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Abstract: Autophagy plays a protective role in colorectal carcinoma. Arginine ADP-ribosyltransferase 1 (ART1) is 
an important mono-ADP-ribose transferase, which has been shown to play a role in biological processes such as 
proliferation and invasion of cancer cells. Interestingly, the role of ART1 in the regulation of autophagy is still not 
clear. We examined effects of overexpression or knockdown of ART1 by lentiviral transfection on starvation-induced 
autophagy of colon carcinoma CT26 cell lines in vivo and in vitro. The formation of autophagosome was detected 
by electron microscopy, acridine orange staining and expression of LC3 B. The molecular contributions of ART1 in 
regulation of autophagy were detected by western blotting or by co-immunoprecipitation. Additionally, inhibitors 
were used to study further the signaling pathway of ART1 in the regulation of autophagy. CCK8 assay, plate clon-
ing assay, soft agar assay, examination of subcutaneous transplanted carcinoma in BALB/c mice, flow cytometry 
and Hoechst33342 staining were used to assess survival and apoptotic ability when starvation-induced autophagy 
modulated by ART1 was inhibited by 3-MA. Overexpression of ART1 promoted starvation-induced autophagy, which 
related to increases in the expression of Rac1, NF-κB, PARP-1, LKB1 and p-AMPK and a decrease in the expression 
of p-P70S6K. Correspondingly, knockdown of ART1 caused the opposite effects. ART1 also interacted with integrin 
α7. Additionally, changes of protein expressions were further validated following inhibition of Rac1 and PARP-1 in 
the starvation-induced ART1-GFP CT26 cells. Inhibition of ART1-stimulated starvation-induced autophagy restrained 
the growth and promoted apoptosis. ART1 is thus relevant in starvation-induced autophagy in colorectal carcinoma 
and may play essential roles in therapeutic anticancer strategies. 
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Introduction 

Macroautophagy (autophagy) is a process by 
which cellular contents are wrapped in double-
membrane vesicle structures and are degrad-
ed by lysosomes to maintain the balance of re-
use and degradation of cellular components [1, 
2]. Starvation, hypoxia, low energy, acidity and 
other mechanisms can boost autophagy. Dur- 
ing autophagy, light chain 3 (LC3A) is cleaved 
and further binds to phosphatidylethanolamine 
to generate a LC3-phosphatidylethanolamine 
conjugate (LC3B). LC3B reflects the degree of 
autophagy in the cell [3]. Autophagy has been 
reported to participate in multiple pathophysi-

ological processes, such as inflammation, cell 
survival and regulation of growth of tumors [4]. 
However, the detailed mechanisms underlying 
regulation of autophagy in different cancers 
remain elusive.

Studies of autophagy in different cancers reveal 
conflicting results [5]. Autophagy contributes to 
survival, metastasis and resistance of tumor 
cells to therapy. Autophagy devours harmful 
metabolites, recycles products in the cell and 
also helps tumor cells to survive under poorly 
vascularized conditions. Cells in the center of 
tumors, which lack nutrition for rapid growth, 
are more autophagic than are cells in the mar-
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gins of tumors [6]. Yang et al. showed that 
autophagy is increased in pancreatic cancer 
and that proliferation of pancreatic cancer cells 
(PDAC cells) was diminished when autophagy 
was inhibited [7]. However, autophagy can 
remove damaged proteins and dysfunctional 
organelles, preventing chromosomal instability 
resulting from damage by reactive oxygen spe-
cies (ROS), hence preventing tumorigenesis [8]. 
It has been observed that the level of autopha-
gy rises under nutritional stress in colorectal 
carcinoma and that this elevation contributes 
to the aggressive nature of the cells. However, 
the factors that influence and regulate of star-
vation-induced autophagy have not been 
investigated.

Mono-ADP-ribosylation, a post-translational mo- 
dification of proteins, is a process that trans-
fers a single ADP-ribose from substrate nicotin-
amide adenine dinucleotide (NAD+) to specific 
amino-acids (e.g. His, Cys, Arg, Lys) in the target 
proteins proteins [9, 10]. There are seven sub-
types of ADP-ribosyltransferase enzymes (AR- 
Ts), which catalyze mono-ADP-ribosylation. AR- 
T1, an arginine-specific ADP-ribosyltransferase 
which exists in humans, mice and rats [11], has 
been reported to catalyze the modification 
(mono-ADP-ribosylation) of target proteins, 
such as integrin α7, human neutrophil pep-
tide-1 (HNP-1), fibroblast growth factor-2 (FGF-
2) and platelet-derived growth factor-BB (PDGF-
BB). These target proteins are involved in a 
variety of processes, including inflammation, 
angiogenesis and cellular proliferation [12-15]. 
However, information on the role of ART1 in 
cancer is scarce. In our previous studies, we 
have verified that the expression of ART1 in 
hepatocellular carcinoma (HCC) and colorectal 
carcinoma correlates positively with expression 
of integrin α7 and poly (ADP-ribose) polymerase 
(PARP-1), respectively [16, 17]. However, silenc-
ing of ART1 inhibits proliferation and promotes 
apoptosis in CT26 murine colon adenocarcino-
ma cells [18]. ART1 appears to be involved in 
several biological processes in cancer.

