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Abstract: Objective: This study aimed to investigate the biological effects of “combi-targeting” JDF12 and its effect 
on the DNA repair pathway in hormone-refractory prostate cancer (HRPC). Methods: HRPC cell lines (PC3 cells and 
VCap cells) were treated with JDF12 at different concentrations, and SRB method was employed to detect the pro-
liferation of HRPC cells; Annexin V-FITC kit was used to detect the apoptosis of PC3 cells; Alkaline comet assay was 
performed to detect DNA damage; Western blot assay was done to detect the expressions of autophosphorylated 
EGFR, XRCC1 and ERCC1 (later two are proteins in DNA repair pathway); the anti-tumor effect was evaluated in 
nude mice inoculated with PC3 cells. Results: JDF12 could inhibit the proliferation of PC3 cells and VCap cells in a 
concentration dependent manner (IC50: 14.04 ± 1.22 for PC3 and 15.57 ± 1.13 for VCap) and significantly increase 
the apoptotic cells as compared to those treated with mitozolomide or iressa alone. In PC3 cells, JDF12 induced 
DNA damage and also inhibited the expressions of phosphorylated EGFR, XRCC1 and ERCC1 in a concentration 
dependent manner. Moreover, JDF12 markedly inhibited tumor growth in nude mice. Conclusion: The novel “combi-
targeting” JDF12 may exert more potent anti-proliferative effect as compared to mitozolomide or iressa alone, and 
the inhibitory effect on the EGFR signaling pathway and down-regulated XRCC1 and ERCC1 expressions may be 
ascribed to the JDF12 induced DNA damage. 
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Introduction

Prostate cancer (PCa) is a malignancy with the 
highest incidence in males of western coun-
tries and has been the second cause of death 
following lung cancer [1]. In recent years, with 
the development of liver standard, change in 
dietary structure and population aging, the inci-
dence of PCa is increasing in China. In 2012, 
the prevalence of PCa in registered regions is 
about 9.92 cases per 100000 [2, 3]. Currently, 
therapeutic strategies have limited effective-
ness for the advanced PCa with metastasis 
which thus may finally progress into hormone 
refractory prostate cancer (HRPC) [4]. The ther-
apy of HRPC is still a challenge in clinical prac-
tice and has been the major cause of death in 
PCa patients.

Drug resistance and lack of target are the major 
reasons for therapeutic failure in HRPC patients. 
Traditional chemotherapy lacks favorable speci-
ficity and usually causes severe adverse effects 
although effectiveness is achieved to a certain 
extent. Significantly increased epidermal gro- 
wth factor receptor (EGFR) is one of important 
characteristics of PCa. The expression of EGFR 
and its homologous ligands may cause an auto-
crine stimulation cycle and activate receptors 
to promote growth, proliferation and invasion of 
cancer cells, affecting the prognosis of PCa [5, 
6]. Thus, to develop new drugs targeting EGFR 
may bring promises for the clinical therapy of 
HRPC.

In our previous study, a novel “combi-targeting” 
chemical compound JDF12 was synthesized 
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[7]. This drug can specifically bind to EGFR over-
expressed in PCa, which then blocks the EGFR 
signaling pathway. This drug may be further 
hydrolyzed into an inhibitory molecule of EGFR 
tyrosine kinase (TK) and DNA alkylating mole-
cule. This process may result in a tadem-like 
release of anti-tumor molecules, exerting 
potent and sustained anti-tumor effect on 
HRPC [7]. Theoretically, EGFR TK inhibitor may 
block the EGFR signaling pathway and also 
block or significantly inhibit the activation of 
DNA repair signaling pathway due to the hydro-
lyzed DNA alkylating agent, which may be more 
effective to damage DNA in cancer cells. 
Furthermore, DNA alkylating agent induced 
DNA damage may reduce risk for gene muta-
tion and subsequent resistance of cancer cells 
due to treatment with one EGFR TK inhibitor 
(Figure 1) [8, 9].

