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Abstract. Ribonuclease inhibitor (RI), also termed angio-
genin inhibitor, acts as the inhibitor of ribonucleolytic 
activity of RNase A and angiogenin. The expression of RI 
has been investigated in melanoma and bladder cancer cells. 
However, the precise role of RI in tumorigenesis, in addi-
tion to RI‑induced autophagy, remains poorly understood. 
In the present study, it was demonstrated that RI positively 
regulated autophagy in human colorectal cancer (CRC) cells 
as indicated by an increase in light chain 3 (LC3)‑II levels. 
Furthermore, RI regulated cell survival in HT29 cells. In addi-
tion, autophagy‑associated proteins, including beclin‑1 and 
autophagy‑related protein 13, were increased in response to 
RI‑induced autophagy, and the protein kinase B (Akt)/mecha-
nistic target of rapamycin (mTOR)/Unc‑51 like autophagy 
activating kinase (ULK1) pathway may be involved in the 
activation of autophagy induced by RI overexpression. Taken 
together, the evidence of the present study indicated that the 
overexpression of RI induced ATG‑dependent autophagy in 
CRC cells via the Akt/mTOR/ULK1 pathway, suggesting that 
the upregulation of RI activity may constitute a novel approach 
for the treatment of human colorectal carcinoma.

Introduction

Colorectal cancer (CRC) ranks as the third most common 
cancer in the United States (1) and the fifth greatest cause of 
mortality in China in 2015 (2). Despite marked improvements 
in therapeutic strategies (3), the prognosis of patients with 
CRC remains poor. Thus, novel molecular targets that improve 
patient outcomes or serve as standard prognostic factors are 
warranted.

The human ribonuclease inhibitor (RI) is a 50‑kDa 
horseshoe‑shaped protein that acts as the inhibitor of the ribo-
nucleolytic activity of RNaseA and angiogenin (ANG) (4‑7). 
The expression of RI has been investigated in melanoma 
and bladder cancer cells (8,9). Based on its ability to inhibit 
angiogenesis, RI has been considered as a tumor suppressor. 
Previous studies have indicated that exogenous RI prolongs 
the survival time of B16 melanoma tumor‑bearing mice (10), 
and RI expression has been demonstrated to be significantly 
reduced in human breast cancer tissues (11). However, to date, 
the mechanism underlying RI expression and tumorigenesis 
remains unclear. It was previously demonstrated that the 
overexpression of RI suppresses proliferation and metas-
tasis in human CRC cells via the phosphoinositide 3‑kinase 
(PI3K)/protein kinase B (Akt) pathway (12). A recent study 
has also suggested that autophagy is activated when Akt is 
inhibited (13).

Autophagy, a cellular process that degrades cytoplasmic 
components via the lysosomal machinery, is morphologi-
cally characterized by the formation of light chain 3 (LC3)‑II 
autophagic vacuoles  (14,15). In tumorigenesis, autophagy 
acts as a double‑edged sword that may either promote cell 
survival or induce cell death (16). However, previous studies 
have also indicated that autophagy suppresses the prolifera-
tion and tumorigenicity of human CRC cells (17,18). The exact 
effects of RI on autophagy and the functional association of 
autophagy with RI remains largely unknown. The present 
study investigated the effect of RI on autophagy in CRC cells, 
and identified autophagy‑associated proteins and pathways to 
assist in the identification of biological targets of human CRC.

Materials and methods

Reagents and antibodies. MK‑2206 was purchased form 
Abmole Bioscience, Inc. (Houston, TX, USA). Bafilomycin A1 
(BafiA1) was purchased from Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany). DMSO and DAPI were purchased from 
Beyotime Institute of Biotechnology (Haimen, China). Anti‑RI 
(cat. no. ab245627), anti‑autophagy‑related protein (ATG)5 
(cat. no. ab228668), anti‑ATG7 (cat. no. ab223365), anti‑ATG13 
(cat. no. ab201467), anti‑beclin‑1 (BECN1; cat. no. ab62557), 
anti‑LC3/II (cat. no. ab51520), anti‑β‑Actin (cat. no. ab119716) 
and goat anti‑rabbit immunoglobulin G (IgG; Alexa Fluor® 
488‑conjugated; cat. no. ab150077) antibodies were purchased 
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from Abcam (Cambridge, UK). Anti‑Akt (cat. no.  9272), 
anti‑phosphorylated (p)‑Akt (cat. no.  9271), anti‑mTOR 
(cat. no.  2972), anti‑p‑mTOR (cat. no.  2971), anti‑ULK1 
(cat. no. 6888), anti‑p‑ULK1 (cat. no. 5869), anti‑AMPK (cat. 
no. 2532S), anti‑p‑AMPK (cat. no. 2535), anti‑P62/seques-
tosome 1 (SQSTM1; cat. no.  38749), goat anti‑rabbit IgG 
horseradish peroxidase (HRP)‑conjugated (cat. no. 7074) and 
goat anti‑mouse IgG HRP‑conjugated (cat. no. 7076) anti-
bodies were purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA).

