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Abstract

Tropomyosin-related kinase A (TrkA) plays an im-
portant role in cell survival, differentiation, and apopto-
sis in various neuronal and nonneuronal cell types. 
Here we show that TrkA overexpression by the Tet-On 
system mimics NGF-mediated activation pathways in 
the absence of nerve growth factor (NGF) stimulation 
in U2OS cells. In addition, p53 upregulation upon DNA 
damage was inhibited by TrkA, and p21 was upregu-
lated by TrkA in a p53-independent manner. TrkA over-
expression caused cell death by interrupting cell cycle 
progression, and TrkA-induced cell death was dimin-
ished in the presence of its specific inhibitor 
GW441756. Interestingly, TrkA-mediated cell death 
was strongly related to γH2AX production and poly 
(ADP-ribose) polymerase cleavage in the absence of 
DNA damage inducer. In this study, we also reveal that 
γH2AX production by TrkA is blocked by TrkA kinase 
inhibitors K-252a and GW441756, and it is also sig-
nificantly inhibited by JNK inhibitor SP600125. More-
over, reduction of cell viability by TrkA was strongly 
suppressed by SP600125 treatment, suggesting a crit-
ical role of JNK in TrkA-induced cell death. We also 
found that γH2AX and TrkA were colocalized in cytosol 
in the absence of DNA damage, and the nuclear local-
ization of γH2AX induced by DNA damage was partly 
altered to cytosol by TrkA overexpression. Our results 
suggest that the abnormal cytosolic accumulation of 
γH2AX is implicated in TrkA-induced cell death in the 

absence of DNA damage.
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Introduction

Tropomyosin-related kinase A (TrkA) receptor tyro-
sine kinase is activated by binding to its specific 
ligand such as nerve growth factor (NGF) (Rei-
chardt, 2006). NGF-mediated TrkA signaling can 
lead to the induction of cell survival, differentiation, 
or apoptosis, dependent on TrkA cellular location 
(Zhang et al., 2000; Saxena et al., 2005). In 
addition, the pleiotropic effects of TrkA appear to 
be determined by a cell type-specific manner in 
response to NGF. However, little has been reported 
about the mechanism and selective decision of 
TrkA-induced biological roles. 
    TrkA overexpression induces apoptosis via p53 
activation in neuroblastoma cells (Lavoie et al., 
2005), suggesting a potential role of TrkA in the 
DNA damage signaling pathways. DNA damage by 
doxorubicin and ionizing radiation induces auto-
phosphorylation of ATM at Serine 1981 and subse-
quently activate multiple downstream targets such 
as p53, histone H2AX, Nbs1, Chk1, and Chk2 (Kurz 
et al., 2004; Kurz and Lees-Miller, 2004; Cho et al., 
2005). As an early response to DNA damage, 
H2AX, a derivative of histone H2A, can be phos-
phorylated at Serine 139 by ATM, other PI-3 kina-
ses such as ATR and DNA-PK (Takahashi and 
Ohnishi, 2005), and c-Jun NH2-terminal kinase 
(JNK) (Lu et al., 2006; Sluss and Davis, 2006).  
This phosphorylated H2AX is generally named 
γH2AX and detected by its phosphate-specific 
antibody. Accumulation of γH2AX at the DNA 
damage sites causes local foci formation in the 
nucleus, and many numbers of DNA damage pro-
teins such as Mre11/RAD50/NBS1 complex, 53BP1, 
MDC1, and ATM are getting together in these 
nuclear foci for cellular response (Kurz and 
Lees-Miller, 2004).
    A role for γH2AX has been demonstrated in DNA 
repair, cell cycle checkpoints, site-specific recom-
bination, tumor suppression, and apoptosis upon 
DNA damage (Fernandez-Capetillo et al., 2004).  
In particular, γH2AX production can be blocked by 
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the inhibitor of caspase-activated DNase (Rogakou 
et al., 2000), indicating that it is related to the 
induction of apoptotic cell death. On the contrary, 
γH2AX can be produced independent of DNA da-
mage in a cell cycle-dependent manner in HeLa 
cells (Ichijima et al., 2005). In fact, H2AX-/- mouse 
embryonic fibroblasts exhibit growth defect (Celeste 
et al., 2002). Furthermore, γH2AX was largely 
produced in the outer root sheath and hair bulb 
during a hair cycle in the mouse skin in the 
absence of DNA double strand breaks, and its 
production was independent of ATM and DNA-PK 
(Koike et al., 2007). These results suggest other 
roles of γH2AX in normal cell proliferation of vari-
ous cell types.
    Using TrkA-inducible stable U2OS cell lines by 
the Tet-On system, we here first reveal that TrkA 
overexpression results in the accumulation of 
γH2AX in cytosol and cell death in the absence of 
either NGF stimulation or DNA damage inducer, 
suggesting a novel mechanism of TrkA-induced 
apoptotic cell death.

