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properties likely to be usefid in testing this 
approach, including the capacity for plasmid 
rescue, a selectable marker, and a strong 
constitutive promoter (5). The ability of the 
method to synthesize long cDNAs with 
complete cading sequences has also been 
shown (6). 

Keratinocyte growth factor (KGF) has 
potent mitogenic activity for a wide variety 
of epithelial cells but lacks detectable activity 
on fibroblasts or endothelial cells (7). Its - -  t to met& 1.98 (i980). Courbitrr for expat cdimhd assistancc.'~.~. was synthesis by stromal fibroblasts in 'large 
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Expression cDNA Cloning of the KGF Receptor by 
Creation of a Transforming Autocrine Loop 

An~cprtapiondoningstratcgywlsdeviscdmisola~thektr?~gnrwthfiaor 
(KGF) receptor complementary DNA. NW3T3 fibroblasts, which seawe this epi- 
thelial cell-spe&c mitogen, were arnsfectcd with a Lcntinoqte expression complc- 
mcntary DNA library. Among several transformed fbci identified, one demonstrated 
the acquisition of spedfic high-aihity KGP binding sites. m e  pattern of binding 
competition by related fibroblast growth factors (FGFs) indicated that this receptor 
had high aikity fot acidic FGF as well as KGF. The rescued 4.2-kilobase cornplanen- 
tary DNA was shown to encode a predicted membrane-spa  tyrosine lrinase 
related to but distinct from the basic FGF receptor. This expression cloning approach 
may be generally applicable to the isolation of genes that constitute limitiog steps in 
mitogenic signaling pathways. 

G R0WTX-I FACTOR SIGNALING PATH- 
ways have critical roles in normal 
development and in the genetic al- 

terations associated with the neoplastic pro- 
cess (1). The isolation of cDNAs for impor- 
tant components of these pathways has 
generally involved difficult and time-con- 
suming protein isolation and purification. 
Cloning methods based on transient expres- 
sion assays (2) also require laborious screen- 
ing procedures, sensitive biologic assays, or 
the availability of immunologic reagents ca- 
pable of recognizing the gene product. In 
certain case., naive cells have been shown to 
inherently express all of the necessary intra- 
cellular components required for effective 
mitogenic signaling if a given receptor can 
be artificially expressed and the appropriate 
ligand can be provided (3). Moreover, com- 
pletion of an autocrine loop involving 
expression of a ligand and its receptor by the 
same cell can be associated with uncon- 
trolled proliferation and malignant transfor- 

Laboratory of Cellular and Mdccular Biology, National 
CvKa Imitutc, &thesda, MD 20892. 

mation (4). We reasoned that the stable 
ectopic expression of cDNA dones might 
result in the transformed phenotype if an 
autocrine loop were created, for example, by 
introduction of a growth factor receptor 
cDNA into cells expressing only its ligand. 
We have described a directional cDNA li- 
brary expression vector that has all of the 

tor of normal epith;lial cell broliferation (8). 
Studies have further indicated specific KGF 
biding to keratinocytes but not fibroblasts 
(9). Thus, we sought to test the feasibility of 
our expression cloning strategy in the search 
to identifj and functionally clone the recep- 
tor for this new growth factor. 

We prepared a cDNA library (4.5 x 1@ 
independent clones) from BALBIMK epi- 
dermal keratinocytes (10) in an improved 
vector, hpCEV27 (11), and transfected 
NIW3T3 mouse embryo fibroblasts (12), 
which synthesize KGF (13). We detected 15 
transformed foci among a total of 100 indi- 
vidual cultures. Each was shown to be re- 
sistant to G418, indicating that it contained 
integrated vector sequences. Three repre- 
sentative transfnmants were chosen for 
more detailed characterization based on dif- 
ferences in their morphologies. Several plas- 
mids were isolated from each transformant 
after plasmid rescue (14). A single cDNA 
done rescued from each transfbnnant was 
found to possess high-titered transforming 
activity ranging from lo3 to lo4 focus- 
forming units per nanomole of DNA. 
Transfmts  induced by the individual 
plasmids containiig these epithelial . cell- 
transforming cDNAs (designated ectl, ect2, 
and ect3) were used in subsequent analyses. 

