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A B S T R A C T   

Background: Radiotherapy resistance is one of the major causes of rectal cancer treatment failure. LncRNA 
DLGAP1-AS2 participates in the progression of several cancers. We explored the role and potential mechanism of 
DLGAP1-AS2 in the radioresistance of rectal cancer stem cells. 
Methods: HR8348-R cells, radioresistant cells from HR8348 after irradiation, were isolated into CD133 negative 
(CD133− ) and positive (CD133+) cells. Cell proliferation, apoptosis, migration and tumorsphere formation were 
determined by CCK-8, flow cytometry, wound healing assay and tumorsphere formation assay, respectively. 
CD133, tumor stem cell drug resistance gene (MDR1 and BCRP1), DNA repair marker (γ-H2AX) and AKT/mTOR/ 
cyclinD1 signaling were measured by Western blot. The relationship between DLGAP1-AS2 and E2F1 was 
verified using RIP. The interaction between E2F1 and CD151 promoter was confirmed using dual-luciferase 
reporter gene assay and ChIP. AKT inhibitor API-2 was employed for validating the effect of AKT/mTOR/ 
cyclinD1 signaling in the radioresistance of rectal cancer cells. 
Results: The DLGAP1-AS2 level was increased in CD133+ cells after irradiation. DLGAP1-AS2 knockdown 
inhibited the proliferation, migration and tumorsphere formation while stimulating apoptosis in CD133+ cells. 
DLGAP1-AS2 inhibition downregulated the expression of CD133, MDR1, BCRP1 and γ-H2AX and suppressed 
AKT/mTOR/cyclinD1 activation. DLGAP1-AS2 upregulated the expression of CD151 by interacting with E2F1. 
API-2 neutralized the promotive effects of overexpressed CD151 on radioresistance. 
Conclusion: DLGAP1-AS2 accelerates the radioresistance of rectal cancer cells through interactions with E2F1 to 
upregulate CD151 expression via the activation of the AKT/mTOR/cyclinD1 pathway.   

Introduction 

Rectal cancer is a common malignancy that continues to have a 
highly variable outcome [1, 2]. The clinical treatment of rectal cancer 
involves surgical removal and adjuvant therapies, including chemo
therapy and radiotherapy [3]. Nevertheless, the prognosis is still not 
optimistic in rectal cancer patients [4], while radiotherapy resistance is 
one of major causes of the failure of rectal cancer management [5]. 
Cancer stem cells possess a highly effective DNA injury response system, 
contributing to the resistance of cancer cells to radiotherapeutic treat
ment [6]. Cancer stem cells are highly resistant to the current thera
peutics and are the major cause of cancer recurrence [7]. A previous 
study has reported that cancer stem cells can perpetuate themselves via 

autorestoration and are highly resistant to the existing therapeutic 
methods [7]. The number of cancer stem cells and their inherent radi
oresistance characteristics are important parameters influencing the 
local control of cancer after radiotherapy [8]. The promoted stemness of 
colorectal cancer cells induced by cancer-associated fibroblasts in
creases radiation resistance [9]. CD133 is a five-transmembrane glyco
protein, which is considered to be a marker for distinguishing and 
separating colorectal cancer stem cells [10, 11]. Investigating the mo
lecular mechanism of radiotherapy resistance in cancer stem cells is 
important for improving the clinical efficacy of radiotherapy in cancer 
patients. Currently, there is limited information on the role of cancer 
stem cells and their radiotherapy resistance mechanismin rectal cancer. 

Long noncoding RNAs (lncRNAs), a category of recently identified 
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non-coding RNAs (ncRNAs) with a length of about 200 nucleotides, play 
important roles in various tumor behaviors [12]. LncRNA EGOT 
downregulation inhibits cell growth and improves the radiosensitivity of 
rectal cancer cells [13]. LncRNA-mediated regulation of cancer stem 
cells is significant in the radioresistance of cancers following radio
therapy [14, 15]. LncRNA DLGAP1-AS2 is discovered to be located at 
the human chromosome 18p11 [16]. Recently, it has been shown that 
DLGAP1-AS2 accelerates the progression of cholangiocarcinoma 
through miR-505 and GALNT10 [17]. In addition, DLGAP1-AS2 
silencing represses cell migration and invasion by modulating the 
methylation of miR-154–5p in hepatocellular carcinoma [18]. However, 
the role of DLGAP1-AS2 in rectal cancer and radiotherapy resistance is 
still unclear. 