Materials and Methods

Materials

Doxorubicin, GW441756, propidium iodide, RNase A, 
and BSA were purchased from Sigma (St. Louis, 
MO). K-252a and JNK inhibitor II (SP600125) were 
from Calbiochem (San Diego, CA). Blasticidin, 
zeocin, pcDNA6- TR, and pcDNA4 (TO) were from 
Invitrogen (Calsbad, CA). Tetracycline was from 
Duchefa. 20% formaldehyde was from Tousimis. 
Aqueous mounting media was from Biomeda. 
Super signal west pico stable peroxide solution 
was from Pierce. Fugene-6 transfection reagent 
was from Roche. Antibodies used in this study 
were: TrkA (763) (Santa Cruz, CA), phospho-Trk 
(E6, Santa Cruz), ERK1 (Transduction Laboratories 
San Diego, CA), phospho-ERK [Cell Signaling 
Technology (Beverly, MA)], phospho- Tyr (Transduc-
tion Laboratories), ATM (5C2, Santa Cruz), pho-
spho-Ser1981-ATM (Chemicon International, CA), 
p53 (DO1, Santa Cruz), p21 (Transduction Labora-
tories), β-Actin (Sigma), PARP (Transduction Labo-
ratories), γH2AX (Upstate Biotechnology), secon-
dary goat anti-mouse/rabbit HRP conjugate (Bio-Rad, 
Hercules, CA), anti-mouse FITC conjugate (Sigma), 
and anti-rabbit TRITC conjugate (Sigma).

Construction of TrkA cDNA to tetracycline- 
responsive vector

Human TrkA constructed to pLNCX5 vector, pLNCX5- 

TrkA, was obtained from Dr. David Kaplan (Ste-
phens et al., 1994). Using pLNCX5-TrkA as a tem-
plate, full-length TrkA cDNA was amplified by PCR 
with forward primer, 5’-gaattctCTGCGAGGCGG 
ACGGCGC-3’, and reverse primer, 5’-tctagaCTA-
GCCCAGGACATCCAGGTA-3’. The amplified TrkA 
cDNA was subcloned to pGEM-T Easy vector and 
confirmed by sequencing. The result showed that 
TrkA used here was an alternative spliced form of 
6 amino acids (VSFSPV) in Exon 9 of human TrkA 
(Tacconelli et al., 2004). And then, pGEM-T Easy- 
TrkA was digested with EcoRI and XbaI and 
subcloned to EcoRI and XbaI digested pcDNA4 
(TO)-2FLAG vector, which was generated from us 
for the convenient construction and expression of a 
FLAG-tagged protein. The pcDNA4(TO)-2FLAG-TrkA 
was used for the generation of cell lines which 
inducibly express TrkA in the presence of tetra-
cycline.

