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Nyk/Mer is a recently identified receptor tyrosine kinase with neural cell adhesion molecule-like structure
(two immunoglobulin G-like domains and two fibronectin III-like domains) in its extracellular region and
belongs to the Ufo/Axl family of receptors. The ligand for Nyk/Mer is presently unknown, as are the signal
transduction pathways mediated by this receptor. We constructed and expressed a chimeric receptor (Fms-
Nyk) composed of the extracellular domain of the human colony-stimulating factor 1 receptor (Fms) and the
transmembrane and cytoplasmic domains of human Nyk/Mer in NIH 3T3 fibroblasts in order to investigate the
mitogenic signaling and biochemical properties of Nyk/Mer. Colony-stimulating factor 1 stimulation of the
Fms-Nyk chimeric receptor in transfected NIH 3T3 fibroblasts leads to a transformed phenotype and generates
a proliferative response in the absence of other growth factors. We show that phospholipase Cg, phosphati-
dylinositol 3-kinase/p70 S6 kinase, Shc, Grb2, Raf-1, and mitogen-activated protein kinase are downstream
components of the Nyk/Mer signal transduction pathways. In addition, Nyk/Mer weakly activates p90rsk, while
stress-activated protein kinase, Ras GTPase-activating protein (GAP), and GAP-associated p62 and p190
proteins are not activated or tyrosine phosphorylated by Nyk/Mer. An analysis comparing the Nyk/Mer signal
cascade with that of the epidermal growth factor receptor indicates substrate preferences by these two
receptors. Our results provide a detailed description of the Nyk/Mer signaling pathways. Given the structural
similarity between the Ufo/Axl family receptors, some of the information may also be applied to other members
of this receptor tyrosine kinase family.

Growth and differentiation signals are often initiated by the
interactions of growth factors with specific receptors (36). For
many growth factors, the receptors are tyrosine kinases.
Largely on the basis of the structural motifs in the extracellular
domain, the receptor tyrosine kinases can be subdivided into
nine families (27). Among those, the most extensively studied
are the epidermal growth factor receptor (EGFR) and plate-
let-derived growth factor receptor (PDGFR) families. The
newest family, Ufo/Axl, is characterized by its neural cell ad-
hesion molecule (NCAM)-related extracellular domains (i.e.,
two immunoglobulin G [IgG]-like domains juxtaposed with the
two fibronectin III-like domains). ufo/axl was originally identi-
fied as a transforming gene derived from chronic myeloprolif-
erative disorders (41) and chronic myelogenous leukemias
(67). Ark was identified as the mouse homolog of Ufo/Axl (28,
74). As is NCAM, the NCAM domain of Ark is able to induce
cell aggregation by homophilic binding, which in turn activates
the kinase activity (2). In addition, recent studies have shown
that soluble ligands such as Gas6 can bind and trigger the
kinase activity of Ufo/Axl (88, 93). Thus, there appear to be
multiple mechanisms through which this family of receptor
tyrosine kinases can be activated.
In the course of our analysis of potential tyrosine kinases

involved in the growth of glioblastomas, we have isolated a
cDNA clone from a human glioblastoma expression library
which corresponds to a new member of the Ufo/Axl family. We
designate this receptor tyrosine kinase Nyk (or NCAM-related

tyrosine kinase). The putative chicken homolog of this gene,
c-eyk, was identified by Jia et al. as the homolog of a sarcoma-
inducing oncogene of a retrovirus (42, 43). Graham et al.
recently reported the sequence and the tissue distribution of
the same receptor, which they referred to as Mer (for tyrosine
kinase of monocytes and epithelial and reproductive tissues)
(33). Other than the above-mentioned studies, no information
is available concerning the signaling pathway or the ligand for
this receptor. In this paper, we report the initial characteriza-
tion of the transforming potential and the signaling pathways
mediated by Nyk. We use the more generic name Nyk or
Nyk/Mer to reflect its relatedness to NCAM and wider tissue
distribution.
A strategy that has been used successfully for the study of

receptors with unidentified ligands involves the construction of
chimeric receptor molecules, in which the extracellular domain
is replaced by the ligand-binding region of another receptor
tyrosine kinase with known ligands. Previous studies of such
hybrid molecules have amply demonstrated the fidelity of this
approach and that the intracellular domains are the primary
determinants of the signaling pathway (21, 53–55, 80, 81). As a
first step to define the functional and biochemical features of
the Nyk/Mer receptor tyrosine kinase, we have analyzed its
mitogenic properties and signal transduction pathways in mu-
rine NIH 3T3 fibroblasts. To this end, we constructed a chi-
meric receptor, designated Fms-Nyk, consisting of the ligand-
binding domain of the human colony-stimulating factor 1
receptor (CSF-1R or Fms) (17) and the transmembrane, ty-
rosine kinase, and C-terminal domains of human Nyk. Since
NIH 3T3 cells do not have endogenous Fms (84), this provides
a background-free environment to study the transforming po-
tential and signaling pathways of Nyk. We show here that
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fms-nyk is a potent transforming gene for NIH 3T3 cells. Both
the kinase activity and the transformation ability are CSF-1
dependent. We have analyzed the Nyk-induced major signaling
pathways and compared the results with those for EGFR.
There are clearly substrate preferences for Nyk. Nyk efficiently
activates the phosphatidylinositol 3-kinase (PI3K) pathway,
the Shc/Grb2/Raf-1/mitogen-activated protein kinase (MAPK)
pathway, and the phospholipase Cg (PLCg) pathway. It has
little or no effect on Ras GTPase-activating protein (GAP) and
stress-activated protein kinase (SAPK) pathways. To our
knowledge, this is the first comprehensive dissection of the
signal transduction pathways of Nyk or the Ufo/Axl receptor
tyrosine kinase family as a whole.

MATERIALS AND METHODS

Reagents. Recombinant human CSF-1 was purchased from Cellular Products
Inc. (Buffalo, N.Y.). Human EGF was from Collaborative Research Inc. The
antibody specific for Fms was obtained from Oncogene Science (Uniondale,
N.Y.). The antiphosphotyrosine, anti-EGFR, anti-PLCg, anti-GAP, anti-PI3K
p85 subunit, anti-p70 S6 kinase, anti-Raf, anti-Shc, anti-Grb2, and anti-p90rsk

antibodies were purchased from Upstate Biotechnology Inc. Anti-MAPK and
anti-SAPK antibodies were from Santa Cruz Biotechnology, Inc. The anti-Nyk
antibody was obtained by immunizing New Zealand White rabbits with a bacte-
rially expressed glutathione S-transferase (GST) fusion protein containing amino
acids 835 to 930 of the human Nyk receptor.
Construction of the Fms-Nyk cDNA. The DNA encoding the extracellular

domain of human Fms was kindly provided by Mark Tycocinski (Institute of
Pathology, Case Western Reserve University). The extracellular domain of Fms
(amino acids 1 to 512) was fused to the transmembrane and catalytic domains of
human Nyk (amino acids 502 to 999) by PCR. Briefly, the extracellular domain
of human Fms was amplified with a 59 primer derived from Bluescript KS1
(Stratagene) and a 39 primer encoding the antisense sequences of human Fms
amino acids 506 to 512 and human Nyk amino acids 502 to 506 (59 AAA GAT
GAT GAG CAC CTC ATC CGG GGG ATG CGT GTG 39; the underlined
sequences are from Nyk). The transmembrane and intracellular regions of Nyk
were amplified with a 59 primer encoding the sense sequence of human Fms
amino acids 508 to 512 and human Nyk amino acids 502 to 508 (59 CAT CCC
CCG GAT GAG GTG CTC ATC ATC TTT GGC TGC 39; the underlined
sequences are from Nyk) and a 39 primer from Bluescript KS1. The two PCR
fragments were annealed and reamplified. The resulting molecule was verified by
DNA sequencing (U.S. Biochemical). The chimeric Fms-Nyk molecule was
placed under the control of the Moloney murine leukemia virus long terminal
repeat promoter in the mammalian expression vector AFVXM (47). The Fms-
Nyk chimera terminates 103 nucleotides downstream of the Nyk translation
termination codon.
Cell lines and culture conditions. NIH 3T3 cells were maintained in Dulbec-

co’s modified Eagle’s medium (DMEM) (GIBCO) supplemented with 10% fetal
bovine serum (FBS) (GIBCO). The Fms-Nyk.3T3 cell lines (6 3 103 chimeric
receptors per cell) were generated by transfection of NIH 3T3 cells with the
AFVXM/Fms-Nyk retroviral vector and a hygromycin-resistant plasmid, PY3
(6). After selection in 0.2 mg of hygromycin (Calbiochem) per ml for 3 weeks, the
stably transfected cells were subcloned and screened for expression of the chi-
meric Fms-Nyk by Western blotting (immunoblotting) with a polyclonal anti-
serum against the C terminus of Nyk. The EGFR.3T3 cell line (106 EGFR per
cell) is an NIH 3T3 derivative overexpressing human EGFR as described previ-
ously (3).
Cell proliferation assays. For serum-free culture, NIH 3T3 and Fms-Nyk.3T3

cells were seeded in triplicate at 2 3 104 cells per 35-mm-diameter dish in
DMEM with 10% FBS and after 24 h transferred to DMEM supplemented with
5 ng of sodium selenite (Sigma) per ml, 10 mg of transferrin (Sigma) per ml, 0.5%
bovine serum albumin (Boehringer Mannheim), and 0.05 mM 2-mercaptoetha-
nol in the presence or absence of 2,000 U of human recombinant CSF-1 per ml.
Viable cell numbers were determined daily by trypan blue exclusion.
[3H]thymidine incorporation assays. Confluent cell monolayers on 96-well

culture plates were grown in serum-free DMEM for 24 h. DNA synthesis was
stimulated by various concentrations (0, 100, 500, 1,000, 2,000, and 10,000 U/ml)
of human CSF-1 for 18 h, and then 4 h of pulse-labeling with 2 mCi of [methyl-
3H]thymidine (Amersham) per ml was carried out. Cells were subjected to five
freeze-thaw cycles, and incorporated radioactivity was determined with a 1205
Betaplate scintillation counter (Wallac).
Transformation soft agar assays. To investigate whether activation of the

Fms-Nyk receptor in mouse fibroblasts can also release contact inhibition of their
growth, NIH 3T3 and Fms-Nyk.3T3 cells were plated in duplicate at a density of
5 3 103 cells per 35-mm-diameter dish in the presence or absence of 1,000 U of
recombinant human CSF-1 per ml in DMEM–10% FBS–0.3% Noble agar
(Difco) over a bottom layer of DMEM–10% FBC–0.5% Noble agar. Photo-
graphs were taken after 2 to 3 weeks of growth at 378C.