As a well-characterized E2F family member, E2F1 is upregulated in 
colorectal cancer [19]. E2F1 is involved in promoting tumor growth in 
colorectal cancer [20]. It is also found that overexpression of E2F1 
contributes to the oxaliplatin resistance of colorectal cancer cells [21]. 
E2F1 plays an important role in the progression of gastric cancer by 
maintaining gastric cancer stemness properties via the regulation of 
stemness-related genes [22]. E2F1 activation enhances the progression 
of neuroendocrine prostate cancer and self-renewal of prostate cancer 
stem cells [23]. CD151, a widely expressed transmembrane protein 
within the mammalian tetraspanin superfamily, is revealed to be a key 
player in the development of malignant diseases [24]. CD151 regulates 
CEACAM6, LGR5 and Wnt signaling to boost the progression of colo
rectal cancer [25]. In colorectal cancer, CD151 can be regulated by 
hypoxia to control cell adhesion and metastasis [26]. It has also been 
validated that increased CD151 expression is an important prognosis 
marker of poor outcome in colon cancer [27]. However, the relationship 
between E2F1 and CD151 in rectal cancer has not been reported. 

Studies have demonstrated that activation of the AKT/mTOR/ 
cyclinD1 pathway plays a role in the increased aggressiveness of oral 
cancer cells following low-level laser therapy [28]. The activated 
PI3K/AKT pathway after radiation facilitates the induction of cancer 
stem-like cells in colorectal cancer [29]. The downregulated cyclin D1 
induced by MG132 pretreatment is associated with enhanced anti
growth and antimetastasis effects of radiation in human non-small-cell 
lung cancer cells [30]. CD151 knockdown could reduce AKT and 
mTOR phosphorylation in osteosarcoma [31]. However, the role of the 
AKT/mTOR/cyclinD1 pathway in the radioresistance of rectal cancer 
stem cells is still unclear. 

In the present work, we mainly explored the effects of DLGAP1-AS2 
knockdown, which decreased the radioresistance of rectal cancer stem 
cells in vitro by modulating CD151 expression via E2F1. Furthermore, we 
also investigated whether the AKT/mTOR/cyclinD1 signaling pathway 
was involved. Our results provided convincing evidence that knock
down of DLGAP1-AS2 could serve as a promising method for alleviating 
radiotherapy resistance in rectal cancer stem cells. 

Materials and methods 

Cell culture and treatment 

HR8348 cells were purchased from American Type Culture Collec
tion (ATCC, Manassas, VA, USA). The cells were cultured in RPMI1640 
medium (Thermo Fisher, Waltham, MA, USA) with 10% FBS, penicillin 
(100 U/mL, Sigma Aldrich, St. Louis, MO, USA) and streptomycin 
(100 µg/mL, Sigma). They were grown in an incubator with a humidi
fied atmosphere of 5% CO2 and 95% air at 37◦C. 

Radioresistant cells were obtained according to the previous 
description [29]. Briefly, cells were exposed to radiation (0.5 Gy) twice 
per day for 62 days using a Gammacell 3000 Elan irradiator (MDS 
Nordion, Ottawa, ON, Canada). After another 31 days in the absence of 
radiation, the acquisition of cell radioresistance was assessed by cell 
survival, recorded as HR8348-R cells. 

Isolation of CD133+/CD133− cells 

Flow cytometry was carried out to evaluate the CD133+ population. 
Prior to cell detachment and centrifugation, the cells were washed with 
sterile PBS. The pellet was blocked in filter-sterilized 2% BSA in PBS for 
0.5 h. They were then treated with PE-labeled CD133 antibody (Miltenyi 
Biotec, Bergisch Gladbach, Germany) at 4 ◦C for 30 min. The samples 
incubated with the corresponding control IgG antibody were applied to 
set the gating level. After washing with PBS, CD133+/CD133− cell 
sorting was performed with FACSAria (BD Biosciences, Mountain View, 
CA, USA). CD133− and CD133+cells were cultured in serum-containing 
DMEM and DMEM F12 50/50 with added growth factors, respectively. 
These cells were exposed to radiation (5 Gy) prior to subsequent 
experiments. 