In our previous study, results confirmed that 
the anti-proliferative effect of JDF12 in PCa cell 
lines (LNCap cells and DU145 cells) was more 
than 10 times that of MTZ or JDF04R alone 
(two active components of JDF12) and more 
than 2 times that of combined therapy at the 
same or equivalent doses. The combination 
index (CI50) was < 1, suggesting the synergistic 

anti-tumor effect of both active components on 
PCa [7]. To further detect the anti-tumor effect 
of JDF12 on HRPC and to elucidate the poten-
tial mechanisms underlying the synergistic 
anti-tumor effect of both active components, 
this study was undertaken to detect the biologi-
cal effect of JDF12 on PC3 cells and VCap cells, 
and the influence of JDF12 on the key proteins 
in the DNA repair signaling pathway was also 
evaluated.

Materials and methods 

Preparation of drugs

JDF12 was synthesized by Prof Bertrand Jean-
laude in the Cancer Drug Research Laboratory 
Department of Medicine, McGill University 
Health Centre. Iressa was purchased from 
AstraZeneca (UK), and mitozolomide (MTZ) 
from Beijing Huamei Huli Biological Chemical 
Company. Antibodies against EGFR, ERCC1, 
XRCC1 and other proteins were purchased from 
Santa Cruz Biotechnology, INC (California, USA). 
Annexin V-FITC apoptosis assay kit (BD), Single 
Cell Gel Electrophoresis Assay kit (SYBR Gold) 
and other chemicals were purchased from 
Sigma (USA). Drugs were dissolved in DMSO 

Figure 1. Anti-tumor mechanism of combi-targeting 
molecule.
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and diluted with sterilized RPMI 1640 contain-
ing 10% fetal bovine serum (FBS) before use. 
The final DMSO concentration was lower than 
0.2%. 

Cell culture

Human PCa cell lines (PC3 cells and VCap cells) 
were purchased from ATCC. Cells were main-
tained in RPMI 1640 containing 10% FBS and 
1% penicillin/streptomycin in a humidified envi-
ronment of 5% CO2 at 37°C. Cells in logarithmic 
growth phase were used in following experi-
ments. In all assays, the cells were plated for 
24-48 h before drug administration.

Detection of cell proliferation with sulforhoda-
mine B (SRB)

Cells were seeded into 96-well plates at a den-
sity of 1 × 104 and incubated at 37°C for 24 h 
followed by treatment of drugs at different con-
centrations. There were 3 wells in each group. 
After drug treatment for 6 d, 50-μL of pre-cold 
trichloroacetic acid (50%) was added, followed 
by fixation at 4°C for 1 h. After washing with 
deionized water four times, cells were air-dried. 
Then, 50 μl of 0.4% SRB solution was added 

into each well, followed by incubation for 30 
min. Cells were washed in 1% acetic acid to 
remove background staining and dried at room 
temperature. Cells were subsequently incubat-
ed with 200 μl of 10 mM Tris-base to resolve 
the dye with constant shaking for 15 min. 
Absorbance of each well was measured at 492 
nm.

Detection of apoptosis by Annexin V-FIT apop-
tosis assay

After drug treatment for 2 d, cells and culture 
medium were collected and centrifuged, and 
cells were harvested and re-suspended in PBS 
for further cell counting. Then, 5 × 105 cells 
were centrifuged at 1000 g for 5 min, the super-
natant was removed and 195 μl of binding solu-
tion was added, followed by addition of 5 μl of 
Annexin V-FITC and 10 μl of propidium iodide. 
Incubation was done at room temperature in 
dark for 15 min and then cells were placed on 
ice, followed by flow cytometry.

Western blot assay

Western blot assay was performed according 
to previously described [10]. After drug treat-
ment for 2 d, total protein was extracted and 
protein concentration was determined. Equal 
amounts of protein (100 μg) were subjected to 
a 10% SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) at 70 V for 20 min in separating gel 
and 110 V for 60-80 min in stacking gel, and 
then transferred to a polyvinylidene difluoride 
(PVDF) membrane (Millipore, Bedford, MA) at 
300 mA for 60 min. The membrane was incu-
bated with 5% non-fat milk for 2 h with constant 
shaking and then treated with primary antibody 
(1:1000) at 4°C overnight. Following washing in 
PBST thrice (10 min for each), the membrane 
was treated with secondary antibody (1:10000) 
at room temperature for 1 h in dark. After wash-
ing in PBST thrice (10 min for each), the pro-
teins on the membrane was visualized under 
an Odyssey infrared fluorescence imaging 
system.

