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The extracellular region of the nerve growth factor (NGF) receptor, TrkA, contains two immunoglobulin
(Ig)-like domains that are required for specific ligand binding. We have investigated the possible role of these
two Ig-like domains in receptor dimerization and activation by using different mutants of the TrkA extracel-
lular region. Deletions of each Ig-like domain, of both, and of the entire extracellular region were made. To
probe the structural constraints on ligand-independent receptor dimerization, chimeric receptors were gen-
erated by swapping the Ig-like domains of the TrkA receptor for the third or fourth Ig-like domain of c-Kit. We
also introduced single-amino-acid changes in conserved residues within the Ig-like domains of TrkA. Most of
these TrkA variants did not bind NGF, and their expression in PC12nnr5 cells, which lack endogenous TrkA,
promoted ligand-independent neurite outgrowth. Some TrkA mutant receptors induced malignant transfor-
mation of Rat-1 cells, as assessed by measuring proliferation in the absence of serum, anchorage-independent
growth, and tumorigenesis in nude mice. These mutants exhibited constitutive phosphorylation and sponta-
neous dimerization consistent with their biological activities. Our data suggest that spontaneous dimerization
of TrkA occurs when the structure of the Ig-like domains is altered, implying that the intact domains inhibit

receptor dimerization in the absence of NGF.

trkA is the prototype of a family of genes which also includes
trkB and trkC, encoding tyrosine kinase receptors for the neu-
rotrophins of the nerve growth factor (NGF) family. Thus,
NGF is the preferred ligand for TrkA, brain-derived neurotro-
phic factor and NT4/NT5 are ligands for TrkB, and NT3 is the
only known ligand for TrkC (2). Neurotrophins are responsible
for the survival, differentiation, and maintenance of specific
populations of neurons in the developing and adult nervous
system (7). NGF-triggered TrkA signaling is required for the
survival of sensory and sympathetic neurons. In human neuro-
blastomas, expression of kA is a good prognostic marker,
suggesting that lack of k4 expression contributes to malig-
nancy; perhaps because it results in the loss of signaling path-
ways important for growth arrest and/or differentiation of the
neural crest-derived cells from which these tumors originate
(4). On the other hand, in some tumors an autocrine loop,
NGF-TrkA, is responsible for tumor progression, as is the case
in prostatic carcinoma, in which tumor growth can be blocked
by TrkA kinase inhibitors (8). Consequently, TrkA gain-of-
function mutations can result in oncogenesis (9, 10).

The extracellular region of TrkA is characterized by a num-
ber of distinct structural motifs (22). The amino-terminal se-
quence consists of three tandem leucine repeats (LRM)
flanked by two cysteine clusters. Following the cysteine-rich
region there are two immunoglobulin (Ig)-like C2 type do-
mains which contribute significantly to NGF binding (14, 24,
33). As for other receptor tyrosine kinases, ligand-induced
homodimerization and conformational changes of TrkA have
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been proposed as mechanisms for activation of its intrinsic
tyrosine kinase activity, followed by transphosphorylation of
the two receptor molecules present in the dimer (16).

trkA was originally isolated from a human colon carcinoma
as a transforming oncogene activated by a somatic rearrange-
ment that fused a nonmuscle tropomyosin gene with the
receptor tyrosine kinase-encoding trkA gene (19, 20). Similar
mechanisms are responsible for the malignant activation of
trkA in a significant fraction of papillary thyroid carcinomas (9,
10). Different oncogenic forms of #k4 have been also identi-
fied by transformation of NIH 3T3 cells in culture (6). Among
them, one had a partial deletion of the sequences encoding the
second Ig-like domain (#k-5 oncogene), and another was mu-
tated in a conserved cysteine residue within the second Ig-like
domain. The rest of the oncogenic forms lacked the sequences
encoding the extracellular and transmembrane domains (6).
The mechanisms by which these receptors are activated by
ligand-independent modes are unknown. The existence of
TrkA oncoproteins lacking the transmembrane domain in-
dicated that this region is not required for the activation of
the tyrosine kinase domain (2). However, exchanging the
TrkA transmembrane domain with the corresponding region
of other receptors, such as that for tumor necrosis factor
receptor 2, yields nonfunctional receptors (5), suggesting that
the transmembrane region of TrkA might be required to prop-
erly transduce the signals leading to receptor dimerization and
autophosphorylation.

In an attempt to determine the mechanisms that regulate
TrkA activation and to investigate how the Ig-like domains are
involved in TrkA dimerization, we have studied the differen-
tiating and oncogenic potential of several deletion and chi-
meric TrkA mutants, as well as those of some single-amino-
acid mutations in conserved TrkA residues considered crucial
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to maintain the structure of the Ig-like domains. Our results
indicate that the Ig-like domains of TrkA serve not only to bind
NGF but also, in the absence of ligand, to inhibit dimerization.

MATERIALS AND METHODS

Generation of trkA mutants. DNA manipulations were carried out by estab-
lished protocols (1, 27). Escherichia coli DH5a was used as the host for propa-
gation of plasmids. Strains CJ236 and MV1190 were used for in vitro mutagen-
esis. Base substitutions were introduced according to the Muta-gene in vitro
mutagenesis kit protocol (Bio-Rad).

