Heparan Sulfate Proteoglycan Modulates Keratinocyte Growth Factor Signaling
through Interaction with both Ligand and Receptor
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ABSTRACT. Keratinocyte growth factor (KGF) is an unusual fibroblast growth factor (FGF) family member

in that its activity is largely restricted to epithelial cells, and added heparin/heparan sulfate inhibits its
activity in most cell types. The effects of heparan sulfate proteoglycan (HSPG) on binding and signaling
by acidic FGF (aFGF) and KGF via the KGFR were studied using surface-bound and soluble receptor
isoforms expressed in wild type and mutant Chinese hamster ovary (CHO) cells lacking HSPG. Low
concentrations of added heparindd/mL) enhanced the affinity of ligand binding to surface-bound KGFR

in CHO mutants, as well as ligand-stimulated MAP kinase activationcafos induction, but had little

effect on binding or signaling in wild type CHO cells. Higher heparin concentrations inhibited KGF, but
not aFGF, binding and signaling. In addition to the known interaction between HSPG and KGF, we
found that the KGFR also bound heparin. The biphasic effect of heparin on KGF, but not aFGF, binding
and signaling suggests that occupancy of the HSPG binding site on the KGFR may specifically inhibit
KGF signaling. In contrast to events on the cell surface, added heparin was not required for high-affinity
soluble KGF-KGFR interaction. These results suggest that high-affinity ligand binding is an intrinsic
property of the receptor, and that the difference between the HSPG-dependent ligand binding to receptor
on cell surfaces and the HSPG-independent binding to soluble receptor may be due to other molecule(s)
present on cell surfaces.

Keratinocyte growth factor (KGF)is a member of the  implicated in certain pathological conditions, such as inflam-
fibroblast growth factor (FGF) family, also known col- matory bowel diseasé/(8), benign prostatic hypertrophy,
lectively as heparin-binding growth factors. KGF regulates and prostate cance®{11). The widespread involvement
aspects of embryonic development and adult homeostasis byof KGF in development, homeostasis, and disease provides
stimulating cell migration, proliferation, differentiation, and a strong impetus for uncovering the structural basis of KGF
cytoprotection {—3). Unlike most FGFs, KGF is produced signaling, and the role of cell-surface heparan sulfate
by cells of mesenchymal origin but acts primarily on cells proteoglycan (HSPG) in this process.
of epithelial origin through a specific receptor tyrosine kinase | mmopilized heparin greatly facilitated the initial purifica-
encoded by an alternative transcript of FGF receptor-2 tjon of FGFs, and soluble heparin/heparan sulfate is a potent
(FGFR-2;1, 4-6). In addition to its role as a mediator of  yaqylator of FGF activity in model cell systems2( 13).
normal mesenchymaikepithelial interaction, KGF has been  Hspg present on most cell surfaces and in extracellular
matrixes can protect FGFs from thermal denaturation and
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However, the demonstrated interaction of heparin and expressed, and purified by protein A-Sepharose chromatog-
heparan sulfate with FGFR-1 adds another level of complex- raphy as described previousi\3g). The identity of the
ity to the role of HSPG in FGF signaling, particularly since  KGFR—HFc protein on SDSPAGE was confirmed by
deletion of the putative HSPG binding region within the immunoblotting with a KGFR-specific antisera (data not
receptor extracellular domain also resulted in the loss of FGF shown). The KGFR HFc protein was metabolically labeled
binding and signaling31). Although it is not yet known by incubating transfectants in medium containirf§S]-
whether this is a universal feature of FGFRs, it suggests thatmethionine and¥S]cysteine fo 4 h at 37°C. Conditioned
HSPG may bind both ligand and receptor, and that each of medium was collected, and KGFRFc was immobilized
these events somehow regulates receptor dimerizationwith heparin-Sepharose, washed three times with buffer,
activation, and signaling. eluted in Laemmli buffer, resolved by SB®AGE, and
We have shown previously that KGF binds with low Visualized by fluorography.
affinity to HSPG in mouse keratinocyte39), and that added Mitogenicity AssaysThe incorporation of3H]thymidine
soluble heparin can inhibit KGF-stimulated DNA synthesis into DNA by Balb/MK cells was measured as described
in that setting 83). To further characterize the role of HSPG  previously ().
in KGF binding and signaling, we used both surface-bound  Binding Assays and Scatchard Analysissays of PAIKGF
and soluble receptor isoforms expressed ectopically in wild and [*4]aFGF binding to the KGFR on intact cells were
type and mutant Chinese hamster ovary (CHO) cells lacking performed as described previousB2|. Briefly, confluent
HSPG. Like that of other FGFs previously examined, KGF cells in multiwell plates were incubated with radiolabeled
binding and signaling in cells lacking HSPG is dramatically ligand far 4 h at 4°C. The cells were washed with ice-cold
enhanced by low concentrations of added soluble heparin.PBS, and bound radioactivity was extracted with 0.5% SDS
However, in all cell types tested, higher heparin concentra- and measured by counting. Heparin was added in some
tions inhibited KGF, but not aFGF, binding and signaling experiments as indicated. In competition assays, samples
through the KGFR. In contrast, added heparin was not contained low levels (10 ng) of radiolabeled ligand and
required to observe high-affinity ligand binding to soluble several concentrations of competitor; for Scatchard analysis,
KGFR expressed by either wild type or mutant CHO cells. samples contained various concentrations of radiolabeled
The apparent need for HSPG to facilitate ligand binding to ligand in the presence or absence of a 100-fold excess of
cell-surface-bound receptor suggests the presence of ainlabeled ligand. Estimates of receptor affinity were made
negative modulator of ligand binding in that environment, using LIGAND software 87).
and that HSPG may function to displace this modulator and Assays of fH]heparin binding to KGFRHFc were