Alkaline comet assay for quantitative analysis 
of DNA damage

Alkaline Comet Assay was performed according 
to previous described [11]. In brief, 100 μl of 
1% agarose with a normal melting point at 45°C 
was dropped onto frosted slides, followed con-
solidation at 4°C for 10 min. Then, the cover-
slip was removed, and 75 μl of 0.7% agarose 
with a low melting point at 37°C and 10 μl of 

Figure 2. Antiproliferative effects of JDF12, Iressa, 
and MTZ against PC3 cells (A), VCap cells (B). Cells 
were treated with JDF12, Iressa, and MTZ over a pe-
riod of 6 days. Growth inhibition was measured using 
the SRB assay. Each point represents at least two 
independent experiments run in triplicate.
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cell suspension were rapidly dropped into 
slides, followed by consolidation at 4°C for 10 
min. Electrophoresis was performed after cell 
lysis and DNA unwinding, followed by SYBR 
Gold staining. The resultant products were 
stored at 4°C in a humidified environment in 
dark for 24 h and observed under a fluores-
cence microscope at 330 × magnification. 
Single cell Comet Assay IV v4.2 image analysis 
software was used to analyze the proportion of 
cell comets and calculate the DNA migration 
distance. DNA damage was assessed with tail 
length and tail moment (the distance between 
the barycenters of the head and the tail of the 
comet multiplied by the percentage DNA in the 
tail region).

In vivo tumorigenicity

In brief, 3 × 106 cells were re-suspended in 100 
μl of PBS, which was then subcutaneously inoc-
ulated into 4-week-old CD-1 nude mice. Ten 
days later, rice-sized nodules were observed 
under the skin, suggesting successful tumori-
genicity. Mice were randomly assigned into 

control group, iressa group and JDF12 group (n 
= 5 per group), and drugs were injected intra-
peritoneally at 100 mg/kg. In control group, 
400 μl of vehicle was injected. Injection was 
done once every 2 days for consecutive 7 
times. The tumor width and tumor length were 
measured with a vernier caliper once every 3 
days after treatment initiation, and tumor vol-
ume was calculated as follow: tumour volume 
(TV, mm2) = [(tumor width + tumor length)/4]3 × 
4/3 × π.

Statistical analysis

Statistical analysis was performed with SPSS 
version 16.0, and a value of P < 0.05 was con-
sidered statistically significant.

Results

JDF12 significantly inhibits the proliferation of 
PC3 cells and VCap cells

Detection with SRB method showed JDF12 
treatment for 6 d significantly inhibited the pro-
liferation of PC3 cells and VCap cells in a con-

Figure 3. The effect of JDF12 on 
apoptosis in PC3 cell. Annexin V 
binding following drug treatment 
in the PC3 cell line. A: Quantita-
tion of levels of apoptosis induced 
by JDF12. B: Quantitation of levels 
of total apoptosis (early + late) in-
duced by JDF12 comparison with 
Iressa and MTZ. The cells were 
exposed to drug treatment over 
a period of 48 h. Each point rep-
resents two independent experi-
ments run in duplicate.
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centration dependent manner, and the IC50 was 
14.04 ± 1.22 for PC3 cells and 15.57 ± 1.13 
for VCap cells. As compared to Iressa or MTZ 
alone, the IC50 of JDF12 markedly lowered, and 
JDF12 at a low concentration could achieve 
good inhibitory effect on the proliferation of 
PCa cells (Figure 2). 

JDF12 significantly induces apoptosis of PC3 
cells

Annexin V-FITC apoptosis assay was employed 
to detect the apoptosis of PC3 after JDF12 
treatment. Results showed JDF12 treatment 

significantly increased the proportion of apop-
totic cells in a concentration dependent man-
ner. The apoptosis index was about 31.47% 
after treatment with 50 μM JDF12, but that of 
mitozolomide and iressa was 10.02% and 
9.84%, respectively. When compared with mito-
zolomide and iressa, JDF12 was more potent to 
induce the apoptosis of PC3 cells (Figure 3). 

