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The trk family of tyrosine protein kinase genes serves crucial roles for the development of the nervous system and the survival of neurons. The 
members of this gene family, trk, trkB and trkC, bind a distinct neurotrophin of the nerve growth factor (NGF) gene family, and trigger the 
intracellular signals which elicit trophic and differentiating effects on neurons. Adding to these neurotrophic receptor kinases, the truncated forms 
without the tyrosine kinase domain have been cloned and characterized. It has been thought that the existence of truncated forms is limited to 
trkB; however, very recently the truncated trkC has been cloned in rat [(1993) Neuron 10,963-974; (1993) Neuron 10,975-9901. We independently 
approached and molecularly cloned a truncated form which belongs to the chicken trkC. The truncated trkC possesses the binding and the 
transmembrane domains but not the tyrosine kinase domain. Northern blot analysis shows that the truncated form is preferentially expressed in 
the adult central nervous system. The truncated form is scarcely expressed during the embryonic stages. The conservation of the truncated trkC 

beyond species suggests they have specific functions. 

trkC; cDNA cloning; Tyrosine kinase; Expression 

1. INTRODUCTION 

Neurons can be distinguished from the other cells due 
to their extremely long survival without cell division. 
This specific characteristic is essential for the stable 
function of the neural network. The trophic effect by 
humoral factors would play an important role for the 
survival of neurons. Among the trophic factors, neuro- 
trophins, which belong to the nerve growth factor 
(NGF) gene family, NGF [l], brain-derived neurotro- 
phic factor (BDNF) [2,3], neurotrophin-3 (NT-3) [4-91, 
NT-4 [lo], and NT-5 [l 11, have been analyzed most 
extensively. These neurotrophins enhance the survival 
of cultured neurons and promote their differentiation 
[12]. In vivo application of NGF to embryos partially 
prevents the programmed neuronal death in the dorsal 
root ganglia [ 131, while the administration of anti-NGF 
antibody accelerates their death [14,15]. The signal 
transduction triggered by neurotrophins, has been un- 
covered rapidly in recent years. Identification of the trk 
gene family as the receptors for neurotrophins clearly 
demonstrates that the tyrosine phosphorylation initi- 
ates the intracellular neurotrophic signals [16-181, al- 
though it is not known whether the trk molecule alone 
can compose the high affinity receptor and transfer the 
necessary information ([19,20] vs. [21]). 
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So far, four members of the trk family; trk [16], trkB 
[22], trkC [23], and Dtrk [24] have been characterized in 
mammals and Drosophila. Each member of the trk re- 
ceptor family has a distinct binding spectrum to neuro- 
trophins and a different expression pattern in the nerv- 
ous system [25], except that Drosophila trk (Dtrk) may 
function as an adhesion molecule. In addition to these 
relatives of trk, truncated forms which lack the tyrosine 
kinase domain are transcribed from the mouse [26] and 
rat trkB genes [27]. In spite of this finding in trkB, trkC 
has been considered to encode a single type of transcript 
from the Northern blotting observation [23]. However, 
very recently, the truncated molecule was reported in 
the mammalian trkC [28,29]. In this study, we independ- 
ently isolated the truncated form of chicken trkC which 
lacked the tyrosine kinase domain. Our independent 
approach confirmed the existence of truncated trkC in 
chicken, suggesting unknown functional importance of 
the truncated form of trkC beyond species. 

2. MATERIALS AND METHODS 

2.1. Isolation and characterization of chicken trkC cDNA clones 
For the screening of the cDNA library, we amplified DNA fragment 

of the porcine trkC[23] using the reverse transcriptase PCR (RT-PCR) 
technique as described previously [30]. The amplified fragment was 
subcloned into the pBluescript (Stratagene, USA). The sequence was 
checked with the automatic sequencer (Applied Biosystem, USA), and 
then radio-labeled with a random primer labeling kit (Boehringer- 
Mannheim, Germany) and [‘2P]dCTP (NEN Research Products, Du- 
Pont). Hybridization was done in 6 x SSC, 5 x Denhart’s solution, 1% 
SDS, and lOO&ml of denatured salmon sperm, at 50°C. Filters were 
washed in 6 x SSC, 0.1% SDS at 50°C 3 times over. 5 x 10’ to 1 x lo6 
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recombinant phages were screened. Positive clones were purified and 
amplified with liquid cultures. Their DNAs were extracted with the 
Qiagen II kits (Qiagen, USA). Inserts were purified with the Geneclean 
(Bio 101, USA) and subcloned into the EcoRI site of pBluescript 
(Stratagene, USA) and sequenced with the automatic sequencer. We 
first checked one of the longest clones named t&C-l. Deleted clones 
were made from r&C-l with the Kilodeletion kit (Takara, Japan) for 
the sequencing. To pick up the clones containing the amino-terminal, 
we performed PCR with purified phage DNAs, using the primer 
TCTCAGGGAGGTCACACT near the amino-terminal end of trkC- 
1 and the Igt 10 primer (either forward primer or reverse primer). We 
selected and analyzed the clone (t&C-2, respectively) with which we 
could amplify the longest PCR fragment. 