To investigate the possibility that any of 
the three genes might encode the KGF 

Fig. 1. Gcnomic analysis of A 
ectl DNA and comparative - 
RNA expresion. (A) 
Southern analvsis of the Sal 
I-digested DNAS from 
NIW3T3 and its transfor- 
mants. The blot was probed ' 
(28) with the enak ectl - 3 - 2.4 
EDNA insert. Lane 1, NIW - 2  ."* - - 1.4 
ectl; lane 2, NIWect2; lane 
3, NIWect3; lane 4, NIW 
3T3. (6) Southern analysis 1.3 

of Eco RI4gestcd DNAs 1  2 3 4 3 4 5  6 7 8 9 1 0  2 
of different animal species 
(Clontech Labs, Inc.). The Mot was probed (28) with the 5'-half ofthe ectl cDNA insen (Fig. 2B) and 
washed under reduced stringency conditions. h e  1, human; lane 2, rhesus monkey; lane 3, mink; lane 
4, cat; lane 5, mouse; lane 6, cow; lane 7, chick,  lane 8, dog; lane 9, guinea pig; lane 10, pig. (C) 
Northern analysis of NIW3T3 and BALBIMK RNA. The blot was probed (29) with the 5'-half ofthe 
ectl cDNA (lanes 1 and 2) or a p-actin cDNA (lanes 3 and 4) and washed under stringent conditions. 
Lanes 1 and 3, NIH13T3; lanes 2 and 4, BALBIMK. 
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receptor, we performed binding studies 
with recombinant 125I-labeled KGF. BALB/ 
MK cells showed specific high affinity bind
ing of 125I-labeled KGF, which was not 
observed when NIH/3T3 cells were used. 
Expression of the ectl gene by NIH/3T3 
cells resulted in the acquisition of 3.5-fold 
more 125I-labeled KGF binding sites than 
BALB/MK cells. Under the same condi
tions, control NIH/3T3 as well as transfec-
tants containing either ectl or ect3 did not 
bind the labeled growth factor. These results 
suggested that ectl encoded the KGF recep
tor (KGFR), whose introduction into NIH/ 
3T3 cells had completed an autocrine trans
forming loop. 

To characterize ecd, we used the trans
forming 4.2-kb cDNA released by Sal I 
digestion as a molecular probe to hybridize 
Sal I-digested genomic DNAs. Since Sal I is 
an infrequent cutter, the large genomic 
DNA fragments migrated near the origin of 
the gel. The expected 4.2-kb DNA fragment 
was detected in the ectl transformant (Fig. 
1A), but neither NIH/3T3 nor the other 
transfectants showed evidence of a Sal I 
fragment hybridized by the cDNA insert. 
These results further argued that the ectl 
and ect3 represented independent transform
ing genes. When Eco RI was used to cleave 
normal mouse DNA, we observed several 
distinct ectl -hybridizing DNA fragments, 
which reflected endogenous ectl sequences 
or .closely related genes (Fig. IB). These 
ectl -related sequences were also observed in 
the DNAs of other species analyzed, includ
ing human, indicating its high degree of 

conservation in vertebrate evolution. A sin
gle ectl transcript of around 4.2 kb was 
observed in BALB/MK cells (Fig. 1C). 
Thus, our cDNA clone represented essen
tially the complete ectl transcript. In NIH/ 
3T3 cells, a transcript of comparable size 
was only faintly detactable under stringent 
hybridization conditions. Thus, if this tran
script were to represent ectl rather than a 
related gene, its expression was markedly 
lower in fibroblasts as compared to epithelial 
cells. 