Cell culture. The human CRC cell line HT29 was obtained from 
The Cell Bank of Type Culture Collection of Chinese Academy 
of Sciences (Shanghai, China) and was cultured in RPMI1640 
Medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China) and 100 U/ml 
penicillin/streptomycin at 37˚C in a humidified atmosphere 
containing 5% CO2. Cells were treated with vehicle (0.1% 
DMSO) or Akt inhibitor MK‑2206 (5 µM) at 37˚C for 24 h, 
and the levels of LC3‑II were examined by western blotting. 
Cells were seeded at a density of 2x105 cells/well into six‑well 
plates and were treated with DMSO (0.1%) or bafilomycin A1 
(1 µM) at 37˚C for 72 h.

Overexpression of human RI. HT29 cells were seeded 
into six‑well plates, and the pcDNA3.1‑RI plasmid 
(4 µg/µl), maintained in the laboratory (12), was transfected 
using Lipofectamine™  2000 (Thermo Fisher Scientific, 
Inc.). Approximately 48 h after transfection, 800 µg/ml of 
geneticin (G418) (Sigma‑Aldrich; Merck KGaA) was added to 
the medium and incubated for 2 weeks to select the positive 
clones that would be employed in generating a stable trans-
fected cell line, HT29/RI, that overexpresses RI. Mock cells 
were transfected with an empty vector and used as a control 
(HT29/vector).

Short hairpin RNA (shRNA)‑mediated knockdown assays. All 
of the plasmids required for shRNA‑mediated knockdown 
assays were reconstructed and provided by Genepharm, Inc. 
(Sunnyvale, CA, USA). The pGPU6/GFP/Neo‑shRNA vectors 
used to knock down RI, ATG13, BECN1, mTOR and ULK1 
were shRI (4 µg/µl), shATG13 (5 µg/µl), shBECN1 (4 µg/µl), 
shmTOR (4 µg/µl) and shULK1 (4 µg/µl), respectively. The 
transfection reagent Lipofectamine® 2000 was used to transfer 
plasmid DNA into the HT29 cells. Non‑targeting shRNA was 
used as negative control (shCTL; 4 µg/µl). Cells were harvested 
48 h following transfection.

Western blotting. The cells were harvested, and total cell lysates 
were prepared using a protein extraction kit (Nanjing KeyGen 
Biotech Co., Ltd., Nanjing, China) according to the manufac-
turer's protocol. Protein concentrations were quantified using 
a bicinchoninic acid kit (Beyotime Institute of Biotechnology). 
Equal amounts (20  µg per lane) of protein samples were 
separated using 8‑12% SDS‑PAGE and transferred onto 
nitrocellulose membranes. The membranes were blocked in 
TBS with 3% nonfat milk for 2 h at 37˚C, followed by incuba-
tion with primary antibodies at 4˚C overnight. The primary 
antibodies used for western blotting were the following: 

Anti‑RI (1:2,000), anti‑ATG5 (1:500), anti‑ATG7 (1:1,000), 
anti‑ATG13(1:1,000), anti‑(BECN1) (1:600), anti‑LC3/II 
(1:3,000), anti‑β‑Actin (1:1,000) anti‑Akt (1:500), anti‑p‑Akt 
(1:1,000), anti‑mTOR(1:1,000), anti‑p‑mTOR (1:1,000), 
anti‑ULK1 (1:500), anti‑p‑ULK1 (1:500), anti‑AMPK (1:500), 
anti‑p‑AMPK (1:500), anti‑P62/SQSTM1 (1:1,000). The 
following secondary antibodies were incubated for 1 h at 37˚C: 
Goat anti‑rabbit HRP‑linked IgG (1:2,000) or goat anti‑mouse 
HRP‑conjugated IgG (1:2,000). Chemiluminescent signals 
were detected using the Enhanced Chemiluminescent Plus kit 
(GE Healthcare, Chicago, IL, USA) and the signal intensity 
was measured by densitometric analysis using the Versa‑Doc™ 

Imaging system (version 4.0; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). β‑actin was used as the internal control 
to normalize the samples.