2.2. RNA preparation and analysis 
For the preparation of RNA, we dissected chicken embryos and an 

adult 2-year-old hen. Small pieces of the various tissues were put into 
the liquid nitrogen immediately. These tissues were preserved in a 
deep-freezer until the RNA preparation. Preparations of RNAs were 
performed according to the method described by Chomzinski and 
Sacchi [3 11. The frozen tissue was homogenized in 800 ~1 of solution 
D (4 M guanidium thiocyanate, 25 mM sodium citrate, 0.5% N- 
lauroylsalkosyl, 0.1 M 2-mercaptoethanol). After brief centrifugation, 
100 ~1 of 2 M sodium acetate (pH 4.0) was added to the supematant 
and mixed by inversion, and then 200 ,ul of chloroform-isoamylalco- 
ho1 (49: 1) was added and vortexed vigorously for 1 min. The aqueous 
phase was recovered after a centrifugation, added with 800 ~1 of 
-2O’C isopropanol, precipitated, and washed in 80% ethanol and 
dried. RNA was passed through oligo(dT) cellulose column (Pharma- 
cia, USA) and poly(A)+ RNA was used for Northern blotting. RNA 
samples were separated on 1% agarose gel in 1 x MOPS buffer (20 mM 
3-[N-morpholinolpropane-surphonic acid, 5 mM sodium acetate @H 
7.0), 1 mM Na,EDTA) containing 4% formaldehyde and blotted to 
Hybond-N (Amersham, UK) with vacuum blotter (Pharmacia, USA). 
Hybridization was performed in 6 x SSC, 5 x Denhart’s solution, 1% 
SDS at 68°C. The filters were washed in 0.1 x SSC, 0.1% SDS at 65°C 
for 3 times. 

3. RESULTS 

We screened a cDNA library in a low-stringent condi- 
tion as described previously [32,33], using the PCR 
product corresponding to the tyrosine kinase domain of 
porcine trkC [23] as the probe. We isolated 25 independ- 
ent clones. The longest clones named trkC-1 and trkC-2 
(Fig. 1A) were subcloned into Bluescript plasmids 
(Stratagene, USA). The deleted clones were made from 
this trkC-l and trkC-2, and they were sequenced with 
the automatic sequencer (Applied Biosystems, USA). 
These two clones were partially overlapped (Fig. 1A). 
The composite sequence of these two clones is shown in 
Fig. 1B. The first methionine was located about 40 bp 
downstream from the end of trkC-2. The nucleotide 
sequence around this methionine matched to the 
Kozak’s consensus for the initiation of translation [34]. 
We compared this sequence with the porcine trkC and 
found a high homology throughout the molecule (Fig. 
1C). The highest conservation was observed in the tyro- 
sine kinase domain, suggesting the preservation of in- 
tracellular target molecules beyond species. The strong 
conservation was observed also in the region between 
the transmembrane domain and the tyrosine kinase do- 
main of trkC (Fig. 1C). The extracellular domain was 
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* **** ** *** **************** **** ************ 
MHFICWRIFA~DRLK~LFKTDIN~KKPDDGNLFPLLEGQD~GSSNGNTSINITDISRNIT 