JDF12 inhibits the EGFR phosphorylation in a 
concentration dependent manner

PC3 cells were incubated with JDF12 at 50, 25, 
12.5 and 6.25 μM for 2 h and then with 50 ng/
mL EGF for 15 min, followed by Western blot 
assay. Results showed the expression of phos-
phorylated EGFR increased markedly in cells 
treated with EGF alone. In the presence of EGF, 
JDF12 at different concentrations could inhibit 
the EGFR phosphorylation in a concentration 
dependent manner. Under different conditions, 
EGFR expression remained unchanged (Figure 
4). 

JDF12 induces DNA damage in PCa cells

Alkaline Comet Assay was employed to detect 
the DNA damage in PC3 cells after JDF12 treat-
ment. Results showed JDF12 treatment for 24 
h significantly caused DNA damage in a con-
centration dependent manner in PC3 cells. 
JDF12 at a high concentration was more potent 
to induce DNA damage as compared to mito-
zolomide, a DNA alkylating drug, but iressa 
failed to cause obvious DNA damage (Figure 5).

JDF12 alters the expressions of proteins re-
lated to DNA repair

XRCC1 and ERCC1 are two important proteins 
related to DNA repair. Western blot assay was 
employed to investigate the influence of JDF12 
on the DNA repair signaling pathway. After EGF 
treatment, the expressions of XRCC1 and 
ERCC1 were significantly up-regulated, but 
JDF12 at different concentrations suppressed 
the expressions of XRCC1 and ERCC1 in a con-
centration dependent manner (Figure 6). 

JDF12 inhibits tumor growth in vivo

The TV was measured once every 3 days (Figure 
7B). At 33 days after inoculation of cancer cells, 
the tumors were collected, and TV was calcu-
lated (Figure 7A). The TV was 960.3 ± 245.0 in 

Figure 4. Inhibition of EGFR phosphorylation in PC3 
cells. Serum-starved cells were preincubated for 2 
h with the indicated concentrations of JDF12 (A). 
Phosphorylation level of EGFR by difference JDF12 
concentrations (*p < 0.05 vs -EGF, #p < 0.05 vs 
+EGF) (B). EGFR expression level in indicated con-
centrations of JDF12 (C) before stimulation with EGF 
(50 ng/mL) for 15 min. Equal amounts of cell lysates 
were analyzed by Western blotting using anti-phos-
photyrosine antibodies. Membranes were stripped 
of anti-phosphotyrosine and reprobed with anti-EG-
FR antibodies as a loading control. 
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control group, 570.6 ± 131.8 in iressa group 
and 220.4 ± 165.4 in JDF12 group, show- 

competitively bind to the ATP of EGFR signaling 
pathway) and imidazotetrazinone (able to alkyl-
ate the guanine of DNA) into a chemical drug 
JDF12. It can specifically bind to EGF receptor 
and block the autophosphorylation of EGFR to 
interrupt the EGF signaling pathway [7]. Under 
physiological conditions, JDF12 may be further 
hydrolyzed into an EGFR TK inhibitor (JDF04R) 
and a DNA alkylating molecule (chloroethyl dia-
zonium). Chloroethyl diazonium is a functional 
group of mitozolomide (a chemotherapeutic 
drug) and able to alkylate the DNA of cancer 
cells [7, 9, 14]. In vitro studies showed JDF12 
was effective to inhibit the proliferation of 
LNCap cells and DU145 cells. Experiment in 
nude mice inoculated with DU145 cells also 
confirmed JDF12 had a favorable anti-tumor 
effect [7]. To further validate the biological 
effect of this “combi-targeting” chemothera-

Figure 5. (Original magnification) (A) Typical comets formed by electropho-
resis of PC3 cell nuclei after exposure to various concentrations of JDF12. 
Comets were visualized and examined using fluorescence microscopy at × 
330 magnification; (B) Quantification of DNA damage in PC3 cells using the 
alkaline comet assay after exposure to JDF12, MTZ, and Iressa.

ing marked difference among 
them (Control vs. JDF12 P = 
0.0008 and iressa vs. JDF12 
P = 0.0066) (Figure 7C). 