Mammalian target of rapamycin (mTOR), a cru-
cial negative regulator of autophagy, regulates 
the level of phosphorylation of downstream 
p70S6K to participate in autophagy. PARP-1/
LKB/AMPK and Rac1 signal pathways both play 
important roles in regulating the activity of 
mTOR. However, it is not known whether ART1 
can affect starvation-induced autophagy in 

colon carcinoma or if the process might involve 
PARP-1/LKB/AMPK or Rac1 pathways.

To determine the effect of ART1 on starvation-
induced autophagy in colon carcinoma in this 
study, we separately overexpressed and sil- 
enced ART1 in CT26 cells using lentivirus trans-
fection. Autophagosomes and specific mark 
proteins of autophagy were detected, reflecting 
the influence of ART1 in starvation-induced 
autophagy. An inhibitor of autophagy, 3-methyl-
adenine (3-MA), was used to estimate the 
effect of starvation-induced autophagy regu-
lated by ART1 on apoptosis and proliferation of 
colon carcinoma cells. Given the relevance of 
pathway in starvation-induced autophagy, 
inhibitors of Rac1 or PARP-1 were used to help 
to unveil the molecular mechanism of ART1 on 
starvation-induced autophagy.

Materials and methods

Cells and culture conditions

The murine colon adenocarcinoma cell line, 
CT26, was kindly provided by Professor Wei YQ 
(Sichuan University, Chengdu, China). The cell-
culture medium for this cell line included RPMI 
1640 medium (Hyclone, Logan, UT, USA) con-
taining 10% fetal calf serum (Sijiqing, Hangzhou, 
China) and 1% penicillin/streptomycin (Hyclone). 
The culture conditions of the incubator were set 
to 37°C and 5% CO2. When there were suffi-
cient cells, the culture medium was replaced 
with D-Hanks solution and incubated for 12 h 
to induce autophagy.

Cell transfection

Lentivirus-based short hairpin RNA (shRNA) 
vector and lentivirus-based cDNA targeting the 
ART1 gene were constructed by Genechem 
(Shanghai, China). Our previous studies have 
verified the effectiveness of transfection using 
lentiviruses in CT26 cells [17, 19]. 

Experimental groups in our study

The experimental groups included ART1 silenc-
ing in CT26 cells with transfected lentivirus 
ART1-shRNA (ART1-shRNA group) and ART1 
overexpression in CT26 cells with transfected 
GFP-ART1 (GFP-ART1 group). Untransfected 
CT26 cells (untransfected group) and lentivirus-
based empty vector transfected CT26 cells 
(vector group) were categorized as control 
groups. 
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Detection of autophagic vacuoles by electron 
microscopy

Cells (> 106) were digested with 0.25% tyrisin 
(Hyclone) and transferred into 1.5 mL Eppendorf 
(EP) tubes. After centrifugation at 1200 rpm, 
the supernatant was discarded. The aggre-
gates of cells were fixed with 2.5% glutaralde-
hyde for 2 h, washed thrice with 0.1 M PBS and 
fixed with 1% osmium tetroxide for 2 h. The 
cells were then dehydrated with graded ethanol 
and acetone and embedded in epoxy resin. 
Specimens were cut into 60 nm ultra-thin sec-
tions and stained with lead citrate. The sec-
tions were examined with a transmission elec-
tron microscope (Hitachi-7500, Hitachi Tokyo, 
Japan).

Acridine orange (AO) staining

CT26 cells adhering to glass cover slips were 
fixed with 95% ethanol for 5 min and then were 
stained with 1 mg/L Acridine Orange dye liquor 
(Sigma) for 5 min. Cells were then detected by 
fluorescence microscopy (NIKON TE2000, 
Tokyo, Japan). The Fl3-height of flow cytometry 
was used to analyze AO stained cells which 
were obtained by similar procedure as indicat-
ed above. 105 CT26 cells in each group were 
collected, washed twice with PBS and stained 
with 0.5 mg/L AO for 5 min. After centrifuga-
tion, the supernatant was discarded and the 
stained cells were washed twice with PBS 
before analysis by flow cytometry.

RT-PCR

Oligonucleotide primers of LC3A, LC3B and 
β-actin were designed and produced by Sangon 
Biotech Company (Shanghai, China). The sequ- 
ences of primers were as follows: LC3A, 5’CT- 
ACGCCTCCCAAGAAACCT3’ (F) and 5’CACATCTC- 
TGCCTAATCCACTG3’ (R); LC3B, 5’GTTACCATAC- 
GCCCTTCTGC3’ (F) and 5’CTGTTGCTGTTGTCCT- 
CACA3’ (R); β-actin, 5’GTCCCTCACCCTCCCAA- 
AAG3’ (F) and 5’GCTGCCTCAACACCTCAACCC3’ 
(R). The total RNA of each group was extracted 
by TRIzol reagent (Takara, Dalian, China). Re- 
verse transcription was used the BioRT cDNA 
first strand synthesis kit (BioerTechonolgy, 
Hangzhou, China) and was carried out at room 
temperature for 10 min, 52°C for 45 min and at 
95°C for 5 min. Amplifications were done using 
the following reaction conditions: 94°C for 90 
sec; 30 cycles at 95°C for 30 sec, 60°C for 30 
sec and 72°C for 25 sec per 1 kb; 1 cycle at 

72°C for 5 min using 2 × Taq master mix 
(Novoprotein, Suzhou, China). RT-PCR products 
were electrophoresed in 2% agarose gels 
(Genview, Tallahassee, FL, USA).