Cell culture and TrkA-inducible stable cell line

The osteosarcoma cell line U2OS cells were cultu-
red in medium A [DMEM (Gibco, Gibco-BRL, Gai-
thersburg, MD) containing tetracycline-screened 
10% FBS (Gibco)], 100 U/ml of penicillin and 100 
μg/ml of streptomycin) in a humidified 5% CO2 
incubator at 37oC. To generate U2OS-TR cell line 
which expresses tetracycline repressor, U2OS 
cells were transfected with pcDNA6-TR plasmid 
using Fugene-6 transfection reagent and selected 
in medium A with 20 μg/ml of blasticidin. After one 
week, the cells were continuously selected with 
medium A containing 50 μg/ml of blasticidin and 
then maintained in medium A with 5 μg/ml of 
blasticidin. After testing the repressor activity from 
pcDNA6-TR in selected clones, we chose one cell 
line and named U2OS- TR-5, although it was not 
able to completely block TrkA expression in the ab-
sence of tetracycline. Thus, the U2OS-TR-5 cells 
were cotransfected with pcDNA4(TO)-2FLAG-TrkA 
and pcDNA6-TR to generate TrkA-inducible stable 
cell lines that could almost completely block TrkA 
expression in the absence of tetracycline. The cells 
were selected in medium A containing 5 μg/ml 
blasticidin and 100 μg/ml zeocin as described 
above. After picking up colonies, the cells were 
maintained in medium A with 2.5 μg/ml blasticidin 
and 50 μg/ml zeocin and then tested in the 
absence or presence of tetracycline. Finally, we 
generated TrkA-inducible clones (#8, #60, #67) that 
can induce TrkA expression in the presence of 
tetracycline, but not in the absence.
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Figure 1. Characterization of TrkA- 
inducible stable cell lines. (A) U2OS- 
TrkA (#8, #60, #67) cells were cul-
tured for 12 h in the absence or 
presence of tetracycline. (B) U2OS- 
TrkA-60 cells were uninduced or in-
duced with tetracycline for 12 h and 
untreated or treated with doxor-
ubicin for 4 h. Proteins from the cells 
were extracted with SDS sample 
buffer and analyzed by Western blot 
with the indicated antibodies (A, B).

Western blot analysis

Whole cells were extracted with SDS sample buffer. 
After boiling for 5-10 min at 95oC, proteins were 
separated on 9% or 13.5% SDS-PAGE and trans-
ferred to nitrocellulose membrane. The blot was 
blocked for 1 h in blocking buffer [1X PBS contai-
ning 0.1% Tween-20 (1X PBST), 3% skim milk] 
and then incubated with primary antibody in blo-
cking buffer by gently rocking overnight at 4oC. The 
blot was washed three times with 1X PBST for 15 
min and incubated with HRP-conjugated secondary 
antibody in blocking buffer for 1-2 h at room tem-
perature. After washing with 1X PBST, the blot was 
analyzed with super signal enhanced chemilumine-
scence (ECL) detection system (Pierce, Rockford, 
IL).

Cell cycle analysis using DNA histogram

U2OS-TrkA inducible stable cell lines were grown 
on 10 cm dish for 12 h in the absence or presence 
of tetracycline to induce TrkA overexpression and 
then untreated or treated with GW441756 as indi-
cated. The floating cells in the medium were collec-
ted and the attached cells were trypsinized. Both 
cells were put together, washed with PBS, sus-
pended in 0.5 ml of 0.1% glucose/PBS, and fixed 
with 5 ml of 70% cold ethanol for at least 2 h at 

4oC. After washing with PBS, the cells were treated 
with RNase A (250 μg/ml) and propidium iodide (50 
μg/ml) in PBS at 37oC for 30-45 min. Cell cycle 
analysis was performed using fluorescence-ac-
tivated cell sorter (FACS Calibur, Becton Dickin-
son) (Jung and Flemington, 2001).

Cell viability analysis using CCK-8 assay

U2OS-TrkA-67 cells were split on 24-well dish in 
the absence or presence of tetracycline and then 
treated either DMSO or SP600125 at 12 h after 
tetracycline treatment. After 24 h, cell counting 
kit-8 (CCK-8) assay (Dojindo) was performed as 
described previously (Liu and Hong, 2005). Cell 
viability was determined by measuring absorbance 
at OD485 nm using CHAMELEON microplate reader 
(Hidex).

Fractionation of cytosol

Cells were harvested by scrapping and washed 
with TBS buffer [20 mM Tris (pH 7.5), 100 mM 
NaCl]. The cells were suspended with hypotonic 
buffer [25 mM Tris (pH 7.4), 1 mM MgCl2, 5 mM 
KCl] and incubated for 5 min on ice. After treat-
ment with hypotonic buffer containing 1% NP-40 
for 5 min on ice, the cells were centrifuged at 7,000 
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rpm for 5 min at 4oC. The supernatant was collec-
ted as a cytosolic fraction (Ransone, 1995).

