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Inhibition of arginine ADP-ribosyltransferase 1 reduces the
expression of poly(ADP-ribose) polymerase-1 in colon carcinoma
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Abstract. Poly(ADP-ribose) polymerase-1 (PARP-1)
which mediates poly-ADP-ribosylation, has been exten-
sively investigated in carcinoma compared to arginine
ADP-ribosyltransferase 1 (ARTI1), which mediates
mono-ADP-ribosylation. Previous studies have demonstrated
that these enzymes promote proliferation and tumor develop-
ment in colon carcinoma. However, whether there is any
association between PARP-1 and ATRI1 in colon carcinoma,
remains unelucidated. In this study, using immunohisto-
chemical analysis, we detected a higher expression of PARP-1
and ART1 in 63 samples from patients with colon carcinoma
compared to 10 samples of normal colonic mucosa; our
results revealed a positive correlation between the expres-
sion of PARP-1 and ART]1 in the 63 human colon carcinoma
tissue samples. To determine the correlation between PARP-1
and ART1, inhibitors of PARP-1 and ART]1 and lentivirus
vector-mediated ART1 short-hairpin RNA (shRNA) were used
to culture CT26 murine colon adenocarcinoma cells separately.
Using double-label immunofluorescence assay, we detected the
expression of PARP-1 in the CT26 cells, which was decreased
following treatment with 5-aminoisoquinolinone (5-AlQ,
a PARP-1 inhibitor) or meta-iodobenzylguanidine (MIBG,
an ARTI1 inhibitor). However, the expression of ART1 only
decreased when the CT26 cells were treated with MIBG.
Furthermore, our results demonstrated that silencing ART1
inhibited PARP-1 expression by decreasing the expression of
nuclear factor-kB (NF-«B), inhibiting ras homolog A (RhoA).
Hence, our data demonstrate the positive correlation between
ART1 and PARP-1; the inhibition of ART1 activity downregu-
lates PARP-1 expression by decreasing the activity of NF-xB in
CT26 colon carcinoma cells.
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Introduction

ADP-ribosylation plays a role in a number of physiological
and pathophysiological processes, including signal transduc-
tion, transcription, DNA repair, cell cycle regulation and
mitosis, as well as necrosis and apoptosis (1). The classifica-
tion of ADP-ribosylation includes poly-ADP-ribosylation
and mono-ADP-ribosylation. According to the acceptor
sites of the different types of mono-ADP ribosylated amino
acids, mono-ADP ribosylation has been subdivided into
diphthamide-, arginine-, asparagine- and cysteine-specific
ADP-ribosylation. In mono-ADP-ribosylation, amino acid
ADP-ribosyltransferases (ARTs) are significant catalyzing
enzymes which can transfer the ADP-ribose moiety of nico-
tinamide adenine dinucleotide (NAD) to certain protein amino
acids (2,3). ARTs included ART1-7; however, only ART1, -3, -4,
and -5 have been verified in the human gemone. In the family
of ARTs, ART1 and ARTS5 are arginine-specific transferases.
ARTS5 has only been detected in humans; however, ART1 has
been detected in humans and mice. The function of ARTS has
not yet been fully elucidated, but ART1 has been reported to
be involved in the inhibitory activity of substrates, including
defensin and integrin, and to mediate ADP-ribosylation in
humans; therefore, it may participate in the innate immune
response (4,5).

Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant
nuclear protein. It belongs to a family of 18 enzymes that cleave
NAD* to nicotinamide and ADP-ribose, forming negatively
charged long branched (ADP-ribose) polymers on glutamic
acid residues of the PARP-1 protein itself and of other acceptor
proteins (6). In comparison with ART1, PARP-1 has been
investigated in a number of studies on carcinoma. Previously,
we demonstrated that the high expression of PARP-1 in
human colon carcinoma (7) and the inhibition of PARP-1 by
5-aminoisoquinolinone (5-AIQ) decreases the matrix adhesion,
invasion and migration ability of colon carcinoma cells, and
suppresses colon carcinoma liver metastasis in mice (8-10).

