











DNA-alkylating agents in prostate cancer cells

Figure 2. DAPI staining of apoptotic DU145 cells treated with IC_, JDF12 for
0O h, 12 h, 24 h, and 48 h. The apoptosis rate increased in a time-dependent

manner.

least three times in triplicate. Statistical analy-
sis was done with the GraphPad Prism v.5.01
software (GraphPad Prism software Inc., La
Jolla, CA). Comparisons were done with stu-
dent’s t test. A value of P < 0.05 was consid-
ered statistically significant.

Results

JDF12 significantly inhibited the growth of
DU145 cells

DU145 cells were treated with different con-
centrations of JDF12, Iressa, and MTZ for 24 to
72 h. MTT assay indicated a dose-related and
time-related inhibition of DU145 cells prolifera-
tion (Figure 1). JDF12 cytotoxicity was more evi-
dent than MTZ, Iressa, and Iressa + MTZ group,
the IC,, at 48 h was as follow: Iressa =12.79 +
2.66 pM, Iressa + MTZ =10.80 + 3.35 uM and
JDF12 =7.31 £ 0.45 uM. IC_, of MTZ could not
be measured in this study within 72 h, but was
measured after treatment for more than 72 h in
our previous studies [6, 7]. At the same time,
most cells in JDF12 and Iressa groups became
apoptotic when treatment was longer than 72
h. Taking these factors into consideration, IC,
at 48 h was used in this study.

JDF12 induced apoptosis of DU145 cells

To characterize JDF12-induced cell death, the
nuclear chromatin condensation and fragmen-
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tation of DNA, a hallmark of
apoptosis, was detected by
DAPI staining. Compared with
blank cells, cells exposed to
IC,, JDF12 for 12 h, 24 h, and
48 h presented chromatin
condensation and DNA frag-
mentation, indicating cell
apoptosis (Figure 2). The
apoptosis rate increased in a
time-dependent manner.

Effect of JDF12 on DU145
cell cycle distribution

DU145 cells were exposed to
IC,, JDF12 and cell cycle was
detected by flow cytometry.
As shown in Figure 3, the pro-
portion of cells was 0%, 0.9%,
3.5%, and 22.1% in sub-G1
phase; 57.1%, 63.2%, 65.4%,
and 57.6% in Gl phase;
26.6%, 28.8%, 21.8%, and 16.8% in S phase;
16.3%, 7.1%, 8.3%, and 4.5% in G2/M phase
following exposure to IC,, JDF12 for O h, 12 h,
24 h, and 48 h, respectively. The proportion of
cells in sub-G1 phase of JDF12 treated groups
gradually increased as compared to blank
group, suggesting that the genomic DNA frag-
mentation increased in a time-manner.
Besides, the proportion of cells in G1 phase
after JDF12 treatment was higher than that in
blank group, and the proportion of cells in
G2/M phase decreased gradually.

Protein identification and quantification

To understand the proteomic profiles between
JDF12 and lIressa treated PCa cells, iTRAQ-
based quantitative proteomic approach was
employed. In total, 5071 proteins were identi-
fied, of which 42 proteins were identified as dif-
ferentially expressed proteins between JDF12/
Iressa (JDF12_vs_lressa) and between JDF12/
blank (JDF12_vs_blank), and included 21 up-
regulated and 21 down-regulated proteins

(Supplementary File 1).

GO annotation and KEGG analysis of differen-
tially expressed proteins

To obtain a comprehensive view of the differen-
tially expressed proteins, GO analysis was done
using GO seq R package. The top 10 enriched
GO terms within each major functional category
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Figure 3. A: DU145 were treated with IC50 JDF12 for various period of times, then stained with Pl and analyzed of
the DNA content by flow cytometry. B: The proportion (+ SD) of each cell phase was presented three independent
experiments. Results showed that the genomic DNA fragmentation increased in a time-manner. One-way ANOVA
analysis was used to compare between treatment groups. *P < 0.05, **P < 0.01.
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Figure 4. GO annotation analysis of the differentially expressed proteins. Top
10 enriched GO terms under “biological process”. Part of the most enriched
GO terms under “biological process” included “biosynthetic process”, “cel-

lular nitrogen compound metabolic process”, “anatomical structure develop-

ment”, “cell cycle”, etc.

are partly shown in Figure 4. Part of the most
enriched GO terms under “biological process”
included “biosynthetic process”, “cellular nitro-

gen compound metabolic process”, “anatomi- 2).
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cal structure development”,
“cell cycle”, etc.