Western blot analysis

Cells were scraped into 1.5 mL EP tubes and 
were dissolved with lysis buffer on ice for 20 
min. Lysis buffer (Beyotime, Shanghai, China) 
was used to lyse cells. The supernatant of 
lysates were collected after centrifugation at 
12000 rpm at 4°C for 5 min. The concentra-
tions of protein were measured with bicincho-
ninic acid (BCA) protein assay kit (Beyotime). 
Nuclear protein extracts were isolated using a 
nuclear and cytoplasmic protein extraction Kit 
(Beyotime). Proteins (20 mg) were loaded in 
each lane of 6% or 10% polyacrylamide gels 
(SDS-PAGE) and the proteins were separated 
by gel electrophoresis at a constant voltage. 
Proteins were transferred onto polyvinylidene 
fluoride membranes (Biosharp, Hefei, China) 
and then blocked with 5% skimmed milk or 5% 
bovine serum albumin (BSA) for 1 h. Polyvin- 
ylidene fluoride membranes were incubated 
with primary antibodies against Rac1, LC3A/B 
(Proteinthech, Chicago, IL, USA), p-AMPK, 
p-p70s6k, NF-κB and histone-H2B (Bioworld 
Technology, MN, USA), LKB1 and β-actin 
(Boster, Wuhan, China) at 4°C overnight. The 
membranes were further incubated with perox-
idase-conjugated anti-rabbit or mouse immu-
noglobulin G for 2 h at room temperature. The 
blots were finally washed with Tris-buffered 
saline Tween and the immuno-reactive proteins 
were detected with a gel imaging analysis sys-
tem (Bio-Rad, Hercules, CA, USA) after being 
visualized with BeyoECL plus (Beyotime). 
Optical density values were analyzed with 
Quantity one software (Bio-Rad). Similar pro-
tein extraction and Western blot methods were 
followed for GFP-ART1 cells with a water-solu-
ble inhibitor of PARP-1 5-aminoisoquinolinone 
(100 uM) (5-AIQ) (a kind gift from Professor 
Michael D. Threadgill, University of Bath, Bath, 
UK) or NSC23766 (100 uM) (an inhibitor of 
Rac1, Selleckchem, Houston, TX, USA) in order 
to investigate the roles of Rac1 and PARP-1 in 
starvation-induced autophagy modulated by 
ART1.

Co-immunoprecipitation assay

Cells were lysed in RIPA buffer (Beyotime) for 
15 min on ice. The lysates were centrifuged at 
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14000 rpm at 4°C for 15 min and the superna-
tants containing the relevant proteins were col-
lected and were incubated with ART1 primary 
antibody (1:200 dilution; Santa Cruz Biote- 
chnology, Santa Cruz, CA, USA) at room tem-
perature for 2 h. To capture the antibody-ana-
lyte complex, 100 µL protein A + G agarose 
(Beyotime) was incubated with the superna-
tants at 4°C overnight. Agarose-antibody-ana- 
lyte complexes, which were harvested by cen-
trifugation at 14000 rpm for 5 sec, were 
washed thrice with PBS and recovered in 1 × 
SDS-PAGE buffer in a boiling water bath for 5 
min. The immunoprecipitates were analyzed by 
Western blotting with antibodies against ART1 
and integrin α7 (1:400 dilution; Bioss, Beijing, 
China). 

Cell counting Kit-8 (CCK-8) assay

100 μL of GFP-ART1 CT26 cell suspensions (5 
× 103 cells/well) in logarithmic phase were dis-
tributed in quadruplicate in 96-well plates. 100 
µL of culture medium was pipetted into the 
wells of 96-well plates as a blank control group. 
The plates were kept in an incubator at 37°C 
under 5% CO2 for 24 h. The culture medium was 
changed to D-Hanks, then, 3-MA was added to 
each well at the following concentrations; 3-MA 
0 mM, 1 mM, 3 mM, 5 mM and 7 mM. After 12 
h, 10 μL of Cell Counting Kit-8 solution (CCK-8, 
Dojindo, Kumamoto, Japan) was added to each 
well and the plates were incubated for 1 h. The 
optical density (OD) was measured using a 
microplate reader (Bio-Tek, Hercules, CA, USA) 
at 450 nm. The procedure was carried out 
thrice, to obtain the mean of collected read-
ings. The percentage of inhibition of prolifera-
tion was calculated by (1-mean OD for drug 
group/mean OD for control group) × 100%. 

Trypan blue dying

Cell suspensions, which were treated with dif-
ferent concentrations of 3-MA during the CCK-8 
assay, were mixed with 0.4% Trypan blue dye 
solution in the ratio of 9:1. Dead cells were 
coloured blue and were counted under micro-
scope within 3 min. The fraction was calculated 
by dividing the number of dead cells with total 
number of cells.