Immunofluorescence staining. Cells were grown in six‑well 
plates and fixed with 3.5% formaldehyde in PBS for 10 min 
at room temperature, washed twice with PBS, permeabilized 
with 0.1% Triton X‑100 for 10 min, and blocked with 0.5% 
bovine serum albumin (Beyotime Institute of Biotechnology) 
for 15 min at room temperature. Following two washes with 
PBS, the cells were incubated with an LC3‑II primary‑antibody 
(1:500) for 2 h at room temperature, followed by incubation 
with an Alexa Fluor® 488‑conjugated secondary antibody 
(1:200) for 1  h at room temperature. Fluorescent signals 
were detected using a fluorescence microscope (Olympus 
Corporation, Tokyo, Japan; magnification, x400). Autophagy 
was quantified by counting the number of LC3‑II dots per cell 
(a minimum of 50 cells per preparation in three independent 
experiments).

Colony‑formation assay. For the clonogenic assay, cells 
were transfected with control shRNA (shCTL), RI shRNA 
(shRI), RI plasmid (RI) or empty vector (Vector) for 48 h 
respectively. Cells in different groups were subsequently 
seeded with appropriate dilutions into 6 cm dishes, followed 
by incubation at 37˚C for 2 weeks. Colonies were fixed with 
4% paraformaldehyde at 4˚C for 30 min, and subsequently 
stained with crystal violet (0.5% w/v) at room temperature 
for 5 min. The dishes were imaged using a light microscope 
(Olympus Corporation; magnification, x400) and the numbers 
of distinct colonies (≥50 cells per colony) were counted under 
the microscope (small, <0.3 mm; medium, 0.3‑0.6 mm; large, 
>0.6 mm). The results were averaged for each treatment group.

Cell viability assay. The cell viability was determined by 
Cell Counting Kit‑8 (CCK‑8) assay (Beyotime Institute of 
Technology). Briefly, cells in each group were plated at a 
density of 3,000 cells/well in 96‑well plates, and incubated 
at 37˚C with 5% CO2 for 12, 24, 48 and 72 h. CCK‑8 solu-
tion (10 µl) was added to each well, the optical absorbance 
was determined at 450 nm following a 3 h incubation using 
BioTek™ Epoch™ (BioTek Instruments, Inc., Winooski, 
VT, USA).

Statistical analysis. The data were analyzed using SPSS 
software 16.0 (SPSS, Inc., Chicago, IL, USA). The results are 
expressed as the mean ± standard error of the mean. Each 
experiment was repeated at least three times and analyzed 
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using a Students' t‑test or one‑way analysis of variance 
followed by Tukey's test for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Overexpression of RI induces autophagy in HT29 CRC 
cells. Previous studies have demonstrated that Akt inhibition 
strongly activates autophagy (19), and that overexpression of 
RI suppresses the PI3K/Akt pathway in human CRC cells (12). 
To study a possible regulatory effect of RI on autophagy in 
HT29 cells, these cells were transfected with pcDNA3.1‑RI 
recombinant vectors, and successfully transfected cells were 
selected for further analyses. Overexpression of RI markedly 
increased LC3‑II levels in the HT29 cells (Fig. 1A), suggesting 
that increased RI expression induces autophagy. In addition, 
fluorescence microscopy was used to verify the generation of 
autophagosomes. An increase in the number of LC3‑II puncta 
was observed in the HT29/RI cells (Fig. 1B), further substan-
tiating the previous observations. As visible in Fig. 1B, the 

majority of LC3‑II puncta were concentrated in the nucleus. 
The number of LC3‑II puncta/cell significantly increased 
by >3‑fold compared with the HT29 and HT29/Vector cells 
controls (Fig. 1C). LC3‑II levels were also elevated during 
autophagosome‑lysosome fusion or autophagic vesicle degra-
dation. To verify that this LC3‑II elevation was induced by the 
upregulation of RI, the autophagic flux in the HT29/RI cells 
was analyzed in the absence (Vehicle) or presence of BafiA1, an 
inhibitor of autophagosome‑lysosome fusion and LC3‑II degra-
dation. As indicated in Fig. 1D, BafiA1 increased the levels of 
LC3‑II and of the autophagy‑specific substrate P62/SQSTM1 
compared with the control and empty vector groups, suggesting 
that LC3‑II accumulation in HT29/RI cells was attributable to 
the promotion of autophagy but not to autophagic degradation. 
Taken together, these results confirmed that the overexpression 
of RI triggered autophagy in human CRC cells.