Deletion of each of the Ig-like domains was facilitated by introducing appro-
priate restriction sites. Using as a template the rat t7kA cDNA with unique sites
reported in a previous work (24), we introduced an Sphl site at the codons for
amino acids V284 and S285, which mark the end of the first Ig-like domain. The
first Ig domain was eliminated by cutting with Sphl and religating the vector,
creating mutant TrkA-Algl. In a similar way, introducing an Xhol site at the
codon for residue P390 allowed us to easily eliminate the second Ig-like domain
in TrkA (TrkA-AlIg2), or both domains when the Xhol site was introduced into
TrkA-Algl and then the second domain was eliminated, generating the TrkA-
Algl,2 mutant. The entire extracellular domain was eliminated while maintaining
the signal peptide by introducing an Mlul site at the codon for residue C36,
cutting with this enzyme, and religating afterwards. Restriction sites were intro-
duced by using oligonucleotide 5' C CAA GTC AGC GCATGC TTC CCA GC
3’ to generate TrkA-Algl, 5 GAG TTC AAC CTCGAG GAC CCC 3’ for
TrkA-Alg2, and 5" TGC GCC GCA TCC ACGCGT GAG GTC 3’ to generate
TrkA-AECD. All the chimeric receptors were constructed by PCR amplification
of the c-Kit domains using primers with the appropriate restriction sites to allow
exchange with the corresponding TrkA domains. The oligonucleotides used
were: T-KIT4.1 forward, 5" ACA ACC TTG GCATGC GTA GAA AAA GGA
TTC 3'; T-KIT4.1 backward, 5' CAC GAG CCT CTCGAG AGT CAG GAT
TTC TGG 3'; T-KIT4.2 forward, 5" AAG AAC ACT CTCGAG TTT GTA ACC
GAT GGA G 3'; T-KIT4.2 backward, 5 CGT CAG CTCGAG TGG TTT TGT
GTT CAC GTA 3'; T-KIT3.2 forward, 5' AGT CAC CTCGAG AAG AAA
GGG GAC ACA 3'; and T-KIT3.2 backward, 5" AGT GTT CTCGAG AGG
GGA AGA TGT TGA TGA 3'.

To introduce single-amino-acid changes in the extracellular domain of TrkA,
c¢DNA clones encoding single domains were used as the template. Once mutated
and sequenced, they were used to replace the corresponding domains in the
full-length wild-type rat trk4 cDNA clone with unique sites, described previously
(24). The mutagenic oligonucleotide primers, extending 10 bases on each side of
the mismatch, were 5" GAG GTG AGA AGC CAG GTG GA 3’ (L92V and
LI95V), 5" C GTC TCC TTC GCA GCC AGT GTG 3’ (P287A), 5" GAA GGG
ATG GGA CCA GTG ATG 3’ (€C302S), 5" CG CAG GGA CGC TGC TGG
CTG C 3" (P313A), 5" GCC GTT GAA GAA GAA GCG CAG GGA 3’
(W317A),5" CC GTT GAA GAA CGC GCG CAG GGA CGG 3’ (W317F), and
5" CGG CAT GGC TCC CTT CGC CTC 3" (C3485).

Cell culture and transfections. The human embryonic epithelial kidney
HEK293 and Rat-1 fibroblast cell lines were plated onto plastic tissue culture
dishes in Dulbecco’s modified Eagle’s medium (DMEM) (Bio-Whittaker, Ver-
viers, Belgium) supplemented with 10% heat-inactivated fetal calf serum, 2 mM
L-glutamine, penicillin (50 U/ml), and streptomycin (50 pg/ml) (Bio-Whittaker).
The rat adrenal pheochromocytoma PCl2nnr5 cell line (11) was plated in
DMEM supplemented with 6% heat-inactivated horse serum, 6% heat-inacti-
vated fetal calf serum, penicillin (50 U/ml), streptomycin (50 w.g/ml), and 2 mM
L-glutamine. Cells were incubated at 37°C in a 95% air-5% CO, atmosphere.

Plasmid DNA (15 ng) was transiently transfected into PC12nnr5 or HEK293
cells (5 x 10° cells/plate) following the calcium phosphate method, as described
(27). Plasmid CMV-lacZ (3 wg), which contains the lacZ gene under the control
of the cytomegalovirus (CMV) enhancer-promoter, was cotransfected and used
as an internal control to normalize for transfection efficiency. For PC12nnr5 cell
transfection, the DNA precipitate was left on the cells for 14 to 16 h before the
glycerol shock was applied. #rk4 mutant constructs were stably transfected either
in HEK293 cells, for biochemical studies, or in Rat-1 fibroblasts, for proliferation
studies. Clones were selected with G418 (0.5 mg/ml) and analyzed for TrkA
expression by immunoprecipitation and immunoblotting as described below.

Immunoprecipitation and immunoblot analysis. Cells were lysed in a buffer
containing 137 mM NaCl, 20 mM Tris-HCI (pH 8), 10% glycerol, 1% NP-40, 2
mM EDTA, and protease inhibitors (0.15 U of aprotinin per ml, 20 pM leupep-
tin, and 1 mM phenylmethylsulfonyl fluoride) at 4°C for 20 min. Immunopre-
cipitation was performed for 3 h at 4°C using 2 mg of total protein extract and the
anti-203 pan-Trk antiserum (20) (1:1,000 dilution). After several washes, immu-
noprecipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by Western blot with the pan-Trk antiserum
(1:5,000) and horseradish peroxidase (HRP)-conjugated anti-rabbit Ig. Reactive
protein bands were visualized by enhanced chemiluminescence detection (Am-
ersham Corp.).