Immunoprecipitation and immunoblotting analyses. Prior to stimulation with
growth factors, NIH 3T3, Fms-Nyk.3T3, and EGFR.3T3 cells were starved in
serum-free DMEM for 24 to 48 h. After treatment at 378C with human CSF-1
(2,000 U/ml) and human EGF (100 ng/ml) for various times, cells were washed
in phosphate-buffered saline and lysed in lysis buffer (58 mM Na2HPO4, 17 mM
NaH2PO4, 68 mM NaCl [pH 7.3], 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate [SDS], 200 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 10 mg of aprotinin per ml, 10 mg of leupeptin per
ml, and 10 mg of pepstatin per ml). Cell lysates were clarified by centrifugation
at 13,000 3 g for 10 min. Immunoprecipitations were performed for 2 to 6 h at
48C with the appropriate antiserum and then bound to protein A- or G-coupled
Sepharose (Zymed). The immunoprecipitates were washed three times with the
lysis buffer, resuspended with double-strength electrophoresis sample buffer (23
ESB) (0.125 M Tris-HCl [pH 6.8], 4% SDS, 10% 2-mercaptoethanol, 20%
glycerol, 0.004% bromophenol blue), boiled, and fractionated by SDS-polyacryl-
amide gel electrophoresis (PAGE). After transfer of the proteins onto polyvi-
nylidene difluoride Immobilon-P membrane (Millipore), the membrane was
blocked with 3% bovine serum albumin in TBST (10 mM Tris-HCl [pH 8.0], 150
mM NaCl, 0.1% Tween 20) for 1 h and incubated first with the appropriate
primary antibody for 2 h and then with goat anti-rabbit or goat anti-mouse
alkaline phosphatase conjugate (Bio-Rad). The blot was subsequently developed
in Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-indolylphosphate toluidinium
(BCIP) substrates (Sigma).
PI3K assays. For measuring receptor-associated PI3K activity in vivo, the cells

were stimulated with ligand CSF-1 (2,000 U/ml), EGF (100 ng/ml), or PDGF
(100 ng/ml) for 10 min or left unstimulated. Next, the cells were lysed with NP-40
lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 5 mM
EDTA, 100 mM sodium orthovanadate, 10 mg of aprotinin per ml, 10 mg of
leupeptin per ml, and 1 mM phenylmethylsulfonyl fluoride) (3, 94). The lysates
were incubated with antiphosphotyrosine antibody and protein A-Sepharose
beads. The immunoprecipitates were washed extensively and incubated with 50
ml of kinase reaction mix containing 10 mM Tris (pH 7.5), 0.1 M NaCl, 0.2 mM
ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA), 20
mM MgCl2, 0.2 mg of phosphatidylinositol (Sigma) per ml, and 10 mCi of
[g-32P]ATP (Amersham). The reaction was allowed to proceed for 20 min at
room temperature and stopped by adding 100 ml of 1 M HCl and then 200 ml of
methanol-chloroform (1:1). The sample was mixed and spun for 15 min. The
lower chloroform phase was dried, resuspended, and applied to thin-layer chro-
matography plates (Merck). After 5 to 6 h of chromatography in a tank equili-
brated with 1-propanol and acetic acid (1-propanol–2 M acetic acid, 13:7), the
thin-layer chromatography plates were subjected to autoradiography at 2708C
overnight.
p70 S6 kinase, p90rsk, Raf-1, and SAPK assays. After stimulation with ligand,

the cells were lysed in lysis buffer as described above. The p70 S6 kinase and
p90rsk were immunoprecipitated with the respective antibodies. After being
washed three times in lysis buffer, the immune complexes were incubated in 50
ml of kinase reaction mix containing 50 mM Tris-HCl (pH 8.0), 1 mM dithio-
threitol, 15 mM MgCl2, 10 mCi of [g-32P]ATP, and 20 mg of substrate peptide
RRLSSLRA (5, 70). To terminate the reaction, aliquots were removed, spotted
on Whatman P81 phosphocellulose paper, and washed extensively in phosphoric
acid and acetone. The radioactivity retained on the paper was counted by a
scintillation counter. For the inhibition of p70 S6 kinase activity, cells were
pretreated with 20 ng of rapamycin (Calbiochem) per ml for 30 min at 378C prior
to addition of ligand CSF-1. The kinase activity is expressed as counts per minute
incorporated into the substrate peptide RRLSSLRA after subtraction of the
background counts.
For Raf-1 kinase assays, immunoprecipitates were prepared with 1 mg of

anti-Raf-1 antibody per sample. The kinase reaction was performed as described
above except that 1 mg of kinase-inactive (Lys-Ala) GST-MEK fusion protein
(Upstate Biotechnology Inc.) was used as a substrate. To terminate the reaction,
23 ESB was added. The reaction mixture was then resolved on an SDS–10%
PAGE gel and exposed to X-ray film.
For SAPK assays, immunoprecipitates were prepared with 1 mg of anti-SAPK

antibody. The substrate for SAPK assays was 1 mg of GST–c-Jun (N terminus)
(48) for each reaction. The reaction mixture was resolved on an SDS–10%
PAGE gel and exposed to X-ray film.

RESULTS

Developing cell lines expressing the chimeric Fms-Nyk mol-
ecule. To investigate the functions of Nyk/Mer, we constructed
a chimeric receptor, Fms-Nyk, fusing the human Fms extracel-
lular domain to the Nyk transmembrane and cytoplasmic do-
mains (Fig. 1A). The chimera was placed in a Moloney murine
leukemia virus-based retroviral vector (47) and expressed in
NIH 3T3 mouse fibroblasts. We chose the NIH 3T3 cell line
for our initial studies because of the wealth of information
available for its signal transduction pathways and its usefulness
in assessing transformation potential. NIH 3T3 cells do not
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contain endogenous Fms and do not respond to treatment with
human CSF-1 (84). In addition, we have previously established
a 3T3 cell line (EGFR.3T3) that overexpresses human EGFR
and is transformable by ligands to EGFR (3). This serves as a
useful control to compare and contrast the signal transduction
pathways utilized by the two different families of receptors.
The expression of the chimeric receptor Fms-Nyk was di-

rectly demonstrated by Western blotting with GST-human Nyk
(C terminus)-reactive polyclonal antisera. As shown in Fig. 1B,
no Nyk-related protein can be detected in parental NIH 3T3
cells while the two independent Fms-Nyk.3T3 transfectants
express a 150-kDa protein, detectable by anti-Nyk antibody
(Fig. 1B, lanes 1 to 3). That the 150-kDa polypeptide is the
chimeric Fms-Nyk molecule was further confirmed by immu-
noprecipitation with either the anti-human Fms antibody (Fig.
1B, lanes 4 to 6) or the anti-Nyk antibody (lanes 7 to 9),
followed by blotting with anti-Nyk antibody. At the same time,
no signal was detected from parental NIH 3T3 cells. The ob-
served molecular mass is higher than the calculated value (100
kDa), presumably because of glycosylation.
In the above-described and all subsequent experiments, two

independent Fms-Nyk.3T3 cell lines were used and the results
from these two lines were similar. For the purpose of clarity,
only the results from one cell line are shown for the following
experiments.

Activation of Fms-Nyk chimera by CSF-1. To demonstrate
the functional integrity of the Nyk/Mer domains of the chi-
meric receptor, we analyzed ligand-induced tyrosine phosphor-
ylation of Fms-Nyk in the Fms-Nyk.3T3 cell lines. The serum-
starved cells were stimulated with increasing concentrations of
CSF-1 (0 to 10,000 U/ml) for 10 min (Fig. 2A) or with 2,000 U
of CSF-1 per ml for different periods of time (0 min to 2 h)
(Fig. 2B), and equivalent amounts of total cell lysates were
separated by SDS-PAGE and immunoblotted with antiphos-
photyrosine antibody to examine the overall tyrosine phos-
phorylation pattern. As shown in Fig. 2A, among others, two
proteins with the sizes of 150 and 42 kDa became prominently
phosphorylated on tyrosine residues in a CSF-1-dosage-depen-
dent manner. These two proteins comigrate with Fms-Nyk and
MAPK, respectively (see below). Figure 2B shows the kinetics
of chimera phosphorylation in response to CSF-1 stimulation.
The tyrosine phosphorylation of the Fms-Nyk chimera reached
maximum levels 10 min after CSF-1 stimulation and was re-
duced after 30 min. As a comparison, cell lysates from EGFR.
3T3 cells, a cell line overexpressing human EGFR (3), was also
analyzed (Fig. 2B, lanes 7 and 8). EGF induction for 10 min
gives a phosphorylation pattern distinct from that of Fms-Nyk,
although several common bands are also detected. The lower
panels of Fig. 2A and B show that the amount of Fms-Nyk
remains constant during stimulation of the cells. Figure 2C
shows that the CSF-1 effect is via the Fms-Nyk chimeric re-
ceptor, as the parental NIH 3T3 cells do not respond to CSF-1
stimulation. These results, taken together, suggest that the
chimeric Fms-Nyk is kinase active and inducible by ligand
CSF-1.
Mitogenic properties and transforming potential of the chi-