Cell transfection 

The sh-NC, sh-DLGAP1-AS2, overexpression vector (oe)-NC, oe-E2F1 
and oe-CD151 were synthesized by GeneChem Company (Shanghai, 
China). For the knockdown of DLGAP1-AS2, specific short hairpin RNA 
(shRNA) targeting DLGAP1-AS2 was constructed using the pGPU6-GFP- 
Neo gene vector. The sequences for constructing the plasmids of shRNA 
were showed following: sh-NC: 5′-GTTCTCCGAACGTGTCACGT-3′, sh- 
DLGAP1-AS2: 5′-GCAAAATTAAAGATTTAGAAG-3′. The cells were 
transfected with plasmids using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA). After 48 h, the cells were used for subsequent 
research. Moreover, 10 μmol/L API-2 (AKT inhibitor; Tocris Cookson 
Inc., Ellisville, MO, USA) was utilized to treat cells for 48 h. 

CCK-8 assay 

In the logarithmic growth phase, the cells were harvested and de
tached with 0.25% trypsin. The cells (2 × 103 cells/well) were seeded in 
96-well plates. After culture for 0, 1, 2, 3, 4 and 5 days, sterile Cell 
Counting Kit-8 solution (10 μL) was added to each well prior to incu
bation at 37 ◦C for another 2 h. Finally, a Thermo Multiskan MK3 reader 
(Thermo Fisher) was used for optical density (OD) value analysis at 
450 nm. 

Cell apoptosis analysis 

The Annexin V-FITC-PI apoptosis detection kit (Vazyme, Biotech Co., 
Ltd, Nanjing, China) was used for cell apoptosis detection according to 
the manufacturer’s instructions. The cells (1 × 106 cells/well) were 
cultured in 6-well plates. Then, the cells were collected with 500 μL 
binding buffer and stained with Annexin V-FITC (5 μL) and PI (5 μL). 
Flow cytometry was used for apoptosis evaluation. 

Wound healing assay 

Cell migration was calculated by wound healing assay. Briefly, the 
cells were added into 6-well plates at 3 × 105 cells/well. A 10-μl sterile 
pipette tip was utilized to scrape the cell monolayer. Then, the cell 
migration path was tracked at 0 h and 24 h after wounding using a phase 
contrast microscope (Olympus Corporation, Tokyo, Japan). The wound 
healing area was analyzed using ImageJ software (National Institutes of 
Health, Bethesda, MA, USA). 

Tumorsphere-formation assay 

Tumorsphere-formation assay was carried out for evaluating self- 
renewal ability of the cancer cells [29]. After preparing a single-cell 
suspension, the cells were cultured in ultra-low-attachment 6-well or 
96-well plates in the medium consisting of DMEM/F12 supplemented 
with 2% B27 supplements (Invitrogen), 10 ng/mL bFGF (Peprotech, 
Rocky Hill, NJ, USA) and 10 ng/mL EGF. They were cultured for 7 days; 
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the sphere morphology was determined using a fluorescence microscope 
(Olympus), and the sphere number was counted. 

RNA binding protein immunoprecipitation (RIP) 

A EZMagna RIP kit (Shanghai Haoran Biological Technology Co., 
Ltd, Shanghai, China) was applied to analyze the interaction between 
DLGAP1-AS2 and E2F1 protein. Briefly, the cells resuspended in RIPA 
lysis (Beyotime, Shanghai, China) were centrifuged before supernatant 
removal. A 75 μL portion of beads was washed with RIP wash buffer and 
then resuspended. Each sample was treated with IgG antibody (1:300, 
Abcam, Cambridge, MA, USA) or E2F1 antibody (1:200, Abcam) for 1 h. 
The mixture was resuspended in RIP immunoprecipitation buffer (900 
μL). Then, the samples placed on a magnetic base were washed with RIP 
wash buffer. For RNA extraction, 0.5 mg/mL proteinase K and 0.1% SDS 
were added into the complexes at 55 ◦C for 0.5 h. 