in turn facilitate ligand binding and signaling. performed by incubating KGFRHFc with [FH]heparin at
various concentrations in the presence or absence of a 100-
EXPERIMENTAL PROCEDURES fold excess of unlabeled heparirr fbh atroom temperature.

Gammabind G-Sepharose was added for 1 h, and the mixture
was collected by centrifugation and washed three times with

; ) X PBS. The amount of boundH]heparin was measured by
obtained from Upstate Biotechnology (Lake Placid, NY) or o g scintillation counting. Specific binding was defined

prepared and radiolabeled as reported previo@ly Protein he differen ween th | binding an n n
A-Sepharose CL-4B, GammaBind G-Sepharose, Sepharosc?anstthee gre(saeic(;e(?feéxggsstuiltgéaelgd ﬂep?a?in(.j counts bound
CL-6B, gnd hepar_iﬁSepharose were purchased from Assays of JJKGF and [24]aFGF binding to the
F;harmac'a LKB _Blotec_:hnology, In_c. (Piscataway, NJ). KGFR—HFc chimera were similar to théH]heparin binding
[*HHeparin (specific activity of 44@Ci/mg) was purchased assays described above. Briefly, partially purified KGFR
from NEN (Boston, MA). Disuccinimidyl suberate (DSS) k. (20 ug in 200 L of PBS/O.é% milk) was incubated
and Nonidet P-40 (NP40) were obtained from Pierce Chemi- with varying concentrations of eithet2fiJKGF (200 000

pal Cp. (chkford, II__). Heparin purified f_rom porcine cpm/ng) or [28]aFGF (30 000 cpm/ng) fol h at room
intestine, which contains a mixture of heparin and heparan temperature. Bound ligand was immobilized with protein

sulfate, was purchased from Sigma (St. LO‘_"S’ MO). A-Sepharose and washed three times with PBS, and the