meric Fms-Nyk receptor. Having demonstrated that the chi-
meric Fms-Nyk is biochemically active, we asked whether it is
mitogenic and exhibits anchorage-independent transforming
potential. Elevation of tyrosine phosphorylation levels for re-
ceptor tyrosine kinases is necessary but not always sufficient to
trigger a proliferative signal (29, 85). To examine the capacity
of the chimeric Fms-Nyk molecule to transmit a proliferative
signal, the effect of human CSF-1 on the growth properties of
Fms-Nyk.3T3 cells was analyzed.
As shown in Fig. 3A, the Fms-Nyk.3T3 cells cultured in

serum-free DMEM grow slowly in the absence of CSF-1. How-
ever, when supplemented with 2,000 U of CSF-1 per ml, these
cells are capable of continuous proliferation. The parental
NIH 3T3 cells grow very slowly in the presence and in the
absence of CSF-1, indicating that the effect is not due to CSF-1
per se. In addition, we measured the incorporation of [methyl-
3H]thymidine into the DNA of cells exposed to increasing
concentrations of CSF-1 (Fig. 3B). Within the range of CSF-1
concentrations studied (0 to 10,000 U/ml), no significant
changes in thymidine incorporation were observed to occur in
parental, untransfected cells. By contrast, CSF-1 stimulated
DNA synthesis in Fms-Nyk.3T3 cells, in proportion to the
concentration of CSF-1 applied. Both clones of Fms-Nyk.3T3
cells form anchorage-independent soft agar colonies in the
presence of CSF-1, while the mock-transfected parental NIH
3T3 cells do not, even after 4 to 5 weeks (Fig. 3C).
These results demonstrate that Fms-Nyk is a receptor of

strong mitogenic and transforming potential. Our finding ech-
oes the original discovery of eyk, the putative chicken homolog
of nyk, as a sarcoma-inducing oncogene in a retrovirus (42, 43).
Signal transduction pathways mediated by Fms-Nyk. Sev-

eral studies have identified various SH2-containing proteins as
the immediate receptor tyrosine kinase substrates (1, 44, 69).
These substrates have helped define several major, and in
some cases overlapping, pathways. They include PLCg, PI3K/

FIG. 1. Structure and expression of the Fms-Nyk chimera. (A) Schematic
diagrams of Nyk, Fms, and the chimeric receptor Fms-Nyk. Fms-Nyk contains
the extracellular region of Fms and the transmembrane (TM) and intracellular
regions of Nyk. The tyrosine kinase domain is indicated. The circles and rect-
angles in the extracellular region represent, respectively, the IgG-like domains
and fibronectin III-like domains. Details of the construction are described in
Materials and Methods. (B) Stable expression of the chimeric Fms-Nyk receptor
on NIH 3T3 cells. Parental NIH 3T3 and transfected Fms-Nyk.3T3 cells (clones
Fms-Nyk.3T3#1 and Fms-Nyk.3T3#2) were lysed and subjected to immunopre-
cipitation (ip) with the monoclonal antibody against the extracellular domain of
Fms (lanes 4 to 6) or a polyclonal antibody to the C terminus of Nyk (lanes 7 to
9). The Western blotting (wb) was performed by using a polyclonal antibody to
the C terminus of Nyk. Total cell extracts were also analyzed in parallel (lanes 1
to 3). The 150-kDa chimeric protein Fms-Nyk is shown by an arrow.
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p70 S6 kinase, GAP, and Shc/Grb2/Raf/MEK/MAPK path-
ways (44, 61). To investigate the signaling pathways mediated
by the Nyk/Mer receptor tyrosine kinase, we first examined the
phosphorylation of substrates involved in the above-mentioned
four major pathways in Fms-Nyk.3T3 cells. In parallel studies,
we analyzed the phosphorylation of these substrates by the
EGFR tyrosine kinase in EGFR.3T3 cells.
Tyrosine phosphorylation of PLCg by Fms-Nyk. PLCg is an

isoform of phospholipase C which couples receptor tyrosine
kinases to the hydrolysis of phosphatidylinositol-4,5-bisphos-
phate and generates diacylglycerol and inositol-1,4,5-triphos-
phate as the second messengers. PLCg is phosphorylated on
tyrosine residues by various activated receptors, including
PDGFR and EGFR (59, 66, 95), but not by activated CSF-1R
(22). Thus, there is a certain degree of selectivity in the utili-
zation of PLCg as a substrate. To determine the potential role
of PLCg in Nyk-mediated signal transduction, Fms-Nyk.3T3
cells were stimulated with CSF-1 and PLCg immunoprecipi-
tates were analyzed by Western blotting with antiphosphoty-
rosine antibodies. As shown in Fig. 4, the 140-kDa PLCg is
tyrosine phosphorylated in response to the activation of Fms-
Nyk, with the maximum phosphorylation occurring at 10 min
after ligand treatment. The controls show that PLCg does not
respond to CSF-1 in the parental NIH 3T3 cells but does
respond to EGF in EGFR.3T3 cells. The PLCg levels were
essentially equivalent in all lanes, as demonstrated in the lower
panels of Fig. 4.
Activation of PI3K/p70 S6 kinase by Fms-Nyk. PI3K is an

enzyme that phosphorylates the inositol ring of phosphatidyl-
inositol at the D-3 position. PI3K has been characterized as a
heterodimer with a regulatory p85 and a catalytic p110 subunit

(11, 39). Most receptor tyrosine kinases activate the PI3K
pathway through recruitment of the PI3K activity with the
fraction of phosphotyrosine-containing proteins (16, 73, 77,
94). To define the possible interaction of PI3K with Nyk/Mer
kinase, extracts from Fms-Nyk.3T3 cells were immunoprecipi-
tated with antiphosphotyrosine antibodies and analyzed for
antiphosphotyrosine antibody-associated PI3K activity by ki-
nase reaction. Figure 5A shows that PI3K is activated by the
Fms-Nyk chimera in response to CSF-1. This activation of
PI3K is at least 10-fold stronger than is stimulation of
EGFR.3T3 cells by EGF, and it reaches a level comparable to
that induced by PDGF treatment. Expression of PI3K in those
cells was confirmed by parallel immunoblotting with anti-PI3K
antiserum (Fig. 5A, lower panels). In a separate experiment,
the PI3K was found to be associated directly with the activated
Nyk receptor (data not shown).
Recent studies revealed that PI3K is the upstream activator

of the 70-kDa ribosomal S6 kinase (p70 S6 kinase), a serine/
threonine kinase capable of phosphorylating the 40S ribosomal
protein S6 (15, 46, 90). To test the possibility that p70 S6 kinase
is activated by the Nyk/Mer signaling pathway, we conducted
the p70 S6 kinase assay using a synthetic peptide derived from
S6 protein as a substrate (70). As shown in Fig. 5B, upon
CSF-1 stimulation, the p70 S6 kinase was activated in Fms-
Nyk.3T3 cells to a degree much higher than the activation by
EGF in EGFR.3T3 cells. In addition, this activation can be
inhibited by pretreating the cells for 30 min with 20 ng of
rapamycin per ml, which is a specific inhibitor of p70 S6 kinase
(72). In control NIH 3T3 cells, p70 S6 kinase was not activated
by CSF-1.
These findings, taken together, suggest that an active Nyk

FIG. 2. Ligand-induced tyrosine phosphorylation of Fms-Nyk. (A) Fms-Nyk.3T3 cells were stimulated with the indicated concentrations of human CSF-1 for 10 min.
Total cell lysates were subjected to Western blotting (wb) with antiphosphotyrosine (anti-PY) antibodies (upper panel) or anti-Nyk antibodies (lower panel). The
positions of the 150-kDa Fms-Nyk protein and the 42-kDa MAPK are indicated by arrows. (B) Fms-Nyk.3T3 cells were incubated with 2,000 U of human CSF-1 per
ml for the indicated times. Total cell lysates were subjected to Western blotting with antiphosphotyrosine antibodies (upper panel) or anti-Nyk antibodies (lower panel).
In parallel (lanes 7 and 8), extracts from EGFR.3T3 cells which have been stimulated with 100 ng of EGF per ml were also analyzed. The positions at which the 150-kDa
Fms-Nyk protein and the 170-kDa EGFR migrate are indicated with arrows. (C) Parental NIH 3T3 cells were stimulated with CSF-1 as described for panel B and
Western blotted with antiphosphotyrosine antibodies.
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kinase is able to associate with and activate PI3K with an
efficiency comparable to that of the PDGFR, which activates
PI3K at least 10-fold more efficiently than the EGFR. This
activation is accompanied by the activation of the p70 S6 ki-
nase.
Lack of tyrosine phosphorylation of GAP and associated

proteins by Fms-Nyk. GAP can stimulate the GTPase activity
of p21ras and convert p21ras from the active GTP-bound form
to the inactive GDP-bound form (63). GAP has been shown to
associate with and become phosphorylated by certain tyrosine
kinase receptors such as EGFR (7, 26). The tyrosine phosphor-
ylation of GAP is also accompanied by the association of two
other tyrosine-phosphorylated proteins, p62 and p190 (26, 83,
96). To assess the possible role of GAP and associated proteins
in the Nyk/Mer signal transduction pathway, lysates of CSF-1-
stimulated Fms-Nyk.3T3 cells were immunoprecipitated with
GAP-reactive antisera and blotted with antiphosphotyrosine
antibody. Little increase in tyrosine phosphorylation of GAP
and associated p62 was detected in Fms-Nyk.3T3 cells after
CSF-1 stimulation (Fig. 6). The treatment of EGFR.3T3 cells
with EGF, on the other hand, results in increases in the
amounts of tyrosine-phosphorylated GAP and, most notably,

FIG. 4. Tyrosine phosphorylation of PLCg by Fms-Nyk. NIH 3T3, Fms-
Nyk.3T3, and EGFR.3T3 cells were stimulated with 2,000 U of human CSF-1 per
ml or 100 ng of EGF per ml for the indicated times. Anti-PLCg immunopre-
cipitates (ip) were divided for Western blot (wb) analyses with antiphosphoty-
rosine antibodies (upper panels) or anti-PLCg antibodies (lower panels). The
140-kDa PLCg is shown by an arrow.