RI regulates HT29 cell survival. A previous study demon-
strated that the upregulation of RI affects the morphology 
and proliferation of bladder cancer cells (20). To investigate 

Figure 1. Overexpression of RI induces autophagy in HT29 cells. (A) RI, LC3‑I and LC3‑II (normalized to β‑actin) were analyzed by western blotting. 
(B) Representative immunofluorescence images demonstrating the redistribution of autophagic marker LC3‑II in HT29/RI cells. Images were acquired using 
a confocal microscope. Scale bar, 10 µm. (C) Average number of LC3‑II dots/cell were counted in more than five fields (n~100 for each group). (D) LC3‑II 
and P62/SQSTM1 protein levels were assessed by western blotting. HT‑29/Vector or HT‑29/RI cells were seeded at a density of 2x105 cells/well into six‑well 
plates and were treated with DMSO (0.1%) or bafilomycin A1 (1 µM) at 37˚C for 72 h. All quantitative data are presented as the mean ± standard error of the 
mean of at least three independent experiments. *P<0.05 and #P<0.01 vs. respective control group. RI, ribonuclease inhibitor; LC3, light chain 3; Vector, control 
vector transfection; SQSTM1, sequestosome 1.
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the effects of RI on HT29 cell survival, RI expression was 
upregulated by introducing an exogenous RI gene using the 
overexpression vector pcDNA3.1/RI, or silenced using a 
specific shRNA (shRI)‑mediated knockdown. As presented in 
Fig. 2A and B, RI expression levels significantly increased or 

decreased in the HT29/RI or HT29/shRI cells, respectively, 
compared with the controls, suggesting that the transfection 
and RI expression manipulation were successful.

A colony formation assay was conducted to elucidate the 
association between RI expression and HT29 cell metastasis. 
The overexpression of RI significantly inhibited CRC cell 
colony formation, whereas knocking down RI in HT29 cells 
increased it, indicating the inhibitory effect of RI on HT29 cell 
tumorigenic ability (Fig. 2C and D). Cell viability was subse-
quently assessed using the CCK‑8 assay. The results further 
provided the evidence that RI expression is negatively associated 
with viability in CRC cells (Fig. 2E). These results therefore 
supported the observations made with the colony formation 
assay, demonstrating that RI overexpression may negatively 
affect the viability and tumorigenic abilities of CRC cells.

Autophagy‑associated proteins BECN1 and ATG13 are essen‑
tial for autophagy in response to RI overexpression in HT29 
cells. To determine whether autophagy induced by RI over-
expression contributes to the regulation of specific proteins 
of the ATG family, the expression levels of ATG5, ATG7, 
ATG13 and BECN1 were assessed by western blotting. Fig. 3A 
indicates that overexpression of RI significantly increased 
the protein levels of BECN1 and ATG13, but not ATG5 and 
ATG7. To further validate these observations, specific shRNA 
sequences of ATG13 (shATG13) and BECN1 (shBECN1) were 
transfected into HT29/RI cells. The results demonstrated that 
LC3‑II levels significantly decreased due to the knockdown 
of BECN1 and ATG13 in the HT29/RI cells (Fig. 3B and C). 
Furthermore, the formation of LC3‑II autophagic vacuoles 
were observed under fluorescence microscopy. As exhibited 
in Fig. 3D, the knockdown of ATG13 or BECN1 significantly 
attenuated the accumulation of LC3‑II in RI‑overexpressing 
cells. Moreover, the number of LC3‑II dots/cell significantly 
decreased following silencing of ATG13 or BECN1 in HT29/RI 
cells. Taken together, these results indicated that ATG13 and 
BECN1 may have been responsible for autophagy induced by 
RI overexpression in human CRC cells.