Differentially expressed pro-
teins were also mapped to ref-
erence pathways in the KEGG
database. Seventy-five pro-
teins had a KEGG Orthology
(KO) ID and were involved in
133 pathways in JDF12_vs_
blank; while in JDF12_vs_
Iressa, 92 differentially expre-
ssed proteins were found in
115 pathways (Supplemen-
tary Files 2 and 3).

The 42 proteins with differen-
tial expression both in JDF12_
vs_lressa and JDF12_vs_bla-
nk were classified into differ-
ent groups: 1) DNA damage/
repair (n=5); 2) apoptosis (n=
7); 3) cell cycle-related (n=5);
4) energy metabolism (n=6);
5) calium homeostasis (n=1);
(n=4);
reticulum

6) oxidative stress
7) endoplasmic

stress (n=2); 8) autophagy (n=1); 9) other pro-
teins (e.g., nuclear regulating proteins and pro-
teins of unknown function) (Figure 5 and Table
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Figure 5. Heat map of proteins with significantly al-
tered expression in JDF12/blank group and JDF12/
Iressa group (Heatmap lllustrator). 42 proteins with
differential expression both in JDF12_vs_|ressa
and JDF12_vs_blank were classified into different
groups.

Protein-protein interaction analysis of differen-
tially expressed proteins

The protein-protein interaction (PPI) network
analysis of the differentially expressed proteins
was performed by using STRING 10. Results
are shown in Figure 6. IFIT1, EGFR, HSPA5,
IDH1, HK2, APP, and TIMELESS were proteins
with higher connectivity in the network and
play important roles in the regulation network

(Supplementary File 4). Thus, they were select-
ed for validation by gPCR.

Validation of differentially expressed proteins
by qPCR

gPCR was employed to validate findings from
iTRAQ findings. The mRNA expression of 7 pro-
teins was detected, including HK2, TIMELESS,
ASF1B, HSPA5, IDH1, APP, and IFIT1. The ex-
pression of TIMELESS, ASF1B, HSPA5, IDH1,
and IFIT1 was up-regulated in JDF12 treated
cells, and that of HK2 and APP was down-regu-
lated in JDF12 treated cells, which were con-
sistent with results from iTRAQ. However, the
expression of HSPAS and APP in Iressa group
was opposite to that in iTRAQ (Figure 7).

Discussion

JDF12 may intervene with multiple signaling
pathways, including those related to cell sur-
vival, apoptosis and DNA repair after injury, and
then inhibits or delays the progression of PCa.
Currently, DNA-alkylating agents are not the
first- or second-line treatment in the guideline
for the treatment of most cancers, and thus
few studies focus on the mechanisms underly-
ing the therapeutic effects of DNA-alkylating
agents. Our study on JDF12 indicated that, with
the assistance of EGFR-blocker, DNA-alkylating
reagent showed a better performance in the
treatment of PCa.

Both DNA-alkylating gents and EGFR-blockers
are commonly used in the cancer therapy, while
their limitations prevent them from further de-
velopment. The limited clinical efficacy of anti-

Am J Transl Res 2017;9(7):3245-3257
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Table 2. Differentially expressed proteins in JDF12/blank group and JDF12/Iressa group

