFs observed in cells overexpressing
wtCFR.associated CFR (not shown). This observation is consis-

tent with a posttranslational modification (possibly We propose that CFR may inhibit the intracellular
accumulation of FGFs in CHO cells by rapidly ex-proteolytic cleavage) resulting in the release of CFR

from the cell. As mutant CFR lacks the transmembrane porting FGF internalized by cell surface receptors. The
subcellular localization of CFR appears to be a criticaldomain necessary for anchoring the protein in the lipid

bilayer, mutCFR is also present in conditioned me- factor in controlling the levels of intracellular FGFs.
CFR localization coincides with that of the residentdium. If secreted CFR were responsible for reducing

intracellular FGF accumulation, then wild-type and Golgi protein a-Mannosidase II. Although a-Mannosi-
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Fig. 8. mutCFR is distributed throughout the cell. CHO.wtCFR cell types (b, e). In c and f, CFR and a-Mannosidase II staining
(a–c) and CHO.mutCFR (d–f) cells were stained as in Figure 7. images have been overlaid to illustrate the relative localization
wtCFR (a) is localized to the Golgi apparatus while mutCFR (d) is of the proteins. Red, CFR localization; green, a-Mannosidase II
not limited to the Golgi. Staining for the Golgi marker a-Mannosi- localization; violet, regions of the cell in which CFR and a-Mannosi-
dase II protein indicates that the Golgi apparatus is intact in both dase II are detected simultaneously.

dase II localization within the Golgi is cell type-specific, of intracellular FGFs is consistent with a role for CFR
in this process. Finally, if CHO cells synthesize FGFs,in CHO cells it is localized to the medial Golgi (Velasco

et al., 1993). Localization of chicken CFR to the medial these may interact with CFR and alter the capacity of
CFR to affect the intracellular levels of exogenouslyGolgi is consistent with reports describing the subcellu-

lar localization of the rat CFR homologue in the medial applied FGFs.
It was not possible to directly test the effects of CFRcisternae of rat brain neurons, astrocytes, adenohy-

pophysis and cultured rat pheochromocytoma (PC-12) on FGF function in FGF-responsive cells, as all at-
tempts to overexpress CFR in cell types other thancells (Croul et al., 1990; Gonatas et al., 1989). Interest-

ingly, chicken CFR is modified with sialic acid (unpub- CHO cells were unsuccessful. It is likely that overex-
pression of CFR is cytotoxic for most cells we tested,lished data). Since the enzymes required for sialylation

are located in the trans-Golgi and trans-Golgi network as few transformants were obtained. CHO cells may be
somewhat resistant to the effects of CFR overex-(TGN) of most cell types (Berger et al., 1987; Roth et

al., 1985, 1986), chicken CFR is likely to return to the pression, as these cells are not responsive to FGFs de-
spite the presence of FGF receptor tyrosine kinasesmedial Golgi after being sialylated in the trans-Golgi

or TGN. Consistent with this interpretation, rat CFR (Olwin and Hauschka, 1989).
The primary site of CFR localization in the Golgiwas recently shown to cycle from the TGN where it is

sialylated, to the medial Golgi in PC12 cells (Johnston apparatus suggests that an active mechanism is in-
volved in its retention. A number of membrane proteinset al., 1994). Rapid cycling of CFR is also consistent

with the effects of CFR on FGF internalization, in have been localized to the Golgi apparatus. In the TGN,
retention appears to be a dynamic process dependentwhich CFR decreases the level of intracellular 125I-

FGF-1 in as little as 10 min following the addition of on a cytoplasmic retrieval motif (Bos et al., 1993; Bossh-
art et al., 1994; Humphrey et al., 1993). Much less isFGF to the culture media (Fig. 2).

Several reasons could explain the relatively modest known of how proteins are retained in the stacks of
the Golgi complex, although transmembrane sequencesreduction in intracellular FGFs in CHO.wtCFR-ex-

pressing cells as compared to control cells. First, the appear to be involved (Hobman et al., 1995; Machamer,
1991, 1993; Machamer and Rose, 1987, 1990). Althoughamount of FGF internalized is a small percentage of

the total FGF added to the cells (1–2%). Second, the wtCFR appears to be localized to the Golgi, mutCFR is
also detected throughout the cell (Fig. 8). Residues 1042CHO cells express an endogenous hamster CFR mRNA.

The levels of chicken CFR protein present may not to 1142, which are absent in mutCFR, therefore appear
necessary for the appropriate subcellular localizationgreatly exceed the levels of endogenous hamster CFR.

As all of our monoclonal antibodies are avian-specific, of CFR. As mutCFR does not alter intracellular FGF
levels, the subcellular localization of CFR may play awe were not able to assess the relative levels of hamster

CFR protein present in CHO cells. Third, only a frac- critical role in this process. Analysis of CFR deletion
mutants will be useful in further characterizing thetion of the overexpressed CFR may be active, as CFR

associates with two additional proteins of 70 and 45 domain(s) required for the subcellular localization of
wtCFR.kDa (Burrus and Olwin, 1989) that may be limiting in