Akt/mTOR/ULK1 pathway is involved in the activation 
of autophagy in CRC cells. To evaluate which pathways 
may have mediated the effect of RI on autophagy and cell 
viability, signal transduction molecules, including Akt, 
mTOR, ULK1 and AMPK, were examined in CRC cells. 
A previous study demonstrated that the function of RI is 
associated with the PI3K/Akt pathway  (12). Consistent 
with these reports, the present study revealed that Akt and 
mTOR were significantly inactivated in HT29/RI cells, 
whereas ULK1 was activated by phosphorylation, but there 
was no effect on the expression levels of phosphorylated 
AMPK (p‑AMPK), total Akt, total mTOR, total ULK1 
and total AMPK (Fig. 4A). These results suggested that RI 
overexpression may have induced autophagy by inhibiting 
the Akt/mTOR/ULK1 pathway, but not via the activation 
of AMPK. To further validate whether Akt, mTOR and 
its downstream target ULK1 were involved in RI induced 
autophagy, the effects of the Akt inhibitor, MK‑2206 (21), 
were evaluated by assessing its effects on LC3‑II levels. 
Fig. 4B demonstrates that the inhibition of activated Akt 
(p‑Akt) resulted in an increase in the amount of LC3‑II. In 

Figure 2. RI regulates HT29 cell survival. Western blotting was used to assess 
the effectiveness of transfections of (A) a plasmid overexpressing RI and 
(B) shRI downregulating RI in HT29 cells. The effects of (C) RI overexpres-
sion and (D) RI knockdown on colony formation were assessed. Cell colonies 
were photographed and counted under a microscope, and divided according 
to the size (small, <0.3 mm; medium, 0.3‑0.6 mm; large, >0.6 mm). A colony 
was defined as a cluster of ≥50 cells. (E) The effects of RI knockdown and 
RI overexpression on cell viability were determined using the Cell Counting 
Kit‑8 assay at defined time points. All quantitative data are presented as the 
mean ± standard error of the mean of at least three independent experiments. 
*P<0.05 and #P<0.01 vs. respective control group. ^P<0.05 and ^^P<0.01 
vs. HT29/Vector. §P<0.05 and §§P<0.01 vs. HT29/shCTL. RI, ribonuclease 
inhibitor; shRI, short hairpin RNA targeting RI; Vector, control vector 
transfection; shCTL, non‑targeting short hairpin RNA used as a control.
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addition, the downregulation of mTOR (shmTOR) increased 
ULK1 phosphorylation and significantly promoted LC3‑II 
accumulation (Fig.  4C), whereas silencing of ULK1 

markedly reduced LC3‑II levels, indicating that mTOR and 
ULK1, as the downstream elements of Akt signaling, may 
also be involved in the process of RI‑induced autophagy 

Figure 3. ATG13 and BECN1 are required for autophagy in response to RI overexpression in HT29 cells. (A) The protein levels of ATG5, ATG7, ATG13 and 
BECN1 (normalized to β‑actin) were analyzed by western blotting. Representative western blot and densitometric analyses normalized to β‑actin demon-
strating the effects of (B) shATG13 and (C) shBECN1 on LC3‑II levels following RI overexpression. (D) Effect of shATG13 and shBECN1 on LC3‑II 
accumulation induced by RI overexpression compared to the CTL. The average number of LC3‑II dots/cell were counted in more than five fields with 
≥100 cells in each group. All quantitative data are presented as the mean ± standard error of the mean of at least three independent experiments. *P<0.05 and 
#P<0.01 vs. respective control group. RI, ribonuclease inhibitor; LC3, light chain 3; ATG, autophagy‑related protein; BECN1, beclin 1; shATG13, short hairpin 
RNA targeting ATG13; shBECN1, short hairpin RNA targeting BECN1; Vector, control vector transfection; shCTL, non‑targeting short hairpin RNA used as 
a control; CTL, control.
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in CRC cells (Fig. 4D). Based on these results, activation 
of the Akt/mTOR/ULK1 signaling pathway may have been 
responsible for RI‑induced autophagy in CRC cells.

Discussion

RI is a cytoplasmic acidic protein that is involved in multiple 
biological processes, including inhibition of RNase A and 
ANG activity. Previous studies have demonstrated that RI 
regulates stress‑induced subcellular localization of angio-
genin to control growth and survival of HeLa cells (22), and 
that upregulation of RI inhibits the growth and metastasis in 
melanoma, breast cancer and bladder cancer cells (8,20,23). 
However, the effect of RI on the growth of colorectal cancer 
cells and its underlying mechanisms, were not fully under-
stood. In the present study, RI protein expression level was 
significantly decreased in HT29 cells compared with other 
cell lines, including HCT116, CW‑2 and LoVo as assessed by 
western blotting (data not presented); therefore, HT29 cells 
were cultured and transfected, and served as the primary 
model to study the potential effects of RI on autophagy in 
CRC cells. Furthermore, the present study demonstrated that 
RI overexpression induces autophagy in human CRC cells, 
possibly via the Akt/mTOR/ULK1 signaling pathway.

