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Abstract. The mechanism of apoptosis via the p53-dependent 
pathway remains to be fully understood. In the present study, 
a novel p53 target gene, Unc5D, was identified and its possible 
function in human neuroblastoma cells was investigated. 
The apoptotic effects of Unc5D in SK-N-BE (p53-/-) and 
SH-SY5Y (p53+/+) cells were measured by an 3-(4,5-dimeth-
ylthiazol-2-yl)2,5-diphenyltetrazolium bromide solution assay. 
Reverse transcription-polymerase chain reaction (RT-PCR) was 
also performed to detect the endogenous expression of Unc5D. 
In H1299 (p53-/-) cells, following overexpression of p53, RT-PCR 
and western blot analysis were used to detect the Unc5D mRNA 
and protein levels. In order to detect the promoter activity in 
the Unc5D gene, a luciferase assay was performed. Finally, to 
confirm the activate site of p53 subsequent to DNA damage, 
western blot analysis was used to analyze the phosphoryla-
tion site of Unc5D stable and mock clones in H1299 cells by 
co-expression of p53. Unc5D-induced apoptosis may be largely 
dependent on the p53 status. Notably, Unc5D was found to be a 
direct transcriptional target of p53. During adriamycin-mediated 
apoptosis, Unc5D was significantly induced in p53‑proficient 
SH-SY5Y cells but not in p53-deficient SK-N-BE cells. 
Overexpression of p53 resulted in an increase in the expression 
levels of endogenous Unc5D. Additionally, two elements were 
identified in the sequence of Unc5D. Notably, Unc5D expres-
sion also induced phosphorylation of p53 at serine-15. Unc5D 
is thus a newly identified transcriptional target of pro‑apoptotic 
p53 and may also act upstream of p53 to induce p53-dependent 
apoptosis by phosphorylation at ser-15.

Introduction

Neuroblastoma is the most common type of extracranial 
solid cancer in children. It is a neuroendocrine tumor, that 
may arise from any neural crest element of the sympathetic 

nervous system (1). It comprises 6-10% of all childhood 
cancers, and 15% of cancer-related mortalities in children. The 
annual mortality rates are 10 per million children aged 0-4 
years and 4 per million children aged 4-9 years (2). Although 
there has been an improvement in the treatment methods, the 
mortality rate of neuroblastoma remains extremely high. The 
most frequently mutated gene among all genes known to be 
involved in human cancer, including human neuroblastoma, 
is the tumor suppressor p53 (3). p21WAF, a cyclin-dependent 
kinase inhibitor, is known to be the principle mediator of 
p53 in the apoptotic pathway and has been shown inhibit 
the cyclin-dependent kinase p53R2 (4-6) and several mito-
chondrial proteins, including Bax, Noxa and mouse double 
minute 2 homolog (7-9). The products of these genes have 
diverse functions, including cell-cycle arrest, apoptosis, 
DNA repair, angiogenesis and transcription. Apoptosis is 
hypothesized to be vital in preventing cells from undergoing 
malignant transformation by eliminating damaged cells (10). 
A number of studies have indicated that the mitochondrial 
and the death‑receptor apoptotic pathways are significant in 
this process (7,8,10). However, identification of a number of 
p53-regulated genes clearly indicated that there are numerous 
p53-regulated apoptotic genes that are not involved in these 
two pathways, implying that the mechanism for p53-dependent 
apoptosis remains unclear.

Unc5B is one of four related receptors for netrin-1 (Unc5A, 
Unc5B, Unc5C and Unc5D). Notably, Unc5B was directly regu-
lated by p53 (11), providing a novel perspective on the role of the 
p53-regulatory system in apoptosis. In the present study, Unc5D 
was demonstrated to be a direct target of the p53 response to 
DNA damage and possibly form a type of feedback to induce 
p53-dependent apoptosis by phosphorylation of serin-15.

Materials and methods

Cell culture and transfection. SK-N-BE (p53-/-) and SH-SY5Y 
(p53+/+) human neuroblastoma cells, and H1299 (p53-/-) 
human lung carcinoma cells were maintained in RPMI-1640 
medium containing 10% heat-inactivated fetal bovine serum 
(Invitrogen Life Technologies, Carlsbad, CA, USA) and 
penicillin/streptomycin. Cultures were maintained at 37˚C in 
a water-saturated atmosphere of 5% CO2 in air for transfection. 
The pCDNA3.1-p53 plasmid was transfected into H1299 cells 
in a dose- and time-dependent manner with the indicated 
combination expressing plasmid using Lipofectamine™2000 
transfection reagent according to the manufacturer's 
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instructions (Invitrogen Life Technologies).