FIG. 3. Mitogenic properties of Fms-Nyk. (A) CSF-1-dependent growth of Fms-Nyk.3T3 cells in serum-free medium. NIH 3T3 and Fms-Nyk.3T3 cells were cultured
with or without 2,000 U of CSF-1 per ml as described in Materials and Methods. Viable cells from triplicate cultures were counted daily. The standard error at each
time point is indicated by a vertical bar (n 5 3). (B) CSF-1-dependent DNA synthesis of Fms-Nyk.3T3 cells. NIH 3T3 and Fms-Nyk.3T3 cells were seeded in triplicate
in 96-well plates. [3H]thymidine incorporation was measured after stimulation of the cells with CSF-1 at the indicated concentrations. The standard error at each
concentration point is indicated by a vertical bar (n 5 3). (C) CSF-1-induced anchorage-independent growth of Fms-Nyk.3T3 cells in soft agar. Fms-Nyk.3T3 cells
(clones Fms-Nyk.3T3#1 and Fms-Nyk.3T3#2) and mock-transfected NIH 3T3 cells were grown in soft agar with or without 1,000 U of CSF-1 per ml. Colonies were
photographed after 3 weeks. The magnifications (340 and 3160) of the photographs are indicated.
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the tyrosine-phosphorylated p62. On the basis of these data,
GAP activation does not seem to be a significant pathway for
Fms-Nyk.
Activation of the Shc/Grb2/Raf-1/MAPK/p90rsk pathway by

Fms-Nyk. The MAPK pathway has been well described (4, 8).
In most cases, this pathway begins with the phosphorylation of
Shc and the association of Grb2 (23, 71). Grb2 then translo-
cates Sos to the cell surface, where it catalyzes the formation of
Ras-GTP (24, 56). The binding of Ras-GTP to Raf-1 kinase
activates a series of serine/threonine kinases in the order of
Raf-1, MEK, and MAPK (4, 8, 52, 58).
We first examined the phosphorylation of Shc to determine

whether Nyk/Mer can couple to this signaling cascade. Three
isoforms of Shc, p46shc, p52shc, and p66shc, have been reported
(64, 71). Shc proteins were immunoprecipitated with anti-Shc
antibody and blotted with antiphosphotyrosine antibody. As
shown in Fig. 7A, Shc proteins isolated from CSF-1-stimulated
Fms-Nyk.3T3 cells show a slightly higher phosphotyrosine con-
tent than do Shc proteins in nonstimulated cells. As expected,
EGF induces a stronger phosphorylation of Shc, with the phos-
phorylation of the p52shc and p66shc isoforms more apparent.
The comigration of p46shc with the precipitating IgG heavy
chain obscures the detection of the former. A consequence of
Shc phosphorylation is the recruitment of Grb2 to the recep-
tor-Shc complex. Cell extracts immunoprecipitated with anti-
Shc antibody were blotted with anti-Grb2 antibody (Fig. 7B). It
is evident that Grb2 coprecipitates with Shc in CSF-1-treated
Fms-Nyk.3T3 cells and EGF-treated EGFR.3T3 cells, but not
in untreated NIH 3T3 control cells. Grb2 is also associated
with the activated receptor Fms-Nyk and EGFR by immuno-
precipitating the receptors and Western blotting with anti-
Grb2 antibody (Fig. 7C). Figure 7D shows that total cell lysates
containing equivalent amounts of Shc proteins were used in

Fig. 7A, B, and C. The observations of CSF-1-dependent Shc
and Grb2 recruitment by the chimeric receptor Fms-Nyk sug-
gest that the Ras pathway participates in Nyk-mediated signal
transduction.
We then analyzed the activation of the two downstream

FIG. 6. Lack of tyrosine phosphorylation of GAP by Fms-Nyk. NIH 3T3,
Fms-Nyk.3T3, and EGFR.3T3 cells were stimulated with 2,000 U of human
CSF-1 per ml or 100 ng of EGF per ml for the indicated times or left unstimu-
lated. Anti-GAP immunoprecipitates (ip) were divided for Western blot (wb)
analyses with antiphosphotyrosine antibodies (anti-PY) (upper panels) or anti-
GAP antibodies (lower panels). The positions at which GAP, p190, p62, and IgG
heavy chain (IgGH) migrate are indicated by arrows.

FIG. 5. Activation of PI3K and p70 S6 kinase by Fms-Nyk. (A) Total cell extracts from cells treated with CSF-1 (2,000 U/ml), PDGF (100 ng/ml), or EGF (100
ng/ml) were immunoprecipitated with antiphosphotyrosine antibodies. The immunoprecipitates were assayed for PI3K activity as described in Materials and Methods
and analyzed by thin layer chromatography (TLC). The origin (ori) and the position where phosphatidylinositol 3-phosphate (PIP) migrates are indicated. For the lower
panels, the total cell extracts were separated by SDS-PAGE and Western blotted (wb) with a rabbit polyclonal antibody recognizing the p85 subunit of PI3K. (B) NIH
3T3 (spotted bars), Fms-Nyk.3T3 (shaded bars), and EGFR.3T3 (striped bars) cells were stimulated with 2,000 U of human CSF-1 per ml or 100 ng of EGF per ml
for 10 min or left unstimulated. The p70 S6 kinase activity was assessed by incubating the anti-p70 S6 kinase immunoprecipitates with [g-32P]ATP and substrate peptide
RRLSSLRA. The products of the reaction were spotted on phosphocellulose filters and washed extensively. The radioactivity incorporated into the substrate was
quantitated with a liquid scitillation counter. For the rapamycin (rapa) inhibition experiment, the Fms-Nyk.3T3 cells were preincubated with 20 mg of rapamycin per
ml at 378C for 30 min before CSF-1 stimulation. The standard error at each point is indicated by a vertical bar (n 5 3). In most cases, the standard errors are too small
to be visualized.
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serine/threonine kinases, Raf-1 and MAPK, in the Ras path-
way. Activated Raf-1 phosphorylates MEK, a tyrosine and
serine dual kinase (51). To assess the Raf-1 activity, a kinase-
inactive GST-MEK (see Materials and Methods) was used as a
substrate to avoid the complication due to MEK autophos-
phorylation. The Raf-1 protein was immunoprecipitated, and
its kinase activity was assessed by the incorporation of
[g-32P]ATP into the kinase-inactive GST-MEK. As shown in
Fig. 8, Raf-1 kinase is activated in Fms-Nyk.3T3 cells in re-
sponse to CSF-1 stimulation.
The activation of MAPK is characterized by phosphorylation

at both tyrosine and threonine residues and its consequential
shift in electrophoretic mobility (76, 82). We used an anti-
MAPK antibody which recognizes both the p44 and the p42
isoforms of MAPK in immunoprecipitation and Western blot-
ting. As shown in Fig. 9A, tyrosine-phosphorylated p42 and
p44 MAPK were readily detectable in Fms-Nyk.3T3 cells. The
activation peaked at 10 min after CSF-1 stimulation with a

level comparable to that seen in EGF-treated EGFR.3T3 cells.
This finding is echoed by the electrophoretic shift of the acti-
vated p42 MAPK (Fig. 9B). The antibody used in this study for
Western blotting recognized only the p42 MAPK. As shown in
Fig. 9B, in Fms-Nyk.3T3 cells, CSF-1 stimulation resulted in
the dose-dependent mobility shift of the p42 MAPK, reaching
a maximum of about 30%.

FIG. 7. Ligand-dependent recruitment of Shc and Grb2 by Fms-Nyk. NIH
3T3, Fms-Nyk.3T3, and EGFR.3T3 cells were stimulated with 2,000 U of human
CSF-1 per ml or 100 ng of EGF per ml for 10 min or left unstimulated. (A)
Tyrosine phosphorylation of Shc proteins. Equal amounts of the total cell ex-
tracts were immunoprecipitated (ip) with anti-Shc polyclonal antibody, analyzed
on an SDS–7.5% PAGE gel, and Western blotted (wb) with antiphosphotyrosine
(anti-PY) antibodies. The positions for p52shc, p66shc, and IgG heavy chain
(IgGH) are indicated. (B) Shc-associated Grb2. Anti-Shc immunoprecipitates
were separated on a 12% polyacrylamide gel and blotted with a monoclonal
anti-Grb2 antibody. (C) Receptor-associated Grb2. Cell extracts from 3T3 and
Fms-Nyk.3T3 cells were immunoprecipitated with anti-Fms antibody, and ex-
tracts from EGFR.3T3 cells were precipitated with anti-EGFR antibody. These
antireceptor immunoprecipitates were separated on a 12% polyacrylamide gel
and blotted with anti-Grb2 antibody. (D) Western blots of Shc. Aliquots (50 mg)
of total cell extracts used for panels A, B, and C were subjected to direct Western
blotting with the anti-Shc antibody. The positions of Shc proteins (p66, p52, and
p46 isoforms) are indicated by arrows.