Discussion

Development of “combi-tar-
geting” drugs refers to syn-
thesize a new compound with 
a chemical synthetic method. 
This compound is able to spe-
cifically bind to EGF receptor 
and inhibit its autophosphor-
ylation to block the EGFR sig-
naling pathway. Under physi-
ological conditions, this com-
pound may be further hydro-
lyzed into an EGFR TK inhibi-
tor and DNA damaging mole-
cule, which may exert sus-
tained and potent anti-prolif-
erative effect on the refracto-
ry and EGFR dependent can-
cer. This method is depen-
dent on the stability of “com-
bi-targeting” compound, the 
proportion of hydrolyzed anti-
tumor molecule and the inter-
action among anti-tumor mol-
ecules under physiological 
conditions [12, 13]. 

On the basis of above design, 
we successfully synthesized 
anilinoquinazoline (able to 

Figure 6. PC3 cells were starved overnight, treated 
with the indicated concentrations of JDF12 for 2 h, 
and thereafter stimulated or not stimulated with EGF 
(50 ng/mL) for 15 min. Afterwards, cellular proteins 
were analyzed by Western blot for the effect of JDF 
incubated with antibodies against ERCC1 and XRCC1 
to detect DNA repair proteins, and anti-tubulin anti-
body was used to control for equal loading. Western 
blots were repeated twice, and similar results from 
two independent treatments were obtained.
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peutic drug on HRPC and investigate its influ-
ence on the DNA repair signaling pathway, PCa 
cell lines (PC3 cells and VCap cells) were 
employed and treated with JDF12. Our results 

may provide experimental evidence for the 
future studies on JDF12 and present theoreti-
cal evidence for the anti-tumor effect of JDF12. 
Our findings revealed that JDF12 was able to 
inhibit the proliferation of HRPC cells and 
increase their apoptosis index, which were 
JDF12-concentration dependent and better 
than that of mitozolomide or iressa alone. In 
vivo experiment in nude mice inoculated with 
PC3 cells also confirmed that JDF12 was able 
markedly inhibit the tumor growth, which was 
more potent than that of iressa. We not only 
confirmed JDF12 was potent to exert anti-tumor 
effect on HRPC but further investigated the 
potential mechanism related to the effect of 
JDF12 on the EGFR phosphorylation and DNA 
damage in PCa cells.

Clinical studies have found that 50-90% of 
HRPC cells have EGFR over-expression [15]. 
EGFR is able to phosphorylate EGFR TK to 
abnormally activate the downstream survival 
related signaling pathway and activate the anti-
apoptosis signaling pathway, which are helpful 
to promote the cancer cell proliferation [16, 
17]. Thus, in the present study, EGFR was 
employed as a target to validate whether the 
new combi-targeting chemotherapeutic drug 
JDF12 was able to block EGFR signaling path-
way to exert anti-tumor effect. Moreover, 
results also revealed that additional EGF could 
significantly induce EGFR phosphorylation, but 
JDF12 could inhibit this EGF-induced EGFR 
phosphorylation in a concentration dependent 
manner, which were consistent with above 
hypothesis.

DNA alkylating agents are cytotoxic drugs. The 
active group of alkylating agents may covalent-
ly bind to DNA in cells, resulting in DNA inactiva-
tion or DNA fracture, which is also known as 
DNA alkylation damage [18]. DNA has the abili-
ty to repair itself in which DNA hydrocarbyl 
transferase is responsible for the de-alkylation 
(including demethylation). In addition, the entry 
of methylated DNA into subsequent biological 
processes is dependent on the repair capability 
of DNA mismatch. Once both steps are com-
pleted, methylated DNA may damage the DNA 
repair, exerting cytotoxic effect. Thus, an alkyl-
ating agent is only effective in some cancer 
cells with weak or no DNA repair. In the pro-
grammed administration of drugs, the first drug 
may inhibit the enzyme and consume DNA 
repair enzymes, which is helpful for the action 