Flow cytometric analysis of cell apoptosis

Cells were seeded in 6-well plates overnight. 
Cells in the ART1-GFP group were treated with 
3-MA (5 mM) after the cell-culture medium was 

changed to D-Hanks solution. GFP-ART1 CT26 
cells without treatment with 3-MA were used as 
a control group. Cells were collected with 0.25% 
trypsin, washed twice with PBS, suspended in 
binding buffer and incubated with PE-conjugated 
Annexin-V and 7-AAD (TiajinSungene Biotech, 
Tianjing, China) at room temperature for 30 min 
in the absence of light. The percentage of apop-
totic cells was detected by flow cytometry 
(FACSVantage SE, Becton Dickinson and 
Company, Franklin Lakes, NJ, USA).

Hoechst33342 staining

1 × 105 GFP-ART1 cells were seeded in each 
well of 6-well plates, treated with 3-MA (5 mM) 
and cultured in D-Hanks solution. GFP-ART1 
CT26 cells without treatment with 3-MA were 
used as a control group. Cells were washed 
twice with PBS and then trypsinized. The cells 
were further suspended in 50 µL PBS with 5 µL 
Hoechst 33342 (Boyotime) without exposure to 
lightat room temperature for 30 min. The for-
mation of apoptotic bodies in cells was obser- 
ved with a fluorescent microscope (Olympus 
BX51, Tokyo, Japan) and the percentage of 
apoptotic cells was calculated with the formula: 
apoptotic percentage (AR)% = [apoptotic cells 
(A)/total cell count (T)] × 100.

Soft agar assay

Culture dishes (6 cm) were paved by mixing 
equal parts of 1.2% agarose with 1640 culture 
medium containing 20% FBS for standby appli-
cation. GFP-ART1 CT26 cells were seeded in 
the mixture composed of 0.7% agarose and cul-
ture medium which was spread on the earlier 
standby application culture dish. GFP-ART1 
CT26 cells, which were pretreated by starvation 
and 3-MA (5 mM) for 12 h before seeding, were 
set as the experimental group. GFP-ART1CT26 
cells which were only pretreated with starvation 
were set as the control group. After the agarose 
had gelled at room temperature, the cells were 
cultured for 14 d in an incubator. The numbers 
of cells cloned were counted using an inverted 
microscope. The cloning efficiency was calcu-
lated with the number of cell cloned divided by 
the number of cells seeded.

Plate cloning assay 

Five hundred GFP-ART1CT26 cells were seeded 
in 6 cm culture dishes. The procedure used for 
pre-treatment GFP-ART1 CT26 cells was similar 
to that of the soft agar assay. The cell culture 
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dishes were gently shaken and were kept in an 
incubator until visible cell cloning appeared. 
The supernatant was discarded and the cells 
were fixed with 4% formaldehyde for 20 min 
and later stained with crystal violet dye for 5 
min. A camera in macro mode was used to 
obtain the images. The calculation of cloning 
efficiency was estimated for the soft agar 
assay.

Subcutaneous tumor model in BALB/c mice

To detect whether the molecules of interest 
had the same effect in vivo in accordance in 
vitro, four groups of CT26 cells (2 × 106) were 
injected into the right flanks of BALB/c mice. 
After being fed for 19 d, mice were fasted for 
24 h and then sacrificed. The CT26 carcinoma, 
which had been grown subcutaneously in the 
mice, was harvested. The total proteins were 
isolated from these excised tumors and the 
proteins of interest were investigated by 
Western blotting. 

To study the role of autophagy up-regulated by 
ART1 on the growth of colon carcinoma under 
starvation-induced in vivo, GFP-ART1 CT26 
cells were injected into the right flanks of 
BALB/c mice. Until the tumors grew to the size 
of 0.5-1.1 cm3 (about 10 d after injection), mice 
were injected intraperitoneally with 3-MA (34 
mg/kg dissolved in 100 µl menstruum) 4 times 
every 5 d; this represented the experimental 
group [20]. Mice which were intraperitoneally 
injected with 100 µl menstruum without 3-MA 
were set as the control group. The mice were 
fasted for 24 h after injection with 3-MA. The 
sizes of the tumors were measured and the vol-
umes were calculated using the following for-
mula (V = ab2/2; a, the longest diameter; b, the 
shortest diameter). The weights of the subcuta-
neously transplanted tumors were measured 
when mice were sacrificed on the 35th day.

Statistical analysis

The above experiments were all replicated 
thrice. Values were presentedas mean ± stan-

dard deviation (SD) (_x  ± s). The differences 
between each group were analyzed with one-
way ANOVA or student’s t-test, using SPSS 19.0 
software (SPSS, Chicago, IL, USA). P-value < 
0.05 indicated statistically significant differ- 
ences.