Dual luciferase reporter gene assay 

The JASPAR was used for predicting the putative E2F1 binding sites 
in the CD151 promoter. Wild-type (WT) and mutant (MUT) CD151 se
quences containing the predicted E2F1 binding sites were cloned into 
psiCHECK-2 luciferase reporter plasmid (Promega, Madison, WI, USA) 
to produce luciferase reporter systems, including CD151-WT, CD151-S1 
(MUT2&3), CD151-S2(MUT1&3) or CD151-S3(MUT1&2). The oe-NC or 
oe-E2F1 were co-transfected into cells with CD151-WT, CD151-S1, 
CD151-S2 or CD151-S3. After transfection for 48 h, luciferase reporter 
gene assay was carried out with the luciferase assay kit (Biovision, 
Milpitas, CA, USA). The internal reference gene was determined by 
renilla luciferase. 

Chromatin immunoprecipitation (ChIP) 

Cells were fixed for 10 min with formaldehyde, and a sonicator was 

Fig. 1. LncRNA DLGAP1-AS2 knockdown inhibited the radiation resistance of rectal cancer stem cells. 
(A) The starBase website predicted that DGAP1-AS2 was upregulated in colorectal cancer. HR8348-R cells, radioresistant cells obtained from HR8348 cells exposed to 
irradiation, were isolated into CD133+ and CD133− cells, and CD133+ cells were transfected with sh-DLGAP1-AS2 or sh-NC.(B) The DLGAP1-AS2 level analyzed by 
qRT-PCR. (C) CCK-8 assay showed cell proliferation. (D) Flow cytometry for cell apoptosis measurement. (E) Cell migration assessed using wound healing assay. (F) 
The images and size of tumoursphere cells assessed with tumoursphere-formation assay. *P<0.05, **P<0.01, ***P<0.001. The error bar represents the mean ± SD. 
Each experiment was repeated three times. 
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used to fragment the chromatin. The cells were centrifuged before 
transferring into two tubes and separately incubated with E2F1 antibody 
(1: 200, Abcam) and IgG antibody (1: 300, Abcam) at 4 ◦C overnight. 
After precipitation with Protein Agarose/Sepharose, the complex was 
centrifuged. The nonspecific complex was eluted and de-crosslinked at 
65 ◦C overnight. A purified DNA fragment extracted with phenol/chlo
roform was used as the amplification template and the fold enrichment 
of the CD151 promotor was validated by qRT-PCR. In addition, we also 
detected the interaction of E2F1and CD151 following DLGAP1-AS2 
knockdown. 

qRT-PCR 

Total RNAs from the cells were isolated by the TRIzol kit (Thermo 
Fisher) and then quantitated with NanoDrop (Thermo Fisher). Single- 
stranded cDNA was synthesized with a SuperScript II Reverse Tran
scriptase (Thermo Fisher). qRT-PCR was performed using an SYBR 
Premix Ex Taq kit (TakaRa Biotechnology Co., Ltd., Dalian, China) in an 
ABI 7500 thermocycler (Applied Biosystems; Thermo Fisher). GAPDH 
was applied as an internal control. The relative gene expression was 
analyzed with the 2− ΔΔCt method. The primer sequences were 
presented: 

DLGAP1-AS2: F 5′-ACATCGTGGCTGAATGAACA-3′, 
R 5′-ATCAGTGGGGAGGAAGGAGT-3′; 
DLGAP1: F 5′- GCTAAATGCTCTCAGCTGCAC − 3′, 
R 5′- GCGCAGCAACTTTTGGAGAA − 3′; 
E2F1: F 5′-ATGTTTTCCTGTGCCCTGAG-3′, 
R 5′-AGATGATGGTGGTGGTGAC-3′; 
CD151: F 5′-ACAACTGCTGCTTCTGGCTG-3′, 
R 5′-AGCAGGATGAAGTACAAGCG-3′; 
GAPDH: F 5′-TAGATGACACCCGTCCCTGA-3′, 
R 5′-ACCTCCACCTGTCCTTAGTG − 3′. 