Qell Cultgre, cDNA Constructs, Tra_nsfecuon, and Me_ta- amount of radioactivity was measured by counting.
bolic Labeling Balb/MK mouse keratinocytes were main-  concentrations of radiolabeled and unlabeled ligand for
tained as described previousl) (Wild type CHO cells were  competitive binding and saturation binding experiments (for
obtained from the American Type Culture Collection gcatchard analysis) were performed essentially as described
(Rockville, MD). The mutant CHO cell line pgsA-745  for assays performed on intact cells. In some experiments,
(CHO-745) was kindly provided by J. D. Esko. CHO cells heparin was added during the incubation as noted in the text.
were maintained in Ham’s F12 medium containing 10% fetal ¢ alent Affinity Cross-LinkingCovalent affinity cross-
bovine serum. linking was performed as described previousg)( Briefly,

Rat KGFR cDNA @5) expression constructs were gener- cells were incubated at 4C for 3.5 h with 10 ng/mL
ated using the pCEV27 expression vect) Stable, G418-  radiolabeled KGF or aFGF in the presence or absence of
resistant CHO KGFR transfectants were generated usingheparin (1ug/mL) in serum-free medium (1 mL) containing
Lipofectin (Life Technologies) according to the manufac- 20 mM HEPES (pH 7.3), 0.3% bovine serum albumin
turer’s instructions. (BSA), 0.5 mM MgSQ, and 1 mM CaGl Bound ligand

A chimeric molecule containing the extracellular domain was cross-linked with 0.3 mM DSS in ice-cold HEPES-
of the mouse KGFR fused in-frame to the constant region buffered saline (HBS) for 20 min. After quenching, the
of the mouse IgG heavy chain (HFc) was constructed, medium was aspirated, and the cells were washed with ice-

Materials Recombinant human KGF antJ]KGF were
prepared as described previousB2). Bovine aFGF was
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cold HBS and then scraped into HBS containing protease ' Do
inhibitors. Cells were solubilized in cold lysis buffer contain- g 100 7 aFGF
ing 10 mM Tris-HCI (pH 7.4), 0.25% NP40, and protease 2 o075
inhibitors. Samples were separated by 7% SPBGE under f
reducing conditions; the gels were fixed, stained with Z 050
Coomassie Blue R-250, destained, and dried, and images 3
. = 0.25
were generated by autoradiography. 2
MAP Kinase Actity. MAP kinases (p42 and p44) 0.00 O :
activated in response to growth factor treatment (100 ng/ 0 [HLpa,inL u;,g,, 100

mL for 10 min at 37°C) of intact, serum-starved cells were . ) .
detected by fractionation of SDS cell extracts followed by F'GEJRE L D'ﬁererft'e-“ effects of added soluble heparin on KG_F
: ) ! ’ . - (0)- and aFGF ©)-stimulated DNA synthesis in Balb/MK kera
immunoblotting with an anti-active MAP kinase (New tinocytes. The extent offH]thymidine incorporation into DNA,
England Biolabs). measured as described in Experimental Procedures, is expressed

Northern Analysis CHO cells at 90% confluence were ~aS @ percentage of the maximum for KGF (2 ng/mL) or aFGF (10

. . ... hg/mL). Values are the mean from ftriplicate wells, and are

serum-deprived (3% FBS) overnight, and then treated with yepresentative at least three separate experiments.
KGF, with or without heparin, for the time periods indicated.
Total RNA (15 ug) was extracted using RNA STAT-60 12
(TEL-TEST “B”, Inc., Friendswood, TX), separated on 1%
formaldehyde/agarose gels, blotted onto Nytran membranes
(Schleicher-Schuell, Keene, NH), and hybridized in Hybrisol
| (Oncor, Gaithersburg, MD) at 42C with ratc-fos(kindly
provided by T. Curran) or cyclophilin cDNA (kindly
provided by P. E. Danielson) that had be@n-labeled by
random priming 89). Membranes were washed using 9.1
SSPE [150 mM NacCl, 10 mM NaiRQO,, and 1 mM EDTA
(pH 7.4)] with 0.5% SDS at 50C. Bound radioactivity was
visualized using a Phosphorlmager (Molecular Dynamics,
Sunnyvale, CA).