FIG. 8. Raf-1 activation in Fms-Nyk.3T3 cells. NIH 3T3, Fms-Nyk.3T3, and
EGFR.3T3 cells were stimulated with 2,000 U of human CSF-1 per ml or 100 ng
of EGF per ml for 10 min or left unstimulated. Raf kinase activity was assessed
by incubating the anti-Raf-1 immunoprecipitates with [g-32P]ATP and kinase-
inactive GST-MEK as a substrate. The products of the reaction were separated
by SDS–10% PAGE and exposed to X-ray film.

FIG. 9. MAPK activation by Fms-Nyk. (A) NIH 3T3, Fms-Nyk.3T3, and
EGFR.3T3 cells were stimulated with 2,000 U of human CSF-1 per ml or 100 ng
of EGF per ml for the indicated times. Anti-MAPK immunoprecipitates (ip)
were divided for Western blot (wb) analyses with antiphosphotyrosine antibodies
(anti-PY) (upper panels) or anti-MAPK antibodies (lower panels). The MAPKs
were separated by SDS–7.5% PAGE (1.5-mm-thick gels). The p44 and p42
MAPK isoforms are indicated by arrows. (B) NIH 3T3, Fms-Nyk.3T3, and
EGFR.3T3 cells were stimulated with the indicated concentrations of human
CSF-1 or EGF for 10 min. Total cell lysates were separated by SDS–10% PAGE
(0.75-mm-thick gels) and subjected to Western blotting with anti-p42 MAPK
antibody. The positions of the unphosphorylated p42 MAPK (p42) and the
phosphorylated, supershifted p42 MAPK (pp42) are indicated.

6588 LING AND KUNG MOL. CELL. BIOL.



The immediate downstream substrates for activated MAPK
are transcriptional factors such as Elk (32, 40) and, in some
cases, the serine/threonine kinase 90-kDa ribosomal S6 kinase
(p90rsk) (25, 30, 45, 89). p90rsk activates the transcriptional
factor serum response factor (SRF), which in turn activates
c-fos (12, 14, 75, 92). p90rsk activation correlates with its ability
to phosphorylate 40S ribosome S6 protein in vitro and its
retarded mobility on SDS-PAGE (13, 14). Thus, we analyzed
these two parameters of p90rsk kinase following activation of
Fms-Nyk. In the positive-control EGFR.3T3 cells, treatment
with EGF resulted in a high level of incorporation of radioac-
tivity into the S6 substrate peptide (Fig. 10A) and a significant
mobility shift of the p90rsk protein (Fig. 10B). By contrast, in
CSF-1-stimulated Fms-Nyk.3T3 cells, only weak elevation of
p90rsk kinase activity and little or no mobility shift were ob-
served (Fig. 10). This identifies another divergence of the
EGFR and Nyk pathways and raises the possibility that MAPK
may not be the sole in vivo activator of p90rsk.
The lack of activation of SAPK kinase by Fms-Nyk. SAPK

(also called JNK) is a distant relative of the MAPK group that
is activated by dual phosphorylation at Thr and Tyr by a num-
ber of stress factors, including UV, tumor necrosis factor al-
pha, and anisomycin (9, 20, 38, 48, 78, 86). Recent studies have
shown that SAPK is activated by MEK kinase (MEKK) and
SEK, a pathway parallel to that of Raf-1 and MEK (57, 97). In
turn, the activated SAPK is responsible for the direct phos-
phorylation of c-Jun at the N-terminal Ser-63 and Ser-73,
thereby activating c-Jun (79). We compared the activations of
SAPK in Fms-Nyk.3T3 cells and EGFR.3T3 cells. SAPK ac-
tivity was assayed by immunoprecipitating SAPK first and then
performing a kinase reaction with a GST–c-Jun (N terminus)
fusion protein as the substrate (48). As shown in Fig. 11,
stimulation of Fms-Nyk.3T3 cells resulted in little or no acti-
vation of SAPK, while EGF activated SAPK significantly. Ani-
somycin is a strong inducer of SAPK activity (9) and serves as
a positive control here.
Summary of the Nyk-mediated signals. Figure 12 summa-

rizes the signal transduction pathways analyzed in this study.
As will be discussed further below, Nyk and EGFR have sev-
eral signaling pathways in common, but there are clear differ-
ences in the relative strengths and utilizations of substrates by
these two receptors.

DISCUSSION

The Ufo/Axl receptor tyrosine kinase family now has at least
three members with various names: Ufo/Axl/Ark/Tyro 7, Tyro
3/Sky/Rse/Brt/Tif, and Nyk/Mer/Eyk/Tyro 12 (18, 28, 31, 33,
41–43, 49, 50, 60, 67, 68, 74). They are characterized by a
common NCAM-like motif present in the extracellular do-

FIG. 10. p90rsk activation by Fms-Nyk. (A) NIH 3T3 (spotted bars), Fms-
Nyk.3T3 (shaded bars), and EGFR.3T3 (striped bars) cells were stimulated with
2,000 U of human CSF-1 per ml or 100 ng of EGF per ml for 10 min or left
unstimulated. p90rsk kinase activity was assessed by incubating the anti-p90rsk

kinase immunoprecipitates with [g-32P]ATP and substrate peptide RRLSSLRA.
The products of the reaction were spotted on phosphocellulose filters and
washed extensively. The radioactivity incorporated into the substrate was quan-
titated with a liquid scintillation counter. The standard error at each point is
indicated by a vertical bar (n 5 3). In most cases, the standard errors are too
small to be visualized. (B) Cells were stimulated as described for panel A. A
50-mg amount of total cell extracts was analyzed by SDS-PAGE and Western
blotted (wb) with anti-p90rsk antibody. The positions of the unphosphorylated
p90rsk kinase (p90rsk) and the phosphorylated, supershifted p90rsk kinase
(pp90rsk) are indicated.

FIG. 11. Lack of SAPK activation by Fms-Nyk. NIH 3T3, Fms-Nyk.3T3, and
EGFR.3T3 cells were stimulated with 2,000 U of human CSF-1 per ml or 100 ng
of EGF per ml for 10 min or left unstimulated. As a positive control, Fms-
Nyk.3T3 cells were incubated with 10 mg of anisomycin (aniso) per ml at 378C for
30 min. SAPK kinase activity was assessed by incubating the anti-SAPK immu-
noprecipitates with [g-32P]ATP and bacterially expressed GST–c-Jun (N termi-
nus) as a substrate. The products of the reaction were separated by SDS–10%
PAGE and exposed to X-ray film.

FIG. 12. Diagram of signal transduction pathways of Nyk compared with
those of EGFR. Thick arrows, strong activation; thin arrows, weak activation;
dotted arrows, activation undetectable.
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main, a single membrane-spanning domain, and a cytoplasmic
tyrosine kinase domain. The presence of an NCAM-like motif
suggests that this family of kinases may signal through direct
cell-cell contact. Evidence supporting such a view has been
obtained for Ark, the mouse homolog of Ufo/Axl (2). On the
other hand, recent studies by Stitt et al. (88) and by Varnum et
al. (93) revealed the existence of soluble ligands for Ufo/Axl
and Tyro 3/Sky, indicating that the regulation of Ufo/Axl fam-
ily receptors may be complex and depends on the environmen-
tal context. The ligand for Ufo/Axl is Gas6, and that for Tyro
3/Sky is protein S; both are regulated by vitamin K modifica-
tion (88, 93). The ligand for Nyk/Mer remains unidentified.
While the identification of ligands for this family of receptors
begins to shed light on the extracellular signaling process, little
is known about the intracellular signaling pathways. Several
studies have provided evidence for autophosphorylation of
these receptors (2, 62, 67, 91), but few delved into the charac-
terization of the downstream phosphorylation signals.
Chimeric constructs have often been used to study signal

transduction pathways for orphan receptors (21, 53–55, 80, 81).
While this approach may not provide a physiologically relevant
environment, the general fidelity of the intracellular signaling
is usually preserved. With Nyk, this approach offers special
advantages since it provides a clean picture of the intracellular
signaling without the complications due to cell-cell interaction
or a possible autocrine loop. The data presented here should
form a baseline for future understanding of how different ex-
tracellular signals may influence the intracellular activity of
Nyk. Our construct bears the extracellular domain of human
Fms and the transmembrane and intracellular domains of Nyk/
Mer. The extracellular domain of Fms carries IgG-like motifs,
but not fibronectin III-like motifs. Using human CSF-1 as a
ligand, we found that Fms-Nyk is a potent mitogen and induces
anchorage-independent growth in NIH 3T3 cells. These data
are consistent with eyk, the putative chicken homolog of nyk,
being originally identified as an oncogene of a sarcoma virus
(42, 43). v-Eyk, the viral Eyk with constitutively active kinase
activity, also assumes a chimeric form with the viral envelope
protein gp37 fused to the Eyk intracellular domain (43). The
fact that ufo/axl was also identified as an NIH 3T3-transform-
ing gene (41, 65) strongly suggests that this family of receptors
plays a critical role in mitogenic signaling.
To understand the signals engaged by Nyk, we examined the