3‑(4,5‑dimethylthiazol‑2‑yl)2,5‑diphenyltetrazolium bromide 
solution (MTT) assay. The SH-SY5Y and SK-N-BE cells 
were seeded in 96-well culture plates as 5x103/well and were 
allowed to attach overnight. The cells were treated with 1 µM of 
adriamycin (ADR). Following treatment of 0, 6, 12, 24 and 48 h, 
10 µl of a modified MTT (Dojindo Laboratories, Kumamoto, 
Japan) was added to the culture medium and incubated at 37˚C 
for 1 h. The absorbance readings for each action were carried 
out at 570 nm using the microplate reader (Model 450, Bio-Rad 
Laboratories, Hercules, CA, USA).

RNA isolation and reverse transcription‑polymerase chain 
reaction (RT‑PCR). The total RNA was prepared from cells 
using an RNeasy Mini kit (Qiagen, Valencia, CA, USA). The 
total RNA (2 µg) was reverse transcribed using random primers 
and SuperScript II reverse transcriptase (Invitrogen Life 
Technologies). The resultant cDNA was subjected to PCR-based 
amplification. The oligonucleotide primers used were as follows: 
Forward: 5'-GGGACACTGCCTCATTTCAT-3' and reverse: 
5'-CATGGAAGTCCTCCACCTGT-3' for Unc5D; forward: 
5'-ATTTGATGCTGTCCCCGGACGATATTGAAC-3' and 
reverse: 5'-ACCCTTTTTGGACTTCAGGTGGCTGGAGTG-3' 
for p53; forward: 5'-ATGAAATTCACCCCCTTTCC-3' and 
reverse: 5'-CCCTAGGCTGTGCTCACTTC-3' for P21WAF1; 
forward: 5'-AGGTGGACCTGTTTCGTGAC-3' and reverse: 
5'-ACCCTGTGATCCACCAGAAG-3' for Bax; forward: 
5'-ACCTGACCTGCCGTCTAGAA-3'  and reverse: 
5'-TCCACCACCCTGTTGCTGTA-3' for GAPDH. The PCR 
products were separated on 2% gel electrophoresis and visual-
ized by ethidium bromide staining.

Western blot analysis. Cells were extracted directly with lysis 
buffer containing 25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 
2.7 mM KCl, 1% Triton X-100, 1 mM PMSF and protease 
inhibitor mixture (Sigma, St. Louis, MO, USA). The total protein 
concentrations were determined using the Bradford protein 
assay according to the manufacturer's instructions (Bio-Rad 
Laboratories). Equal quantities of protein (30‑50 µg) were 
boiled for 5 min in an SDS sample buffer containing 62.5 mM 
Tris-HCl, pH 6.8, 2% SDS, 2% β-mercaptoethanol and 0.01% 
bromophenol blue. Whole cell lysates were separated on 10% 
SDS‑PAGE and transferred onto a polyvinylidene difluoride 
membrane (Millipore, Billerica, MA, USA). The membrane was 
blocked with Tris-buffered saline [50 mM Tris-HCl, (pH 8.0), 
100 mM NaCl and 0.1% Tween-20] containing 5% non-fat dried 
milk, and then probed with the monoclonal anti-p53 (Clone 
Pab1801), monoclonal anti-phosphorylation (Ser-15) p53, goat 
anti-human Unc5D (R&D Systems, Minneapolis, MN, USA) or 
with polyclonal anti-actin (Sigma) antibody. The immunoreactive 
bands were visualized using horseradish peroxidase-conjugated 
anti-mouse, anti-rabbit or anti-goat immunoglobulin G anti-
bodies (Jackson ImmunoResearch Laboratories, West Grove, 
PA, USA) and enhanced chemiluminescence (Amersham 
Biosciences, Piscataway, NJ, USA). In order to detect the endog-
enous Unc5D protein, the collected cells were lysed directly in 
5X SDS sample buffer [125 mM Tris-HCl, (pH 6.8), 4% SDS, 
20% glycerol, 10% β-mercaptoethanol and 0.4 mg/ml bromo-
phenol blue].