Confocal immunofluorescence microscopy

Cells were grown on 6-well dish containing cover 
slide in the absence or presence of tetracycline 
and then untreated or treated with doxorubicin as 
indicated.  After washing with PBS, cells were fixed 
with 3% formaldehyde/PBS for 45 min, permea-
bilized with 0.5% Triton X-100/PBS for 3-5 min, 
blocked with 1% BSA/PBS for 1 h, and then incu-
bated with primary antibody for 1-2 h. After wa-
shing with PBS, cells were incubated with FITC- 
and TRITC-labelled secondary antibodies. The cells 
were washed with PBS and mounted with aqueous 

mounting media. Localization of protein was analy-
zed by confocal microscopy (Olympus FV-500).

Results

TrkA overexpression mimics NGF-mediated activa-
tion pathways

For the study of TrkA-mediated cellular responses, 
we generated TrkA-inducible stable cell lines in 
nonneuronal U2OS cells using a tetracycline repre-
ssor-regulated (Tet-On) expression system. Com-
pared to other systems constitutively expressing 
proteins, the Tet-on system is very beneficial for 
the study of certain proteins necessary for their 
time-controlled expression. Among several tens of 

Figure 2. TrkA overexpression alters cell cycle and promotes cell 
death.  U2OS-TrkA-67 cells were plated in duplicate in the absence or 
presence of tetracycline for the indicated times. Cell cycle distribution 
was analyzed by flow cytometry using propidium iodide stain. The rep-
resentative DNA histogram was shown in (A). M1 gate (Sub-G1) in-
cludes cell death whereas M2, M3, and M4 indicate cells in G0-G1, S, 
and G2-M, respectively. The average percentage of cell death in dupli-
cate (A) was shown in (B); bars, SD. 
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Figure 3. Inhibition of TrkA-induced 
cell death by its specific inhibitor 
GW441756. U2OS-TrkA-67 cells 
were uninduced or induced with tet-
racycline for 12 h and untreated or 
treated with the indicated amount of 
GW441756 for 24 h followed by cell 
cycle analysis. M1 gate (Sub-G1) in-
cludes cell death whereas M2, M3, 
and M4 indicate cells in G0-G1, S, 
and G2-M, respectively.

TrkA clones, we here characterized three TrkA- 
expressing clones at 12 h in the absence or pre-
sence of tetracycline by Western blot analysis.  
TrkA expression level was relatively low in #8 and 
high in #60 and #67 (Figure 1A, first panel). In 
response to NGF, TrkA become activated via its 
autophosphorylation and induces phosphorylation 
of downstream targets such as ERK and Akt 
(Reichardt, 2006). In addition, NGF has been 
known to induce the cyclin-dependent kinase 
inhibitor p21 (Decker, 1995; Yan and Ziff, 1995).  

Here, we show that in the absence of NGF stimu-
lation, TrkA overexpression itself can lead to its 
autophosphorylation at tyrosine 490, phosphoryla-
tion of ERK, tyrosine phosphorylation of many 
cellular proteins, and upregulation of p21 (Figure 
1A).  
    p21 is a representative transcriptional target of 
p53 which is activated upon DNA damage. Thus, 
we investigated whether TrkA is involved in DNA 
damage-mediated signal transduction. As shown in 
Figure 1B, ATM autophosphorylation at serine-1981 
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Figure 4. TrkA overexpression 
induces γH2AX production and 
PARP cleavage. (A) U2OS-TrkA- 
67 cells were uninduced or in-
duced with tetracycline for the in-
dicated times followed by Wes-
tern blot analysis. The arrow in 
the second panel indicates the 
cleaved product of PARP. (B) 
U2OS-TrkA-67 cells were unin-
duced or induced with tetracy-
cline for 24 h and then untreated 
or treated with K-252a (0.5 μM), 
GW441756 (0.5 μM), or doxor-
ubicin (1 μg/ml) for 4 h followed 
by Western blot analysis.

was observed in response to DNA double strand 
breaks by doxorubicin treatment (first panel), but 
not in only TrkA overexpression. In addition, p53 
protein level was upregulated upon DNA damage 
as expected (third panel). Interestingly, DNA 
damage-induced p53 upregulation was significan-
tly suppressed by TrkA overexpression (third panel, 
compare lanes 3 and 4), and p21 upregulation by 
TrkA was 53-independent (fourth panel), suppor-
ting the previous reports that p21 can be activated 
or upregulated by the MAPK pathway in a p53- 
independent manner (Bacus et al., 2001; Tang et 
al., 2002; Dangi et al., 2006). Taken together, our 
results suggest that TrkA can be activated when its 
protein level is abnormally high, and its pleiotropic 
effects such as cell death and differentiation can 
be studied in this system, even in the absence of 
NGF binding.

