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Human Melanoma TrkC: Its Association With
a Purine-Analog-Sensitive Kinase Activity
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Abstract The variousmembers of the Trk tyrosine kinase family and p75 neurotrophin receptor (p75NTR) have been
identified as signaling receptors for the structurally relatedmembers of the neurotrophins (NT) family.We have previously
reported that NT treatment of murine and human brain-metastatic melanoma cells affects their invasive capacities and
increases the production of extracellular-matrix degradative enzymes. These cells express aberrant levels of functional
p75NTR and TrkC, the putative high-affinity receptor for the neurotrophin NT-3. Here we demonstrate that, by using
sensitive immune-complex kinase assays in human brain-metastatic (70W) melanoma cells, TrkC receptors associate
with a kinase activity exhibiting a dose-dependent susceptibility to inhibition by the purine-analogs 6-thioguanine and
2-aminopurine. The activity of this purine-analog-sensitive kinase (PASK) was induced by NT-3 in a time-dependent
fashion, phosphorylating exogenousmyelin basic protein (MBP) but not denatured enolase. It is similar to the one reported
to relate with p75NTR and TrkA receptors and stimulated by the prototypic NT, nerve growth factor. Thus, PASKs may
represent unique signaling components common to NT receptors that could engage joint downstream signaling effectors
in brain-metastatic melanoma. J. Cell. Biochem. 88: 865–872, 2003. � 2003 Wiley-Liss, Inc.
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Melanoma frequency is growing at a faster
rate than any other human malignancy. The
brain is often a primary target of melanoma
metastasis, brain-metastatic melanoma being
of biological and clinical relevance. However,
mechanisms responsible for malignant mela-
noma progression to highly aggressive brain-
metastatic disease are not completely under-
stood [Herlyn et al., 1990; Marchetti, 2002a].
Of the phenotypic changes that occur during
melanoma development, differences in the pro-
duction of various autocrine growth factors
and in the expression of receptors for paracrine

growth factors are important [Albino et al.,
1991]. Brain-metastatic murine and human
melanoma cells respond to select members of a
family of neurotrophic factors called the neuro-
trophins (NT) [Marchetti et al., 1993, 1996;
Marchetti, 2002a]. Mammalian NT include
nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT-3),
and neurotrophin-4/5 (NT-4/5) [Chao and
Bothwell, 2002]. NT can bind not only to the
low-affinity p75neurotrophin receptor (p75NTR)
[Benedetti et al., 1993; Chao and Bothwell,
2002] but also to the high-affinity NTR repre-
sented by the Trk family of tyrosine kinase
receptors: mainly, NGF binds TrkA, BDNF
interacts with TrkB while TrkC is the putative
receptor for NT-3 [Barbacid, 1991; Kaplan and
Miller, 2000; Chao and Bothwell, 2002]. Like
other tyrosine kinase receptors, NTR are invol-
ved in a sequence of events that includes ligand
binding leading to receptor dimer formation,
transactivation resulting in tyrosine phosphor-
ylation, and activation of serine/threonine
phosphorylation cascades [Berg et al., 1991;
Batistatou et al., 1992; Bibel and Barde, 2000;
Kaplan and Miller, 2000].
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Malignant melanoma cells express p75NTR in
direct relation to theirmalignancy and ability to
metastasize to the brain [Herrmann et al., 1993;
Marchetti et al., 1993, 1995; Marchetti, 2002a]
within regions that synthesize and respond to
NT [Marchetti et al., 1995]. We have found that
NT affect invasive processes in brain-metastatic
(murine B16B15b and human 70W variants)
melanoma cells and the production of extracellu-
lar matrix-degrading enzymes, notably hepar-
anase [Marchetti et al., 1993, 1996; Marchetti,
2002a,b]. Of relevance, human brain-meta-
static 70W cells display a highly aggressive
pattern of in vivo experimental metastases: a
unique model, it is the first example of human
melanoma capable of brain metastasis forma-
tionwhen injected intravenously into nudemice
[Ishikawa et al., 1988]. As such, target organ
site colonization by 70W cells is similar to the
clinical presentation of humanmelanomameta-
stasis in advanced disease stages.