Results

Autophagy is elevated in GFP-ART1 CT26 cells 
under starvation-induced conditions

For identifying the formation of autophagy, an 
electron microscope was used to observe the 
autophagosomes in CT26 cells, which were 
segmented into four groups according to the 
level of ART1. In each group, autophagosome 
were not observed in the absence of starvation 
(Figure 1A). After starvation, GFP-ART1 CT26 
cells displayed some autophagosomes, which 
were more numerous than in the untransfected 
and the vector control CT26 cells. Autoph- 
agosomes were not observed in the ART1-
shRNA group and many apoptotic cells were 
detected (Figure 1B). The autophagosome, an 
acid vesicular organelle, appears red when 
stained with AO and the fluorescence intensity 
correlates with its acidity. There was no obvious 
red fluorescence in each group whenCT26 cells 
were not starved (Figure 1C). After starvation 
treatments, red fluorescence was detected in 
cells. The red fluorescence intensity in the GFP-
ART1 group was higher than in other groups. By 
contrast, the red fluorescence was lower in the 
ART1-shRNA group, compared to other groups 
(Figure 1D). Comparison of the intensity of the 
red fluorescence with flow cytometry showed 
that the red fluorescence was stronger in the 
starvation-induced GFP-ART1 group and weak-
er in the starvation-induced ART1-shRNA group 
(P < 0.01), compared with control groups 
(Figure 1E).

The protein and mRNA levels of the autophagy 
marker protein LC3B were measured by 
Western blotting or RT-PCR, respectively, to 

Figure 1. The formation of autophgosome in starvation-induced CT26 cells. Autophagosome in CT26 cells which 
were untreated with starvation (A) or treated with starvation (B) observed with electron microscope. The white 
arrow denotes the autophagosome. In acridine orange staining, CT26 cells which were untreated with starvation 
only show green fluorescence (C); Starvation-induced CT26 cells show red fluorescence in GFP-ART1 group, Vec-
tor group, Untransfected group and ART1-shRNA group (D). The red fluorescence intensity was detected with flow 
cytometric analysis, and results show that red fluorescence intensity in GFP-ART1 group higher but in ART1-shRNA 
group lower than it in vector group and untransfected group (**P < 0.01) (E). a: GFP-ART1 group; b: Untransfected 
group; c: Vector group; d: ART1-shRNA group.
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assess the autophagy level under starvation-
induced conditions. Both mRNA and protein 
levels of LC3B increased in the starvation-
induced GFP-ART1 group and decreased in 
starvation-induced ART1-shRNA group, com-
pared with control groups in vitro and in vivo, 
respectively (P < 0.05) (Figure 2A-H).

The changes of Rac1, PARP-1, LKB1, p-AMPK 
and p-p70S6K in starvation-induced ART1-
shRNA and GFP-ART1 CT26 cells in vitro and 
in vivo

Western blotting was used to measure the 
expression of proteins Rac1, PARP-1, LKB1, 

Figure 2. The changes of LC3A/B mediated by ART1 in vitro and vivo under starvation-induced conditions. In vitro 
and vivo, the mRNA level of LC3A/B was increased in GFP-ART1 group and was decreased in ART1-shRNA group, 
compare with control groups (A-D). The protein level of LC3A/B also was increased in GFP-ART1 group and was de-
creased in ART1-shRNA group, compared with control groups (E-H). (*P < 0.05; **P < 0.01). 
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p-p70S6k and p-AMPK in vitro and in vivo. The 
expression of Rac1, PARP-1, LKB1 and p-AMPK 
were higher in starvation-induced GFP-ART1 
groups than in control groups (P < 0.01). The 
concentrations of these proteins were lower in 
starvation-induced ART1-shRNA group than in 
control groups (P < 0.05). The expression of 
p-p70S6k declined in starvation-induced GFP-
ART1 group (P < 0.01) but was elevated in the 
starvation-induced ART1-shRNA group, com-
pared with control groups (P < 0.01) (Figure 
3A-D); this protein reflects the activity of mTOR.

Changes of p-p70S6K and LC3B in starvation-
induced GFP-ART1 CT26 cells treated with 
5-AIQ or NSC23766

To provide additional evidence for regulation of 
starvation-induced autophagy by ART1 through 
mTOR mediation via PARP-1 and Rac1, the 

effect of inhibitors of Rac1 or PARP-1 in starva-
tion-induced GFP-ART1 cells was investigated. 
The activity of mTOR, reflected by the expres-
sion of p-p70S6K, was enhanced in starvation-
induced GFP-ART1 groups with inhibitors of 
Rac1 (P < 0.05) or PARP-1 (P < 0.01) (Figure 
5C-F). The expression of autophagy marker 
protein LC3B decreased in inhibitors treated 
group (P < 0.01) (Figure 4A-D). 

Changes in levels of NF-κB, PARP-1 and p-
AMPK in starvation-induced GFP-ART1 CT26 
cells treated with 5-AIQ or NSC23766

To explore whether Rac1 could regulate PARP-1 
and its downstream factor p-AMPK through 
NF-κB, starvation-induced GFP-ART1 CT26 
cells were treated with NSC23766. Compared 
to the control group, expressions of NF-κB 
(nucleus), PARP-1 and p-AMPK decreased in 

Figure 3. Expressions of Rac1, PARP, LKB1, p-AMPK, and p-P70S6k change with ART1 in vivo and vitro under 
starvation-induced conditions. Expressions of Expressions of Rac1, PARP, LKB1 and p-AMPK in GFP-ART1 CT26 
cells higher than control groups and these in ART1-shRNA CT26 cells lower than control groups; the expression of 
p-p70S6K show counter-roductive result (A & B). Expressions of Rac1, PARP, LKB1, p-AMPK and p-p70S6K in sub-
cutaneoustransplanted CT26 tumor fall in line with CT26 cells finding (C & D) (*P < 0.05; **P < 0.01).
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the GFP-ART1 group treated with NSC23766 (P 
< 0.05) (Figure 5A-D). There was no significant 
change in the expression of Rac1 when GFP-
ART1 CT26 cells were treated with an inhibitor 
of PARP-1 (5-AIQ). However, the expression of 
p-AMPK was lower than in starvation-induced 
GFP-ART1 CT26 without 5-AIQ (P < 0.01) (Figure 
5E, 5F).