effects of an activated Fms-Nyk chimera on a number of well-
recognized signaling intermediates using EGFR-induced sig-
nals as a reference point. In 3T3 cells, overexpression and
activation of EGFR (3) or Fms-Nyk (this study) (Fig. 3C)
result in anchorage-independent growth with similar cellular
morphologies in soft agar. Intracellularly, Nyk and EGFR me-
diate their respective signals through several common signaling
intermediates; however, distinctions have also been identified.
As summarized in Fig. 12, EGFR induces strong tyrosine phos-
phorylation of PLCg, Shc, GAP, and GAP-associated p62 and
p190 proteins but weak activation of PI3K. Indeed, the weak
activation of PI3K by EGFR was thought to occur via cross talk
with the ErbB3 receptor (87). By contrast, Nyk does not induce
phosphorylation of GAP and GAP-associated p62 and p190
proteins but is a potent activator of PI3K. The ability of Nyk to
activate PI3K may be related to the presence of a PI3K SH2-
binding consensus sequence (YMXM) (34, 37) encompassing
amino acids 830 to 833 of Nyk. The activation of PI3K by Nyk
is further supported by the heightened activity of p70 S6 ki-
nase, a serine/threonine kinase believed to be downstream
from PI3K (15). Rapamycin treatment abolishes Nyk-activated
p70 S6 kinase activity, attesting to the specificity of the assay
(72, 90). These data suggest that the PI3K pathway may play a

more significant role in Nyk-induced than in EGFR-induced
mitogenic signals.
Aside from PI3K, PLCg and Shc are also immediate sub-

strates for Nyk. The Shc/Grb2/MAPK pathway is induced by
Nyk with a potency similar to that of EGFR. In cells treated
with EGF or other ligands, the activated MAPK subsequently
induces the activation of another serine/threonine kinase,
p90rsk, which translocates into the nucleus to activate SRF and
hence activates c-fos transcription (12, 14, 75, 89). Here, Nyk’s
response again diverges from that of EGFR such that p90rsk is
not significantly activated by Nyk, despite the high level of
activated MAPK. This suggests that either Nyk activates a
phosphatase that rapidly down-modulates p90rsk or the phos-
phorylation of p90rsk in vivo involves activation of additional
factors absent in a Nyk-induced state.
The MAPK family has now been extended to include SAPK

and p38 MAPK (10, 19, 35). SAPK is likely to be the enzyme
responsible for the activation of c-Jun (20, 79). Recently, Yan
et al. have shown that SAPK is activated principally by a num-
ber of stress-related factors via the MEKK/SEK pathway (97).
In some cell types SAPK is also activated by EGF or TPA (65,
78). Our data show that SAPK is not a target of Nyk activation.
The lack of SAPK activation and the weak activation of p90rsk

are consistent with our findings that the Jun/Fos or AP-1 ac-
tivity is not strongly induced by Nyk (data not shown). These
observations reveal that Jun/Fos activation may not be a uni-
versal indicator of cell growth.
In summary, this report attempts to delineate the intracel-

lular signaling process of Nyk/Mer. Nyk/Mer induces the phos-
phorylation and activation of PLCg, PI3K/p70 S6 kinase, and
Shc/Grb2/MAPK pathways, but not SAPK and GAP. Nyk is
mitogenic and induces anchorage-independent transformation
of the rodent cell line NIH 3T3. Our data provide a framework
to understand the detailed mechanisms by which the Nyk/Mer
receptor tyrosine kinase family transmits mitogenic signals.

ACKNOWLEDGMENTS

We express sincere gratitude to Don Fujita for sharing the PI3K
assay protocol and Dennis Templeton for generously providing the
GST–c-Jun (N terminus) plasmid and reading the manuscript. We
thank Charles Sherr and Martine Roussel for providing the CSF-
1R.3T3 cell line, which we used as a control to determine the number
of Fms-Nyk receptors per cell. We also thank Keith Everiss for critical
reading of the manuscript and helpful comments.
This work was supported by NIH grants CA39207, CA57179, and

CA60171.

REFERENCES
1. Anderson, D., C. A. Koch, L. Grey, C. Ellis, M. F. Moran, and T. Pawson.
1990. Binding of SH2 domains of phospholipase C gamma 1, GAP, and Src
to activated growth factor receptors. Science 250:979–982.

2. Bellosta, P., M. Costa, D. A. Lin, and C. Basilico. 1995. The receptor tyrosine
kinase ARK mediates cell aggregation by homophilic binding. Mol. Cell.
Biol. 15:614–625.

3. Bjorge, J. D., T. O. Chan, M. Antczak, H. J. Kung, and D. J. Fujita. 1990.
Activated type I phosphatidylinositol kinase is associated with the epidermal
growth factor (EGF) receptor following EGF stimulation. Proc. Natl. Acad.
Sci. USA 87:3816–3820.

4. Blenis, J. 1993. Signal transduction via the MAP kinases: proceed at your
own RSK. Proc. Natl. Acad. Sci. USA 90:5889–5892.

5. Blenis, J., and R. L. Erikson. 1985. Regulation of a ribosomal protein S6
kinase activity by the Rous sarcoma virus transforming protein, serum, or
phorbol ester. Proc. Natl. Acad. Sci. USA 82:7621–7625.

6. Blochlinger, K., and H. Diggelmann. 1984. Hygromycin B phosphotransfer-
ase as a selectable marker for DNA transfer experiments with higher euca-
ryotic cells. Mol. Cell. Biol. 4:2929–2931.

7. Bouton, A. H., S. B. Kanner, R. R. Vines, H. C. Wang, J. B. Gibbs, and J. T.
Parsons. 1991. Transformation by pp60src or stimulation of cells with epi-
dermal growth factor induces the stable association of tyrosine-phosphory-
lated cellular proteins with GTPase-activating protein. Mol. Cell. Biol. 11:
945–953.

6590 LING AND KUNG MOL. CELL. BIOL.



8. Campbell, J. S., R. Seger, J. D. Graves, L. M. Graves, A. M. Jensen, and
E. G. Krebs. 1995. The MAP kinase cascade. Recent Prog. Horm. Res.
50:131–159.

9. Cano, E., C. A. Hazzalin, and L. C. Mahadevan. 1994. Anisomycin-activated
protein kinases p45 and p55 but not mitogen-activated protein kinases
ERK-1 and -2 are implicated in the induction of c-fos and c-jun. Mol. Cell.
Biol. 14:7352–7362.

10. Cano, E., and L. C. Mahadevan. 1995. Parallel signal processing among
mammalian MAPKs. Trends Biochem. Sci. 20:117–122.

11. Carpenter, C. L., and L. C. Cantley. 1990. Phosphoinositide kinases. Bio-
chemistry 29:11147–11156.

12. Chen, R. H., C. Abate, and J. Blenis. 1993. Phosphorylation of the c-Fos
transrepression domain by mitogen-activated protein kinase and 90-kDa
ribosomal S6 kinase. Proc. Natl. Acad. Sci. USA 90:10952–10956.

13. Chen, R. H., J. Chung, and J. Blenis. 1991. Regulation of pp90rsk phos-
phorylation and S6 phosphotransferase activity in Swiss 3T3 cells by growth
factor-, phorbol ester-, and cyclic AMP-mediated signal transduction. Mol.
Cell. Biol. 11:1861–1867.

14. Chen, R. H., C. Sarnecki, and J. Blenis. 1992. Nuclear localization and
regulation of erk- and rsk-encoded protein kinases. Mol. Cell. Biol. 12:915–
927.

15. Chung, J., T. C. Grammer, K. P. Lemon, A. Kazlauskas, and J. Blenis. 1994.
PDGF- and insulin-dependent pp70S6k activation mediated by phosphati-
dylinositol-3-OH kinase. Nature (London) 370:71–75.

16. Coughlin, S. R., J. A. Escobedo, and L. T. Williams. 1989. Role of phospha-
tidylinositol kinase in PDGF receptor signal transduction. Science 243:1191–
1194.

17. Coussens, L., B. C. Van, D. Smith, E. Chen, R. L. Mitchell, C. M. Isacke,
I. M. Verma, and A. Ullrich. 1986. Structural alteration of viral homologue
of receptor proto-oncogene fms at carboxyl terminus. Nature (London)
320:277–280.

18. Dai, W., H. Pan, H. Hassanain, S. L. Gupta, and M. J. Murphy. 1994.
Molecular cloning of a novel receptor tyrosine kinase, tif, highly expressed in
human ovary and testis. Oncogene 9:975–979.

19. Davis, R. J. 1994. MAPKs: new JNK expands the group. Trends Biochem.
Sci. 19:470–473.

20. Derijard, B., M. Hibi, I. H. Wu, T. Barrett, B. Su, T. Deng, M. Karin, and
R. J. Davis. 1994. JNK1: a protein kinase stimulated by UV light and Ha-Ras
that binds and phosphorylates the c-Jun activation domain. Cell 76:1025–
1037.

21. Di, F. P., O. Segatto, W. G. Taylor, S. A. Aaronson, and J. H. Pierce. 1990.
EGF receptor and erbB-2 tyrosine kinase domains confer cell specificity for
mitogenic signaling. Science 248:79–83.

22. Downing, J. R., B. L. Margolis, A. Zilberstein, R. A. Ashmun, A. Ullrich, C. J.
Sherr, and J. Schlessinger. 1989. Phospholipase C-gamma, a substrate for
PDGF receptor kinase, is not phosphorylated on tyrosine during the mito-
genic response to CSF-1. EMBO J. 8:3345–3350.

23. Downward, J. 1994. The GRB2/Sem-5 adaptor protein. FEBS Lett. 338:113–
117.

24. Egan, S. E., B. W. Giddings, M. W. Brooks, L. Buday, A. M. Sizeland, and
R. A. Weinberg. 1993. Association of Sos Ras exchange protein with Grb2 is
implicated in tyrosine kinase signal transduction and transformation. Nature
(London) 363:45–51.

25. Eldar, F. H., R. Seger, J. R. Vandenheede, and E. G. Krebs. 1995. Inactiva-
tion of glycogen synthase kinase-3 by epidermal growth factor is mediated by
mitogen-activated protein kinase/p90 ribosomal protein S6 kinase signaling
pathway in NIH/3T3 cells. J. Biol. Chem. 270:987–990.