We have shown that p75NTR is overexpres-
sed in 70W cells, resulting in NGF binding to
these cells and NGF-stimulated extracellular
matrix invasion and heparanase production
[Herrmann et al., 1993; Marchetti et al., 1993].
Importantly, these effects have been found to
be mediated by functionally active p75NTR in
absence of high-affinity TrkA NGF receptors
[Herrmann et al., 1993; Marchetti et al., 1993].
Furthermore, TrkCwas expressed in 70W cells,
and capable of bindingNT-3: treatment of these
cells with NGF and NT-3 augmented in vitro
invasion and heparanase activity, whereas
exposure with NT other than NGF or NT-3 did
not [Herrmann et al., 1993; Marchetti et al.,
1996]. These findings support the notion that
p75NTR andTrkCare capable of transducingNT
signals, which are important determinants in
the pathogenic properties of melanoma in its
progression to the brain-metastatic phenotype.

Functions of TrkC receptors in neuronal
tissues have been investigated [Lamballe et al.,
1991; Kaplan and Miller, 2000]; however, their
roles innonneuronal cells is less certain.Ofnote,
Yaar et al. [1994] have demonstrated presence
and functionality of p75NTR/TrkC in melano-
cytes and mediating NT effects in these cells.
The potential p75NTR- trkC complex formation
and their cross-talk [Bibel et al., 1999] have yet
to be explored in malignant melanoma.

In the present work, we have investigated
whether there is an association between TrkC
receptors andaPASK in70Wcells. Secondly,we

have determined presence of such activity and
its specific regulation by NT-3.

MATERIALS AND METHODS

Materials and Reagents

SuperscriptAMVreverse transcriptase, 123-bp
ladder fragment size and [14C]-protein stan-
dards were purchased from GIBCO/BRL
(Gaithersburg, MD). Protein A/G agarose was
procured from Pierce (Rockford, IL). Leupeptin
andphenylmethylsulfonylfluoride (PMSF)were
obtained from Boehringer Mannheim (Indiana-
polis, IN). 3-[3-chloroamidopropyl)-dimethylam-
monio]- 1-propane sulfonate (CHAPS), sodium
orthovanadate, 2-aminopurine (2-AP), 6-thio-
guanine (6-TG), acid-denatured enolase and
myelin basic protein (MBP) were purchased
from Sigma (St. Louis, MO). Rabbit anti-mouse
IgG was procured from Zymed (San Francisco,
CA). Affinity-purified anti-trkC(798) antibody
was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). It is specific for TrkC and it
does not cross-react with TrkB or TrkA. Anti-
trk(790) antibody, generated against residues
777 to 790 of TrkA and cross-reactive with Trk
receptors, was obtained from Oncogene Re-
search Products (La Jolla, CA). Antiserum 443
(pan-trk 443), generated against residues 807 to
821 of gp145TrkB and cross-reactive with TrkC
receptors [Soppet et al., 1991] was a gift of
Dr. Louis F. Parada (The University of Texas
Southwestern Medical Center, Dallas, TX).
Human NT-3 was purchased from Promega
(Madison, WI). Alkaline-phosphatase-conju-
gated anti-phosphotyrosine antibody RC20
was purchased from Signal Transduction Lab-
oratories (Lexington, KY). Nitrocellulose trans-
fermembranes (0.1-mmsize)were obtained from
Schleicher and Schuell (Keene, NH).

Cell Culturing

The human brain-metastatic melanoma
cell line 70W has been previously described
[Ishikawa et al., 1988; Marchetti et al., 1993,
1996]. The cells were cultured in 1:1 (v/v)
Dulbecco-modified Eagle’s medium and F12
medium (DMEM/F12) supplemented with 10%
fetal bovine serum at 378C in a humidified 5%
CO2-95% air atmosphere. Cells were subcul-
tured using ethylenediaminetetra-acetic acid
(2 mM in phosphate buffer saline) treatment
and were grown without the addition of anti-
biotics. 70W cells were regularly screened for
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possible mycoplasma contamination using a
GEN-PROBE3 (San Diego, CA) [3H]-single-
stranded DNA detection procedure and were
found to be mycoplasma-free. In all experi-
ments, 70W cells were extensively washed in
serum-free DMEM/F12 medium (four washes),
then cultured for 16 h in serum-free medium,
washed once, culturedanadditional 2h,washed
once more and finally processed.