TrkA overexpression promotes cell death through 
cell cycle alteration

To investigate whether TrkA overexpression could 
affect cell cycle regulation and cell death, we 
performed cell cycle analysis in U2OS-TrkA-67 
cells as described in “Materials and Methods”. The 
results showed that cell cycle progression appea-
red to be normal in uninduced cells, however, it 
was significantly altered in TrkA-induced cells 
(Figure 2A). Notably, G1 to S phase transition 
between 12 h and 24 h was inhibited in TrkA- 
induced cells compared to the uninduced cells. 
While about 24% of uninduced cells appeared at S 
phase at 24 h, only 13% of TrkA-induced cells 
were with S phase, suggesting that TrkA is invol-
ved in suppression of G1 to S phase cell cycle 

progression. In Figure 1, we showed that TrkA 
overexpression induced p21, which is a key factor 
for cell cycle arrest (Erhardt and Pittman, 1998).  
This fact suggests that TrkA could inhibit cell cycle 
progression through, at least in part, p21 upregu-
lation. In addition, cell death in uninduced cells has 
no change with time, whereas TrkA-induced cell 
death gradually increased in a time-dependent 
manner (Figure 2B). Other U2OS-TrkA clones also 
showed the similar results described above, and 
tetracycline itself had no effect on cell cycle 
progression in normal U2OS cells (data not shown). 
We further investigated the effect of GW441756, a 
TrkA-specific tyrosine kinase inhibitor, on TrkA-in-
duced cell death. The result showed that GW441756 
specifically blocked TrkA-induced cell death in a 
dose-dependent manner, but there was no effect in 
uninduced cells, indicating that TrkA tyrosine kina-
se activity is required for its cell death function 
(Figure 3).

Induction of γH2AX by TrkA overexpression

Next, we tried to investigate the mechanism on 
TrkA-induced cell death. Interestingly, γH2AX pro-
duction and PARP cleavage, which have been 
known as indicators of DNA damage (Tanaka et 
al., 2006), were significantly induced at 36 h after 
tetracycline treatment (Figure 4A). Moreover, TrkA 
itself seemed to be cleaved at specific sites and 
also modified, showing accumulation of slow migra-
ting TrkA proteins at the near top of gel (Figure 4A, 
first panel). These results suggest that not only 
γH2AX production and PARP cleavage but also 
modified TrkA production are related to TrkA- 
induced cell death.
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Figure 5. Effect of JNK inhibitor SP600125 on 
γH2AX production and cell viability in TrkA 
-induced cells. (A) U2OS-TrkA-67 cells were 
uninduced or induced with tetracycline for 12 h 
and then treated with either DMSO (lanes 1 
and 2) or 2 μg/ml of SP600125 (lanes 3 and 4) 
for 24 h followed by Western blot analysis. (B) 
U2OS-TrkA-67 cells were split on 24-well dish 
in the absence or presence of tetracycline for 
12 h and treated with either DMSO or 2 μg/ml 
of SP600125 for 24 h. Cell viability was de-
termined by CCK-8 assay as described in 
“Materials and Methods”.

    Since TrkA requires its kinase activity for the 
induction of cell death, we investigated the effect of 
TrkA kinase inhibitors K-252a and GW441756 on 
TrkA-induced γH2AX production. The results showed 
that TrkA ability to induce γH2AX production was 
significantly downregulated by both K-252a and 
GW441756 in the absence of DNA damage in-
ducer (Figure 4B, lanes 1-6). In addition, it was 
also suppressed by K-252a during DNA damage 
by doxorubicin treatment, but not by GW441756 
(Figure 4B, lanes 7-12). DNA damage activates 
PI-3 kinase families (ATM, ATR, and DNA-PK) and 
JNK kinase, which play a critical role in γH2AX 
production in response to DNA damage. Thus, our 
results suggest that K-252a, but not GW441756, 
might inhibit other kinases, which are involved in 
γH2AX production upon DNA damage, as well as 
TrkA. Indeed, K-252a is used not only as a TrkA 
inhibitor but also acts as a general serine/threonine 
kinase inhibitor.