Nucleotide sequence analysis of the 4.2-
kb ectl cDNA revealed a long open reading 
frame of 2235 nucleotides (nucleotide posi
tion 562 to 2796). Two methionine codons 
were found at nucleotide positions 619 and 
676, respectively. The second methionine 
codon matched the Kozak's consensus for a 
translational initiator sequence (A/GC-
CATGG) (15). Moreover, it was followed 
by a characteristic signal sequence of 21 
residues, 10 of which were identical to those 
of the putative signal peptide of the mouse 
basic FGF (bFGF) receptor {16,17). Thus, 

it seems likely that the second ATG is the 
authentic initiation codon. If so, the recep
tor polypeptide would comprise 707 amino 
acids with a predicted size of 82.5-kD (Fig. 
2A). 

The amino acid sequence predicted a 
transmembrane tyrosine kinase closely relat
ed to the mouse bFGF receptor (bFGFR). 
The percent similarity between both pro
teins is shown in Fig. 2B. The putative 
KGFR extracellular portion contained two 
immunoglobulin (Ig)-like domains, exhibit
ing 77% and 60% similarity with the Ig-like 
domains 2 and 3, respectively, of the mouse 
bFGFR. Studies have revealed a variant 
form of the bFGFR, in which the extracel
lular domain also contains only these two 
corresponding Ig-like domains (17). The 
sequence NH2-terminal to the first Ig-like 
domain of the KGFR was 63 residues long 
in comparison to 88 residues found in the 
shorter form of the mouse bFGFR. Both 
chicken and mouse bFGFRs contain a 
stretch of eight consecutive acidic residues 
between the first and second Ig-like domains 
(16-18). The KGFR lacked such an acidic 
amino acid domain (Fig. 2B). 

The kinase domain of the KGFR was 
90% related to the bFGFR tyrosine kinase 
(Fig. 2B). The central core of the catalytic 
domain was flanked by a relatively long 
juxtamembrane sequence, and the tyrosine 
kinase domain was split by a short insert of 
14 residues, similar to that observed in 
mouse, chicken, and human bFGF receptors 
(16-19). Hanafusa and co-workers isolated a 
partial cDNA for a tyrosine kinase gene, 
designated bek, by bacterial expression clon
ing with phosphotyrosine antibodies (20). 
The reported sequence of bek was identical 
to the KGFR in the tyrosine kinase domain 
(Fig. 2B). 

Scatchard analysis of 125I-labeled KGF 
binding to the NIH/ecd transfectant re
vealed expression of two similar high-affinity 
receptor populations. Out of a total of 
—3.8 x 105 sites per cell, 40% displayed a 
dissociation constant (Kd) of 180 pM and 
the remaining 60% showed a Kd of 480 pM 
(21). These values are comparable to the 
high-affinity KGF binding sites displayed by 
BALB/MK cells (9). The pattern of KGF 

REPORTS 73 

Fig. 3. Competition of KGF 
(•) , aFGF (O), and bFGF 
(A) for 125I-labclcd KGF 
binding (31) on BALB/MK 
cells (A) and NlH/ectl cells 
(B). Binding assays were 
performed as described pre
viously (9). 

Fig. 2. Primary structure of the KGF receptor. 
(A) Amino acid sequence deduced from the cod
ing region of the KGF receptor cDNA. Amino 
acids are numbered from the putative initiation 
site of translation. Potential sites of N-linked 
glycosylation are underlined. The potential signal 
peptide and transmembrane domains are boxed. 
The interkinase domain is shown by underlined 
italic letters. Glycine residues considered to be 
involved in ATP (adenosine triphosphate) bind
ing are indicated by asterisks. Cysteine residues 
delimit two Ig-like domains in the extracellular 
portion of the molecule are shown by bold face. IGI 
Nucleotide sequence was determined by the chain termination method (30). (B) Structural comparison 
of the predicted KGF and bFGF receptors. The region used as a probe for Southern and Northern 
analysis (Fig. 1, B and C) is indicated. The region homologous to the published bek sequence (20) is 
also shown. The schematic structure of the KGF receptor is shown below the restriction map of the 
cDNA clone. Amino acid sequence similarities with the smaller and larger bFGF receptor variants are 
indicated. S, signal peptide; A, acidic region; IGI, IG2, and IG3, Ig-like domains; TM, transmembrane 
domain; JM, juxtamembrane domain; TK1 and TK2, tyrosine kinase domains; IK, interkinase domain; 
C, COOH-terminus domain. 