Heparin—TSK Affinity ChromatographyThe degree of
retention of KGF, purified KGFRHFc, and purified HFc
by heparin-TSK was measured using a Heparin-5PW
column (7.5 mm inside diameter 7.5 cm, flow rate of 1
mL/min; TosoHaas) on a Waters 600 HPLC system. The 0 , ,
column was equilibrated in PBS (pH 7.4), and samples were 01 o1 1 10 100
eluted with a linear gradient of NaCl from 0.15 to 1.0 M (Heparin], ug/mi
over the course of 1 h. Elution was monitored by UV Ficure 2: Modulation of [?9]KGF (upper panel) and‘t3]aFGF

absorbance at 266800 nm using a Waters 996 photodiode ﬂ%’;’% tpa“ef') tt’i”‘t“”g to d\év"g tyF%ICI:OQ) _a“g Cch-)/?sd@
; ; i : ransfectants by added soluble heparin. Specific binding over
array detector. The protein elution position was confirmed a range of heparin concentrations was performed as described in

by collecting 1 min fractions, aspirating these through PVDF  gyperimental Procedures. Values shown are the mean of triplicate
membrane using a dot blot apparatus, and immunoblotting samples corrected for protein amount; standard errors are smaller

with anti-HFc. Retention times listed in Table 1 represent than the symbol size. The results are representative of three separate
the maximum eluted absorbance at 280 nm that coincided&xPeriments.
with positive immunostaining.
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binding by KGF and aFGF over a range of heparin

RESULTS concentrations (Figure 2). Binding studies with KGF and
. ' ' aFGF on CHO/745 KGFR transfectants revealed that for both
Heparin Differentially Modulates KGF and aFGF- ligands, low concentrations of added heparin {0110 ug/

KGFR Interactionsin Balb/MK keratinocytes, which express mL) dramatically enhanced receptor binding. In contrast,
cell-surface heparan sulfate proteoglycan, added solublesubstantial ligand binding was observed for wild type CHO
heparin is not required for KGF binding or mitogenic KGFR transfectants in the absence of added heparin, although
signaling Q). In fact, added heparin inhibits KGF mitogenic  binding was moderately enhanced by low heparin concentra-
signaling, but enhances signaling by aFGF (Figure 1). Thus, tions. Higher concentrations{30 ug/mL) of added heparin
although both ligands bind HSPG and compete for binding affected KGF and aFGF binding differently in both CHO
to the same receptor, heparin appears to modulate theKGFR transfectants. Consistent with our observations of
biological activity of these two ligands differently. biological activity in Balb/MK cells, increasing concentra-
To further investigate the differences between KGF and tions of added heparin had little effect on aFGF binding,
aFGF with regard to the role of HSPG in ligand binding but almost completely abolished KGF binding (Figure 2).
and signaling, and to determine whether cell-surface HSPGldentical experiments performed using NIH/3T3 KGFR
facilitated KGF action, we established stable ectopic KGFR transfectants yielded results similar to those obtained using
expression in wild type Chinese hamster ovary (CHO) cells, the wild type CHO KGFR transfectants, while experiments
as well as in mutant CHO cells defective in proteoglycan performed using 32D cell KGFR transfectants, which also
chain initiation (CHO/745). We then compared receptor lack cell-surface HSPG, yielded results similar to those
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Ficure 3: Effects of added soluble heparin on the affinity of

-4l ‘ -
[*29]KGF (left panels) andPi]aFGF (right panels) binding to wild

type CHO (upper panels) and CHO/745 (lower panels) KGFR Ficure 4: Effects of added soluble heparin fi/mL) on the

transfectants. Shown are Scatchard analysis of samples in thecovalent affinity cross-linking of S]JKGF (left panel) and

absence4) or presenceQ) of heparin (lug/mL). Specific binding [1239]aFGF (right panel) to wild type CHO (left two lanes) and CHO/

values from triplicate samples were corrected for protein amount; 745 (right two lanes) KGFR transfectants. Autoradiograms from

the results shown are representatlve of at least three separateried 7% SDS-PAGE ge|5 were prepared as described in Experi-

experiments. mental Procedures. Results shown are representative of at least three
separate experiments.

obtained with CHO/745 KGFR transfectants (data not
shown).