Constitutive phosphorylation of the mutant receptors was assayed by immu-
noprecipitation with the pan-Trk antiserum followed by Western blot using the
monoclonal antiphosphotyrosine antibody 4G10 (1:40 dilution of the hybridoma
culture supernatant).
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Dimerization assay. Spontaneous or NGF-induced dimerization of TrkA re-
ceptors was assayed by introducing two different epitopes in some of the receptor
variants. Two hemagglutinin (HA) epitopes were introduced between amino
acids 43 and 70, just after the signal peptide of the molecule. The sequence
encoding the Myc epitope was introduced at the Miul site previously engineered
into the rat #rkA cDNA, after the second Ig-like domain (24).

Wild-type or mutant receptors carrying either two HA or Myc epitopes were
cotransfected into HEK293 cells. At 36 h after transfection, dimerization of the
receptors was analyzed by immunoprecipitation using the 12CAS5 anti-HA anti-
body, followed by Western blotting with the 9E10 anti-Myc antibody (a generous
gift from G. Evan).

[*H]thymidine incorporation. Cells were seeded in 24-well plates at a density
of 2 X 10* cells/well and incubated for 2 days in DMEM with 10% calf serum.
Cells were starved for 22 h in medium with 0.2% serum and then treated with
either NGF (100 ng/ml) or 10% calf serum or left in 0.2% serum for 12 h. At that
time [*H]thymidine was added (0.5 p.Ci/ml), and incubation was continued for
another 4 h at 37°C. Cells were washed with phosphate-buffered saline (PBS)
containing 1 mM CaCl, and 0.5 mM MgCl,, precipitated with 10% trichloro-
acetic acid, and resuspended in 0.1 ml of 0.2 N NaOH. The solution was neu-
tralized by adding 0.1 ml of 0.2 N HCIL. The amount of [*H]thymidine incorpo-
rated was quantitated by liquid scintillation counting.

Soft agar colony formation. Rat-1 cell lines expressing mutant receptors were
resuspended at a concentration of 10° cells in 2 ml of DMEM with 10% fetal calf
serum and 0.5% agar at 45°C and overlaid onto plates containing 4 ml of
solidified DMEM supplemented with 10% fetal calf serum and 1% agar. Plates
were kept at 4°C for 5 min and incubated at 37°C for 21 days. Twice per week the
cells were fed with 0.5 ml of DMEM plus 10% fetal calf serum.

Tumorigenesis in athymic nude mice. Different Rat-1 cell lines expressing the
mutant receptors were injected subcutaneously at 10* cells/mouse into 6-week-
old female athymic Swiss nu/nu mice (two sites per mouse). Animals were housed
under sterile conditions in a germ-free protected unit and fed ad libitum. Tumor
growth was assessed weekly by caliper measurement of the tumor in three
dimensions. When xenografts reached a mean diameter of 6 mm, the cell lines
were scored as tumorigenic. Three mice were used for each cell line.

NGF binding studies. Mouse submaxillary NGF (2.5S) was obtained from
Harlan Scientific and radioiodinated by lactoperoxidase treatment as described
previously (13). The specific activity ranged from 3,000 to 3,500 cpm/fmol. The
['2I]NGF was used within 2 weeks of labeling. No proteolysis was detected by
SDS-PAGE. ['*’I|NGF binding assays were performed in HEK293-derived cell
lines expressing TrkA mutant receptors, and the dissociation constants (K,;) were
determined by Scatchard plot analysis, as described (18, 24).

RESULTS

Generation of mutant and chimeric TrkA receptors. Like
other receptor tyrosine kinases, TrkA undergoes dimerization
and activation upon ligand binding. Thus, in the absence of
NGF, some domains of the receptor, perhaps the same ones
responsible for ligand binding, must be impeding its spontane-
ous dimerization at the cell surface. To investigate the contri-
bution of the different domains within the extracellular region
of TrkA to receptor function, each of the two Ig-like domains
was individually deleted. Deletions of both Ig domains and of
the entire extracellular domain (ECD) were also made (Fig.
1A).

Since deletions of entire domains could alter the structure of
the whole receptor, making it difficult to interpret their func-
tional importance, we made some TrkA/c-Kit chimeric recep-
tors (Fig. 1B) in which either of the two Ig-like domains of
TrkA were replaced by the fourth Ig-like domain of the c-Kit
receptor, which is involved in dimerization (3). As a control, we
also made a chimeric receptor replacing the second Ig-like
domain of TrkA with the third Ig domain of c-Kit, which is
required for ligand binding but does not promote dimerization.
['*I]NGF binding experiments demonstrated that neither the
deletion nor the chimeric TrkA mutants were capable of bind-
ing to the ligand (data not shown).

Ligand-independent neurite formation by TrkA mutants in
PC12nnr5 cells. Ligand-activated TrkA promotes differentia-
tion of the PC12 rat pheochromocytoma cell line. Addition of
NGEF to these cells causes them to stop proliferating and to
acquire neurites in 2 to 3 days. We have used the PC12nnr5
mutant cell line, which does not express endogenous TrkA, to
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FIG. 1. Schematic representation of TrkA mutant receptors. (A) Mutants
generated by deleting the Ig-like domains or the entire extracellular region. (B)
TrkA/c-Kit chimeric receptors. TM, transmembrane domain; TK, tyrosine-ki-
nase domain.

study the ability of TrkA mutants to induce differentiation in
the absence of NGF.