** *** * ************** *** ***** ****** * ** *** l * ***** 

SIHIENWKNLQTLNAVDMELYTGLQRLTIRNSGLRNIQPRAFGKVPHQRYIDLSGNRLTT 

********* * **** * ********* ***** *** * ** * * * l 

LSWQLFQTLRLFDLRLERNPFNCSCDIRWTQLWQEKGEANLQSQQLHCMNLDTAVILLRN 

*** ******************* *** ** *********** * ************ 

MNITQCDLPEISVSHVNLTVREGENAVITCNGSGSPLPDVLHSINTHQTNLNWT 

******************* l ** ************ *** **** **** * ***** 

NVHAINLTLVNVTSEDNGFLLTCIAENWGMSNASVLLTVYYP.PRILTLEEPVLHLEHCI 

* * *iI* ********** *** * * ** ********************** 

AFAVHGNPAPTLHWLHNGQVLRETENIHNEF~QQGEVSEGCLLFNKPTH~NNGN~TIVAT 

** **** **** ********** ***************************** 

NQLGSANQTIKGHFLEKPFPESTDNFVSIGDYEVSPTPPITVTHKPEEDTFGVSIAVGLA 

****************************************~ ****************** 

GDLNKFLRAHGPDAMILVDGQPRQAKGELGLSQMLHIASQIASGMVYLASQHFVHRDLAT 

****************************************~~~~~ **** ********* 
GVILWEIFTYGKQPWFQL~NTEVIECITQGRVLERPRVCPKEVYDIMLGCCQREPQQREPQQRLN 

TK Cr 
*********************** 

IKEIYKILHALGKATPIYLDILG 

ScaI . . . . . . ..K P D T F F R E I M 
AGTACTTCCGACAAGGTCACAACTGCCACAAGCCAC~GCCAGACACGTGTTTCAGAG~TTATGT 
L N P ISLPGHCQTS*** 
TGAATCCAATAAGCCTCCCTGGACATTGCCAAACCTCTTAACCAAGGCUTGTTGAG 

GATGTCAGTGTTTATTTCAGCAAAGGACGTCATGGCTTTTTCCC 

TGTTCTGATGTCAAGTTTATAGGCTGTGCCCTTAAAATGGCGTGGT 

CTGTATGGATTGAGGTCTCCTCCTAATAGGACTCTAGGACTCTACAGCCCTGCCTGTACACACGTT~ 

AGCCAACTGAAACTGTGGTTTTCTGTCACCAGATAACAGGTG 

Fig. 1. (A) Schematic diagram showing the structures of the &C-l, -2 and -3 cDNA clones. The boxes represent the coding regions of the cDNAs. 

The restriction sites of &/II (G), NheI (N), PstI (P), ScaI (S), _%%I (X) are indicated. The t&C-3-specific region is indicated with a dotted box 

and a thick bar. The transmembrane domains (TM) are indicated with black boxes. The tyrosine kinase domains (TK) are indicated with shaded 

boxes. (B) The composite cDNA of rrkC-1 and -2 includes an 803 amino acid open reading frame. The transmembrane domain is surrounded with 

a box. The tyrosine kinase domain spans between arrows. The stop codon at the end of the open reading frames are indicated with (***). Classical 

polyadenylation signals are not found within the non-coding sequence. AUUUA box [39] is underlined. The arrowhead indicates the truncating 

site to the trkC-3 type of transcript. These nucleotide sequences were analyzed with automatic sequencer (Applied Biosystems, USA) using the dye 

primer and dye terminator Tq sequencing kits delivered from the same company. (C) The identity of amino acid sequences between chicken trkC 
and porcine trkC. The identical amino acids are indicated with stars (‘) above the amino acid sequence of chicken trkC. The tyrosine kinase domain 

is indicated with arrows and TKs. The transmembrane domain is underlined. (D) The trkC-3 specific nucleotide and amino acid sequences are 
shown. The truncating site is indicated with a arrow head. The AUUUA box is underlined. 
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Fig. 2. Southern blottings of chicken genomic DNA probed with 
chicken t&C-l cDNA (lanes 14) and with rat t&B cDNA (lane 5). 
DNAs were digested with XbaI (lanes 1 and 5), Hind111 (lanes 2), 
EcoRI (lanes 3) and BumHI (lanes 4). 10 pg of digested DNAs were 
separated on 0.7% agarose gel, blotted to a nylon membrane (Hybond- 
N, Amersham, USA). The filter was hybridized with t&C-l cDNA 
(lane 14) and with rat t&S cDNA (lane 5). The hybridization and 
washing were performed in a highly stringent condition as described 
previously [33]. Briefly, the filter was hybridized in 5 x SSC, 50% 
formamide, 1% SDS at 42°C and washed finally in 0.1 x SSC, 0.1% 
SDS at 60°C for 30 min. In the case of rat f&B probe, the same lilter 
was hybridized in 5 x SSC, 40% formamide, 1% SDS at 38°C. Final 
washing was performed in 1 x SSC at 50°C. Full-length cDNA of rat 
t&B was amplified with two sets of RT-PCR reactions which ampli- 
fied divided portions of rat trkB cDNA as described previously [30]. 
The PCR products were subcloned into pBluescript and used for the 

hybridization after confirming the sequence. 

not extensively conserved. The two cysteines near the 
amino-terminal were lacking in the chicken trkC, leav- 
ing the necessity to test the binding characteristic of this 
molecule to neurotrophins. 