The interaction between ART1 and integrin α7

To determine whether ART1 interacts with inte-
grin α7, co-immunoprecipitation was performed 
on extracts of starvation-induced ART1-GFP 
CT26 cells and vector control CT26 cells. Under 
starvation, the ART1-integrin α7 complex pro-
tein was evident in GFP-ART1 CT26 cells and 
vector control CT26 cells as well (Figure 6).

Change of proliferation in starvation-treated 
GFP-ART1 CT26 cells treated with different 
concentrations of 3-MA

Starvation-treated GFP-ART1 CT26 cells treat-
ed with 3-MA at different concentrations (0 

mM, 1 mM, 3 mM, 5 mM, 7 mM)were detected 
with CCK-8. This showed the proliferation of 
starvation-induced GFP-ART1 CT26 cells was 
clearly decreased with increasing concentra-
tions of 3-MA (P < 0.05) (Figure 7A). To discount 
the possibility that proliferation was affected by 
the death of cells induced by the inhibitor, 
Trypan blue staining was used to count dead 
cells, from which a cellular growth curve was 
drawn. There was no clear difference among 
the groups treated with 3 mM, 5 mM and 7 mM 
3-MA (P > 0.05) (Figure 7B).

Change of growth in starvation-induced GFP-
ART1 group treated with 3-MA 

Soft agar assay and plate cloning assay showed 
that the growth ability of starvation-induced 
GFP-ART1 CT26 cells was diminished when 
they treated with 3-MA (5 mM), compared with 
the control group (P < 0.05) (Figure 7C-F). The 
volume and weight of subcutaneously trans-
planted GFP-ART1 CT26 tumors in BALB/c mice 
treated with 3-MA were both less than those in 
control groups (P < 0.05) (Figure 7G-I).

Figure 4. Effect of inhibitor of PAPR-1 or Rac1 on regulating LC3B in GFP-ART1 CT26 cells under starvation-induced 
conditions. After being disposed with NSC23766 (**P < 0.01) (A & B) and 5-AIQ (*P < 0.05) (C & D) respectively, 
the expression of LC3 B in GFP-ART1 CT26 cells both decreased compared with GFP-ART1 group without inhibitor.
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Change of apoptotic ability of starvation-in-
duced GFP-ART1 group treated with 3MA

Flow cytometry was used to detect the rate of 
apoptosis. The results showed that the rate of 

apoptosis was higher in GFP-ART1 CT26 cells 
treated with 3-MA than in cells with no 3-MA 
treatment (P < 0.01) (Figure 8A, 8B). Condensed 
chromatin and apoptotic bodies were detected 
with Hoechst33342 staining. Comparatively, 

Figure 5. Effects of inhibitor of Rac1 or PARP-1 on regulating NF-κB, PARP-1, p-AMPK andp-p70S6K in GFP-ART1 
CT26 cells under starvation-induced conditions. The expression of NF-κB in nucleus decreased in GFP-ART1 CT26 
cells which treated with inhibitor of Rac1, NSC23766 (*P < 0.05) (A & B). The expressions of PARP-1 and p-AMPK 
reduce and the expression of p-p70S6K increase in the GFP-ART1 CT26 cells which treated with NSC23766 (*P < 
0.05) (C & D). After being treated with inhibitor of PARP-1, 5-AIQ, the expression of p-AMPK also decreased and the 
expression of p-p70S6K increased, compared with GFP-ART1 without 5-AIQ (**P < 0.01) (E & F). 
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there were more cells with apoptotic hallmarks 
in starvation-induced GFP-ART1 CT26 cells 
with 3-MA than in starvation-induced GFP-ART1 
cells without 3-MA (P < 0.01) (Figure 8C, 8D).

Discussion

Starvation-induced autophagy has been relat-
ed to various diseases, including cancer. Sh- 
ortage of nutrients is often the case in tumor 
microenvironments. In the early phase of devel-
opment of cancer, autophagy may serve as a 
survival mechanism to help cells to fully utilize 
the limited energy when tumors have no vascu-
lar supply and thus need to survive under nutri-
tional stress [21]. In colorectal cancer, resea- 
rchers have already proved that biogenesis of 
autophagosomes could be enhanced when 
colorectal cancerous cells are under starvation 
and the autophagosomes only form in cancer 
cells rather than in adjacent noncancerous epi-
thelial cells [22]. In colorectal cancer, most 
experimental data tend to recognize autophagy 
as contributing factor in the aggressiveness of 
tumor cells [22, 23]. In spite of this, influencing 
factors in starvation-induced autophagy may 
play an important role in regulating cancer 
development. However, the mechanism is not 
clear. ART1 is one of the most important 
enzymes catalyzing arginine-specific mono-
ADP-ribosylation, which regulates the function 
of the protein substrate by mono-ADP-ribosyl-
ation. In our previous studies, ART1 was report-
ed to participate in the regulation of invasion, 
proliferation and apoptosis in colon carcinoma. 
However, there is no report on the role of ART1 
in autophagy. In this study, we observed that 
the formation of autophagosomes and the ex- 
pression of autophagy-related proteins (LC3B) 