Plasmids encoding mutant receptors were cotransfected with
a plasmid carrying the lacZ gene. Three days after transfection,
the percentage of transfected cells (3-galactosidase positive)
bearing neurites at least twice the length of their cell bodies
was scored in a blind fashion. Wild-type TrkA induced neurite
formation in 7% of the transfected cells in the absence of NGF
and in 60 to 70% of them when NGF was added to the me-
dium. Surprisingly, the frk-5 oncogene induced ligand-indepen-
dent neurite formation in only 38 to 40% of the transfected
cells. The values obtained with the different mutant receptors
were normalized to those obtained with the frk-5 oncogene,
which was set at 100%, and are shown in Fig. 2. Deletion of the
first Ig-like domain caused a slight but significant increase in
neurite outgrowth in the absence of NGF. However, deletions
including the second Ig domain (TrkA-AIg2, TrkA-Algl,2, and
TrkA-AECD) were considerably more active in this assay.
These results suggest that the second Ig-like domain of TrkA
plays a major role in preventing spontaneous dimerization of
the receptor. Interestingly, receptors lacking the entire ECD
were less active than those lacking only the Ig domains, sug-
gesting a positive role for other sequences within the ECD in
neurite outgrowth. It appears that deleting the two Ig-like
domains eliminated a dimerization block and stimulated the
differentiation activity of the receptor, whereas further dele-
tions of the ECD reduce this activity. The activity of TrkA/c-
Kit chimeric receptors confirmed the inhibitory role of the
Ig-like domains of TrkA; thus, substitution of the first or sec-
ond Ig domains of TrkA with an Ig-like domain that favors
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dimerization, such as the fourth domain of c-Kit (3), yielded a
very active receptor, capable of strong ligand-independent dif-
ferentiation activity. Again, replacing the second Ig-like do-
main of TrkA with the fourth Ig domain of c-Kit was more
activating than replacing the first Ig domain. By contrast, re-
placing the second Ig-like domain of TrkA with the third Ig-
like domain of the c-Kit receptor did not cause spontaneous
differentiation activity (Fig. 2).

Dimerization of TrkA mutant receptors in the absence of
NGF. Dimerization is considered the mechanism responsible
for initiating the activation of TrkA (16, 36). To determine
whether the mutant receptors were capable of spontaneous
dimerization, we tagged some of these mutants with either HA
or Myc epitopes (Fig. 3A) and analyzed if they coimmunopre-
cipitated after transient cotransfection into HEK293 cells. Re-
ceptors were immunoprecipitated with anti-HA antibodies and
detected by Western blotting using the 9E10 anti-Myc anti-
body. As a positive control, we cotransfected TrkA-HA and
TrkA-Myc into HEK293 cells and treated them with NGF (100
ng/ml) for 5 min before lysis and immunoprecipitation. Neither
the HA nor the Myc epitopes altered the affinity of wild-type
TrkA for NGF (data not shown). The results obtained with
wild-type TrkA and the deletion mutants TrkA-Algl, TrkA-
Alg2, and TrkA-Algl,2 are shown in Fig. 3B. Anti-Myc immu-
noblot analysis of the anti-HA immunoprecipitates showed
the presence of Myc-tagged TrkA proteins in the HA-TrkA
immunoprecipitates of NGF-treated cells and in the HA-
TrkA-Algl, HA-TrkA-Alg2, and HA-TrkA-Algl,2 immuno-
precipitates in the absence of NGF. Therefore, significant
spontaneous receptor dimerization occurs in those cells.

By contrast, Myc-TrkA could not be visualized in the an-
ti-HA immunoprecipitates of wild-type HA-TrkA in the ab-
sence of NGF, whereas immunoblot of the immunoprecipi-
tates with anti-203 (Fig. 3B, bottom panel) revealed that the
level of receptor immunoprecipitated was very similar in all the
samples. Additionally, whole-extract immunoblot analysis with
either anti-203, anti-Myc, or anti-HA antibodies of all the
transfected cells (Fig. 3C) showed that the level of expression
was similar for all the receptors. These data demonstrated
spontaneous dimerization of those receptor mutants that were
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FIG. 2. Ligand-independent neurite formation in PC12nnr5 cells transfected
with TrkA mutant receptors. Neurite outgrowth was quantified 3 days after
transfection by assessing the percentage of B-galactosidase-positive cells bearing
neurites at least twice the length of their cell bodies. Results were normalized to
the trk-5 oncogene response (set at 100%). Values were calculated from at least
five independent experiments. Means and standard deviations (SD) are shown.
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FIG. 3. Ligand-independent dimerization of TrkA deletion mutants. (A) Schematic representation of HA- and Myc-tagged wild-type TrkA receptors. These
epitopes were introduced in the same position within the different TrkA mutants. (B) Dimerization analysis in HEK293 cells transiently transfected with the following
pairs of expression vectors: HA-TrkA and Myc-TrkA; HA-TrkA-Algl and Myc-TrkA-Algl; HA-TrkA-AlIg2 and Myc-TrkA-Alg2; and HA-TrkA-Algl,2 and Myc-
TrkA-Algl,2. As a positive control, we used HA-TrkA- and Myc-TrkA-transfected cells treated with NGF (100 ng/ml) for 5 min. Two days after transfection, cells were
lysed and immunoprecipitations (IP) were performed using the 12CAS5 anti-HA antibody. Western blot was done with either 9E10 anti-Myc antibody (upper panel)
or anti-203 pan-Trk antiserum (bottom panel). (C) Western blot of whole-cell extracts (40 pg of total protein) done with either 203 antiserum, 9E10, or 12CAS.
Immunoreactive protein bands were detected by chemiluminescence. Sizes are shown in kilodaltons.

capable of stimulating neurite outgrowth in the absence of
NGF.