Western blot 

Protein was extracted from cells with a protein lysis buffer (Beyo
time). Total proteins were quantitated with a BCA assay kit (Pierce, 
Rockford, IL, USA), followed by separation with 10% SDS-PAGE gels. 
Subsequently, the proteins were removed from gel to PVDF membrane 
and then blocked with 5% milk for 1 h. After incubation with primary 
antibody overnight at 4 ◦C, the membranes were incubated by HRP- 
conjugated secondary antibody for 2 h. Lastly, the blots were 
measured by ECL substrate. The primary antibodies included: anti- 
CD133 (130–092–395, 1:100, Miltenyi Biotec), anti-CD151 
(SAB1402716, 1:50, Sigma), anti-E2F1 (ab4070, 1:500; Abcam), anti- 
MDR1 (ab170904, 1:100, Abcam), anti-BCRP1 (ab207732, 1:100, 
Abcam), anti-γ-H2AX (ab81299, 1:400; Abcam), anti-H2AX (ab11175, 
1:200, Abcam), anti-AKT (#9272, 1:1000, Cell Signaling, Danvers, MA, 
USA), anti-p-AKT (#9271, 1:1000, Cell Signaling), anti-mTOR 
(ab134903, 1:100, Abcam), anti-p-mTOR (#2971, 1:100, Cell 
Signaling), anti-cyclinD1 (#2922, 1:1000, Cell Signaling) and anti- 
β-actin (A1978, 1:6000, Sigma). 

Statistical analysis 

Data were expressed as mean ± SD. Statistical analyses were carried 
out by SPSS 20.0. The data were analyzed by unpaired two-tailed Stu
dent’s t-test (two groups) and one-way analysis of variance (multiple 
groups), followed by Tukey’s post-test. All the samples were assayed in 
triplicate. P<0.05 was considered as statistically significant difference. 

Results 

LncRNA DLGAP1-AS2 knockdown inhibited the radioresistance of rectal 
cancer stem cells after irradiation 

DLGAP1-AS2 has been revealed to accelerate cholangiocarcinoma 
progression [17]. Bioinformatics tool starBase website was used, which 

Fig. 2. LncRNA DLGAP1-AS2 knockdown inhibited the radiation resistance of rectal cancer stem cells. 
(A–B) The protein levels of CD133, MDR1, BCRP1 and γ-H2AX and AKT/mTOR/cyclinD1 signaling detected by Western blotting. *P<0.05, **P<0.01, ***P<0.001. 
The error bar represents the mean ± SD. Each experiment was repeated three times. 
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predicted that DGAP1-AS2 was upregulated in colorectal cancer 
(Fig. 1A). To confirm the bioinformatics prediction, we then performed 
series of experiments to affirm the function of DLGAP1-AS2 in colorectal 
cancer. Radioresistance has been proposed to be related to the existence 
of cancer stem cells [7]. To explore the role and mechanism of 
DLGAP1-AS2 in the radioresistance of rectal cancer cells, HR8348-R 
cells with radioresistance were obtained from HR8348 cells exposed to 
radiation and then isolated into CD133 negative (CD133− ) and positive 
(CD133+) cells. After radiation exposure, compared with CD133− cells, 
DLGAP1-AS2 expression was significantly increased in CD133+ cells; 
therefore, we knocked down DLGAP1-AS2 in CD133+ cells (p<0.05) 
(Fig. 1B). Moreover, the DLGAP1 mRNA level was downregulated in 
C133+ cells following radiation (p<0.05), while it was slightly increased 
after the knockdown of DLGAP-AS2, but there was no statistically sig
nificant difference (p>0.05) (Fig. S1). In comparison with CD133− cells, 
the proliferation of CD133+ cells was promoted after radiation, while 
DLGAP1-AS2 knockdown inhibited cell proliferation (p<0.05) (Fig. 1C). 
The cell apoptosis rate in CD133+ cells was lower than that in CD133−