Swiss . JDF12/blank JDF12/Iressa _. . .
Gene  Protein name / / Biological Function
Prot ID Mean Mean
Q14980 NUMA1  Nuclear mitotic apparatus protein 1 1.73 1.58 Cell cycle
P11021 HSPA5 78 kDa glucose-regulated protein 1.67 0.51 Protein folding, endoplasmic reticulum
stress, apoptotic process
Q13263 TRIM28  Transcription intermediary factor 2.00 2.00 DNA repair
1-beta
AOAOG2JIW1 HSPA1B Heat shock 70 kDa protein 1B 1.97 212 Protein folding
P38919 EIF4AA3  Eukaryotic initiation factor 4A-lll 1.91 2.21 RNA processing, regulation of translation
075874 IDH1 Isocitrate dehydrogenase [NADP] 1.62 0.63 Tricarboxylic acid cycle, oxidative stress
cytoplasmic
Q9BXP5 SRRT Serrate RNA effector molecule 1.52 1.53 Transcription, gene silencing by RNA
homolog
HOYIV4 NAP1L1 Nucleosome assembly protein 1-like 1 2.17 2.99 Nucleosome assembly
P62158 CALM1  Calmodulin 1.55 2.05 Glycogen catabolic process, calcium ion,
homeostasis
Q8TBX8 PIP4AK2C Phosphatidylinositol 5-phosphate 1.70 1.64 Autophagy, phosphatidylinositol, metabolic
4-kinase type-2 gamma process
Q6PJG6 BRAT1  BRCAZl-associated ATM activator 1 1.79 3.84 Glucose metabolic process, apoptotic
process, DNA damage repair
P49006 MARCKSL1 MARCKS-related protein 2.02 1.60 Protein phosphorylation, regulation of
proliferation
Q9UNS1 TIMELESS Protein timeless homolog 1.58 2.51 DNA replication, cell cycle, DNA repair
Q9NVP2 ASF1B  Histone chaperone ASF1B 1.63 4.08 Nucleosome assembly, transcription,
chromatin, modificatin
094992 HEXIM1  Protein HEXIM1 1.65 1.75 Transcription, p53 signal transduction
P04080 CSTB Cystatin-B 1.83 1.65 Proteolysis
P22223 CDH3 Cadherin-3 1.54 0.46 Response to stress, cell adhesion, signal
transduction
P09914 IFIT1 Interferon-induced protein with 3.46 1.66 Immune response
tetratricopeptide repeats 1
P12883 MYH7 Myosin-7 211 1.94 Muscle contraction, ATP metabolic process
Q8lY63 AMOTL1  Angiomotin-like protein 1 1.71 1.94 Signal transduction
Q96HN1 PLEKHG4B PLEKHG4B protein 10.23 21.56 Unknown
Q92974 ARHGEF2 Rho guanine nucleotide exchange 0.65 0.62 Cell cycle, cell proliferation, apoptotic
factor 2 process, GTPase activity
P0O0533 EGFR Epidermal growth factor receptor 0.56 0.49 EGFR signaling pathway, oxidative stress,
cell proliferation, cell migration, cell cycle,
apoptotic process, DNA repair
Q9UPQO LIMCH1 LIM and calponin homology 0.61 0.55 Actomyosin structure organization
domains-containing protein 1
QoYe17 PSAT1  Phosphoserine aminotransferase 0.60 0.26 Amino biosynthetic process
F5H039 GPHN Gephyrin 0.48 0.40 Biosynthetic process
Q14669 TRIP12  E3 ubiquitin-protein ligase TRIP12 0.51 0.56 Double-strand break repair, protein
ubiquitination
P13645 KRT10  Keratin, type | cytoskeletal 10 0.27 0.30 Keratinocyte differentiation
P04264 KRT1 Keratin, type Il cytoskeletal 1 0.45 0.42 Oxidative stress, complement activation,
angiogenesis
P35908 KRT2 Keratin, type Il cytoskeletal 2 0.45 0.47 Keratinization
epidermal
QINW82 WDR70 WD repeat-containing protein 70 0.56 0.59 Biosynthetic process
P0O5067 APP Amyloid beta A4 protein 0.50 0.27 Translation, endocytosis, apoptotic process,
oxidative stress, immune response, cell
cycle, gluconeogenesis
P52789 HK2 Hexokinase-2 0.44 0.66 Glycolytic process, apoptotic processing
Q8N556 AFAP1  Actin filament-associated protein 1 0.56 0.63 Cytoskeleton organization, signal
transduction
095155 UBE4B  Ubiquitin conjugation factor E4 B 0.38 0.54 Protein polyubiquitination, apoptotic
process, endoplasmic reticulum stress
Q06481 APLP2  Amyloid-like protein 2 0.66 0.24 Peptidase activity, G-protein coupled
receptor signaling pathway
3252 Am J Transl Res 2017;9(7):3245-3257
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Q99650 OSMR  Oncostatin-M-specific receptor subunit 0.58 0.49 Cell proliferation, inflammatory response
beta
J3KNF8 CYB5B  Cytochrome b5 type B 0.56 0.64 Catalytic activity
043760 SYNGR2 Synaptogyrin-2 0.50 0.50 Regulate membrane traffic in non-neuronal
cells
F8W727 RPL32  60S ribosomal protein L32 0.50 0.60 Translation
043854 EDIL3 EGF-like repeat and discoidin I-like 0.46 0.52 Cell adhesion
domain-containing protein 3
Q53EPO FNDC3B Fibronectin type Ill domain-containing 0.44 0.54 Regulator of adipogenesis
protein 3B
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Figure 6. The protein-protein interaction (PPI) network of differentially expressed proteins identified in DU145 cells
(STRING 10). IFIT1, EGFR, HSPA5, IDH1, HK2, APP, and TIMELESS are proteins with higher connectivity in the net-

work.