Ligand-independent phosphorylation of TrkA mutant. To
confirm that the activated receptors were capable of sponta-
neous autophosphorylation, expression vectors for the wild-
type and mutant receptors were transiently transfected into
HEK?293 cells. Two days after transfection, cells were lysed and
extracts were analyzed by Western blot using the antiphospho-
tyrosine monoclonal antibody 4G10. As shown in Fig. 4 (upper
panel), constitutive phosphorylation was observed for the
TrkA deletion mutants except TrkA-Algl and for the chimeric
mutants except T-Kit 3.2, which behaved like wild-type TrkA.
These results were consistent with ligand-independent differ-
entiating activity of the receptors, suggesting that this activity
was due to their constitutive tyrosine autophosphorylation.

Proliferative potential of Rat-1 cell lines expressing TrkA
mutants. Wild-type and mutant trk4 cDNAs were stably trans-
fected in Rat-1 cells. Selected G418-resistant cell lines were
isolated and analyzed for receptor expression by immunopre-
cipitation and Western blot using the 203 pan-Trk antiserum.
A series of cell lines were used for further studies (Fig. SA and
B). To analyze the proliferative and oncogenic potentials of the
TrkA mutants, we measured the rate of DNA synthesis as
[*H]thymidine incorporation after serum starvation and the
ability to grow in soft agar of Rat-1-derived cell lines express-
ing those mutant receptors. These experiments were also per-
formed in the absence of NGF, since none of the deletion or
chimeric receptors was capable of binding the ligand; there-

fore, we were analyzing the constitutive (i.e., ligand indepen-
dent) activity of these receptor variants.

The amount of [*H]thymidine incorporated was normalized
to the incorporation reached by each clone in the presence of
10% serum. The results were expressed as percentage of the
incorporation measured in cells expressing the #k-5 oncogene,
which was set at 100% (Fig. 5C). All the mutants with deletions
affecting the second Ig-like domain (TrkA-AIg2, TrkA-Algl,2,
and TrkA-AECD) stimulated cell proliferation to a level sim-
ilar to that of the k-5 oncogene, suggesting that the second Ig
domain is required to prevent constitutive activation of the
wild-type receptor. Deletion of the first Ig-like domain alone,
TrkA-Algl, did not have much proliferative effect (Fig. 5C).

Interestingly, receptors lacking the entire ECD were as pro-
liferative as those lacking the second Ig domain, whereas they
were not as active in the neuritogenesis assay. It appears that
sequences in the ECD outside the Ig domains are required for
full differentiating activity, but not for proliferation.

Cells expressing the chimeric T-Kit3.2 mutant receptor did
not incorporate [°H]thymidine at levels above those of cells
expressing wild-type TrkA. In contrast, cells expressing the
T-Kit4.1 or T-Kit4.2 chimeric receptor, which contain the c-Kit
dimerization domain, showed increased [*H]thymidine incor-
poration, indicating that those cells proliferate in the absence
of serum. It seems that the fourth Ig-like dimerization domain
of c-Kit has the opposite effect to that of the third Ig-like
domain, which is a ligand-binding domain.

To further characterize the transforming ability of the dif-
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FIG. 4. Tyrosine phosphorylation of TrkA mutant receptors in the absence
of NGF. Expression vectors for the different mutants were transiently transfected
into HEK293 cells. Two days after transfection, cells were lysed, and 50 pg of
total protein extract was analyzed by Western blot using either 4G10 antiphos-
photyrosine antibody (upper panel) or anti-203 pan-Trk antiserum (bottom pan-
el). Sizes are shown in kilodaltons. Arrows indicate positions of the TrkA mutant
receptors.

ferent TrkA variants, we tested the ability of the Rat-1-derived
lines to grow in soft agar. Cells (10%) were cultured in soft agar
for 21 days, and the number of growing colonies was scored as
described in Materials and Methods. Data were normalized to
the number of colonies formed by cells expressing the #rk-5
oncogene (set at 100%), and the results obtained are shown in
Fig. 6. Once more, cells expressing the TrkA-Algl mutant,
carrying a deletion of the first Ig-like domain alone, were only
slightly transforming (15% of the level with trk-5). Cells ex-
pressing the chimeric T-Kit3.2 mutant did not form any colo-
nies. By contrast, cells expressing either mutants with dele-
tions that include the second Ig-like domain or the T-Kit4.1 or
T-Kit4.2 chimeric receptor induced a strong transforming ac-
tivity, equivalent to or higher than that induced by #k-5. The
results of the soft agar growth assay correlated well with those
obtained in the thymidine incorporation assay and with the
ability of the mutant receptors to undergo ligand-independent
tyrosine phosphorylation (not shown).

In vivo tumorigenesis of TrkA mutant receptors. We also
assessed the ability of the different Rat-1 cell lines expressing
TrkA mutant receptors to form tumors when injected into
nude mice. Cells were injected subcutaneously, and animals
were examined twice per week for tumor formation. A sum-
mary of the results is presented in Table 1. Neither normal
Rat-1 cells nor cells expressing wild-type TrkA formed tumors.
In contrast, all cells expressing deletion mutants formed pro-
gressively growing tumors, although there were differences in
their aggressiveness. Thus, TrkA-Algl tumors developed very
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late (latency, 22 days), whereas TrkA-Alg2 and TrkA-Algl,2
were extremely aggressive. Cells expressing the chimeric T-Kit3.2
mutant did not form tumors, whereas cells expressing either
the T-Kit4.1 or T-Kit4.2 chimeric receptor caused tumors that
were considerably more aggressive in the case of cells express-
ing T-Kit4.2. Overall, the tumorigenicity data correlated with
those of the proliferation and soft agar growth assays and
definitively demonstrated that altering the structure of the
Ig-like domains leads to the constitutive, oncogenic activation
of the TrkA receptor.