Heparin Enhances Ligand Binding and Signaling in Cells
Lacking HSPG We investigated the mechanism by which
heparin modulated ligartKGFR interaction by Scatchard
analysis of saturation binding experiments on the CHO
KGFR transfectants performed in the absence and presence
of heparin (Figure 3). The apparent affinity of ligand binding
to wild type CHO KGFR transfectants was similar in the
absence or presence of heparingd/mL), and modestly B
enhanced high-affinity binding by aFGF (Figure 3, upper
panels). In CHO/745 transfectants, the apparent affinity of
ligand binding increased dramatically with added heparin
(Figure 3, lower panels).

Covalent affinity cross-linking experiments confirmed that
ligand binding to the high-affinity KGFR was facilitated in
CHO/745 transfectants by low concentrationg«ffmL) of
soluble heparin (Figure 4). The major affinity-labeled Ficure 5: Effects of added soluble heparin on KGF signaling in
Comp|ex (approximate|y 145 kDa) observed for both KGF intact CHO cells. (A) Effects of heparin on MAP kinases (p42 and

; ; ; ; . i i p44) activated in response to KGF treatment of wild type CHO
and aFGF is consistent with a ligand:receptor stoichiometry (WT: left panel) and CHO/745 (right panel) KGFR transfectants.

of 11, although for KGF, but not aFGF, there appears 10 be jntact cells were treated with KGF (100 ng/mL for 10 min at 37
substantially higher-molecular weight complexes that are not °C), lysed, and subjected to SB®AGE, immunoblotting with an
well resolved (Figure 4). Figure 4 also shows that the same anti-active MAP kinase antibody, and chemiluminescent detection.
low concentrations of added heparin (gimL) had no - (R Re T ReEate B0 e e mdeprived overnight and
apparent affect on ligand<GFR cross-linking on wild type 1 2o Uit K G without (left half) or with heparin (right
CHO cells, consistent with the binding data shown in Figures paf) for the time periods indicated. Total RNA was extracted,
2 and 3. separated on formaldehyde/agarose gels, blotted onto Nytran
The effects of heparin on biological signaling via the membranes, hybridized wittiP-labeled rat-fos(upper panel) or
KGFR in the CHO transfectants were examined by immuno- cyclophilin (lower panel) cDNA, and visualized using a Phosphor-
blot analysis of active MAP kinase, and by northern analysis Imager.
of c-fos expression (Figure 5). While p42 and p44 MAP attenuated by heparin at 10g/mL. Consistent with the
kinases in CHO/745 transfectants were not activated by KGF pattern observed for MAP kinase, soluble heparin had no
in the absence of heparin, they were dramatically activated effect on KGF-stimulated-fosinduction in wild type CHO
by KGF added in the presence of 1 or A/mL soluble KGFR transfectants (data not shown), while KGF-stimulated
heparin (Figure 5A). In contrast, added heparin was not c-fosinduction in CHO/745 transfectants was dramatically
required to observe MAP kinase activation by KGF in wild enhanced in the presence of heparin aginL (Figure 5B).
type CHO KGFR transfectants, and activity was modestly Soluble heparin did not elicit biological responses in either