increased in starvation-induced GFP-ART1 
CT26 cells compared to control groups under 
starvation treatment. Contrastingly, in starva-
tion-induced ART1-shRNA CT26 cells, biogene-
sis of autophagosomes was not observed and 
autophagy-related proteins also decreased, 
compared to other groups. Moreover, autopha-
gosomes were not detected in GFP-ART1, ART1-
shRNA, untransfected and vector control 
groups without starvation. Our results indicate 
that ART1 has effects on starvation-induced 
autophagy, as overexpressed ART1 in CT26 
cells promoted starvation-induced autophagy 
and silenced ART1 in CT26 cells suppressed 
starvation-induced autophagy. 

Autophagy also may have synergistic effect on 
apoptosis, hence affecting the development of 
colorectal carcinoma. Other authors have also 
reported that the expressions of autophagy-
related gene LC3 and Beclin-1 increase in 
colorectal carcinoma and these expressions 
are in accordance with those of anti-apoptotic 
genes p53 and Bcl-2 [24]. Under conditions in 
which apoptosis was induced with 5-fluoroura-
cil (5-FU) or cisplatin, the apoptosis increased 
when autophagy was inhibited by 3-MA [25, 
26]. Reagents which inhibit autophagy are even 
thought as a combination therapy with antitu-
mor drugs to enhance the therapeutic effect 
[27]. In order to study the effect of starvation-
induced autophagy mediated by ART1 in the 
progression of CT26 cells, we observed the 
apoptosis and growth ability of GFP-ART1 group 
in the absence or presence of 3-MA. Data from 
the present study show that inhibition of starva-
tion-induced autophagy in ART1-GFP CT26 cells 
promotes apoptosis and inhibits proliferation. 
This suggests that autophagy, which is regulat-
ed by ART1, may contribute to the survival of 
cancer cells under starvation conditions. 

Rac1, which belongs to Rho family of GTPases, 
is a pivotal regulator of the actin cytoskeleton, 
gene transcription and cell adhesion [28]. The 
activity of Rac1 can be regulated by a major 
downstream factor of integrin α7 [29, 30]. 
Studies have showed that the interaction 
between ART1 and integrin α7 could lead to an 
increased combination of its α7β1 dimer 4 with 
downstream factor, which could enhance the 
activity of Rac1 [31]. The combination of integ-
rin α7 and ART1 with glycosylphosphatidylinosi-
tol (GPI) is recognized as the basic structure for 
ART1 catalyzing mono-ADP-ribosylation of inte-

Figure 6. Integrin α7 interacts with ART1 in CT26 
cells. Western blot analysis of the co-IP complex fol-
lowing incubation of GFP-ART1 CT26 cells and Vector 
CT26 cells lysates with ART1 antibody. Integrin α7 
was obviously detected in IP product of GFP-ART1 
group. NC; negative control group used IgG instead 
of ART1 antibody to incubate the lysate of GFP-ART1 
CT26 cells.
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grin α7 [11, 32]. In the present study, we ob- 
served the protein-protein interaction between 
ART1 and integrin α7 in CT26 cells using co-
immunoprecipitation and the results indicated 
that ART1 could combine with integrin α7 in 
colon carcinoma cells. We also observed that 
the expression of Rac1 was increased in the 
ART1-GFP group and was silenced in the ART1-
shRNA group. Regulation of Rac1 by ART1 is 
likely, owing to the influence of ART1 on integrin 
α7. Adam et. al. also showed that, when Rac1 
was down-regulated with siRNA or inhibited 
with NSC23766, the activity of NF-κB decreased 
in lung carcinoma [33]. Interestingly, our previ-
ous study demonstrated that ART1 could influ-
ence the expression of PARP-1 by affecting the 
activity of NF-κB in CT26 cells [17]. In order to 
verify that ART1 could influence a change in 

PARP-1 through the Rac1-NF-κB pathway, we 
analyzed the change in NF-κB and PARP-1 when 
GFP-ART1 group was treated with an inhibitor 
of Rac1. The GFP-ART1 group treated with an 
inhibitor of Rac1 showed lower expression of 
NF-κB in the cell nuclei than in GFP-ART1 group 
without inhibitor. The expression of PARP-1 also 
decreased in the GFP-ART1 group after treat-
ment with Rac1 inhibitor. Consequently, we pro-
pose that the effect of ART1 on Rac1 through 
integrin α7 mediates the activity of NF-κB and 
decreases the expression of PARP-1.