Construction of luciferase reporter plasmids. The 
indicated luciferase reporter constructs driven by puta-
tive p53-responsive elements of the Unc5D gene were 
generated using the fol lowing pr imers: Forward: 
5'-GAGCTCATGTTGGCCAGGCTAGTC-3' and reverse: 
5'-GTGCTCACAGGGCAATGACTCACCTC-3' for RE1; 
and forward: 5'-GGTACCTCACCTCTGAACGTTAAC-3' 
and reverse: 5'-GGTACCTAAAGGGACTAGATCATG-3' 
for RE2. The resultant PCR products were gel‑purified and 
inserted into appropriate restriction sites of the pGL3-promoter 
plasmid (Promega Corporation, Madison, WI, USA), to 
generate p53-RE1 and p53-RE2, and the constructs were veri-
fied by DNA sequencing.

Luciferase reporter assay. The H1299 cells, which contain 
deficient p53, were seeded into 12‑well cell culture plates. 
Following overnight culture, the cells were transiently 
co-transfected with 100 ng pGL3-promoter plasmid (Promega 
Corporation), p53-RE1 or p53-RE2 and 10 ng plasmids. The 
total quantity of DNA was kept constant (510 ng) with pcDNA3. 
At 48 h after transfection, the cells were lysed and their lucif-
erase activity was measured using the Dual-Luciferase Assay 
system (Promega Corporation).

Establishment of Unc5D stable clones in H1299 cells. The 
H1299 cells were transfected with empty plasmid pcDNA3.1 
or with the expression plasmid of pcDNA3.1-Unc5D. At 48 h 
following transfection, the cells were transfected into the fresh 
medium containing G418 (Sigma) at a final concentration of 
800 µg/ml and incubated for two weeks. Next, G418-resistant 
clones were selected and cultured in the presence of G418 
(500 µg/ml). A total of two mock and two stable clones were 
selected for future experiments.

Statistical analysis. The data are expressed as the mean ± stan-
dard deviation. A statistical analysis was performed using 
Student's t-test and P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Induction of endogenous Unc5D by DNA damage in a 
p53‑dependent manner. In order to examine the effect of 
Unc5D for cell survival, two neuroblastoma cell lines SH-SY5Y 
(that contains wild‑type p53) and SK‑N‑BE (which has deficient 
p53), were tested for cell viability following ADR treatment. 
SH-SY5Y cells underwent marked cell death compared with 
SK-N-BE cells (Fig. 1A). DNA damage by ADR treatment 
clearly induced transcription of Unc5D in SH-SY5Y but not 
in SK-N-BE cells (Fig. 1B and C). The immunoblot analysis 
revealed that ADR-mediated apoptosis resulted in an evident 
induction of endogenous Unc5D. The results indicate that Unc5D 
was induced in ADR-mediated apoptosis in a p53-dependent 
manner at the mRNA and protein level, indicating that Unc5D is 
a target of p53 and also is involved in the DNA damage response.

Unc5D is a transcriptional target of p53. In order to examine 
whether Unc5D is a transcriptional target of p53, H1299 
cells with deficient p53 were transfected with an expression 
plasmid encoding p53. Further experiments demonstrated 
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that p53 induced the expression of Unc5D, p21WAF1 and Bax 
in a time- and dose-dependent manner (Fig. 2A). Unc5D was 
induced 12 h after p53 transfection, and 6 h after p53 expression 
at the mRNA level (Fig. 2A). Unc5D protein expression was 
induced in a dose-dependent manner following p53 expression 
(Fig. 2B). Transfection with the empty plasmid alone did not 
exhibit a detectable effect on Unc5D, indicating that Unc5D is 
a direct transcriptional target of p53.

p53 enhances the promoter activity of the Unc5D gene. 
As Unc5D was induced in the DNA damage response in a 
p53-dependent manner, it was important to further evaluate the 
transcription-enhancing activity of the possible p53-responsive 
elements on the Unc5D gene. The genomic structure of Unc5D 

and exon-intron organization was presented (Fig. 3A) and two 
candidate p53‑responsive elements were identified as p53‑RE1 
and p53-RE2. Cotransfection of p53-RE1 or p53-RE2 with 
the wide‑type p53 expression plasmid significantly increased 
the luciferase activity compared with the control (Fig. 3B). 
Therefore, the p53 responsive elements identified in the present 
study led to the conclusion that Unc5D is a direct target of p53.