cancer drugs can be attributed, at least in part,
to their inability to kill a sufficient number of
cancer cells without causing toxicity. A combi-
targeting molecule combines the advantages
of single molecule, and at the same time, less-
ens the disadvantages of single molecule [6].
However, it is a long way to clarify the specific
mechanisms of therapeutic effects of a combi-
targeting molecule. In our previous study, bet-
ter anti-tumor effects were achieved after treat-
ment with JDF12, a combi-targeting molecule
[6, 7], which was further confirmed in this study.
However, the exact mechanisms of its anti-
tumor effect are still poorly understood.

3253

Cytotoxic drugs that target DNA are widely used
in cancer therapy by affecting the DNA dam-
age/repair [9]. Protein TIMELESS homolog is
one of the proteins with close relationship with
DNA repair/damage [10]. Previous studies have
shown that TIMELESS can form a physical and
functional interaction with DDX11 and act in
concert to preserve the replication fork pro-
gression in perturbed conditions [10]. It has
also been shown that to maintain chromosome
integrity is very important during and after rep-
lication, with roles in the coordination of lead-
ing and lagging-strand polymerases, the es-
tablishment of sister chromatid cohesion, the

Am J Transl Res 2017;9(7):3245-3257
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Figure 7. Validation of mRNA expressions of HK2, TIMELESS, ASF1B, HSPA5,
IDH1, APP, and IFIT1 by gPCR. Expressions of these proteins except HSPAS
and APP were consistent with results from iTRAQ. *P < 0.05, **P < 0.01,

***p < 0.001.

preservation of fork integrity at replication bar-
riers, and prevention of genome rearrangement
[11]. TIMELESS expression was up-regulated in
JDF12 group, while down-regulated in Iressa
group when compared with blank group (Figure
5 and Table 2). The effects of JDF12 on cell
cycle and cell growth may be responsible for
this phenomenon. The proportion of cells in G1
phase increased markedly, and the growth of
most cells was significantly inhibited by JDF12.
The expression of TIMELESS would be higher
than in blank group and Iressa group, How-
ever, the exact role of TIMELESS in PCa is still
unclear.

Histone chaperone ASF1B is another important
protein involved in DNA damage/repair and
also associated with DNA replication, cell cycle
and DNA binding [12, 13]. The over-expression
of ASF1B has been found in some cancers,
including breast cancer and multiple myeloma
[12, 14]. In addition, the expression of ASF1B is
also related to miR-214 and P53 mRNA, which
may influence DNA repair/damage [12]. The
expression of ASF1B was similar to that of
TIMELESS (Figure 5 and Table 2), and its ef-
fects might be also similar to that of TIMELESS.

Among most cancer studies [7, 12, 14], the
expression of proteins related to DNA dama-
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ge/repair is down-regulated.
However, in our study, all pro-
teins except for EGFR, a pro-
tein linked to DNA damage/
repair, displayed up-regulated
expression. DNA-alkylating
agents act on DNA damage
and repair. When EGFR-
blocker was used alone, the
expression of DNA damage/
repair related proteins was
down-regulated; when DNA-
alkylation agent combined
with EGFR blocker was used,
the cancer cells suffered from
serious DNA damage, and
produced more proteins to
repair DNA, leading to the ele-
vated expression of proteins
associated with DNA dam-
age/repair. EGFR is a protein
involved in DNA repair. If only
DNA repair signaling pa-
thway is considered, EGFR
protein expression should be up-regulated.
However, JDF12 is also a potent blocker of
EGFR, which is more potent than its induced
DNA repair, and thus the expression of EGFR
was down-regulated.

B Iressa

Resistance to apoptosis is one of the most
important mechanism of cancer cells escaping
from non-immune surveillance of the host [15].
Apoptosis is the end-point of multiple pathways
that lead to enzymatic breakdown of cellular
DNA. In the present study, 7 proteins related to
cell apoptosis were identified, including UBE4B,
EGFR, HSPAS, APP, HK2, BRAT4, and ARHGEF2,
after JDF12 treatment.

The expression of HSPA5, APP, and HK2 was
further confirmed by qPCR. Lower expression
of HSPAS is associated with increased respon-
se to unfolded proteins, and may induce the
autophagy and apoptosis of cancer cells [16].
Although the expression of HSPA5 in JDF12
group was higher when compared with blank
group, it was lower than that in Iressa group.
With the assistance of EGFR-blocker, DNA-
alkylating reagent had better performance in
inducing apoptosis. The decreased HSPAS ex-
pression may induce the autophagy and apop-
tosis of cancer cells.