Previous studies have demonstrated that the ADP-
ribosylation of cell surface proteins mediated by arginine-specific
mono-ADP-ribosyltransferase suppresses the proliferation and
cytotoxic effector functions of cytotoxic T lymphocytes in vitro
(11,12), and prevents proliferation (13) and induces apoptosis in
primary T cells (14). As demonstrated in a previous study, in
human gastric adenocarcinoma, Helicobacter pylori (H. pylori)
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has enzymatic mono-ADP-ribosyltransferase activity, which
enables it to modify membranous proteins and H. pylori itself.
The authors hypothesized that mono-ADP-ribosyltransferase
may contribute to human gastric carcinoma progression;
however, this requires fruther clarification (15). In a previous
study, we found that the expression of ART1, which positively
correlates with the expression of integrin aVB3 and vascular
endothelial growth factor (VEGF), was increased in colorectal
carcinoma. It has been suggested that ART1 has the ability to
promote the formation of blood capillaries in colorectal carci-
noma (16).

Previous studies have reported that inhibitors of PARP-1 and
arginine-dependent mono-ADP-ribosylation, prevent pheno-
typic modulation and the proliferation of smooth muscle cells
(SMCs) (17), concluding that poly- and mono-ADP-ribosylation
are both essential for the SMC response to mitogenic stimula-
tion. High levels of mono- and poly-ADP-ribosylation activity
may be necessary for proliferation and differentiation (18-20).
Certain studies have revealed opposite effects, according to
different cell types, growth conditions, inhibitors and inhibitor
concentrations (21,22). Hence, the correlation between PARP-1
and ART1 in colon carcinoma has not yet been elucidated.

NF-«kB, a transcription factor, has been found to mediate
various processes, including inflammation, immunity, apop-
tosis, proliferation, angiogenesis and metastasis (23,24). Of
note, certain studies have indicated that NF-xB may be regu-
lated by PARP (25) and that NF-«kB may affect the expression
of PARP through a feedback mechanism (26).

In this study, meta-iodobenzylguanidine (MIBG), a potent
inhibitor of arginine-specific mono-ADP-ribosyltransfer-
ases (27), and 5-aminoisoquinolinone (5-AIQ), a water-soluble
inhibitor of PARP (28), were used to inhibit the activity of
ART]1 and PARP, respectively, and the correlation between
PARP-1 and ART1 was investigated in colon carcinoma.

Materials and methods

Tissues and cells. A total of 63 samples of colorectal carcinoma
were provided by the Pathology Department of Chongqing
Medical University, Chongqing, China. According to the WHO
classification stystem for colorectal carcinoma, 2 pathologists
diagnosed the tissue samples into grade I (well differentiated),
grade II (moderately differentiated), grade III (poorly differ-
entiated). The CT26 cell line, a murine colon adenocarcinoma
cell line, was a gift from Professor Yuquan Wei, Sichuan
University, Chengdu, China.

Immunochemistry assay. Sliced tissues (4-um-thick) which
were fixed by formalin and embedded in paraffin, were succes-
sively immersed in different levels of ethanol for hydration.
Cell membranes were permeablized with 0.3% Triton X-100
for 20 min at 37°C. After blocking peroxidase activity with 3%
H,O,/methanol for 10 min, the specimens were soaked in citrate
buffer (ZSGB-Bio, Beijing, China) and heated to 95-98°C in
a microwave oven (Gree, Zhuhai, China). After cooling to
room temperature, the specimens were washed 3 times with
phosphate-buffered saline (PBS, ZSGB-Bio) and blocked with
confining liquid (5% bovine serum) (SABC kit; Wuhan Boster
Biological Technology, Ltd., Wuhan, China) for 30 min at 37°C.
All the samples were incubated at 4°C overnight with rabbit

polyclonal antibody to PARP-1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or goat polyclonal antibody to ART1
(Santa Cruz Biotechnology) at dilutions of 1:100. According to
the specifications of the SABC kit, the samples were incubated
with anti-rabbit antibody and avidin-biotin peroxidase or the
anti-goat antibody and avidin-biotin peroxidase, followed by
the addition of SABC for 30 min at 37°C. After being dyed
with diaminobenzidine (DAB) (ZSGB-Bio), the samples were
counterstained with hematoxylin in quick succession. For the
negative control group, PBS was used instead of the primary
antibody.