Unc5D is a direct target of p53 and forms a type of feedback 
to induce apoptosis with DNA damage signal. In the present 
study, Unc5D induction was observed in SH-SY5Y cells 
following ADR treatment with an evident accumulation of 
p53, phosphorylated at ser-15 (Fig. 1C). Furthermore, Unc5D 
stable-expressing H1299 cells were established. A total of two 

Figure 1. (A) SK-N-BE cells had a higher cell survival rate compared with SH-SY5Y cells following ADR treatment. An 3-(4,5-dimethylthiazol-2-yl)2,5-diphe-
nyltetrazolium bromide solution assay was performed in SK-N-BE (p53-/-) and SH-SY5Y (p53+/+) cells subsequent to 1 µM ADR treatment for the indicated 
time periods. (B) Unc5D is induced by DNA-damage dependent on the p53 status. Reverse transcription-polymerase chain reaction was performed in SK-N-BE 
(p53-/-) and SH-SY5Y (p53+/+) cells after 1 µM ADR treatment for the indicated time periods. Induction of endogenous Unc5D is dependent upon normal p53 
expression. (C) Western blot analysis was used to detect the expression of p53, ser-15 of p53 and Unc5D proteins in SH-SY5Y cell exposure to ADR. The 
proteins were collected from cells incubated for different periods of time following exposure to stress. Expression of the actin protein was examined as a 
loading control. ADR, adriamycin.

Figure 2. (A) p53 is a direct target of p53. Reverse transcription-polymerase chain reaction was performed in H1299 (p53-/-) cells following overexpression 
of p53 in the indicated time periods and with indicated doses (0.5 and 1.0 µg). Unc5D is induced by the expression of p53, in the same manner as the p53 
targets (p21 and Bax). (B) Unc5D is a transcriptional target of p53. Western blot analysis was used to detect the expression of endogenous Unc5D 48 h after 
overexpression of p53 with different doses (0.5, 1.0, 2.0 µg) of pcDNA3.1‑p53. The p53 deficient cell line H1299 (p53-/-) was used as a negative control of p53. 
Transfection of an empty vector was used as an experiment control and actin was used as a quantity control.
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stable and two mock cell clones were used to detect phos-
phorylation at several different sites on p53 following DNA 
damage by ADR. Antibodies that recognized p53 phosphory-
lation at ser‑15, ser‑20 and ser‑46 were used to detect modified 
p53 subsequent to ADR treatment and only ser‑15 was clearly 
detectable in Unc5D stable clones compared with that in the 

mock stable clones, of which the other sites were undetect-
able (Fig. 4). These data reveal that Unc5D is a direct target 
of p53 following DNA damage, and forms a type of positive 
feedback to activate p53 by phosphorylation at serine 15 for 
p53-dependent apoptosis (Fig. 5).

Discussion

The present study demonstrated that Unc5D was a transcrip-
tional target of p53, and induced apoptosis even in aggressive 

Figure 3. (A) Genomic structure of Unc5D. Exon‑intron organization of Unc5D gene was presented. Two potential p53 responsive elements were identified 
inside intron-1. (B) A luciferase reporter assay shows that p53 enhances the promoter activity of Unc5D gene. H1299 cells were co-transfected with p53 in a 
dose‑dependent manner. The total quantity of plasmid was kept constant by pcDNA3.1. The luciferase activity was normalized based on a Renilla luciferase 
activity. The graphs indicate the average of three independent experiments.

Figure 4. Co-overexpression of Unc5D with p53 causes an increase of 
p53-Ser15 in H1299 cells. In H1299 cells the Unc5D stable clone 1 and 2 
stably expressed Unc5D while the mock stable clones 1 and 2 were not able 
to. Following transfection with p53, western blot analysis was performed 
to detect phosphorylation at serine 15 in stable clones but not in the mock 
clones, as serine-20 and -46 were undetactable in the two clones. Actin was 
used as a quantity control.