Figure 7. In vivo growth inhibition by JDF12. A: Tu-
mour volume was measured by vernier caliper while 
mice were killed and tumour was anatomized 33 
days post-treatment. B: Quantification of tumour vol-
umes in PC3 cell line transplantation CD-1 mice after 
treatment with JDF12, Iressa, and vehicle (control). 
C: Comparison between the mean tumor volumes 
of groups of mice treated with JDF12 vs Iressa and 
JDF12 vs Control 33 day post-treatment. The mice 
were implanted with the PC3 cell line and were ran-
domly divided into three groups. The first group was 
treated with vehicle (control), the second group was 
treated with Iressa, and the third group with JDF12. 
Twenty one days following administration, a signifi-
cant difference in tumor volume could be observed 
between the group that received JDF12 and the 
group that received the control. Statistical analy-
sis was carried out using Student’s t-test (P < 0.05 
JDF12 vs. vehicle).
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of following drugs. In the present study, comet 
assay was performed to detect DNA damage. 
Results showed JDF12 was able to increase 
DNA damage in a concentration dependent 
manner. JDF12 at a high concentration was 
more potent to cause DNA damage as com-
pared to mitozolomide alone. This suggests 
that, when the hydrolyzed molecules (EGFR TK 
inhibitor and DNA alkylating molecule) of JDF12 
reach a certain level, the ability of JDF12 to 
cause DNA damage increases significantly, and 
EGFR TK inhibitor and DNA alkylating molecule 
may synergistically exert anti-tumor effect, sug-
gesting that to block EGFR signaling pathway 
significantly deteriorates DNA damage due to 
DNA alkylation. In our previous study, we com-
pared the anti-proliferative effect of JDF12 with 
that of both mitozolomide and iressa at the 
same or equivalent doses. Results showed the 
anti-proliferative effect of JDF12 was 2 times 
that of mitozolomide and iressa, implying that 
the hydrolyzed molecules of JDF12 may exert 
synergistic anti-tumor effect [7]. There is evi-
dence showing that DNA repair may remove 
DNA damage before the presence of adverse 
consequence of DNA damage, which reduces 
the cytotoxicity of DNA damage inducing agents 
[19]. Thus, the DNA repair mechanism may 
become a new target in the anti-tumor therapy. 
The known DNA repair mechanism includes 
nucleotide excision repair (NER), base excision 
repair, mismatch repair (MMR) and others, of 
which NER and BER are the most important 
mechanisms [20]. NER is a rate-limiting step in 
the recognition and excision of damaged DNA 
during DNA repair, in which excision repair 
cross-completion1 (ERCC1) plays a crucial role. 
The ERCC1 activity reflects the whole NER 
activity. X-ray repair cross-complementing 
group 1 (XRCC1) mainly acts in the BER and 
may interact with DNA ligase III, DNA poly-
merase β and ADP-ribose polymerase to repair 
DNA damage of any cause [20, 21]. In the pres-
ent study, we also found EGF was able to 
increase XRCC1 and ERCC1 expressions, 
which, however, were down-regulated signifi-
cantly by JDF12. This suggests that JDF12 may 
block the EGFR signaling pathway and reduce 
the expressions of XRCC1 and ERCC1 (two pro-
teins in the DNA repair) in PCa cells, which 
increase the alkylating DNA damage and the 
subsequent anti-tumor effect on HRPC.

This study investigates the effects of JDF12 as 
a pro-drug on the EGFR and DNA and their role 

in the anti-tumor effect of JDF12 on HRPC. 
Furthermore, we confirm that the DNA damage 
inducing effect of JDF12 is related to the block-
ing of EGFR signaling pathway and down-regu-
lated expressions of XRCC1 and ERCC1 in the 
DNA repair signaling pathway. Our findings pro-
vide new theoretical evidence for the use of 
combi-targeting drugs. 