The staining results were assessed according to the method
described in the study by Fromowitz er al (29,30) by 2 inde-
pendent pathologists as follows: i) positive degree score: 0, no
staining; 1, light yellow; 2, brown; 3, dark brown. ii) Random
observations from 5 magnifications (10x20) per field counting
100 tumor cells, the average percentage of positive cells in each
field of vision as the percentage of positive cells in the slice.
Positive range score: 0, 0-5%; 1, 6-25%; 2, 26-50%; 3, 51-75%;
4, >75%. The scores were judged by positive range score plus
positive extent score: <2, negative (-); 2-3, slight positive (+);
4-5, moderately positive (++); 6-7, strongly positive (+++).

Double-label immunofluorescence assay. The CT26 cells
were divided into 3 groups: untreated group, the group treated
with 100 uM MIBG (Sigma, Ronkonkoma, NY, USA) and
the group treated with 100 M 5-AIQ (a gift from Professor
M.D. Threadgill, Bath University, Bath, UK). After being
treated with 0.5% Triton for 15 min and 1% BSA for 30 min in
room temperature, the cells in each group were supplemented
with rabbit polyclonal antibody to PARP-1 and goat polyclonal
antibody to ART1 at the dilution of 1:100 at 4°C for overnight.
The cells were then incubated with goat anti-rabbit IgG
FITC (ZSGB-Bio) and rabbit anti-goat IgG RBITC (Wuhan
Boster Biological Technology, Ltd.) for 1 h. The distribution
levels of PARP-1 and ART1 were analyzed by double-label
immunofluorescence staining under a laser scanning confocal
microscope (Leica TCS SP2, Leica Microsystems GmbH,
Germany). The mean density of the immunofluorescence
images was analyzed using Image-Pro Plus 6.0 software (IPP;
Media Cybernetics, Bethesda, MD, USA).

CT26 cell transfection. The CT26 cells were transfected
with a lentivirus based short-hairpin RNA (shRNA) vector
with the following ARTI1-shRNA interference sequence:
GCCAACAAAGTATACGCGGAT. CT26 cells transfected
with non-target shRNA (control-shRNA) (interference
sequence: TTCTCCGAACGTGTCACGT) were used as the
control group. Transfection was carried according to the
manufacturer's instructions (GeneChem, Shanghai, China).
When the cells were in the logarithmic growth phase, they
were cultured in 12-well plates at the concretion of 3x10* cells/
well. When the cells covered 50% of each well, 10 pl lentivirus
particles were added to each well. Transfection efficiency
was optimized using green fluorescent protein and detected
under a fluorescence microscope after 3 days. The CT26 cells
transfected with non-targeted shRNA and the CT26 untrans-
fected cells served as the controls. The effectiveness of the
knockdown of ART1 was determined by reverse transcriptase
(RT)-PCR and western blot analysis.



132

RT-PCR. RNA was separately extracted from the ARTI-
shRNA- and control-shRNA-transfected cells, as well as from
the untransfected CT26 cells according to the manual provided
with TRIzol reagent (Takara, Dalian, China). ARTI (target
gene) and S-actin (internal control gene) expression was
detected using oligonucleotide primers which were designed
and produced by Sangon Biotech Company (Shanghai, China).
The primers used were as follows: ART1, 5'-ACCTTCTTCGG
TATCTGGACCT-3"' (F1) and 5'-TAAGTTGCTGGAGA
CCTGGATT-3' (R1); B-actin, 5'-ATATCGCTGCGCTGG
TCGTC-3' (F1) and 5'-AGGATGGCGTGAGGGAG
AGC-3' (R1). Using a one step RT-PCR kit (Takara), reverse
transcription was carried out at 50°C for 30 min, 94°C for
2 min, and extension was carried out for 30 cycles at 94°C for
30 sec, 60°C for 30 sec and 72°C for 25 sec. Finally, the
amplification products were electrophoresed on 2% agarose
gels (Genview, Tallahasses, FL, USA).