KGF - + + + - + + +
Heparin - - 1 10 - =110

P
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FiGURE 6: [*H]Heparin and heparinSepharose binding to KGFR
HFc. (A) [*H]Heparin at the indicated concentrations was incubated
with KGFR—HFc (©), HFc @), control monoclonal antibody
MOPC21 (), or Gammabind G-Sepharose aloggfor 1 h. After
addition of Gammabind G-Sepharose for 1 h, complexes were
captured by centrifugation, and the amount of bouitt|Heparin
was measured by scintillation counting. (B) HeparBepharose
(lanes 3 and 5-7) or Sepharose alone (lane 4) was incubated
with metabolically radiolabeled conditioned medium from NIH/
3T3 cells (lane 1), NIH/3T3 HFc transfectants (lane 2), or NIH/
3T3 KGFR-HFc transfectants (lanes—3). The position of the
KGFR—HFc protein is indicated by an arrow. Hepari8epharose
binding by radiolabeled KGFRHFc was competed with soluble
heparin at 70 (lane 5), 250 (lane 6), and 200 (lane 7). Captured
proteins were analyzed by SB®AGE and fluorography.

cell line when added alone, but significantly blocked KGF
signaling in both cell lines at concentrations=20 xg/mL
(data not shown).

Heparin and Heparan Sulfate Binding by the KGHRe
biphasic effect of added heparin on KGF binding and

HSPG Modulation of KGF Signaling E

Table 1: Heparinr TSK Affinity Chromatography (HTAC) of
Purified KGFR-HFc Chimeras Produced in either Wild Type CHO
or CHO/745 Cells Performed As Described in Experimental
Procedures

HTAC retention

sample cell type time (min)
KGFR—-HFc CHO 30
KGFR—HFc CHO/745 30
KGF N/A2 48
IgG—Fc CHO 3

aN/A indicates not applicable; see the Results for details.

Table 2: Kp Values (Picomolar) for KGFKGFR Interaction,
Estimated by Scatchard Analysis of the Extent 8#I]JKGF Binding
to Soluble KGFR-HFc Chimeras in the Presence of Heparin

0 ug/mL 3ug/mL 300ug/mL
cell type heparin heparin heparin
CHO/WT 375 371 866
CHO/745 242 227 756

a Each value is representative of at least three separate experiments.

Scatchard analysis of these data yielded affinity estimates
of approximately 200 nM. The heparin binding site was
contained in the KGFR portion of the chimera, since
[®H]heparin failed to bind the Fc portion of IgG, control
monoclonal antibody MOPC21, or Gammabind G-Sepharose
alone (Figure 6A). We also tested whether the KGFH-C
interacted with heparinSepharose. KGFRHFc was readily
immobilized by heparin Sepharose, but not by Sepharose
alone (Figure 6B). Under the same conditions, heparin
Sepharose failed to bind the HFc portion of IgG. Figure 6B
also shows that KGFRHFc immobilized by heparin
Sepharose could be eluted with added soluble heparin.

A systematic comparison of the heparin binding properties
of the KGFR-HFc, HFc, and KGF was performed by HPLC
of heparin-TSK-immobilized proteins using a linear gradient
of increasing salt concentration. As shown in Table 1,
purified KGFR-HFc chimeras expressed by either wild type
CHO or CHO/745 cells were retained by immobilized
heparin and were eluted 30 min after the start of the linear
NaCl gradient, at a concentration of 504 mM NaCl. 1gG
heavy chain Fc alone was not retained by hepafi8K,

signaling in intact cells suggested that HSPG may modulateand KGF was retained and eluted after 48 min, at 760 mM