Specific point mutations in the second Ig-like domain can
cause spontaneous activation of TrkA. From the results de-
scribed above, it appears that the second Ig-like domain of
TrkA plays a critical role in preventing spontaneous activation
of the receptor. This is consistent with an important role of this
domain in NGF binding. To gain insights on the role of specific
residues within this domain, we generated several single-ami-
no-acid mutations, aiming at altering its Ig-like structure.
These mutations affected amino acids that are conserved in all
members of the Trk family of receptors and that are consid-
ered important for maintaining the structure of the Ig-C2 type
domains (29). Specifically, the cysteine residues that form the
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FIG. 5. (A and B) Expression of mutant TrkA receptors in stably transfected
Rat-1 cell lines. Immunoprecipitation and Western blot were performed on total
cell extracts (2 mg of protein) using the 203 pan-Trk antiserum and HRP-labeled
secondary anti-rabbit Ig antibody. Sizes are shown in kilodaltons. (C) [*H]thy-
midine incorporation by serum-starved Rat-1 cell lines stably expressing mutant
TrkA receptors in the absence of NGF. Values are the means from at least five
experiments performed with two independent clones of each mutant. Data are
normalized to the [*H]thymidine incorporated by the cells in the presence of
serum and expressed as a percentage of the incorporation measured in cells
expressing the k-5 oncogene (100%). Means and SD are shown.
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TRKA-Alg1
96 (15)

TRKA-AECD
73+4 (128)

TRKA-Alg2
7213 (126)

TRKA-Ag1,2
7615 (133)

T-KIT 4.2
8818 (154)

T-KIT 4.1
4046 (70)

T-KIT 3.2
0 (0)

FIG. 6. Soft agar colony formation of Rat-1 cell lines expressing mutant
TrkA receptors. Colonies were counted after 21 days in culture. Values are the
means from at least five experiments performed with two independent clones of
each mutant. The percentage of the foci formed by the #k-5-expressing clones
(set at 100%) is shown in parentheses for each receptor.

disulfide bridge (C302 and C348) were changed to serines,
and the conserved P313 and W317 residues were changed to
alanines (Fig. 7A). A tryptophan residue, separated approxi-
mately 15 amino acids from the first cysteine, is conserved in
80% of the Ig-C2 type domains, whereas P313 is conserved in
only 30% of the Ig-C2 domains (29) but is present in all Trk
receptors.

We also mutated residue P287, located at the beginning of
the second Ig-like domain. Proline residues are present at the
beginning of 30% of the Ig-like domains (29). As a control, we
generated the L92V LI95V double mutation that disrupts the
first leucine repeat. This domain of the TrkA receptor is not
required for ligand binding (24, 33).

TABLE 1. Tumor formation in nude mice caused by Rat-1 cells
stably expressing mutant TrkA receptors

Receptor No. of mice 'with tumors/ Latency
no. of mice tested (days)

TrkA 0/3

Trk-5 3/3 11
TrkA-Algl 3/3 22
TrkA-AIg2 3/3 14
TrkA-Algl,2 3/3 16
TrkA-AECD 2/3 24
T-Kit3.2 0/3

T-Kit4.1 3/3 22
T-Kit4.2 3/3 14
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FIG. 7. (A) Schematic representation of point mutations affecting individual
amino acid residues within the extracellular region of TrkA. (B) Expression and
ligand-independent phosphorylation of mutant TrkA receptors in stably trans-
fected Rat-1 cell lines. Immunoprecipitation (IP) was performed on total cell
extracts (2 mg of protein) using the anti-203 pan-Trk antiserum, followed by
Western blot with either anti-203 antiserum (upper panel) or 4G10 antiphos-
photyrosine monoclonal antibody (lower panel). Expression of TrkA in PC-12
cells (2 mg of protein) is shown for comparison. Sizes are shown in kilodaltons.
(C) [*H]thymidine incorporation by Rat-1 cell lines stably expressing mutant
TrkA receptors in the absence of serum. Values are the means from at least five
experiments performed with two independent clones of each mutant. Data are
normalized relative to the [H]thymidine incorporated by the cells in the pres-
ence of serum and expressed as a percentage of the incorporation measured in
cells expressing the #rk-5 oncogene (100%). Means and SD are shown.

We analyzed whether those mutations affected NGF binding
to the receptor, since that could correlate with the alteration of
the domain structure and the capacity to activate the receptor.
Equilibrium [***I]NGF binding assays were performed using
HEK?293-derived clones, and the dissociation constants (K,,),
calculated from Scatchard analysis, are shown in Table 2. As
expected, the double mutation L92V L95V, altering the first
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TABLE 2. ['®I|NGF binding to HEK293 cells stably
expressing TrkA mutant receptors”

Receptor Binding” Mean K, (nM) = SEM
TrkA +++ 0.9 +0.1
L92V L9s5V +++ 1.0 = 0.1
P287A +++ 12+0.1
C302S NB NB
P313A +++ 1.0=0.2
W317A + 25+03
W317F ++ 17202
C348S +++ 0.7 £0.1

“ Cells were washed and resuspended in PBS with bovine serum albumin and
glucose at a concentration of 2 X 10° cells/ml. Binding under equilibrium con-
ditions was carried out with different ['*I]NGF concentrations for 2 h at 1°C.
The values were calculated from triplicate determinations. Nonspecific ligand
binding, which was determined in the presence of a 100-fold excess of unlabeled
NGF, was subtracted from the total amount of cell-bound NGF.