Western blot analysis. Adherent cells were collected by
scraping into EP tubes after being washed with PBS. The cells
were lysed with lysis buffer (Beyotime, Shanghai, China) for
30 min on ice, followed by centrifugation at 12,000 rpm for
5 min in centrifuge tubes (Thermo Fisher Scientific, Waltham,
UK). Protein concentration was detected using a BCA protein
assay kit (Beyotime). The proteins were then loaded in 6 or
10% polyacrylamide gels; separated by electrophoresis in
the range of proper voltage; and transferred onto polyvi-
nylidene fluoride membranes (Millipore, Billerica, MA,
USA). Skimmed milk (5%) was used to block heterogenetic
antigen on the membranes for 2 h. All blots were respec-
tively incubated in 4°C overnight with primary antibodies
against PARP-1, ART1, NF-xB (Bioworld Technology, Co.,
Ltd., St. Louis Park, MN, USA) and p-actin (Wuhan Boster
Biological Technology, Ltd.) at individual dilutions of 1:1,000,
1:500, 1:500 and 1:500. Secondary antibodies, peroxidase-
conjugated anti-goat or rabbit IgG, were then added, followed
by incubation for 1 h at room temperature. After being washed
3 times, the blots were dipped into BeyoECL Plus (Beyotime)
for exposure and imaged (Bio-Rad, Hercules, CA, USA).
Finally, Quantity One software (Bio-Rad) was used to for the
densitometric analysis of proteins on each blot.

Statistical analysis. The results from RT-PCR and western blot
analysis are presented as the means + standard deviation (SD).
Using SPSS 18.0 software (SPSS, Chicago, IL, USA), differ-
ences between different groups were analyzed using one-way
ANOVA and the Wilcoxon test and correlation analysis was
carried out using Spearman's correlation analysis. A P-value
<0.05 was considered to indicate a statistically significant
difference.

Results

Expression of PARP-1 and ARTI in colorectal carcinoma.
PARP-1 positive staining was observed in the tumor cell
nuclei, closer to the nucleus, and ART]1 staining was observed
in the cytomembrane and cytoplasm of the carcinoma cells
(Fig. 1). In the 63 cases of colorectal carcinoma, the positive
ratio of PARP-1 and ART1 was 95.24% (60/63) and 63.49%
(40/63), respectively, which was significantly higher than the
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Table I. Expression of PARP-1 and ART]1 in colorectal carcinoma
and control colonic mucosa.

ART1 PARP-1

- + P-value - + P-value
Carcinoma 7 56 <0.001 3 60 <0.001
Control group 8 2 9 1

ART1, ADP-ribosyltransferase 1; PARP-1, poly(ADP-ribose) poly-
merase-1.

Table II. Immunohistochemical expression of PARP-1 and ART1
in colorectal cancer.

PARP-1
ART1 - + r
- 2 1 0.65%
+ 1 60

(*P<0.01). PARP-1, poly(ADP-ribose) polymerase-1; ART1, ADP-
ribosyltransferase 1; r, correlation.

positive ratio of PARP-1 (4.76%) and ART1 (36.51%) in the
control colonic mucosa samples (P<0.05) (Table I). A positive
correlation was observed in the expression of PARP-1 and
ART1 in the colorectal carcinoma tissues (r=0.65) (Table II)
(P<0.05).

Effects of MIBG or 5-AIQ on the expression of ARTI and
PARP-1 in CT26 cells. PARP-1 and ART1 double-label
immunofluoresence staining revealed that PARP-1 and
ART1 were located in the cytoplasm and nucleus separately
(Fig. 2A). A significant decrease in PARP and ART1 expres-
sion was observed in the group treated with MIBG compared
to the untreated group (P<0.05). However, in the group treated
with 5-AIQ, the expression of PARP was lower than that in
untreated group (P<0.05); however, the expression of ART1
did not differ between the 2 groups (P>0.05) (Fig. 2B).