KGF—KGFR interactions by binding to two distinct sites:
a higher-affinity site that facilitates ligandeceptor interac-
tion and a lower-affinity inhibitory site. Cell-surface HSPG
may be sufficient to facilitate ligand binding and signaling
on most cell types through occupancy limited to the higher-
affinity site, while on CHO/745 KGFR transfectants, this
site must be filled with added heparin. The lower-affinity
site which specifically inhibits KGFKGFR interaction is

observed at higher heparin concentrations. Kan and co-

NaCl (Table 1). All of these data suggest that the KGFR
extracellular domain binds heparin and heparan sulfate
specifically, but with an affinity lower than that of KGF itself.
Heparin-Independent Ligand Binding by a Soluble KGFR
HFc Chimera To avoid HSPG contamination of the soluble
KGFR—HFc chimera, the construct was expressed in HSPG-
deficient CHO/745 cells. For comparison, the ligand binding
properties of the receptor construct expressed by wild type
CHO cells were studied in parallel. Table 2 shows KGF

workers showed that FGFR-1 binds heparin, and that the binding affinities for KGFR-HFc produced by each cell

heparin binding region of the receptor is important for
biological signaling 81). To investigate heparin and heparan
sulfate binding by the KGFR, and to further characterize
ligand—heparin-receptor interaction in the absence of other
cell-surface molecules, we used a soluble KGRRmuno-
globulin heavy chain (HFc) chimera described previously
(36).

As shown in Figure 6A, the binding offfilheparin to
KGFR—HFc was saturable in the range of 50 ug/mL, and

type, as estimated by Scatchard analysis BH]KGF
saturation binding experiments performed in the absence or
presence of low (xg/mL) and high (30Q:tg/mL) concentra-
tions of soluble heparin. The relatively minor difference in
the KGF binding affinity of KGFR-HFc produced by wild
type versus mutant CHO cells (375 vs 242 pM, respectively)
suggests that any HSPG that may have contaminated the wild
type preparation did not enhance KGF binding. Similarly,
when ligand binding to NIH/3T3-expressed KGFRFc was
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analyzed before and after high-salt extraction of the chimera affinities of KGF and its receptor using a soluble KGFR

to remove contaminating HSPG, both KGF and aFGF HFc chimera whose ligand binding properties are comparable
binding affinities were unchanged (data not shown). Con- to those of surface-bound KGFR expressed in epithelial target
sistent with the effects of added heparin on KGF activity on cells 36). The soluble KGFR HFc chimera was specifically
target cells, high concentrations of heparin diminished the immobilized by heparifr Sepharose and hepariit SK, and
affinity of KGF—KGFR interaction. Most interestingly, high-  elution at 0.5 M NaCl suggests that hepari(GFR interac-
affinity KGF binding was observed in the absence of HSPG tion is similar in strength to heparifFGFRL1 interaction31),

or added heparin, and a moderate amount of added heparibut significantly weaker than heparitKGF interaction.

had no apparent affect on liganceceptor interaction. Thus, ~ Scatchard analysis oftilheparin-KGFR binding indicated
unlike the KGFR expressed on the surface of target cells, an affinity constant of~200 nM, substantially weaker than
neither heparin nor HSPG is required to reconstitute high- those reported for aFGFor bFGF-heparin interaction{2
affinity KGF—KGFR interactions in a defined, soluble and~60 nM, respectivelyA4—46) or estimated for KGF

binding system. (~10 nM; D. P. Bottaro, unpublished observations). Thus,
our results are consistent with a model in which ligand
DISCUSSION HSPG interaction facilitates signaling through the KGFR,

_ _ o while KGFR—HSPG interaction has ligand-specific conse-
Early studies of KGF noted its strong HSPG binding, but quences on signaling: permissive for aFGF but inhibitory
also that it diverged biologically from other well-studied for KGF.
FGFs in that added soluble heparin potently inhibited KGF- While the HSPG binding site on the KGFR has not been
stimulated cell proliferation 1 32, 33). These initial  cisely identified, it may reside in a portion of the amino
observations prompted us to systematically characterizeio minys of the second IgG-like domain corresponding to
KGF-KGFR-HSPG interactions. The distinct mitogenic  the HSPG binding site on FGFR-1 identified by Kan et al.
properties of KGF and aFGF on Balb/MK keratinocytes in 31y That stretch of 18 amino acids rich in basic residues