Figure 5. Schematic of how Unc5D expression is induced by p53 following 
DNA damage and how it activates p53 by phosphorylation at serine-15 as a 
feedback mechanism.
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neuroblastoma dependent on the normal p53 status. Unc5D is 
a member of the Unc5s family, which are the netrin-1 recep-
tors Unc5A, Unc5B, Unc5C and Unc5D. Netrin-1 receptors 
are a type of transmembrane receptor possibly mediating the 
chemorepulsive activity during the development of neural 
cells (12,13), but also promoting cell death induction in the 
absence of netrin-1, the latter proapoptotic activity depending 
on the caspase cleavage of these receptors and the conserved 
death domain located at the C-terminus of their intracellular 
domains (14,15). Thus they are also termed dependence recep-
tors, which induce cell survival or death dependent on the 
presence or absent of netrin-1. Unc5B was previously shown to 
be a direct transcriptional target for the tumor suppressor p53 
and to mediate p53 proapoptotic activity (15). In the present 
study it was shown that Unc5D is significantly induced in 
DNA damage. Enforced expression of p53 in p53‑deficient 
H1299 cells also induced endogenous Unc5D expression. In 
SH‑SY5Y neuroblastoma cells and in SH‑SY5Y p53‑proficient 
cells, Unc5D was induced following adriamycin treatment, 
following apoptosis in a p53-dependent manner. However, this 
did not occur in SK‑N‑BE p53‑deficient cells. It remains to be 
determined how the proapoptotic signal is transmitted from 
the cell surface to the cytoplasm or nucleus. It is well known 
that Unc5A-C is cleaved by caspase-3. In addition, a caspase 
inhibitor or point mutation of the caspase locus can prevent 
the apoptosis induction (16). However, the specific mechanism 
downstream from the cell surface, which triggers p53 activa-
tion, requires further investigation in order to be clarified.

p53 is a tumor suppressor gene and the most frequent site of 
genetic alteration found in human cancers. p53 is activated in 
response to various cellular stresses. The activated p53 binds to 
specific sequences in the apoptotic‑target genes and activates 
their transcription. Several p53-regulated apoptotic-target 
genes have been identified and are divided into two major path-
ways: The mitochondrial and death-receptor pathways. Bax, 
Noxa and p53 upregulated modulator of apoptosis are involved 
in the mitochondrial pathway, and Killer/death-inducing 
receptor 5 and failed axon connections are involved in the 
death-receptor pathways (17). In the present study, Unc5D is 
found to be involved in p53-regulated apoptotic pathways, 
implying the involvement of dependence receptors in a third 
pathway. Notably Unc5D appears to form a type of feedback to 
induce p53-dependent apoptosis by transcriptional induction 
of p53 and phosphorylation at ser-15.

Unc5 receptors are involved in vasculogenesis and apop-
tosis. Unc5B and Unc5D were identified to interact with 
high‑affinity fibronectin leucine rich transmembrane protein 3 
(FLRT3) (18). FLRT3 and Unc5B functionally interact in 
modulating cell adhesion during early Xenopus develop-
ment, and the effect of Unc5B on adhesion is mediated by 
the Rho family GTPase 1. Additionally, it has been reported 
that subventricular expressed transcript 1 (Svet1) contains a 
high proportion of repetitive sequences and maps in the first 
intron of Unc5D. The previously reported ‘SVZ-specific 
expression of the Svet1 RNA’ indicates putative involvement 
of Unc5D signaling in the multipolar migrating cells (19). 
Therefore, certain effects observed in these studies may be 
due to Svet1, and Svet1 may be upregulated by p53 alone 
with Unc5D. Additionally, Unc5s can regulate the hepatocyte 
growth factor/methoprene-tolerant (MET) signaling pathway 

via an interaction with the intracellular domain of the MET 
receptor. The MET receptor has a dual anti-apoptotic and 
pro-apoptotic role in different cell types. While no ligand 
is bound to MET, the activated MET induces phosphati-
dylinositol 3-kinase-Akt-dependent signaling leading to the 
anti-apoptotic response. When no ligand is bound to MET, the 
receptor is subjected to caspase-dependent cleavage leading 
to the formation of a pro-apoptotic fragment of MET (20). 
However, the reason the cells require redundant functions 
of the different Unc5 proteins, requires further investigation 
and the identification of other associated proteins in order to 
elucidate how this transmembrane receptor exerts its cellular 
functions.

Neuroblastoma treatment is a clinical challenge. Although 
there have been improvements in chemotherapy, radiotherapy 
and drug-induced differentiation, even with transplantation, 
the long-term survival rate of neuroblastoma remains low. 
Therefore, the identification of novel genes is a prospective 
way for targeting treatment. Unc5D is a newly identified 
dependence receptor for netrin-1, and a direct target of p53. 
Targeting at the Unc5D gene and p53-dependent apoptosis 
may provide a novel strategy for neuroblastoma treatment.
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