CHO cells. Thus, a 2 to 3-fold reduction in the levels We do not understand the mechanism used by CFR
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network en route to the endosomal/lysosomal system. J. Cell Biol.,that results in the reduction of intracellular FGFs. The
126:1157–1172.decrease in intracellular FGFs does not result from Bouche, G., Gas, N., Prats, H., Baldin, V., Tauber, J.P., Teissie, J.,

changes in FGF binding, FGF degradation, or major and Amalric, F. (1987) Basic fibroblast growth factor enters the
nucleolus and stimulates the transcription of ribosomal genes inchanges in subcellular localization of FGFs. It is there-
ABAE cells undergoing G0–G1 transition. Proc. Natl. Acad. Sci.fore possible that CFR is involved in the targeting of
USA, 84:6770–6774.internalized FGFs to the Golgi with subsequent release

Burgess, W.H., Shaheen, A.M., Ravera, M., Jaye, M., Donohue, P.J.,from the cell. Internalized proteins can be targeted to and Winkles, J.A. (1990) Possible dissociation of the heparin-bind-lysosomes for degradation; however, some molecules ing and mitogenic activities of heparin-binding (acidic fibroblast)
are transported to the Golgi apparatus (Trowbridge et growth factor-1 from its receptor-binding activities by site-directed
al., 1993). CFR-containing vesicles recycling from the mutagenesis of a single lysine residue. J. Cell Biol., 111:2129–2138.

Burrus, L.W., and Olwin, B.B. (1989) Isolation of a receptor for acidicTGN could fuse with endocytosed FGF-containing vesi-
and basic fibroblast growth factor from embryonic chick. J. Biol.cles and transport the FGF to the medial Golgi. CFR
Chem., 264:18647–18653.bound FGF would then be transported from the cell.

Burrus, L.W., Zuber, M.E., Lueddecke, B.A., and Olwin, B.B. (1992)FGF could be released from CFR in the Golgi apparatus Identification of a cysteine-rich receptor for fibroblast growth fac-or, alternatively, a posttranslational modification could tors. Mol. Cell. Biol., 12:5600–5609.
result in the release of the cell-associated FGF/CFR Cao, Y., Ekstrom, M., and Pettersson, R.F. (1993) Characterization
complex such as proteolytic processing of CFR. This of the nuclear translocation of acidic fibroblast growth factor. J. Cell

Sci., 104:77–87.hypothesis predicts that CHO cells overexpressing CFR
Croul, S., Mezitis, S.G., Stieber, A., Chen, Y.J., Gonatas, J.O., Goud,should contain higher levels of 125I-FGF-1 and 125I-FGF-

B., and Gonatas, N.K. (1990) Immunocytochemical visualization of2 in the medium. However, we were unable to consis-
the Golgi apparatus in several species, including human, and tis-tently detect an increase in either factor in the medium sues with an antiserum against MG-160, a sialoglycoprotein of ratof CHO.wtCFR vs. CHO.vec transfected cells. This is Golgi apparatus. J. Histochem. Cytochem., 38:957–963.

due to the low level of 125I-FGFs recycled and released Florkiewicz, R.Z., and Sommer, A. (1989) Human basic fibroblast
(1–2 fmol) compared to the levels added (100 fmol) and growth factor gene encodes four polypeptides: Three initiate trans-

lation from non-AUG codons. Proc. Natl. Acad. Sci. USA, 86:3978–the amount bound to the cell surface (Ç2 fmol).
3981.Recycling and release of FGFs by CFR is the hypothe-

Genetics Computer Group (1992) 7.2, November 1992 Ed., 575 Sciencesis consistent with our observations. First, the secreted Drive, Madison, Wisconsin, 53711.
form of CFR is likely to be a proteolytic fragment that Gonatas, J.O., Mezitis, S.G., Stieber, A., Fleischer, B., and Gonatas,

N.K. (1989) MG-160. A novel sialoglycoprotein of the medial cister-lacks the transmembrane domain and intracellular re-
nae of the Golgi apparatus. J. Biol. Chem., 264:636–653.gion. Second, the inability of mutCFR to alter the intra-

Hobman, T.C., Woodward, L., and Farquhar, M.G. (1995) Targetingcellular level of FGFs correlates with the aberrant sub- of a heterodimeric membrane protein complex to the Golgi: Rubella
cellular localization of mutCFR. The distribution of virus E2 glycoprotein contains a transmembrane golgi retention

signal. Mol. Cell. Biol., 6:7–20.mutCFR throughout the cell may indicate an inability
Humphrey, J.S., Peters, P.J., Yuan, L.C., and Bonifacino, J.S. (1993)of the mutant protein to cycle back to the medial Golgi

Localization of TGN38 to the trans-Golgi network: Involvement ofonce mutCFR has left the TGN. Therefore, if mutCFR- a cytoplasmic tyrosine-containing sequence. J. Cell Biol., 120:1123–
containing vesicles could fuse with endocytosed FGF 1135.

Imamura, T., Engleka, K., Zhan, X., Tokita, Y., Forough, R., Roeder,vesicles, mutCFR could not transport FGF out of the
D., Jackson, A., Maier, J.A.M., Hla, T., and Maciag, T. (1990) Recov-cell. In summary, the ability of CFR to regulate the
ery of mitogenic activity of a growth factor mutant with a nuclearlevel of intracellular FGF suggests that CFR may be translocation sequence. Science, 249:1567–1570.

capable of altering the biological responses to these Johnston, P.A., Stieber, A., and Gonatas, N.K. (1994) A hypothesis
on the traffic of MG160, a medial Golgi sialoglycoprotein, from thegrowth factors.
trans-Golgi network to the Golgi cisternae. J. Cell Sci., 107:529–
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