the presence of added heparin indicate that two different (NHKMEKKLHAVPAAKTVVKFK-COOH) differs from
FGFs with overlapping binding sites on the same receptor i, corresponding KGFR sequence by only one nonconser-
can have different HSPG requirements. Because HSPG isative substitution (NHKMEKRLHAVPAANTVVKFR-
abundantly expressed on the surface of Balb/MK cells, theseCOOH). In support of this idea, a chimeric molecule
experiments did not rule out the possibility that a certain containing only the second IgG-like domain of the KGFR
amount of endogenous HSPG was critical for KGF binding a5 retained by heparirSepharose and eluted at the same
and signaling, as shown previously for aFGF and bFGF Nac) concentration as the KGFRYFc chimera used here

acting through FGFR-116-19, 40-42). Our effort to (4 _G. Cheon and W. J. LaRochelle, unpublished observa-
explore that possibility using HSPG-negative CHO/745 tjgps).

KGFR transfectants demonstrated that K&&FR interac-
tion was facilitated by added heparin in that setting,
consistent with a previous report by Jang and co-workers
(43). Similar to results reported by Roghani et dl6) for
bFGF, Scatchard analysis of KGF and aFGF binding to CHO/
745 cells revealed that added heparin increased the apparen
affinity of ligand—receptor interaction.

Scatchard analysis of KGFKGFR—HFc interaction yielded
similar estimated affinities~300 pM) in the absence or
presence of low concentrations of soluble heparin. Thus,
unlike cell-surface KGFR, high-affinity KGFKGFR inter-
ction in this soluble binding system did not exhibit HSPG
ependence. High concentrations of soluble heparin dimin-
ished the affinity of the KGFKGFR—HFc interaction,

Consistent with predictions based on the Balb/MK model, consistent with the attenuation of KGF binding and biological
concentrations of added heparin above an optimal thresholdactivity observed when high concentrations of heparin were
of approximately 1ug/mL inhibited KGF binding and  added to intact cells. These results suggest that high-affinity
signaling, but not aFGF binding, in the CHO KGFR |igand binding is an intrinsic property of the receptor, and
transfectants. The biphasic effect of heparin on K&GFR that the fundamental difference between the HSPG depen-
interaction in CHO/745 cells suggests that soluble heparin dence of ligand binding to cell-surface receptor and soluble
may bind to two distinct sites within the KGKGFR receptor may be due to other molecule(s) present on cell
complex. The higher-affinity site, most apparent in HSPG- surfaces.
negative cells, may be occupied by added heparin in these 1o gyistence of a cell-surface molecule that masks or
systems, and by endogenous HSPG in most other KGF targetiherwise negatively modulates high-affinity KERGFR
cells_._ Occgpancy Qf t_his site appgrently _facilitates and/or interaction, glypican, has been demonstrated previody (
stabilizes high-affinity liganetKGFR interaction. The lower-  jqyever. it remains to be determined whether this particular
affinity heparin binding site, i.e., the site filled at higher ,ieqglycan is responsible for the effects reported here.
heparin concentrations, apparently inhibits KGF, but not Gjyen the higher affinity of KGF-HSPG interaction relative
aFGF, binding and signaling through the KGFR in any 4 KGFR-HSPG interaction, HSPEKGF interaction may
setting. initially promote KGF-KGFR binding on the cell surface

While the known HSPGKGF interaction could account by disrupting the interaction between the KGFR and a
for one of the two putative HSPG binding sites in this model, negative proteoglycan modulator, such as glypican. In view
the physical location of the other site was unclear. The of the importance of FGFHSPG complex-induced receptor
reported interaction between HSPG and FGFR3L) (  dimerization for signaling by FGFR-B(), HSPG-mediated
prompted us to test whether the second site resided on theKGF dimerization (or oligomerization) may, in turn, promote
KGFR. We also compared the relative heparin binding KGFR dimerization and subsequent downstream signaling.
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