RT-PCR Analysis

TotalRNAobtained fromasynchronousearly-
passage70Wcellswasused as template for first-
strand cDNA synthesis using SuperscriptTM

AMV reverse transcriptase. Oligonucleotide
primers for NT-3 were based on the cDNA se-
quence for NT-3 [Maisonpierre et al., 1990] and
were selected for their predicted annealing
specificity using GCG sequence analysis soft-
ware (Genetics ComputerGroup,Madison,WI).
Oligonucleotide primer design was further en-
hanced with respect to thermodynamic consid-
erations and target sequence specificity using
the OLIGO-4 Primer/Probe Analysis Software
Package (NationalBiosciences, Plymouth,MN).
Primer, template, salt, and divalent cation
(Mg2þ, Mn2þ) concentration, as well as primer
annealing temperature, were provided by the
OLIGO-4 program. The NT-3 primers were:
forward (amino acid position—106) 50-AAGTT-
GATCCAGGCGGATATCTT-30 and reverse
(amino acid position—48), 50-ACAGGAGAGT-
TGCCGGTTTGAT-30. Amplification was per-
formed for 30 cycles, and PCR products were
analyzed on a 1% agarose/TBE gel using a
123-bp ladder fragment size standard.

Immunoprecipitation and Immune-Complex
Kinase Assays

Cells were adjusted to reflect equivalent cell
numbers (1� 106) and lysed for 5 min on ice in
100 ml of ice-cold CHAPS lysis buffer (10 mM
CHAPS, 50 mM NaCl, 25 mM HEPES, pH 7.5,
10 mM leupeptin, 200 mM PMSF, 1 mM sodium
orthovanadate). Lysates were cleared of inso-
luble material by centrifugation at 14,000g for
3 min. The soluble supernatant was transfer-
red to a fresh tube and precleared of nonspecific
Fc-binding proteins by incubating with nonre-
levant polyclonal rabbit anti-mouse IgG for
60 min at 48C, followed by protein A/G agarose
beads (prewashed twice with CHAPS lysis
buffer) for 60min at 48C.Nonspecific complexes
were collected by centrifugation as described

above. The supernatant was transferred to a
fresh tube and used for subsequent antibody
reactions [either with 2 mg of anti-trkC (798), or
2 mg of anti-trk(790), or 5 ml of antiserum 443].
The supernatant was incubated for 60 min at
48C with occasional mixing on a Vortex Genie
at a setting of 2. After the incubation, the pre-
washed protein A/G agarose bead mixture
(25 ml) was combined with the specific anti-
body-CHAPS-cell lysate and incubated for an
additional 12 h at 48Cwith gentle agitation. The
agarose beads were then washed three times
with CHAPS lysis buffer, transferred to a fresh
tube, and washed a fourth time with solubiliza-
tion buffer. Afterwards, the pellet was resus-
pended in reaction buffer (25 mM HEPES,
pH 7.5, 4 mM MgCl2, 5 mM MnCl2 20 mM
[g-32P]ATP (5 mCi, 300Ci/mmol) with orwithout
6-TG or 2-AP. Some kinase assays included
acid-denatured enolase or bovine brain MBP as
exogenous substrates (400 ng). The reactions
were performed at 258C for 15 min and termi-
nated by the addition of sample loading buffer
(2% SDS, 30% glycerol, 0.1% bromophenol blue,
15 mM Tris, pH 8.3). The reaction mixtures
were then frozen at �708C and later resolved
after heating to 958C for 4 min using 6–16%
moving boundary velocity gradient-SDS-poly-
acrylamide gel electrophoresis (MBVG-SDS-
PAGE). Gels were fixed, vacuum dried, and
exposed using Kodak XAR-5 autoradiography
film. For the filter retention assays, the samples
were treated as described above with sample
loading buffer and heated. Next the samples
were absorbed under vacuum onto a nitrocellu-
lose membrane using a slot-blot apparatus as
described [Volonté et al., 1992] with the excep-
tion that the nitrocellulose membrane was
preblocked for nonspecific ATP-binding by
incubation with 1 mM cold (48C) ATP in
100 mM HEPES buffer, pH 7.4, for 20 min.