Poly (ADP-ribose) polymerase-1 (PARP-1), which 
catalyzes poly-ADP-ribosylation, uses the ADP-
ribose moiety of NAD+ to build a polyanionic 
polymer (polyADP-ribose) on target proteins 
[34]. It is involved in a variety of biological pro-

Figure 7. The ability of growth in GFP-ART1 CT26 cells was inhibited by 3-MA under starvatvation-induced conditions. 
The growth inhibite ratio of GFP-ART1 cells,which detected with CCK-8, increase along with the increasing concen-
tration of 3-MA (*P < 0.05) (A). Cell counting with trypanblau dying show the rate of GFP-ART1 cells death with 
different concentrations 3-MA (3 mM, 5 mM and 7 mM) was not statistically significant (p > 0.05) (B). Compared 
to GFP-ART1 untreated 3-MA, the growth ability of GFP-ART1 CT26 cells decrease in 3-MA treated group, which de-
tected with soft agar assay (*P < 0.05) (C & D) and plate cloning assay (**P < 0.01) (E & F) respectively. The weithgt 
(*P < 0.05) and volume of subcutaneous tumor (**P < 0.01) in BALB/c mice show smaller in 3-MA treated BALB/c 
mice than control BALB/c mice which untreated with 3-MA (G-I).

Figure 8. Apoptosis of GFP-ART1 CT26 cells was promoted by 3-MA under starvation-induced conditions. Compared 
to the contol group, the increase of apoptosis rate detecting by FCM  show in 5 mM 3-MA teated GFP-ART1 CT26 
celll (**P < 0.01) (A & B). The increase rate of apoptotic bodies and condensed chromatin detectig with Hochest 
3342 show in 3-MA treated group which compared with control group (**P < 0.01) (C & D). 
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cesses relevant to DNA damage, apoptosis, 
development and treatment of cancer. Some 
scientists have shown that PARP-1 can also 
mediate the liver kinase B1 (LKB)-AMP activat-
ed protein kinase (AMPK) pathway to influence 
mTOR, an important regulator of autophagy 
which could modulate the phosphorylation of 
downstream proteins to participate in the initia-
tion of autophagy under conditions of oxidative 
stress and DNA damage [35]. In this pathway, 
LKB1 could directly activate AMPK. The activa-
tion of AMPK could phosphorylate raptor, an 
essential subunit of mTOR, to inhibit the activity 
of mTOR, leading to inhibition of the prolifera-
tion and growth of cells [36]. However, in 
response to cellular stress or energy starva-
tion, the activation of AMPK could lead to the 
depletion of energy for cell growth and prolifer-
ation and cell survival [37]. Huang and Shen 
also posited that PARP-1 could induce autopha-
gy through the activation of the LKB1-AMPK-
mTOR pathway under conditions of DNA dam-
age and oxidative stress [38]. Depletion or 
inhibition of PARP-1 prevents the depletion of 
ATP and NAD+ and activates mTOR, resulting in 
the lack of autophagic features in fibroblast cell 
[35]. Under oxidative stress, autophagy induced 
by the PARP-1-LKB1-AMPK-mTOR system plays 
a cytoprotective role by preventing cell death 
[39]. Is the influence of ART1 in starvation-
induced autophagy dependent on regulating 
the pathway PARP-1-LKB1-AMPK-mTOR? The 
results of the present study showed that 
expressions of PARP-1, LKB1, and p-AMPK 
were increased in the GFP-ART1 group and 
decreased in ART1-shRNA group, compared to 
control groups under starvation conditions. 
However, expression of p-p70S6k, which 
reflects the activity of mTOR, showed the oppo-
site effects. In view of this, ART1 may partici-
pate in starvation-induced autophagy through 
the PARP-1-LKB1-AMPK-mTOR system. To con-
firm this inference, GFP-ART1 CT26 cells were 
treated with 5-AIQ, an inhibitor of PARP-1. The 
expressions of LC3B and p-AMPK decreased in 
the GFP-ART1 group after treatment with 5-AIQ; 
however, expression of p-p70S6k increased. 
These results may confirm the assertion that 
ART1 regulates starvation-induced autophagy 
through PARP-1-LKB1-AMPK-mTOR.

In conclusion, ART1 is likely to promote starva-
tion-induced autophagy in colorectal carcino-
ma. Inhibition of starvation-induced autophagy 
mediated by ART1 could be conducive to the 

survival colorectal tumor cells during starva-
tion. The molecular mechanism of the partici-
pation of ART1 in mediating starvation-induced 
autophagy is proposed to be as follows: ART1 
may interact with integrin α7 and then partici-
pate in the regulation of expression or activity 
of Rac1 and NF-κB. Differences in the expres-
sion of NF-κB could affect the expression of 
PARP-1 and, therefore, influence the activity of 
LKB1, AMPK and mTOR, leading to changes in 
autophagy. Moreover, the regulation of mTOR 
by Rac1 contradicts findings from previous 
researches which suggested that Rac1 could 
promote the activity of mTOR. It is not clear 
whether these differences in results may be 
due to the notion that cell activation signaling is 
selected under stressed conditions. ART1 pro-
motes starvation-induced autophagy and could 
enhance colon carcinoma cell survival. Inhi- 
bition of ART1 may serve as an adjunct therapy 
in the treatment of colon carcinoma.
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