Knockdown of ARTI expression by transfection with shRNA
lentivirus in CT26 cells. Immunofluorescence images of the
transfected cells revealed that the transfection efficiency
reached 80% following transfection with lentivirus particles
(Fig. 3A). Compared to the control-shRNA-transfected and
untransfected cells, a significant decrease in ART1 mRNA
and protein expression was observed in the ART1-shRNA-
transfected cells by RT-PCR and western blot analysis
(Fig. 3B-E). However, the difference in ART1 mRNA and
protein expression between the control-shRNA-transfected
and untransfected cells was not significant (p>0.05).

Effect of silencing ARTI on the expression of PARP-1 and
NF-kB in CT26 cells. The results from western blot analsyis
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Figure 1. Expression of poly(ADP-ribose) polymerase-1 (PARP-1) and ADP-ribosyltransferase 1 (ART1) in colon carcinoma tissues. The positive expression
of PARP-1 in colon carcinoma (al) (x200), (a2) (x400), and the expression of ART1 in colon carcinoma (bl) (x200), (b2) (x400). The control group showed
(a3) PARP-1 and (b3) ART1 negative expression.
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Figure 3. (A) CT26 cells transfected with 10 ul of ADP-ribosyltransferase 1 (ART1)-shRNA lentivirus particles (a2) and control-shRNA lentivirus particles (b2)
containing TurboGFP (x400), compared with white images of ART1-shRNA-transfected cells (al) and control-shRNA-transfected cells (bl) showing that the
number of transfected cells reach approximately 80%. The untransfected cells (c1) show no fluorescence under a fluorescence microscope (c2). (B and C) Effect
of the knockdown ART1 by shRNA in CT26 cells. Compared with the control-shRNA-transfected and the untransfected cells, the ART1-shRNA-transfected
cells showed a decrease in ART1 expression by RT-PCR ("‘p<0.05). (D and E) The inhibition of ART1 altered the expression of ART1 and poly(ADP-ribose)
polymerase-1 (PARP-1) in the different groups of CT26 cells. Using western blot analysis, we detected a decrease in the expression of ART1 and PARP-1 in the
ART1-shRNA-transfected cells compared with the control-shRNA-transfected and untransfected CT26 cells (“p<0.05). f-actin was used as an internal control.
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Figure 4. (A and B) Inhibition of ADP-ribosyltransferase 1 (ART1) altered
the expression of NF-«B in the different groups of CT26 cells. Using western
blot analysis, we detected a decrease in the expression of NF-kB in the
ART1-shRNA-transfected cells compared to the control-shRNA-transfected
and untransfected CT26 cells (‘p<0.05).

revealed that the expression of PARP-1 and NF-xB was lower
in the ART1-shRNA-transfected cells compared to the untrans-
fected cells or the control-shRNA-transfected cells (p<0.05)
(Figs. 3D and E, 4A and B). However, the difference in PARP-1
and NF-«xB expression between the control-shRNA-transfected
and untransfected cells was not significant (p>0.05).

Discussion

In a recent study, Kato et al reported that the absence of
ADP-ribosylarginine hydrolase (ARHI), arginine-specific
mono-ADP-ribosylation hydrolase, may increase the frequency
and extent of tumorigenesis in mice, including lung adno-
carcinoma, hepatocellular carcinoma and lymphoma (31).
They suggested that the levels of protein ADP-ribosylation
controlled by ARHI1 may suppress carcinoma. ARHI1 and
ART1 collectively participate in the reversible modification
of proteins in the cycle of mono-ADP-ribosylation, to control
the levels of arginine ADP-ribosylation on substrate proteins.
ARHI, which has an opposite function to ARTI, cleaves
a-ADP-ribose-arginine to regenerate the arginine-guanidino
group (1,32). The knockdown of ARHI in cells has been shown
to increase the ADP-ribose-arginine content (31). Hence, the
suppression of carcinogenesis by ARHI1 suggests that ART1
has a positive effect on carcinogenesis. In the present study, our
results revealed a higher expression of ART1 in human colon
carcinoma tissues compared to normal colonic mucosa. This
suggests that ART1 plays a role in colon carcinoma.