> 4+++, 80 to 100% TrkA binding; + +, 40 to 80% TrkA binding; +, 20 to 40%
TrkA binding; NB, no binding.

leucine repeat, did not affect NGF binding. The mutation
P287A, in the region between the two Ig-like domains, did not
affect NGF binding either. Interestingly, mutations affecting
amino acids within the Ig-like domain had different effects;
mutation C302S completely abolished binding; by contrast,
mutation C348S had no effect on NGF binding. According to
the crystal structure of the NGF-bound domain (36), these two
cysteines form a noncanonical disulfide bridge on the surface
of the Ig domain, contributing to some hydrophobic interac-
tions between residues 16 of NGF and V294 and L.333 of TrkA.
Our results suggest that C302 is important to maintain that
interaction, whereas C348 and the disulfide bridge are not.

Mutations W317A and W317F decreased NGF binding
(K4 2.5 % 1072 and 1.7 X 10~° M, respectively), whereas the
P313A mutation had no effect. According to the published
crystal structure (36), these residues are not in contact with the
NGF, but the tryptophan residue seems to be required to keep
the Ig-like structure that allows NGF binding.

Stable Rat-1-derived cell lines expressing low levels of the
single-amino-acid mutant receptors were generated, and the
phosphorylation state of those receptors was assessed in
the absence of NGF (Fig. 7B).

These cell lines displayed variable [*H]thymidine incorpora-
tion and proliferation responses (Fig. 7C). As expected, cells
expressing the L92V L95V mutant did not show any [*H]thy-
midine incorporation in the absence of serum or NGF. Cells
expressing the P287A mutant were highly proliferative. All the
mutations in the second Ig-like domain stimulated prolifera-
tion except P313A and C348S, with the W317A mutant incor-
porating even more [*H]thymidine than the #k-5 oncogene
mutant. This tryptophan residue seems to be required to main-
tain the Ig-like structure that appears to be necessary to block
spontaneous activation; thus, the more conservative W317F
mutation induced considerably less proliferation than W317A.

The number of colonies formed in soft agar by cell lines
expressing single-amino-acid mutant receptors and the in vivo
tumorigenicity of those cells are shown in Table 3. Cells ex-
pressing the L92V L95V double mutant did not grow in soft
agar or form tumors in nude mice. The P287A mutant was high-
ly transforming. As for the mutants within the second Ig-like
domain, C302S and W317A were transforming, whereas P313A,
C348S, and the conservative mutant W317F hardly formed any
colonies in soft agar and cells expressing the C348S mutant
were only mildly tumorigenic in nude mice.

In summary, the results obtained with the single-amino-acid
TrkA variants were consistent with those obtained with the
deletion and chimeric mutant receptors and indicated that the
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second Ig domain plays a critical role in preventing spontane-
ous receptor activation and that the Ig-like structure is re-
quired for that role.

DISCUSSION

Uncontrolled cell proliferation has commonly been associ-
ated with deregulated activity of oncogenes. Receptor tyrosine
kinases, like many other signaling proteins, can function as
oncoproteins. Upon ligand binding, wild-type receptor tyrosine
kinases undergo dimerization or conformational changes or
both (12, 15, 30), and those changes lead to the activation of
the intrinsic protein tyrosine kinase activity that causes the
trans-autophosphorylation of the receptor and the phosphory-
lation of other substrates.

Constitutive, ligand-independent activation of a tyrosine ki-
nase receptor can occur by different mechanisms. In the pres-
ent study, we have used a series of mutations in the extra-
cellular region of TrkA in order to gain insights into the
molecular basis of the activation of this receptor. In particular
we have evaluated the hypothesis that the two Ig-like ligand-
binding domains might be involved in blocking receptor ho-
modimerization in the absence of ligand. To achieve this we
have engineered several types of mutations and analyzed
these TrkA mutant receptors in different functional assays.
PC12nnr5 neurite outgrowth allowed us to analyze the ability
of mutant receptors to induce differentiation in a neural envi-
ronment, whereas their transforming potential was assessed by
analyzing [*H]thymidine incorporation, soft agar growth, and
in vivo tumorigenesis of Rat-1-derived cell lines expressing
TrkA mutants. The results obtained from these different assays
gave a consistent picture: elimination of the first or second
Ig-like domain leads to oncogenic activation of the receptor.
This suggests a role for both Ig-like domains in the stabilization
of the monomeric form of the receptor, perhaps through re-
pulsion that can be negated by ligand binding. The activation
caused by deletion of the first Ig-like domain was weak in all
the assays compared to that caused by deleting the second
domain. The second Ig-like domain appears to be more critical
in preventing spontaneous receptor dimerization, and this cor-
relates with the more important role played by this domain in
NGF binding (24, 33, 34, 36). In platelet-derived growth factor
receptors, Ig-like domains 1 to 3 participate in ligand binding;
however, only deletion of the Ig-like domain 3 caused onco-
genic activation (32).