Inhibition of TrkA-induced γH2AX production by JNK 
inhibitor

As shown in Figure 1B, ATM, one of major PI-3 
kinases, did not seem to be activated by TrkA over-
expression in the absence of DNA damage, su-
ggesting that ATM does not function in γH2AX 
production by TrkA. Two other PI-3 kinases, ATR 
and DNA-PK, are also unlikely to produce γH2AX 
because they are mostly responsive to some 
different types of DNA damage signaling. Rather, 
we investigated the role of JNK in γH2AX produc-
tion by TrkA overexpression using JNK inhibitor 
SP600125. Very interestingly, γH2AX production by 
TrkA was significantly inhibited by SP600125, 
suggesting that H2AX is predominantly phosphory-
lated at serine 139 by JNK during TrkA-induced 

cell death (Figure 5A). Furthermore, γH2AX reduc-
tion by JNK inhibitor suppressed TrkA-mediated 
cell death, resulting in increase of cell viability in 
TrkA-induced cells (Figure 5B). Our results suggest 
that γH2AX production by JNK is strongly associa-
ted with TrkA-induced cell death in the absence of 
DNA damage inducer. 

Interaction between TrkA and γH2AX in the cytosol of 
TrkA-induced cells

The intracellular location of γH2AX in TrkA-induced 
cells has been observed by the imaging analysis 
using confocal immunofluorescence microscopy. 
Unexpectedly, γH2AX was predominantly accumu-
lated in cytosol rather than nucleus in TrkA-induced 
cells (Figure 6A, γH2AX panel). Especially, it was 
also localized at the terminal region extended from 
cell body. Moreover, γH2AX was colocalzed with 
TrkA in cytosol (Figure 6A, γH2AX+TrkA panel).  
We further proved this by detecting γH2AX pro-
duction in the cytosolic fraction of TrkA-induced 
cells, but not uninduced cells (Figure 6B). Interes-
tingly, nonneuronal U2OS cells appeared to be 
changed to neuron-like phenotype when TrkA was 
overexpressed (Figure 6A and D). However, unin-
duced U2OS cells showed a typical adherent 
morphology of epithelial cell as shown in Figure 6C 
(DIC image). We further characterized the molecular 
basis about morphological change of nonneuronal 
TrkA-expressing U2OS cells (unpublished data).
    It has been well reported that γH2AX is accumu-
lated in nucleus upon DNA damage and forms 
local foci at the damage sites. In consistence with 
this, DNA damage exclusively induced γH2AX-me-
diated nuclear foci in uninduced cells (Figure 6C).  
Here, doxorubicin staining indicates nucleus posi-
tion similar to DAPI staining. However, γH2AX 
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Figure 6. Cytosolic accumulation of γH2AX by TrkA. (A) U2OS-TrkA-67 cells were induced with tetracycline for 16 h. γH2AX was stained with FITC-la-
belled green and TrkA was stained with TRITC-labelled red and analyzed by confocal immunofluorescence microscopy. γH2AX+TrkA panel shows 
merged image of γH2AX and TrkA panels.  (B) Western blot was performed in cytosolic fractions of uninduced and TrkA-induced U2OS cells. (C, D) 
U2OS-TrkA-67 cells were uninduced (C) or induced (D) with tetracycline for 12 h and treated with doxorubicin (1 μg/ml) for 4 h. γH2AX was stained with 
FITC-labelled green and doxorubicin was imaged in TRITC visible region by confocal immunofluorescence microscopy. DIC+γH2AX panel shows merged 
image of DIC and γH2AX panels.

could be also induced in cytosol as well as nucleus 
upon DNA damage when TrkA was overexpressed 
(Figure 6D). Taken together, our results suggest 
that γH2AX could be a novel mediator of the 

TrkA-induced cell death, although it still remains to 
figure out how it participates in TrkA-induced cell 
death. 
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Discussion