26. Ellis, C., M. Moran, F. McCormick, and T. Pawson. 1990. Phosphorylation
of GAP and GAP-associated proteins by transforming and mitogenic ty-
rosine kinases. Nature (London) 343:377–381.

27. Fantl, W. J., D. E. Johnson, and L. T. Williams. 1993. Signalling by receptor
tyrosine kinases. Annu. Rev. Biochem. 62:453–481.

28. Faust, M., C. Ebensperger, A. S. Schulz, L. Schleithoff, H. Hameister, C. R.
Bartram, and J. W. Janssen. 1992. The murine ufo receptor: molecular
cloning, chromosomal localization and in situ expression analysis. Oncogene
7:1287–1293.

29. Fazioli, F., U. H. Kim, S. G. Rhee, C. J. Molloy, O. Segatto, and P. P. Di
Fiore. 1991. The erbB-2 mitogenic signaling pathway: tyrosine phosphoryla-
tion of phospholipase C-gamma and GTPase-activating protein does not
correlate with erbB-2 mitogenic potency. Mol. Cell. Biol. 11:2040–2048.

30. Fingar, D. C., and M. J. Birnbaum. 1994. Characterization of the mitogen-
activated protein kinase/90-kilodalton ribosomal protein S6 kinase signaling
pathway in 3T3-L1 adipocytes and its role in insulin-stimulated glucose
transport. Endocrinology 134:728–735.

31. Fujimoto, J., and T. Yamamoto. 1994. brt, a mouse gene encoding a novel
receptor-type protein-tyrosine kinase, is preferentially expressed in the
brain. Oncogene 9:693–698.

32. Gille, H., M. Kortenjann, O. Thomae, C. Moomaw, C. Slaughter, M. H.
Cobb, and P. E. Shaw. 1995. ERK phosphorylation potentiates Elk-1-medi-
ated ternary complex formation and transactivation. EMBO J. 14:951–962.

33. Graham, D. K., T. L. Dawson, D. L. Mullaney, H. R. Snodgrass, and H. S.
Earp. 1994. Cloning and mRNA expression analysis of a novel human pro-

tooncogene, c-mer. Cell Growth Differ. 5:647–657.
34. Haefner, B., R. Baxter, V. J. Fincham, C. P. Downes, and M. C. Frame. 1995.

Cooperation of Src homology domains in the regulated binding of phospha-
tidylinositol 3-kinase. A role for the Src homology 2 domain. J. Biol. Chem.
270:7937–7943.

35. Han, J., B. Richter, Z. Li, V. Kravchenko, and R. J. Ulevitch. 1995. Molec-
ular cloning of human p38 MAP kinase. Biochim. Biophys. Acta 1265:224–
227.

36. Heldin, C. H. 1995. Dimerization of cell surface receptors in signal trans-
duction. Cell 80:213–223.

37. Herbst, J. J., G. Andrews, L. Contillo, L. Lamphere, J. Gardner, G. E.
Lienhard, and E. M. Gibbs. 1994. Potent activation of phosphatidylinositol
39-kinase by simple phosphotyrosine peptides derived from insulin receptor
substrate 1 containing two YMXM motifs for binding SH2 domains. Bio-
chemistry 33:9376–9381.

38. Hibi, M., A. Lin, T. Smeal, A. Minden, and M. Karin. 1993. Identification of
an oncoprotein- and UV-responsive protein kinase that binds and potenti-
ates the c-Jun activation domain. Genes Dev. 7:2135–2148.

39. Hiles, I. D., M. Otsu, S. Volinia, M. J. Fry, I. Gout, R. Dhand, G. Panayotou,
L. F. Ruiz, A. Thompson, N. F. Totty, et al. 1992. Phosphatidylinositol
3-kinase: structure and expression of the 110 kd catalytic subunit. Cell 70:
419–429.

40. Janknecht, R., W. H. Ernst, V. Pingoud, and A. Nordheim. 1993. Activation
of ternary complex factor Elk-1 by MAP kinases. EMBO J. 12:5097–5104.

41. Janssen, J. W., A. S. Schulz, A. C. Steenvoorden, M. Schmidberger, S. Strehl,
P. F. Ambros, and C. R. Bartram. 1991. A novel putative tyrosine kinase
receptor with oncogenic potential. Oncogene 6:2113–2120.

42. Jia, R., and H. Hanafusa. 1994. The proto-oncogene of v-eyk (v-ryk) is a
novel receptor-type protein tyrosine kinase with extracellular Ig/GN-III do-
mains. J. Biol. Chem. 269:1839–1844.

43. Jia, R., B. J. Mayer, T. Hanafusa, and H. Hanafusa. 1992. A novel oncogene,
v-ryk, encoding a truncated receptor tyrosine kinase is transduced into the
RPL30 virus without loss of viral sequences. J. Virol. 66:5975–5987.

44. Kazlauskas, A. 1994. Receptor tyrosine kinases and their targets. Curr. Opin.
Genet. Dev. 4:5–14.

45. Kharbanda, S., A. Saleem, T. Shafman, Y. Emoto, R. Weichselbaum, and D.
Kufe. 1994. Activation of the pp90rsk and mitogen-activated serine/threo-
nine protein kinases by ionizing radiation. Proc. Natl. Acad. Sci. USA 91:
5416–5420.

46. Kozma, S. C., and G. Thomas. 1994. p70s6k/p85s6k: mechanism of activation
and role in mitogenesis. Semin. Cancer Biol. 5:255–260.

47. Kriegler, M., C. F. Perez, C. Hardy, and M. Botchan. 1984. Transformation
mediated by the SV40 T antigens: separation of the overlapping SV40 early
genes with a retroviral vector. Cell 38:483–491.

48. Kyriakis, J. M., P. Banerjee, E. Nikolakaki, T. Dai, E. A. Rubie, M. F.
Ahmad, J. Avruch, and J. R. Woodgett. 1994. The stress-activated protein
kinase subfamily of c-Jun kinases. Nature (London) 369:156–160.

49. Lai, C., M. Gore, and G. Lemke. 1994. Structure, expression, and activity of
Tyro 3, a neural adhesion-related receptor tyrosine kinase. Oncogene
9:2567–2578.

50. Lai, C., and G. Lemke. 1991. An extended family of protein-tyrosine kinase
genes differentially expressed in the vertebrate nervous system. Neuron
6:691–704.

51. Lange, C. C., and G. L. Johnson. 1994. Ras-dependent growth factor regu-
lation of MEK kinase in PC12 cells. Science 265:1458–1461.

52. Lange, C. C., C. M. Pleiman, A. M. Gardner, K. J. Blumer, and G. L.
Johnson. 1993. A divergence in the MAP kinase regulatory network defined
by MEK kinase and Raf. Science 260:315–319.

53. Lee, J., T. J. Dull, I. Lax, J. Schlessinger, and A. Ullrich. 1989. HER2
cytoplasmic domain generates normal mitogenic and transforming signals in
a chimeric receptor. EMBO J. 8:167–173.

54. Lehvaslaiho, H., L. Lehtola, L. Sistonen, and K. Alitalo. 1989. A chimeric
EGF-R-neu proto-oncogene allows EGF to regulate neu tyrosine kinase and
cell transformation. EMBO J. 8:159–166.

55. Lev, S., Y. Yarden, and D. Givol. 1990. Receptor functions and ligand-
dependent transforming potential of a chimeric kit proto-oncogene. Mol.
Cell. Biol. 10:6064–6068.

56. Li, N., A. Batzer, R. Daly, V. Yajnik, E. Skolnik, P. Chardin, S. D. Bar, B.
Margolis, and J. Schlessinger. 1993. Guanine-nucleotide-releasing factor
hSos1 binds to Grb2 and links receptor tyrosine kinases to Ras signalling.
Nature (London) 363:85–88.

57. Lin, A., A. Minden, H. Martinetto, F. X. Claret, C. C. Lange, F. Mercurio,
G. L. Johnson, and M. Karin. 1995. Identification of a dual specificity kinase
that activates the Jun kinases and p38-Mpk2. Science 268:286–290.

58. Macdonald, S. G., C. M. Crews, L. Wu, J. Driller, R. Clark, R. L. Erikson,
and F. McCormick. 1993. Reconstitution of the Raf-1-MEK-ERK signal
transduction pathway in vitro. Mol. Cell. Biol. 13:6615–6620.

59. Margolis, B., S. G. Rhee, S. Felder, M. Mervic, R. Lyall, A. Levitzki, A.
Ullrich, A. Zilberstein, and J. Schlessinger. 1989. EGF induces tyrosine
phosphorylation of phospholipase C-II: a potential mechanism for EGF
receptor signaling. Cell 57:1101–1107.

60. Mark, M. R., D. T. Scadden, Z. Wang, Q. Gu, A. Goddard, and P. J.

VOL. 15, 1995 SIGNAL TRANSDUCTION BY Nyk RECEPTOR TYROSINE KINASE 6591



Godowski. 1994. rse, a novel receptor-type tyrosine kinase with homology to
Axl/Ufo, is expressed at high levels in the brain. J. Biol. Chem. 269:10720–
10728.

61. Marshall, C. J. 1995. Specificity of receptor tyrosine kinase signaling: tran-
sient versus sustained extracellular signal-regulated kinase activation. Cell
80:179–185.

62. McCloskey, P., J. Pierce, R. A. Koski, B. Varnum, and E. T. Liu. 1994.
Activation of the Axl receptor tyrosine kinase induces mitogenesis and trans-
formation in 32D cells. Cell Growth Differ. 5:1105–1117.