Western Blot Analysis

Pan-trk and anti-trkC immunoprecipitates
were resolved by high resolution MBVG-SDS-
PAGE. MBVG gels were designed to improve
stacking and resolution of SDS-treated immu-
noprecipitated samples and consisted of contin-
uous, linear pH, and buffer strength gradients
without SDS. The gradients were made up of
a stacking leading phase buffer (0.37 M Tris,
0.17MHCl, pH258¼ 8.3) and a resolving leading
phase buffer (0.82 M Tris, 0.068 M HCl,
pH258¼ 9.2). The anolyte buffer consisted of
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20 mM Tris and 10 mM HCl, pH258¼ 8.1, and
the catholyte buffer consisted of 20mM glycine,
10 mM Tris, 0.03% SDS, pH258¼ 9.2. The Mr
standards consisted of 50 ng each of [14C]-
proteins. Electrophoresis was conducted at
50 V until the dye-fronts entered the continous
gels and then at 30 mA/gel until the dye-fronts
were 5 mm from the bottom of the gel. Protein
transfers were performed in a 10 mM Tris,
10 mM Tricine low-ionic strength buffer. Pro-
tein transfers were performed using Immobilon
PVDF membranes (Millipore, Bedford, MA).
The transfer was performed at 4 V constant
voltage on ice for 18 h, with a transfer efficiency
of >95%. The transfer membrane was blocked
using Tween-20 detergent and probed using a
1:2,000 dilution of alkaline-phosphatase-conju-
gated RC20, in a recombinant version of anti-
phosphotyrosine monoclonal antibody PY20.

RESULTS

Detection of a 6-Thioguanine Sensitive Kinase
Activity in TrkC Melanoma Receptors

Immunoprecipitates

We sought to determine whether 70W TrkC
receptors might be associated with a constitu-
tive kinase activity. Human brain-metastatic
70W cells were washed extensively in serum-
free medium prior to lysis and TrkC receptors
immunoprecipitation. Lysis of the cells and
immunoprecipitations were performed using
CHAPS detergent in order to preserve native
structures important in mediating protein–
protein interactions. Immunoprecipitations and
immune-complex kinase assays (ICKAs) were
carried out similar to those described for de-
tection of a p75NTR- and TrkA receptors-asso-
ciated NGF-stimulated kinase activity [Volonté
et al., 1993a,b].

Using these methods, we found that both
anti-trkC(798) and anti-trk(790) were capable
of co-precipitating a PASK activity that was
inhibited by 6-TG (Fig. 1). Possible substrates
for this kinase activity included proteins of
approximately 200, 150, 125, 90, and 55 kDa in
size (Fig. 1). The 150 kDa species may repre-
sent TrkC receptors. Control experiments were
performed to assess the signal specificity of
anti-trk(790), one of the TrkC-recognizing
antibodies used in these assays. The peptide
(ALANAPPVYLDVLG) corresponding to 14-
amino acid residues (777–790) within the C-
terminal domainof c-Trkused for immunization

was incubated as a competitor in a neutraliza-
tion reaction [10:1 peptide:antibody (w/w) for
2 h at 258C] prior to the immunoprecipitation.
The immunizing peptide essentially abolished
coimmunoprecipitation of the PASK activity,
indicating the immunospecificity of our ICKAs
using this antibody (Fig. 1). As a control for Fc-
binding cell surface receptors, the ICKA was
performed using a nonrelevant rabbit anti-
mouse IgG polyclonal antibody. Such control
experiments also indicated the specificity of
this assay. Similar results were obtained using
pan-trk 443 antiserum (data not shown).