TrkA plays an important role in cell survival, diffe-
rentiation, and apoptosis. Since TrkA is a neurotro-
phin receptor tyrosine kinase, most studies about 
TrkA were accomplished in neuronal cells in res-
ponse to NGF. However, little is known about TrkA- 
induced biological effects in the absence of NGF.  
In this study, using TrkA-inducible stable cell lines 
by the Tet-On system in nonneuronal U2OS cells, 
we found that in the absence of NGF stimulation, 
TrkA overexpression caused ERK phosphorylation 
and tyrosine phosphorylation of cellular proteins, 
mimicking NGF-mediated activation pathway (Figure 
1A). Moreover, it resulted in a significant cell death 
(Figure 2) and morphological change of nonneu-
ronal U2OS cells to neuron-like phenotype such as 
neurite outgrowth (Figure 6). These results suggest 
that TrkA could also exhibit pleiotropic effects in 
nonneuronal cells when its protein level is high, 
even in the absence of its ligand binding.
    We also showed that TrkA-induced cell death 
was largely associated with γH2AX production and 
PARP cleavage, indicating an apoptotic cell death 
by TrkA (Figure 4A). γH2AX has been well reported 
to be induced in nucleus upon DNA damage in a 
cell cycle-dependent manner as a downstream 
target of ATM (MacPhail et al., 2003; Ichijima et al., 
2005; Takahashi and Ohnishi, 2005). However, TrkA- 
induced γH2AX production did not seem to be 
related to DNA damage-induced ATM activation 
pathway because there was no autophosphory-
lation of ATM at serine 1981 in TrkA-induced cells 
(Figure 1B). According to some reports, γH2AX 
production is also independent of DNA damage 
signals. It can be produced in a cell cycle-depen-
dent manner in HeLa cells (Ichijima et al., 2005).  
Furthermore, it can control cell proliferation under 
the normal cell growth condition. Indeed, H2AX- 
deficient cells reveal severe growth defect (Celeste 
et al., 2002). In addition, a recent report showed 
that γH2AX is accumulated in mouse skin cells 
during a hair cycle under no DNA damage and this 
γH2AX production was independent of ATM and 
DNA-PK (Koike et al., 2007), indicating that γH2AX 
can be produced by other kinases in the absence 
of DNA damage signal and play a crucial role in 
cell growth control. Besides three major PI-3 kinases 
(ATM, ATR, and DNA-PK) responding to γH2AX 
production, JNK MAPKs are also directly respon-
sible for production of γH2AX involving in cellular 
apoptosis (Lu et al., 2006; Sluss and Davis, 2006). 
In our study, γH2AX production was significantly 
inhibited by JNK inhibition and it caused suppre-
ssion of TrkA-induced cell death (Figure 5). These 
results suggest that TrkA might participate in γH2AX 

production via JNK signaling. In many cells, TrkA 
activation by NGF or NGF withdrawal largely indu-
ced JNK pathway (Aloyz et al., 1998; Jezierski et 
al., 2001).
    Why is γH2AX largely induced in cytosol upon 
TrkA overexpression and how does this lead to cell 
death? Through TrkA signaling, H2AX could be 
phosphorylated at serine 139 by JNK and other 
unknown kinases. Although the reason is not clear 
at present, our results suggest that γH2AX cyto-
solic accumulation is involved in the choice of cell 
death in TrkA-induced cells. The nuclear γH2AX 
accumulation has been suggested as inducer of 
caspase-activated DNase (CAD) in apoptosis (Lu 
et al., 2006; Sluss and Davis, 2006), but the cyto-
solic induction of γH2AX leading to cell death as 
shown in this study is elusive. According to a very 
recent report, histone H1.2 can be translocated to 
mitochodria and associated with Bak, leading to 
apoptotic cell death, in the bleomycin-treated human 
squamous carcinoma cells (Okamura et al., 2007). 
Similarly, γH2AX accumulated in cytosol in TrkA- 
induced cells might be associated with some 
pro-apoptotic factors and cause cell death when 
TrkA is overexpressed. Although further experiments 
are required to prove how the cytosolic accumu-
lation of γH2AX leads to cell death, at least we 
report here a novel finding that cytosolic induction 
of γH2AX is related with an apoptotic signal 
following the TrkA overexpression in nonneuronal 
U2OS cells.
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