and FGF competition fbr '251-labeled KGF 
binding to NWectl cells was also very 
similar to that observed with BALBIMK 
cells (Fig. 3). Although maximum 12'1- 
labeled KGF binding to NIHlectl cells was 
3.5 times higher than to BALBIMK, there 
was 50% displacement by 2 ng/ml of either 
KGF or acidic FGF (aFGF) with each cell 
type. Similarly, both cells showed 15 times 
less efficient competition by bFGF for 
bound 1251-labeled KGF. Thus, the cloned 
KGFR exhibited the characteristic pattern 
of KGF and FGF competition displayed by 
BALBIMK cells, which suggests the KGFR 
is a high-affinity receptor fbr aFGF as well as 
KGF. 

When 1251-labeled KGF is cross-linked to 
its receptors on BALBIMK cells, two pro- 
tein species of 162- and 137-kD have been 
observed (9). Taking into account the size of 
KGF itself, we have estimated the cross- 
linked receptors to be around 140- and 
11 5-kD, respectively. When '251-labeled 
KGF cross-linking was perfbrmed with 
NIHlectl cells, we observed a single species 
corresponding in size to the smaller, 137-kD 
complex in BALBIMK cells (Fig. 4A). 
Moreover, detection of this band was spe- 
cifically and efficiently blocked by unlabeled 
KGF. When glycosylation is considered, the 
size of the KGFR predicted by sequence 
analysis corresponds reasonably well with 
the corrected size (1 15 kD) of the cross- 
linked KGFR in the ectl transfectant. 

To further examine the bctional nature 
of the KGFR expressed in NIHlectl cells, 
we investigated its capacity to induce tyro- 
sine phosphorylation of cellular proteins. 
NIH13T3 or NWectl ceh were exposed to 
KGF for 10 min and cell lysates were sub- 
jected to immunoprecipitation and immu- 

noblotting analysis with antibody to phos- 
photyrosine (anti-Ptyr). NIWectl cells 
contained several tyrosine-phosphorylated 
proteins that were not detectable in conml 
or KGF-stimulated NIHl3T3 cells (Fig. 
4B). Addition of KGF to NIHlectl cells 
resulted in the detection or increased tyro- 
sine phosphorylation of several putative sub- 
strates. These included p55, p65, p90, 
p115, p150, and p190. These findings es- 
tablished that the KGFR was enzymatically 
activated in response to KGF. Previous 
studies have indicated that similar-size pro- 
teins are phosphorylated in response to 
KGF triggering of BALBIMK cells (9). 
Moreover, the 115-kD phosphoprotein 
matched the corrected size of the KGFR 
--linked by 125~-1abc1ed KGF. 

Our expression cloning of the KGFR was 
based on its transfbrming activity for NIW 
3T3 cells that synthesize KGF. Thus, its 
detection could reflect activation of an auto- 
crine loop involving KGF and the normal 
receptor. Alternatively, the cDNA might 
have been formitously detected as a consti- 
tutively activated KGFR mutant. Surarnin, 
which interferes with ligand-receptor inter- 
actions (22), inhibited DNA synthesis of 
KGFR transfmts. We also observed spe- 
cific inhibition of proliferation of such cells 
in response to a KGF monoclonal antibody, 
which neutralizes KGF mitogenic activity 
(23). Together these findings argue that 
induction of the transfbrmed phenotype re- 
sulted from autocrine KGF stimulation of 
an ectopically expressed normal KGFR 
cDNA. 