Thyberg et al previously demonstrated that inhibitors of
poly-ADP-ribosylation (hexamethylenebisacetamide, HMBA)
and mono-ADP-ribosylation (MIBG) suppress the phenotypic
modulation and proliferation of SMCs. Both inhibitors of
ADP-ribosylation inhibited SMC proliferation and suppressed
DNA synthesis. However, compared to the inhibition of
mono-ADP-ribosylation, the inhibition of poly-ADP-ribo-

135

sylation significantly reduced the expression of transcripts
for differentiation markers and matrix metalloproteinases,
which are involved in SMC migration and proliferation (17).
However, to our knowledge, to date, there are no studies
available on the correlation between poly-ADP-ribosylation
and mono-ADP-ribosylation in colon carcinoma. Thus, in
this study, we examined the activity of PARP-1 and ART1
to elucidate the correlation between poly-ADP-ribosylation
and mono-ADP-ribosylation in colon carcinoma. The results
revealed a positive correlation between the expression of
ART1 and PARP-1 in colon carcinoma. To further confirm the
correlation between these 2 enzymes, we used an inhibitor of
PARP-1 and ART1 and observed the changes in the expression
of PARP-1 and ART1. MIBG (an inhibitor of ART1) simul-
taneously inhibited the expression of PARP-1 and ART1, but
5-AlQ (an inhibitor of PARP-1) only inhibited the expression of
PARP-1. Furthermore, after silencing the ARTI gene, the levels
of PARP-1 and ART1 in the CT26 cells decreased. However,
the mechanisms involved require further clarification.

Yau et al indicated that MIBG inhibits the phosphoryla-
tion of the Rho effector, PRK1/2, a downstream effector of
Rho, suggesting that mono-ADP-ribosylation participates in
a Rho-dependent signaling pathway (33). Rho proteins are
members of the Ras superfamily of GTPases, which includes
9 members, RhoA, RhoB, RhoC, RhoG, RhoE, CDC42, Rac-1,
Rac-2 and TC10 (34). Our data demonstrated that the expression
of RhoA was reduced in the ART1-shRNA-transfected CT26
cells compared with the untransfected CT26 cells, (data not
shown). Accordingly, RhoA lies downstream of mono-ADP-
ribosylation mediated by ART1. Studies have demonstrated
that the inhibition of RhoA has a negative effect on NF-kB
activity by decreasing phospho-IkBa levels in prostate carci-
noma cells (35); and may also suppress TNFa-induced NF-«B
activation, decreasing the invasive and metastatic ability of
breast carcinoma cells (36). Su et al revealed a positive corre-
lation between NF-«B and RhoA in gastric carcinoma (37).
It is also known that RhoA is involved in the regulation of
NF-kB-dependent transcription (38). In a previous study, we
demonstrated that the inhibition of NF-«B, using the inhibitor,
pyrrolidinedithiocarbamic acid (PDTC) decreased the expres-
soin of PARP-1 in human colon carcinoma Lovo cells compared
to untreated Lovo cells. Therefore, the inhibtion of NF-«xB may
inhibit the expression of PARP-1 through a feedback mecha-
nism (26). We hypothesized that the ART1-mediated activity of
RhoA may affect NF-kB transcription, regulating the expres-
sion of PARP-1 through the feedback mechanism of NF-«B to
PARP-1. In this study, confirming our hypothesis, we detected
the reduced expression of NF-«kB following the transfection of
CT26 cells with ART1-shRNA. Therefore, it can be concluded
that ART1 mediates the expression of PARP-1 by altering the
expression of NF-kB. However, the mechanisms behind the
effects of the ART1-mediated activity of RhoA require further
clarification.

In brief, our data demonstrate that PARP-1 expression
is affected by ARTI in colon carcinoma. The proposed
mechanism behind this effect may involve arginine mono-
ADP-ribosylation mediated by ART1 which negatively affects
the expression of RhoA and NF-«B activity, and sequentially
decreases PARP-1 expression. However, further studies are
required to elucidate the precise mechanisms involved. Further
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studies investigating the mechanisms behind the correlation
between PARP-1 and ART1 may help to clarify the role of
ADP-ribosylation in the development of colon carcinoma.
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