Genomic Southern blot analysis probed with the 
trkC-1 cDNA showed only a single band of strong in- 
tensity in each digestion by restriction enzymes (Fig. 2). 
Supportingly, the same pattern was observed with the 
porcine trkC probe amplified by RT-PCR (data not 
shown). The bands detected with the rat trkB probe 
were definitely different (Fig. 2). These fmdings indicate 
that our cDNA clones actually encode the chicken trkC. 

We conducted Northern blot analysis with the com- 
posite cDNA of trkC-1 and trkC-2 as the probe. Sur- 
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prisingly, the blot showed multiple bands from 9.0 kb 
to 0.4 kb in the stringent condition (Fig. 3A, lane 5). The 
bands which hybridized with the chicken trkC probe 
were clearly different in their sizes from the trkB bands 
(Fig. 3A, lanes 5 and 6). This denied the possibility of 
cross-hybridization. The bands smaller than 1.2 kb are 
incapable of encoding the ordinary size trkC protein. 
Thus we suspected that there might be some truncated 
forms of trkC. We re-screened the cDNA library with 
the trkC-1 cDNA probe and obtained four independent 
clones which encode an identically truncated trkC. The 
sequence of a representative cDNA (trkC-3) is shown 
(Fig. 1D). The truncated trkC lacked the tyrosine kinase 
domain. The sequence around the truncation site (indi- 
cated with an arrowhead in Fig. 1D) was compatible 
with the splicing consensus. The same character is ob- 
served in the rat and mouse trkBs and trkCs at their 
truncation sites [26-291. Read-through of the splicing 
site will be the common mechanism to produce these 
truncated forms [35]. With the direct sequencing of the 
PCR product, we confirmed that the genomic sequence 
around the truncation matched exactly to that of cDNA 
(data not shown). These data clearly indicated that the 
trkC-3 type cDNA is not a cloning artifact but an alter- 
natively spliced transcript which encoded the truncated 
trkC without the tyrosine kinase domain. 

Northern blot analysis with the different cDNA 
probes was performed to define the gross structures of 
various transcripts (Fig. 3A). Different to the first spec- 
ulation, the trkC-3 type of truncated form was derived 
from the 4.0 kb transcript, because it hybridized with 
the amino-terminal probe (Fig 3A; lane 3) as well as the 
trkC-3 specific probe (Fig. 3A; lane 4), but not with the 
trkC-1 specific probe (Fig. 3A; lane 2). Since the trkC-3 
transcript does not encode the tyrosine kinase domain, 
its product will not transfer the signals at least by the 
direct tyrosine phosphorylation of target proteins. The 
homology search with Mac Vector II could not find any 
consensus for the other signal transductions in the the 
intracellular region of the trkC-3. 

The bands of 7.2 kb and 4.8 kb hybridized with both 
with the carboxyl-terminal probe of trkC-1 (Fig. 3A; 
lane 2) and the amino-terminal probe (Fig. 3A; lane 3). 
Thus these transcripts seem to encode the complete trkC 
receptor for the binding and the signal transduction. 
The 1.2 kb band hybridized all the probe used for the 
analysis (Fig. 3A). However, the signal intensities were 
obviously different; the 1.2 kb band hybridized strongly 
with the carboxyl-terminal probe (Fig. 3A; lane 2), but 
only weakly with the amino-terminal probe (Fig. 3A; 
lane 3). The 1.2 kb band showed a faint signal in lane 
4, presumably because the probe 4 contained the com- 
mon sequence to trkC-1 between the ScaI site and the 
truncation site. We could deny the non-specific hybrid- 
ization to 1.2 kb band, firstly because this band did not 
hybridize with the other probes such as trkB and /I- 
actin, and secondly because we used the highly stringent 
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Fig. 3. (A) Structural analysis of the various trkC transcripts. A Northern blot filter of the adult whole brain mRNA was hybridized with the various 
cDNA probes of trkC. The lane number from 1 to 4 corresponds to the probe number in Fig. 1A. Lane 5 was hybridized with the composit cDNA 
of trkC-1 and trkC-2. Lane 6 was hybridized with chicken t&I cDNA (Okazawa et al., unpublished). The 4.0 kb truncated transcript is indicated 
with (T). About 10 ,ug of RNA was loaded. RNAs were blotted to Hybond-N (Amersham, UK). (B) The expression of chicken trkC in various 
tissues. RNAs were prepared from cerebrum (lane 1), optic lobe (lane 2), cerebellum (lane 3), brain stem (lane 4), spinal cord (lane 5), roots of 
the lumbar plexus (lane 6), heart (lane 7), lung (lane 8), skeletal muscle (lane 9), spleen (lane lo), and ovary (lane 11) of an adult chicken. About 
10 pg of RNA was loaded on each lane. The filter was hybridized with the full-length cDNA composed from rrkC-1 and trkC-2 clones. The 7.2 
kb and 4.8 kb transcripts encoding the catalytic form and the 4.0 kb transcript encoding the truncated form are indicated (see text). The lower 
panel indicate the hybridization of the same filter with /?-actin probe. We used the highly stringent condition for hybridization and washing as 
described previously [32]. (C) Developmental expression pattern of chicken rrkC in the optic lobe is shown. mRNAs were prepared from the optic 
lobes of embryos of day 4 (lane l), day 6 (lane 2), day 8 (lane 3), day 10 (lane 4), day 12 (lane 5) and day 16 (lane 6). About 10 pg of RNA was 
loaded on each lane. The filter was hybridized with the composite full-length cDNA. The 1.2 kb transcript was up-regulated. The lower panel 