We isolated at least two additional genes 
from our epithelial cell cDNA expression 
library with transforming activity for fibro- 
blasts. Their relation to growth signaling 

Flg. 4. Analysis of the KGF - .- C 

receptor expressed in N I W  
3T3 cells. (A) Covalent d- 
finity cross-linking of 12'1- 
labeled KGF to BALBIMK, GF 
NIH/3T3, and N I W e c t l  ~-~~~ t-- - --- 
cultum. The left and center 200 + 
panels of this autoradiogram - 
were expased to Kodak + 

XAR film for 72 hours at 
-70°C; the right panel is an 
l&hour aoosure of the 

Deb 

same auto&diogram. The 
second lane (labeled +) for 
each cell type shows cross- 
Linking PerfOmKd in the 
presence of excess unlabeled 
KGF. Molecular weight 
markers ( ~ 1 0 - ~ )  are indi- 
cated on the left; the posi- 
tions of 1251-labeled KGkms-linked complexes are indicated by m. Cfoss-Linking was carried 
out as described previously (9). (B) Autoradiogram of phosphoqwql-proteins from intact N I W 3 T 3  
and N I W e c t l  cells @re and after maanent with KGF. M o l d a r  weight markers are indicated on the 
left; the estimated molecular weights of proteins displaying KGF-stimulated phosphorylation on 
m i n e  are shown at nght. Analysis of phosphoproteins was perfbnned as described previously (9). 

pathways awaits further characterization. 
Given the normal juxtaposition of other cell 
types and smrnal fibroblasts in vivo and 
their likely paracrine interactions, it may be 
possible to identify additional growth fac- 
tors or their receptors by transfeaing NIW 
3T3 cells with expression libraries from 
these other sources. It is also conceivable 
that introduction of tissue-specific genes en- 
coding downstream targets of growth factor 
receptor signaling might complete an auto- 
crine loop in a recipient cell if it had a critical 
regulatory role. Thus, our expression clon- 
ing strategy may aid in the identification and 
isolation of genes for such intracellular com- 
ponents of mitogenic signaling pathways. 

There have been reports concerning hu- 
man or avian cDNAs closely related to the 
KGFR (2426). The external portions of bek 
(human) and cek3 (chicken) proteins con- 
tain three Ig-like domains (24, 25). These 
molecules also di&r from the KGFR in that 
each contains an acidic region and is com- 
pletely divergent in the COOH-terminal 
half of its third Ig-like domain from the 
KGFR Binding studies with the three 
Ig-like domain human bek variant have indi- 
cated similar high affinities fbr aFGF and 
bFGF (24). Since the affinity of the KGFR 
fbr aFGF was substantially higher than for 
bFGF, differences in FGF biding by these 
receptor molecules must relate to these re- 
gions of divergence. In BALBIMK cells, we 
detected a higher molecular weight KGF- 
cross-linked species, corresponding in size 
to the three Ig-like domain bek variant (9). 
Whether it represents thii variant or the 
product of a distinct gene remains to be 
determined. A gene, designated K-sam, was 
identified as an amplified sequence in a 
human stomach carcinoma (26). A cDNA 
done corresponding to one of the overex- 
pressed K-sam transcripts predicts a two 
Ig-like domain bek variant, whose Ig-like 
domains correspond to those of the KGFR 
However, it differs in that it contains an 
acidic region and may be truncated at its 
COOH-terminus as well (26). These mole- 
cules likely reflect alternative transcripts of 
the same gene, as has also been suggested for 
two and three Ig-like domain fbrms of the 
bFGFR (27). 
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Generation of Calcium Oscillations in Fibroblasts by 
Positive Feedback Between Calcium and IP, 

A wide variety of nonexcitable cells generate repetitive transient increases in cytosolic 
calcium ion concentration ([Ca2+Ii) when stimulated with agonists that engage the 
phosphoinositide signalling pathway. Current theories regarding the mechanisms of 
oscillation disagree on  whether Ca2+ inhibits o r  stimulates its own release from 
internal stores and whether inositol1,4,5-trisphosphate (IP,) and diacylglycerol (DG) 
also undergo oscillations linked to  the Ca2+ spikes. I n  this study, Ca2+ was found to  
stimulate its own release in REF52 fibroblasts primed by mitogens plus depolarization. 
However, unlike Ca2+ release in muscle and nerve cells, this amplification was 
insensitive to  caffeine o r  ryanodine and required hormone receptor occupancy and 
functional IP, receptors. Oscillations in [Ca2+], were accompanied by oscillations in 
IP, concentration but did not require functional protein kinase C. Therefore, the 
dominant feedback mechanism in this cell type appears to  be Ca2+ stimulation of 
phospholipase C once this enzyme has been activated by hormone receptors. 