TABLE 3. Soft agar colony growth and tumor formation in nude
mice caused by Rat-1 cells stably expressing mutant TrkA receptors

Mean no. of foci/

3 No. of mice with tumors/ Latenc
Receptor l((()% C;fllzoitrscﬁ)li‘d no. of mice tested (days)y

TrkA 0 (0) 0/3
Trk-5 57 = 4 (100) 3/3 11
L92V L95V 0 (0) 0/3
P287A 40 = 8 (70) 3/3 11
C302S 24 + 4 (42) 2/3 24
P313A 4+3(7) ND ND
W317A 45 £5(79) 3/3 18
W317F 6 *=2(11) ND ND
C348S 6£2(11) 3/3 32

“ Colonies were counted after 21 days in culture. Values are the means = SD
from at least five experiments performed with two independent clones of each
mutant. Data normalized to the number of colonies formed by the trk-5-express-
ing clones (100%) are shown in parentheses. For tumor formation, 2 X 10* cells
were injected per animal. ND, not determined.
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Chimeric receptors between TrkA and c-Kit demonstrated
that dimerization could also be achieved by retaining the Ig-
like structure but exchanging the TrkA Ig-like domains for a
c-Kit domain responsible for dimerization. It has been postu-
lated that in c-Kit (stem cell factor receptor), the fourth Ig-like
domain favors receptor dimerization once the ligand is bound
to Ig-like domains 1 to 3 (3, 23). Substitution of the second Ig
domain of TrkA with the third Ig domain of c-Kit (T-Kit3.2)
did not cause spontaneous activation, whereas its substitution
with the fourth c-Kit domain (T-Kit4.2) renders the receptor
highly oncogenic in the absence of NGF. The weaker activa-
tion of T-Kit4.1 than of T-Kit4.2 indicated again that the sec-
ond Ig-like domain of TrkA provides a stronger barrier to
spontaneous dimerization.

Our results showed similar but not identical requirements
for cell transformation in fibroblasts and for differentiation in
PC12 cells. Mutants lacking the entire ECD of TrkA were less
active in neuritogenesis than mutants lacking only the Ig-like
domains. This suggests that there are sequences in the ECD,
perhaps the LRM, which play a positive role in differentiation.
Consistent with this model, deleting the two Ig-like domains
eliminated a dimerization block and stimulated the differenti-
ation activity of the receptor, whereas further deletions of the
ECD reduced this activity. This effect was not observed in
proliferation assays, where deletion of the entire ECD had the
same activating effect as the deletion of Ig domains 1 and 2. It
appears that there are sequences in the ECD, outside the Ig
domains, that play a positive role in differentiation activity but
are not required to stimulate cell proliferation or transforma-
tion. Some observations suggest that the LRM leucine repeats
may be responsible for this effect. Thus, mutant L92V LI5SV
exhibits reduced ligand-induced neuritogenesis compared to
the wild-type receptor in spite of having the same affinity for
NGF (not shown). This is also consistent with the results re-
ported previously (17).

The biological activities of the single-amino-acid mutants
within the second Ig domain of TrkA corroborated the results
obtained with the deletion and chimeric receptors and added
information on the role of specific residues within this domain.
The importance of W317 has been unveiled. The different
activities of mutants C302S and C348S are difficult to interpret,
since these residues form a disulfide bridge in the external part
of the domain that is different from that found in canonical Ig
domains (31, 36). Some activating mutations in the fibroblast
growth factor receptor (FGFR) family result in the loss of a
cysteine residue that disrupts disulfide bond formation be-
tween the two highly conserved cysteines of the third Ig-like
domain (22). These mutations give rise to an unpaired cysteine
residue that may form an intermolecular disulfide bond (26).
The fact that mutation C302S in TrkA is considerably more
activating than C348S could be explained by invoking a similar
mechanism by which the first cysteine would be capable of
forming intermolecular disulfide bonds more easily than C348.
However, the double mutation C302S C348S is also activating
(data not shown). This fact, together with the crystal structure
of the NGF-bound domain, suggests that the unusual disulfide
bridge formed by these two cysteine residues, in the external
face of the domain, is not necessary to maintain the structure
of the domain and that residue C302 is required to bind NGF
and to keep the monomeric form of the receptor in the absence
of ligand, whereas C348S is not.

It is intriguing that the point mutation P287A, affecting a
proline conserved only in some Ig-like domains that allows
binding of NGF with an affinity similar to that of the wild type
receptor, can also induce ligand-independent TrkA-mediated
transformation in Rat-1 fibroblasts. A mechanism other than
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alteration of the Ig-like structure must be responsible for the
spontaneous dimerization of this mutant receptor. Some of the
activating mutations in the colony stimulating factor-1 (CSF-1)
receptor fall near the fourth Ig-like domain (35), and these
mutant receptors are able to bind and respond to macrophage
CSF M-CSF. Similarly, the only mutation identified in the
human FGFRI1 is a P252R substitution in the linker region
between Ig-II and Ig-IIT domains that is associated with the
Pfeiffer syndrome (21). Interestingly, this mutant receptor
seems to bind slightly more radiolabeled FGF than the wild-
type receptor (22). An analogous mutation has been identified
in FGFR2 in individuals with Apert syndrome (37). Recent
crystallization of the FGFR2 Ig-II and Ig-III domains bound to
FGF?2 has shown that the linker region between domains is
important for the structure of the receptor (25). Only the
second Ig-like domain of TrkA, bound to NGF, has been
crystalized (36); therefore, the effect of mutations within
this region cannot be interpreted.

In addition to ligand-receptor contacts, direct receptor-
receptor interactions might contribute to dimerization. Our
results indicate that the equilibrium between attractive and
repulsive forces that is necessary to block TrkA receptor
dimerization in the absence of ligand is achieved through
the two Ig-like ligand-binding domains. As we have discussed
above, indications exist pointing to a role of the extracellular
domain in positively regulating TrkA receptor activity, since
truncation of the entire ectodomain resulted in an activated
receptor that was, however, less biologically active than other
mutant receptors in its ability to stimulate neurite outgrowth.

In summary, the data presented here indicate that the ECD
of TrkA exerts multiple regulatory effects on the intracellular
catalytic domain by mechanisms involving ligand-induced di-
merization and also by inhibiting spontaneous receptor dimer-
ization and phosphorylation.
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