indicates the hyb~~tion of the same filter with #-actin probe. 
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condition for the hybridization and the washing. We 
suspected that the 1.2 kb band might be composed of 
multiple but similar-sized transcripts. The bands 
smaller than 1.2 kb hybridized with the carboxyl-termi- 
nal probe (Fig. 3A; lane 2) but not with the amino- 
terminal probe (lane 3) nor with the trkC-3 specific 
probe (lane 4). Therefore, most of these short tran- 
scripts, including a part of the 1.2 kb complex, will be 
composed of the 3’ non-coding region. Supportingly, we 
picked up short cDNA clones which possess only the 3’ 
non-coding sequence (data not shown). 

Northern blot analysis using the various tissues of 
adult chicken indicated that both the catalytic form and 
the truncated form were expressed specifically in the 
nervous system (Fig. 3B; lanes l-3). Only exceptionally, 
did the brainstem basis not express the 4.0 kb truncated 
form (Fig. 3B; lane 4). We conducted preliminary in situ 
hybridizations using the antisense riboprobes. The spe- 
cific probe for trkC-3 showed the signals around the 
lateral ventricles (data not shown). The similar periven- 
tricular hybridization is reported in the truncated form 
of mouse trkB [26]. The catalytic and the truncated 
forms were not expressed in the non-nervous tissues as 
well as in the peripheral nerve roots which contained 
mainly the Schwann cells (Fig. 3B). In some tissues 
(peripheral nerve root, lane 6; and spleen, lane lo), the 
1.2 kb mixed transcripts were expressed preferentially. 
5.8 kb and 2.0 kb bands were observed in the heart, 
although their structure has not been determined. 

We analyzed the developmental expression pattern of 
chicken trkC in the optic lobe with Northern blotting 
(Fig. 3C). The clear up-regulation was observed in the 
mixed transcripts of 1.2 kb. However, the higher bands 
were scarcely detected. The longer exposure showed 
faint signals of these transcripts. This indicated that 
both the catalytic and the truncated form of trkC were 
expressed in very small amounts during the embryonic 
stages. Interestingly, at day 8, the expression of 1.2 kb 
band was decreased transiently. In the central nervous 
sytem, trkB is expressed more abundantly and from an 
earlier stage of the development than trkC (our unpub- 
lished observation). NT-3 [4-91, the ligand for trkC [23], 
is expressed adequately in the central nervous system 
throughout development and in the adult stage [36,37]. 
Thus the NT-UtrkC system may function mainly from 
a later stage of development to the adult stage. These 
data seem to suggest the importance of the NT-3/trkC 
system for the survival of mature neurons in physiolog- 
ical and possibly pathological conditions. 

The real function of these truncated forms remains to 
be clarified. However, the existence of truncated trkC 
both in mammals and chicken seems to suggest that 
they serve some indispensable function. Their periven- 
tricular expression pattern seems to be compatible with 
the idea that the truncated form might function as a 
scavenger receptor or as a transporter [26]. The other 
possibility is that the truncated forms of trks might act 
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as competitors against the catalytic form, like a trun- 
cated epidermal growth factor (EGF) receptor [38]. This 
might be the case if a single neuron expresses both the 
catalytic and the truncated forms. We need further ex- 
periments to characterize the function of truncated 
trkC. 
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