M ANY NONEXCITABLE CELLS EX- 

hibit periodic increases (spikes) in 
the concentration of cytosolic free 

calcium ([Ca2+Ii) when stimulated with 
hormones or growth factors (1). The bio- 
chemical mechanism and physiological sig- 
nificance of these [Ca2+], oscillations are 
still highly controversial. At least four classes 
of generating mechanisms have been pro- 
posed (Table 1). These can be distinguished 
by whether inositol 1,4,5-trisphosphate 
concentrations oscillate as well as [Ca2+ 1, 
and whether cytosolic Ca2+ stimulates or 
inhibits further release of Ca2+ from intra- 
cellular stores. The first model was formu- 
lated on the basis of the observation that in 
some cell types, elevated [Ca2+], inhibits the 
ability of IP, to release additional Ca2+ 
from internal stores (2). If this negative 
feedback has a sufficient time delay, it could 
explain Ca2+ oscillations that occur without 
IP, oscillations. A second model that postu- 
lates steady IP, elevation proposes that IP, 
merely transfers Ca2+ from the IP,-sensitive 
internal stores to a separate IP3-insensitive 
pool from which it is repetitively dumped by 
Ca2+-induced Ca2+ release (3). This model 
is probably the most popular at present. 
Other models postulate that IP, concentra- 
tions do oscillate. For example, initial recep- 
tor stimulation of phosphatidylinositol-4,5- 
bisphosphate (PIP,) hydrolysis might be 
self-limiting. This negative feedback would 
be mediated by diacylglycerol (DG) produc- 
tion and IP,-mediated release of ca2+, 
which together would activate protein ki- 
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nase C to phosphorylate the receptor or G 
protein and inhibit them, thus shutting off 
PIP, hydrolysis (model 3). Only when 
phosphatases had reversed the phosphoryla- 
tion would another coordinated burst of 
IP,, DG, and Ca2+ release be generated (4). 
A fourth model (5)  proposes that phospho- 
lipase C can be stimulated not only by 
agonist but by cytosolic Ca2+. Therefore an 
initial weak &tivation would self-amplify 
because ca2+ released by IP, would further 
increase IP, production. This positive feed- 
back would fail when the Ca2+ store was 
mostly depleted; only after a period of refill- 
ing could the burst of IP, and Ca2+ be 
repeated. This hypothesis, like model 2, 
predicts that an increase in [Ca2+Ii can 
release of stored Ca2+, but in model 4 the 
positive feedback is mediated by IP,, where- 
as in model 2 it is an inherent property of an 
IP,-independent Ca2+ pool. 

We have used the fibroblast cell line 
REF52 as a model system to study the 
mechanisms that generate [Ca2+ I i  oscilla- 
tions. This cell line was chosen because it 
gives unusually consistent oscillations (6 ) :  
when appropriately stimulated by combined 
depolarization and treatment with mitogens 
or hormones such as vasopressin, essentially 
all the cells generate repetitive spikes in 
[Ca2+Ii (Fig. 1A). The amplitude and fre- 
quency of the spikes vary somewhat from 
cell to cell but in any one cell are remarkably 
consistent for hours. One set of experiments 
was directed at the question of whether 
Ca2+, delivered by wounding or photolysis 
of a light-sensitive chelator, inhibits or stim- 
ulates further release from internal stores. A 
second series of experiments was to synchro- 
nize the [Ca2+Ii spikes in a population to see 
whether IP, fluctuates in parallel with 
[Ca2+Ii. In a third group of experiments, 
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