Acknowledgements

This work was supported by the National Na- 
tural Science Foundation of China (81202012), 
Specialized Research Fund for the Doctoral 
Program of Higher Education of China (2011- 
0171120088), Guangdong Science and Tech- 
nology Project (2013B021800084), The Funda- 
mental Research Funds for the Central Univer- 
sities (14YKPY25), Medical Scientific Research 
Foundation of Guangdong Province, China 
(B2011097) and Natural Science Foundation 
of Guangxi Province (2010GXNSFA183013).

Disclosure of conflict of interest

None.

Address correspondence to: Wei Liu, Guangdong 
Provincial Key Laboratory of Liver Disease, The Third 
Affiliated Hospital of Sun Yat-Sen University, 
Guangzhou 510630, Guangdong, China. E-mail:  
liuwei510630@163.com; Li Gao, Department of 
Urology, Affiliated Hospital of Guilin Medical College, 
Guilin 541004, Guangxi, China. E-mail: gao.
li.806gaoli@gmail.com

References

[1] Mortensen MM, Hoyer S, Orntoft TF, Sorensen 
KD, Dyrskjot L and Borre M. High miR-449b ex-
pression in prostate cancer is associated with 
biochemical recurrence after radical prosta-
tectomy. BMC Cancer 2014; 14: 859.

[2] Li ML, Lin J, Hou JG, Xu L, Cui XG, Xu XX, Yu YW, 
Han X, Wang GM, Guo JM, Xu DF, Thompson 
TC, Cao GW and Zhang HW. Environmental and 
Psycho-social Factors Related to Prostate Can-
cer Risk in the Chinese Population: a Case-
control Study. Biomed Environ Sci 2014; 27: 
707-717.

[3] Shen Q, Hu S, Li J, Wang JH and He Q. [Inci-
dence and clinicopathological characteristics 
of incidental prostatic adenocarcinoma in radi-
cal cystoprostatectomy specimens]. Beijing Da 
Xue Xue Bao 2014; 46: 515-518.

[4] Loblaw DA, Virgo KS, Nam R, Somerfield MR, 
Ben-Josef E, Mendelson DS, Middleton R, 
Sharp SA, Smith TJ, Talcott J, Taplin M, Vogel-

mailto:gao.li.806gaoli@gmail.com
mailto:gao.li.806gaoli@gmail.com


Effects “combi-targeting” molecule on DNA repair pathway

2395 Am J Cancer Res 2015;5(8):2387-2395

zang NJ, Wade JL 3rd, Bennett CL and Scher 
HI. Initial hormonal management of androgen-
sensitive metastatic, recurrent, or progressive 
prostate cancer: 2006 update of an American 
Society of Clinical Oncology practice guideline. 
J Clin Oncol 2007; 25: 1596-1605.

[5] Salzberg M, Rochlitz C, Morant R, Thalmann G, 
Pedrazzini A, Roggero E, Schonenberger A, 
Knuth A and Borner M. An open-label, noncom-
parative phase II trial to evaluate the efficacy 
and safety of docetaxel in combination with 
gefitinib in patients with hormone-refractory 
metastatic prostate cancer. Onkologie 2007; 
30: 355-360.

[6] Mulert C, Leicht G, Hepp P, Kirsch V, Karch S, 
Pogarell O, Reiser M, Hegerl U, Jager L, Moller 
HJ and McCarley RW. Single-trial coupling of 
the gamma-band response and the corre-
sponding BOLD signal. Neuroimage 2010; 49: 
2238-2247.

[7] Fang Y, Qiu Q, Domarkas J, Larroque-Lombard 
AL, Rao S, Rachid Z, Gibbs BF, Gao X and Jean-
Claude BJ. “Combi-targeting” mitozolomide: 
conferring novel signaling inhibitory properties 
to an abandoned DNA alkylating agent in the 
treatment of advanced prostate cancer. Pros-
tate 2012; 72: 1273-1285.

[8] Qiu Q, Domarkas J, Banerjee R, Merayo N, Bra-
himi F, McNamee JP, Gibbs BF and Jean-Claude 
BJ. The combi-targeting concept: in vitro and in 
vivo fragmentation of a stable combi-nitro-
sourea engineered to interact with the epider-
mal growth factor receptor while remaining 
DNA reactive. Clin Cancer Res 2007; 13: 331-
340.