Autophagy is a critical event which maintains tissue 
homeostasis under basal conditions (24). Although the precise 
role of autophagy in cancer cells remains unclear, previous 
studies have demonstrated that autophagy appears to be a 

double‑edged sword that may be beneficial or detrimental to 
cancer development (25). Earlier investigations have reported 
that RI serves a noteworthy role in ANG‑induced angiogen-
esis (26,27), depleting nutrients that may be utilized by cells. 
Alternatively, autophagy provides energy by degrading intra-
cellular macromolecules, proteins and organelles, which may 
be beneficial to the growth of tumor cells in a low vascular 
environment (25,28). Therefore, defining the context‑specific 
role of autophagy in CRC cells and the association between 
RI and autophagy may guide autophagy‑based therapeutic 
interventions. In the present study, overexpression of RI was 
observed to induce autophagy in human CRC cells.

Specific autophagy‑associated genes are involved in 
this process. Studies have indicated that more than 40 ATG 
proteins are involved in autophagosome formation  (29). 
Previous studies have also reported that autophagy may be 
induced through ATG5, BECN1 or ATG7‑dependent or ‑inde-
pendent signaling pathways (30), whereas ATG13, one of the 
components of the ULK1 kinase complex, is required for the 
initiation of autophagosome formation (31). The present study 
assessed the expression of ATG5, ATG7, BECN1 and ATG13 
in response to RI overexpression, and revealed that only 
BECN1 and ATG13 may be required for CRC cell autophagy, 
suggesting that the ULK1 complex may be involved in this 
process.

Autophagy involves three stages, including initia-
tion, elongation and maturation  (32). Various signaling 
pathways have been implicated in the regulation of 

Figure 4. Akt/mTOR/ULK1 signaling pathway is responsible for RI‑induced autophagy in colorectal cancer cells. (A) The protein levels of RI, p‑Akt, Akt, 
p‑mTOR, mTOR, p‑ULK1, ULK1, p‑AMPK and AMPK (normalized to β‑actin) were analyzed by western blotting. (B) HT‑29/Vector or HT‑29/RI cells 
were treated with vehicle (0.1% DMSO) or Akt inhibitor MK‑2206 (5 µM) at 37˚C for 24 h, and the levels of LC3‑II were examined by western blotting. 
Representative figures demonstrating the effect of inhibition of p‑Akt on LC3‑II accumulation compared with the control groups. Representative western 
blotting images indicating the effect of (C) shmTOR and (D) shULK1 on LC3‑II levels. All quantitative data are presented as the mean ± standard error 
of the mean of at least three independent experiments. *P<0.05 and #P<0.01. RI, ribonuclease inhibitor; Akt, protein kinase B; mTOR, mechanistic target 
of rapamycin; ULK1, Unc‑51 like autophagy activating kinase; AMPK, adenosine monophosphate‑activated protein kinase; p‑, phosphorylated; LC3, light 
chain 3; shmTOR, short hairpin RNA targeting mTOR; shULK1, short hairpin RNA targeting ULK1.
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autophagy (33‑35). mTOR inhibits autophagy by forming 
a protein complex associated with ULK1 (also termed the 
‘preinitiation’ complex), which is the central molecule that 
is involved in autophagy regulation (36,37). This complex 
may be negatively and positively regulated by a variety of 
intracellular signals. The PI3K pathway is also known to 
be involved in autophagy, as the inhibition of PI3K/Akt 
and mTOR were demonstrated to upregulate autophagy in 
breast cancer cells (38,39). AMPK, which serves a role in 
the regulation of cellular lipid and protein metabolism, also 
induces autophagy by activating ULK1 or by inactivating 
mTOR (36). In addition, mTOR may suppress ULK1 under 
certain conditions  (40,41). As previously reported, the 
inhibition of Akt may induce autophagy, and may therefore 
exert anti‑tumor activity (12,42). Furthermore, the present 
study revealed that autophagy induced by RI is dependent 
on the mTOR/ULK1 pathway, but not on the activation 
of AMPK.

Taken together, the results of the present study indicated 
that the upregulation of RI promoted the expression of 
autophagy‑associated genes, including BECN1 and ATG13, 
and prevented phosphorylation of Akt and mTOR, which in 
turn may have alleviated the inhibition of ULK1, ultimately 
leading to autophagy in CRC cells. Therefore, the upregula-
tion of RI may constitute a novel strategy for the treatment of 
human CRC.
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