Purine-Analogs Inhibit TrkC Melanoma
Receptors-Associated Kinase in a

Dose-Dependent Manner

We investigated the selective phosphoryla-
tion of exogenous substrates by this PASK
activity. 70W melanoma cells cultured in serum-
free medium were lysed and the precleared
lysates were immunoprecipitated with affinity-
purified anti-trkC antibodies. The washed im-
munocomplex was then assayed for kinase

Fig. 1. Detection of a 6-TG sensitive kinase activity associated
with melanoma TrkC receptors. MBVG-SDS-PAGE autoradio-
graphy of immunoprecipitates performed with TrkC-recognizing
antibodies and resuspended in a buffer optimized for the
immune-complex kinase assays (ICKA). ICKA using anti-
trkC(798) without (lane 1) or with 500 mM 6-TG (lane 2).
Lane 3: ICKA performed using anti-trk(790). Lane 4: ICKA
performed followingneutralizationof anti-trk(790)with a 10-fold
mass (w/w) excess of its target peptide (ALANAPPVYLDVLG)
prior to immunoprecipitation. Lane 5: ICKA performed using
immunoprecipitate obtained from control nonrelevant poly-
clonal rabbit anti-mouse IgG(HþL) antibody plus recombinant
protein A/G agarose.

868 Marchetti et al.



activity in presence of either acid-denatured
enolase or MBP. Exogenous acid-denatured
enolase did not serve as effective in vitro sub-
strate for the melanoma TrkC receptors-
associated PASK; however, MBP was found to
be a good exogenous substrate for this activity
(Fig. 2A).
To further characterize the purine-analog

sensitivity of the kinase activity associatedwith
TrkC, we performed ICKAswith anti-trkC(798)
immunoprecipitates using various doses of
either 6-TG or 2-AP (Fig. 2B) [Volonté et al.,
1993a,b]. The results of these experiments
indicated a dose-dependent attenuation of TrkC
receptor-associated kinase activity with these
two purine-analogs (Fig. 2B). Although low
concentrations of 6-TG (20 mM) were only
slightly effective at diminishing TrkC receptor-
associated kinase activity, higher concentra-
tions (100 or 500 mM) effectively inhibited this
activity. As a control for anti-trkC(798) immu-
nospecificity, the antibodywas incubatedwith a
10-fold mass (w/w) excess of its target peptide
(QQRLNIKEIYKILHA) prior to immunopreci-
pitation. We found that 2-h incubation with the
peptide was sufficient to block greater than 90%

of the kinase activity coimmunoprecipitated by
anti-trkC(798) (Fig. 2B). Additionally, we found
that 2-AP inhibited the human 70W malignant
melanoma TrkC receptor-associated kinase
activity in a dose-dependent manner although
at higher concentration values than 6-TG
(Fig. 2B) [Volonté et al., 1993a,b]. Comparable
results were obtained with pan-trk 443 anti-
serum (data not shown).

70W Melanoma TrkC Activation Is Not Due
to Autocrine NT-3 Production

Since malignant melanoma cells can pro-
duce autocrine growth factors, we examined
whether 70W cells synthesize the TrkC ligand
NT-3. RT-PCR using NT-3-specific oligonuc-
leotide primers were performed on cDNA
generated from 70W cells cultured using the
conditions that result in TrkC phosphorylation
[Herrmann et al., 1993]. Using various primer
concentrations, an NT-3 amplification product
was not found (Fig. 3). Additionally, performing
RT-PCR under various pH conditions andMg2þ

concentrations did not result in the generation
ofaspecificNT-3amplificationproduct (datanot
shown). However, this primer pair performed

Fig. 2. A: Selective phosphorylation of exogenous substrates
(acid-denatured enolase or myelin basic protein) by purine-
analog-sensitive kinase (PASK) activity. 70W melanoma cells
cultured in serum-freemediumwere lysedandprecleared lysates
were immunoprecipitated with affinity-purified anti-trkC(798)
antibody. The washed immunocomplex was assayed for
kinase activity (see Materials andMethods) with 400 ng of either
acid-denatured enolase or MBP. After washing, phosphorylated
proteins were resolved on a 6–16% MBVG-SDS-PAGE and
autoradiographed, as shown. The positions of exogenous
substrates were identified by their molecular weights and
by comparison to lanes without added exogenous substrate.
B: Purine-analogs inhibit TrkC receptors-associated kinase in a
dose-dependent manner. Anti-trkC(798) immunoprecipitates
were subjected to ICKA analysis and phosphorylated proteins