63. McCormick, F. 1994. Activators and effectors of ras p21 proteins. Curr.
Opin. Genet. Dev. 4:71–76.

64. McGlade, J., A. Cheng, G. Pelicci, P. G. Pelicci, and T. Pawson. 1992. Shc
proteins are phosphorylated and regulated by the v-Src and v-Fps protein-
tyrosine kinases. Proc. Natl. Acad. Sci. USA 89:8869–8873.

65. Minden, A., A. Lin, T. Smeal, B. Derijard, M. Cobb, R. Davis, and M. Karin.
1994. c-Jun N-terminal phosphorylation correlates with activation of the
JNK subgroup but not the ERK subgroup of mitogen-activated protein
kinases. Mol. Cell. Biol. 14:6683–6688.

66. Morrison, D. K., D. R. Kaplan, S. G. Rhee, and L. T. Williams. 1990.
Platelet-derived growth factor (PDGF)-dependent association of phospho-
lipase C-gamma with the PDGF receptor signaling complex. Mol. Cell. Biol.
10:2359–2366.

67. O’Bryan, J. P., R. A. Frye, P. C. Cogswell, A. Neubauer, B. Kitch, C. Prokop,
R. Espinosa III, B. M. Le, H. S. Earp, and E. T. Liu. 1991. axl, a transforming
gene isolated from primary human myeloid leukemia cells, encodes a novel
receptor tyrosine kinase. Mol. Cell. Biol. 11:5016–5031.

68. Ohashi, K., K. Mizuno, K. Kuma, T. Miyata, and T. Nakamura. 1994.
Cloning of the cDNA for a novel receptor tyrosine kinase, Sky, predomi-
nantly expressed in brain. Oncogene 9:699–705.

69. Pawson, T., P. Olivier, A. M. Rozakis, J. McGlade, and M. Henkemeyer.
1993. Proteins with SH2 and SH3 domains couple receptor tyrosine kinases
to intracellular signalling pathways. Philos. Trans. R. Soc. Lond. B 340:279–
285.

70. Pelech, S. L., B. B. Olwin, and E. G. Krebs. 1986. Fibroblast growth factor
treatment of Swiss 3T3 cells activates a subunit S6 kinase that phosphorylates
a synthetic peptide substrate. Proc. Natl. Acad. Sci. USA 83:5968–5972.

71. Pelicci, G., L. Lanfrancone, F. Grignani, J. McGlade, F. Cavallo, G. Forni,
I. Nicoletti, F. Grignani, T. Pawson, and P. G. Pelicci. 1992. A novel trans-
forming protein (SHC) with an SH2 domain is implicated in mitogenic signal
transduction. Cell 70:93–104.

72. Price, D. J., J. R. Grove, V. Calvo, J. Avruch, and B. E. Bierer. 1992.
Rapamycin-induced inhibition of the 70-kilodalton S6 protein kinase. Sci-
ence 257:973–977.

73. Raffioni, S., and R. A. Bradshaw. 1992. Activation of phosphatidylinositol
3-kinase by epidermal growth factor, basic fibroblast growth factor, and
nerve growth factor in PC12 pheochromocytoma cells. Proc. Natl. Acad. Sci.
USA 89:9121–9125.

74. Rescigno, J., A. Mansukhani, and C. Basilico. 1991. A putative receptor
tyrosine kinase with unique structural topology. Oncogene 6:1909–1913.

75. Rivera, V. M., C. K. Miranti, R. P. Misra, D. D. Ginty, R. H. Chen, J. Blenis,
and M. E. Greenberg. 1993. A growth factor-induced kinase phosphorylates
the serum response factor at a site that regulates its DNA-binding activity.
Mol. Cell. Biol. 13:6260–6273.

76. Rossomando, A., J. Wu, M. J. Weber, and T. W. Sturgill. 1992. The phorbol
ester-dependent activator of the mitogen-activated protein kinase p42mapk
is a kinase with specificity for the threonine and tyrosine regulatory sites.
Proc. Natl. Acad. Sci. USA 89:5221–5225.

77. Ruderman, N. B., R. Kapeller, M. F. White, and L. C. Cantley. 1990. Acti-
vation of phosphatidylinositol 3-kinase by insulin. Proc. Natl. Acad. Sci. USA
87:1411–1415.

78. Sachsenmaier, C., P. A. Radler, R. Zinck, A. Nordheim, P. Herrlich, and
H. J. Rahmsdorf. 1994. Involvement of growth factor receptors in the mam-
malian UVC response. Cell 78:963–972.

79. Sanchez, I., R. T. Hughes, B. J. Mayer, K. Yee, J. R. Woodgett, J. Avruch,
J. M. Kyriakis, and L. I. Zon. 1994. Role of SAPK/ERK kinase-1 in the
stress-activated pathway regulating transcription factor c-Jun. Nature (Lon-
don) 372:794–798.

80. Santoro, M., W. T. Wong, P. Aroca, E. Santos, B. Matoskova, M. Grieco, A.
Fusco, and P. P. di Fiore. 1994. An epidermal growth factor receptor/ret
chimera generates mitogenic and transforming signals: evidence for a ret-
specific signaling pathway. Mol. Cell. Biol. 14:663–675.

81. Seedorf, K., S. Felder, B. Millauer, J. Schlessinger, and A. Ullrich. 1991.
Analysis of platelet-derived growth factor receptor domain function using a
novel chimeric receptor approach. J. Biol. Chem. 266:12424–12431.

82. Seger, R., N. G. Ahn, T. G. Boulton, G. D. Yancopoulos, N. Panayotatos, E.
Radziejewska, L. Ericsson, R. L. Bratlien, M. H. Cobb, and E. G. Krebs.
1991. Microtubule-associated protein 2 kinases, ERK1 and ERK2, undergo
autophosphorylation on both tyrosine and threonine residues: implications
for their mechanism of activation. Proc. Natl. Acad. Sci. USA 88:6142–6146.

83. Settleman, J., V. Narasimhan, L. C. Foster, and R. A. Weinberg. 1992.
Molecular cloning of cDNAs encoding the GAP-associated protein p190:
implications for a signaling pathway from ras to the nucleus. Cell 69:539–549.

84. Sherr, C. J. 1990. Colony-stimulating factor-1 receptor. Blood 75:1–12.
85. Shibuya, H., M. Yoneyama, T. J. Ninomiya, K. Matsumoto, and T. Tanigu-

chi. 1992. IL-2 and EGF receptors stimulate the hematopoietic cell cycle via
different signaling pathways: demonstration of a novel role for c-myc. Cell
70:57–67.

86. Sluss, H. K., T. Barrett, B. Derijard, and R. J. Davis. 1994. Signal transduc-
tion by tumor necrosis factor mediated by JNK protein kinases. Mol. Cell.
Biol. 14:8376–8384.

87. Soltoff, S. P., K. L. Carraway III, S. A. Prigent, W. G. Gullick, and L. C.
Cantley. 1994. ErbB3 is involved in activation of phosphatidylinositol 3-ki-
nase by epidermal growth factor. Mol. Cell. Biol. 14:3550–3558.

88. Stitt, T. N., G. Conn, M. Gore, C. Lai, J. Bruno, C. Radziejewski, K. Mattson,
J. Fisher, D. R. Gies, P. F. Jones, et al. 1995. The anticoagulation factor
protein S and its relative, Gas6, are ligands for the Tyro 3/Axl family of
receptor tyrosine kinases. Cell 80:661–670.

89. Sturgill, T. W., L. B. Ray, E. Erikson, and J. L. Maller. 1988. Insulin-
stimulated MAP-2 kinase phosphorylates and activates ribosomal protein S6
kinase II. Nature (London) 334:715–718.

90. Terada, N., J. J. Lucas, A. Szepesi, R. A. Franklin, K. Takase, and E. W.
Gelfand. 1992. Rapamycin inhibits the phosphorylation of p70 S6 kinase in
IL-2 and mitogen-activated human T cells. Biochem. Biophys. Res. Com-
mun. 186:1315–1321.

91. Toshima, J., K. Ohashi, S. Iwashita, and K. Mizuno. 1995. Autophosphor-
ylation activity and association with Src family kinase of Sky receptor ty-
rosine kinase. Biochem. Biophys. Res. Commun. 209:656–663.

92. Treisman, R. 1994. Ternary complex factors: growth factor regulated tran-
scriptional activators. Curr. Opin. Genet. Dev. 4:96–101.

93. Varnum, B. C., C. Young, G. Elliott, A. Garcia, T. D. Bartley, Y. W. Fridell,
R. W. Hunt, G. Trail, C. Clogston, R. J. Toso, et al. 1995. Axl receptor
tyrosine kinase stimulated by the vitamin K-dependent protein encoded by
growth-arrest-specific gene 6. Nature (London) 373:623–626.

94. Varticovski, L., B. Druker, D. Morrison, L. Cantley, and T. Roberts. 1989.
The colony stimulating factor-1 receptor associates with and activates phos-
phatidylinositol-3 kinase. Nature (London) 342:699–702.

95. Wahl, M. I., T. O. Daniel, and G. Carpenter. 1988. Antiphosphotyrosine
recovery of phospholipase C activity after EGF treatment of A-431 cells.
Science 241:968–970.

96. Wong, G., O. Muller, R. Clark, L. Conroy, M. F. Moran, P. Polakis, and F.
McCormick. 1992. Molecular cloning and nucleic acid binding properties of
the GAP-associated tyrosine phosphoprotein p62. Cell 69:551–558.

97. Yan, M., T. Dai, J. C. Deak, J. M. Kyriakis, L. I. Zon, J. R. Woodgett, and
D. J. Templeton. 1994. Activation of stress-activated protein kinase by
MEKK1 phosphorylation of its activator SEK1. Nature (London) 372:798–
800.

6592 LING AND KUNG MOL. CELL. BIOL.