[9] Fairbairn LJ, Chinnasamy N, Lashford LS, Chin-
nasamy D and Rafferty JA. Enhancing hemo-
poietic drug resistance: a rationale for recon-
sidering the clinical use of mitozolomide. 
Cancer Gene Ther 2000; 7: 233-239.

[10] Wang L, Li XY, Jiang GF, Liang JZ, Sun Y and Liu 
W. Reversal effect of BM-cyclin 1 on multidrug 
resistance by down-regulating MRP2 in 
BALB/C nude mice bearing C-A120 cells. J 
Huazhong Univ Sci Technolog Med Sci 2013; 
33: 840-844.

[11] Eren K, Ozmeric N and Sardas S. Monitoring of 
buccal epithelial cells by alkaline comet assay 
(single cell gel electrophoresis technique) in 
cytogenetic evaluation of chlorhexidine. Clin 
Oral Investig 2002; 6: 150-154.

[12] Larroque AL, Peori B, Williams C, Fang YQ, Qiu 
Q, Rachid Z and Jean-Claude BJ. Synthesis of 
water soluble bis-triazenoquinazolines: an un-
usual predicted mode of binding to the epider-
mal growth factor receptor tyrosine kinase. 
Chem Biol Drug Des 2008; 71: 374-379.

[13] Qiu Q, Larroque AL, Gibbs B, Fang Y, Lakhrissi 
Y, Soucy JP, Mzengeza S, Rachid Z and Jean-
Claude BJ. Molecular analysis of the in vivo 
metabolism and biodistribution of metaboli-
cally and non-metabolically activated combi-
molecules of the triazene class. Drug Metab 
Lett 2009; 3: 1-9.

[14] Arrowsmith J, Jennings SA, Clark AS and Ste-
vens MF. Antitumor imidazotetrazines. 41. 
Conjugation of the antitumor agents mitozolo-
mide and temozolomide to peptides and lex-
itropsins bearing DNA major and minor groove-
binding structural motifs. J Med Chem 2002; 
45: 5458-5470.

[15] Xu S and Weihua Z. Loss of EGFR induced au-
tophagy sensitizes hormone refractory pros-
tate cancer cells to adriamycin. Prostate 2011; 
71: 1216-1224.

[16] Todorova MI, Larroque AL, Dauphin-Pierre S, 
Fang YQ and Jean-Claude BJ. Subcellular dis-
tribution of a fluorescence-labeled combi-mol-
ecule designed to block epidermal growth fac-
tor receptor tyrosine kinase and damage DNA 
with a green fluorescent species. Mol Cancer 
Ther 2010; 9: 869-882.

[17] Weber DC, Tille JC, Combescure C, Egger JF, 
Laouiti M, Hammad K, Granger P, Rubbia-
Brandt L and Miralbell R. The prognostic value 
of expression of HIF1alpha, EGFR and VEGF-A, 
in localized prostate cancer for intermediate- 
and high-risk patients treated with radiation 
therapy with or without androgen deprivation 
therapy. Radiat Oncol 2012; 7: 66.

[18] Sedgwick B. Repairing DNA-methylation dam-
age. Nat Rev Mol Cell Biol 2004; 5: 148-157.

[19] Jin B and Robertson KD. DNA methyltransfer-
ases, DNA damage repair, and cancer. Adv Exp 
Med Biol 2013; 754: 3-29.

[20] Sakano S, Ogawa S, Yamamoto Y, Nishijima J, 
Miyachika Y, Matsumoto H, Hara T and Mat-
suyama H. ERCC1 and XRCC1 expression pre-
dicts survival in bladder cancer patients re-
ceiving combined trimodality therapy. Mol Clin 
Oncol 2013; 1: 403-410.

[21] Ensminger M, Iloff L, Ebel C, Nikolova T, Kaina 
B and Lbrich M. DNA breaks and chromosomal 
aberrations arise when replication meets base 
excision repair. J Cell Biol 2014; 206: 29-43.