were slot-blotted onto nitrocellulose membranes. Slot 1:
Analysis in absence of purine-analogs (positive control);
slots 2, 3, and 4, analysis in presence of 6-TG (500, 100, 20 mM
respectively); slots 5,6, and7, analysis in presenceof 2-AP (10, 5,
2 mM, respectively); slot 8, analysis in presence of peptide (798)
(negative control). Free ATP-binding sites on the nitrocellulose
were blocked by prior incubation with 1 mM cold (48C) ATP.
Following filtration and absorption, samples were washed five
times. Slots were excised and bound radioactivity determined by
liquid scintillation counting. For slot 8, the anti-trkC(798)
antibody was incubated with a 10-fold (w/w) excess of its target
peptide (QQRLNIKEIYKILHA) prior to immunoprecipitation.
Assays were performed in triplicate. Means� SEM of three
independent experiments are shown.
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well using rat total brain cDNA as a template
and positive control (Fig. 3).

Time Course of NT-3-Dependent
Induction of TrkC PASK

70W cells cultured for different times with or
without NT-3 were solubilized and subjected
to immunoprecipitation with anti-trkC anti-
bodies. The immunoprecipitates were exten-
sivelywashedand then tested for proteinkinase
activity using MBP as an exogenous substrate.
After treatment of 70W cells with human NT-3
(100 ng/ml) for 5–10 min, a five- to six-fold
increase in TrkC-associated MBP phosphoryla-

tion activity was obtained (Fig. 4). The extent of
induction significantly decreased after the cells
were cultured for 1 h withNT-3 and returned to
basal levels following a 24 h exposure. Basal as
well as NT-3-induced PASK activities were
inhibited between 75% and 90% in the presence
of 500 mM 6-TG, indicating presence and func-
tional association of PASKwith TrkC receptors.

DISCUSSION

We have presented evidence that brain-
metastatic 70W melanoma cells (1) express a
PASK activity, which is found in anti-trkC
immunoprecipitates, and (2) this PASK activity
is stimulated by exogenous NT-3 and not by an
autocrine NT-3 production in these cells.

We found that the TrkC receptors are asso-
ciated with a kinase activity that is inhibited by
purine-analogs, such as 6-thioguanine (6-TG)
and 2-aminopurine (2-AP). These compounds
have previously been shown to inhibit some
of the biological activities of NGF on NGF-
responsive cells [Volonté et al., 1993a,b] and are
thought to function by inhibiting the activity of
a kinase that associates with TrkA as well as
p75NTR [Herrmann et al., 1993; Volonté et al.,
1993a,b]. Our results indicate that PASK in
70W cells (1) associates with TrkC, (2) is induc-
ed by exogenously added NT-3, (3) is inhibited
greater than 90% by 6-TG, and (4) phosphor-
ylates in vitro MBP but not acid-denatured
enolase, thus demonstrating its selectivity.
These results suggest that TrkC receptors in
humanmelanoma cells may be capable of NT-3-
dependent signaling via a TrkC receptor-PASK

Fig. 4. Time-course of NT-3-dependent induction of TrkC-
associated purine-analog-sensitive kinase (PASK). 70W cells
were treated for different times (0–1,440 min) in the absence or
presence of NT-3 (100 ng/ml). Extracts were then subjected to
immunoprecipitation using anti-trkC(798) antibody, and the
immunoprecipitates were incubated with myelin basic protein
(MBP) under phosphorylating conditions for 15min at 378C,with
or without 500 mM 6-TG (see Materials and Methods). Samples/
treatment were then assessed by liquid scintillation counting.
Results are means of triplicate determinations � SEM (n¼3).

Fig. 3. Tyrosine phosphorylation of 70Wmalignant melanoma
TrkC receptors is not due to catalytic activation via an autocrine
NT-3 production. 70W cells were cultured and analyzed by
RT-PCR for NT-3 mRNA production. Left panel shows results
using various amounts of input oligonucleotide primer (100–
400 pmoles/100 ml reaction). Rat brain total RNA-generated