Am J Transl Res 2017;9(7):3245-3257
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A study on HK2 conditional knockout mice
showed that HK2 was required for tumor ini-
tiation and maintenance in mouse models of
Kras-driven lung cancer and ErbB2-driven
breast cancer [17]. In another study focusing
on castration-resistant PCa, HK2 was also
over-expressed in castration-resistant PCa,
which was related to Pten/p53 deficiency [18,
19]. The down-regulated HK2 expression as
well as inhibited cells growth in the present
study mean JDF12 may inhibit the growth of
CRPC cells and delay the progression of PCa via
a Pten/P53 dependent manner, but the specif-
ic mechanisms underlying the effects of JDF12
on this pathway should be further explored.

The expression of UBE4B, EGFR, APP, BRAT1,
and ARHGEF2 that associated with apoptosis
was also detected in this study. All proteins
except BRCA1l-associated ATM activator 1 sh-
owed down-regulated expression as HSPA5,
which increased the apoptosis of cancer cells.
BRAT1 is not only associated with apoptosis,
but also with DNA damage/repair, and energy
metabolism [20, 21]. There is a network in the
interaction among proteins, and we can not
consider a single pathway involved in the ef-
fects of JDF12.

The regulation of cell cycle is closely related to
cell survival and determines the cell fate [22].
In our study, JDF12 was found to increase the
proportion of cells in G1 phase as compared to
blank group, and the proportion of cells in mito-
sis (G2/M) phase was decreased gradually. 5
proteins related to cell cycle, including EGFR,
APP, NUMA1, ARHGEF2, and TIMELESS, were
identified as differentially expressed proteins.
Only TIMELESS and NUMA1 showed up-regulat-
ed expression in JDF12 group, and the expres-
sion of remaining 3 proteins was down-regulat-
ed in Iressa group, and greater decrease was
noted in JDF12 group. NUMA1 is a protein
known to be crucial for the proper positioning of
the mitotic spindle in polarized cells and may
affect the cell cycle transition [23]. A study indi-
cates that the cell cycle can control DNA repair
[24]. The correct duplication and transmission
of genetic material to daughter cells are the pri-
mary objectives of the cell division.

Energy metabolism also plays an important
role in the progression of cancers. Cell can not
live without energy metabolism. In our study, 6
differentially expressed proteins were identi-
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fied to be related to energy metabolism, and
most of them also took part in other pathways,
including IDH1, APP, HK2, BRAT1, and CALM1.
For example, IDH1 may cause DNA aberrance
and histone methylation and is closely related
to hematological and neural malignancies [25].
In Frank’s studies [26], IDH1 was also found to
be associated with cellular energy metabolism
and could promote anabolic metabolism and
angiogenesis. Although the expression of IDH1
was up-regulated in JDF12 group when com-
pared with blank group, it was down-regula-
ted when compared with Iressa group, which
means DNA-alkylating agent may decrease the
expression of IDH1.

Some proteins that associated with autophagy,
endoplasmic reticulum stress, oxidative stress,
and calcium homeostasis were also identified
in this study. These proteins may also influence
the development of cancer cells, and some of
them have other functions.

This study tried to clarify the mechanism under-
lying the anti-tumor effect of JDF12, a combi-
target molecule of DNA-alkylating agent and
EGFR-blocker, by iTRAQ and gPCR. However,
the molecular mechanisms underlying the pa-
thogenesis of cancer are too complex to under-
stand. The mechanisms mentioned above were
only a small part in the pathogenesis of can-
cers, and it will cost a long time to explore the
unknown area. None of the pathways above
can explain the whole pathogenesis of PCa
without the assistant of other pathways be-
cause they form a network to influence the
growth of cancer cells.

Conclusion

This study for the first time investigated the
anti-tumor effects of combi-target molecule
JDF12 and DNA-alkylating agent by protemics
profiling, which brings light to the use of DNA-
alkylating agents in the therapy of cancers.
Proteins that are influenced by DNA-alkylating
reagent and EGFR-blocker are also identified,
which may help to clarify the mechanisms and
provide new targets for cancer therapy. How-
ever, further studies are required to explore
the exact mechanism underlying the effects of
JDF12 at miRNA and gene levels.
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