cDNA served as a positive control for NT-3 mRNA production.
The right panel shows overexposure of [32P]-labeled amplified
products corresponding to the 70W melanoma and rat brain
cDNA amplified with 200 pmoles of primer. Various pH modi-
fications and adjustments to the Mg2þ concentration were made
without affecting the results shown.
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complex. One key observation demonstrated
that the co-immunoprecipitation of PASKactiv-
itywith70WTrkC is specific: prior incubation of
anti-trkC(798) or anti-trk(790) antibodies with
their respective competing peptides neutralized
co-immunoprecipitation of the PASK activity.
The functional role of TrkC receptors in

the biology of human malignant melanoma
is currently under investigation. We propose
that the PASK activity described in anti-trkC
immune complexes can be responsible for catal-
ytic activation of TrkC receptors via transpho-
sphorylation. This activity, together with a
similar activity known to associate with mela-
nomap75NTR [Herrmann et al., 1993] can repre-
sent a signaling component(s) common to NTR,
playing roles in melanoma cell pathogenesis by
generating constitutive downstream signaling.
Previous studies indicated that 6-TG inhibits a
soluble (cytosolic) kinase, named protein kinase
N (PKN),with an apparentKi of 5–10 mM,while
the p75NTR-PASK activity had a Ki on the order
of 20–35 mM [Volonté et al., 1993a]. Volonté
et al. [1993b] also found that higher concentra-
tions of 6-TG in the kinase reactionwere needed
to effectively inhibit a similar kinase activity
associated with the TrkA receptors. Thus, it is
quite possible that the soluble, p75NTR and Trk
receptor-PASK activities may be the isoforms
of the same enzyme. As a precedent for this,
although protein kinases ERK1 and ERK2 are
very closely related, only the former appears to
associate with TrkA [Loeb et al., 1992]. Alter-
natively, these apparent differences in PASK-
like activities can be due to alterations in
structure or to accessibility of Trk receptor-
associated molecules. Finally, we cannot rule
out the possibility that they are unrelated.
Irrespective of whether TrkC-associated

PASK activity is related to cytosolic PKN or to
the p75NTR- associated enzyme, these findings
raise the issue of the significance of this inter-
action. One possibility is that TrkC itself is the
target of PASK by transphosphorylation me-
chanisms. Alternatively, other molecules asso-
ciated with TrkC are substrates for PASK
activity and transphosphorylation may regu-
late their functional properties. Interaction/
phosphorylation of receptor or receptors-asso-
ciated enzymes by a serine/threonine kinase
have been documented [Northwood et al., 1991;
Ohmichi et al., 1991]. A third possibility is that
PASK maybe a substrate of another TrkC-
associated activity.

Studies on the Trk family of receptors have
focused on downstream signaling events and
alterations in cellular behavior evoked by cata-
lytic activation of these receptors [Kaplan and
Miller, 2000]. Introduction of TrkA receptors
into mutant pheochromocytoma (PC12) cells
unresponsive to NGF and ectopic expression
of TrkB or TrkC in these cells can result in
neuronal-like differentiation following treat-
ment with NGF, BDNF, or NT-3 [Loeb et al.,
1991;Hanzopoulos et al., 1994]. Coexpression of
p75NTR can accelerate some of these events by
cooperating with each of the Trks [Hempstead
et al., 1991; Chao and Bothwell, 2002]. It has
been previously shown that application of
purine-analogs to cells suppresses a subset of
early as well as late responses to NGF [Volonté
et al., 1989; Volonté and Greene, 1990; Batista-
tou et al., 1992]. For example, NGF-enhanced
neuronal survival is not affected by either 2-
aminopurine or 6-thioguanine, whereas both
these molecules diminish NGF-stimulated
neurite outgrowth and the induction of orni-
thine decarboxylase [Volonté et al., 1989;
Volonté and Greene, 1990]. Interestingly, 2-AP
but not 6-TG can block NGF-induction of early
response genes such as c-fos, c-jun, and TIS 11
[Batistatou et al., 1992]. Such observations
indicate that purine-analogs specifically target
metabolic pathways and that these compounds
are useful in dissecting certain NT pathways.

In light of the present and recent data, both
p75NTR- and TrkC-associated PASK activi-
ties must be considered as targets for purine-
analogs and potential elements in the NT
mechanism of action in malignant melanoma.
NTR signaling in melanoma can thus proceed
through common signal transduction pathways
requiring a common effector(s). We speculate
that PASK may be involved in such pathways.
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