cells, whereas the downregulation of DLGAP1-AS2 increased the cell 
apoptosis of CD133+ cells exposed to radiation (p<0.05) (Fig. 1D). 
Compared with CD133− cells, cell migration was promoted in CD133+

cells after radiation exposure, which was inhibited by sh-DLGAP1-AS2 
(p<0.05) (Fig. 1E). In addition, the knockdown of DLGAP1-AS2 
noticeably suppressed the tumorsphere formation of CD133+ cells 

upon radiation exposure (p<0.05) (Fig. 1F). Compared with CD133−

cells, CD133, MDR1, BCRP1 and γ-H2AX protein levels were elevated, 
and the AKT/mTOR/cyclinD1 pathway was activated, as indicated by 
the increased p-AKT, p-mTOR and cyclinD1 levels in CD133+ cells after 
radiation exposure, while they were reversed by DLGAP1-AS2 silencing 
(p<0.05) (Fig. 2A–2B). Our data indicated that DLGAP1-AS2 knock
down suppressed the radiation resistance of rectal cancer stem cells. 

DLGAP1-AS2 upregulated CD151 expression by interacting with E2F1 

We next investigated the mechanism of DLGAP1-AS2 in the radiation 
resistance of rectal cancer stem cells. LncMAP website, a valuable tool 
for predicting the lncRNA-TF-gene regulatory network in cancers, pre
dicted that DLGAP1-AS2 could regulate CD151 expression through 
transcription factor E2F1 in colorectal cancer (Fig. 3A). Subsequently, in 
our study, we examined the expressions of E2F1 and CD151 in CD133−

and CD133+ cells. In comparison with CD133− cells, E2F1 and CD151 
levels were remarkably increased in CD133+ cells after irradiation 
(p<0.05) (Fig. 3B). RIP assay showed an interaction between DLGAP1- 
AS2 and E2F1 (p<0.05) (Fig. 3C). JASPAR predicted there were three 
putative binding sites of E2F1 at the CD151 promoter region (Fig. 3D). 
Subsequently, dual luciferase reporter gene assay revealed that the 
overexpression of E2F1 significantly enhanced the activity of binding 
site 1 at CD151 promoter (Fig. 3E). The interaction between E2F1 and 

Fig. 3. DLGAP1-AS2 upregulated CD151 expression by modulating E2F1. 
(A) The LncMAP website predicted that DLGAP1-AS2 regulated CD151 expression through E2F1 in colorectal cancer. (B) qRT-PCR showed the expressions of E2F1 
and CD151 in CD133+ and CD133− cells. (C) The interaction between E2F1 and DLGAP1-AS2 assessed by RIP assay. (D) The binding sites of E2F1 at the CD151 
promoter predicted by JASPAR. (E) The relationship of E2F1 and CD151 promoter was examined by dual luciferase reporter gene assay. (F) ChIP assay for confirming 
the binding of E2F1 at the CD151 promoter region. (G) E2F1 and CD151 proteins were determined with Western blot. *P<0.05, **P<0.01, ***P<0.001. The error bar 
represents the mean ± SD. Each experiment was repeated three times. 
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CD151 was further validated by ChIP assay, showing that the amplifi
cation product amount obtained by site 1 primer was higher in cells 
incubated with E2F1 antibody than in cells incubated with IgG 
(p<0.05), while no significant difference was measured in that from the 
distal primer (Fig. 3F). Moreover, RIP assay verified that DLGAP1-AS2 
could regulate the binding of E2F1 at the CD151 promoter (p<0.05) 
(Fig. 3F). The expressions of E2F1 and CD151 were downregulated after 
DLGAP1-AS2 knockdown in CD133+ cells exposed to radiation 
(p<0.05), which was reversed by E2F1 overexpression (p<0.05) 
(Fig. 3G). Our results revealed that DLGAP1-AS2 upregulated CD151 
expression by modulating E2F1. 

DLGAP1-AS2 promotes the radioresistance of rectal cancer stem cells by 
modulating E2F1 to upregulate CD151 expression 

For exploring whether DLGAP1-AS2 regulated the radioresistance of 
rectal cancer stem cells by the E2F1/CD151 axis, sh-NC, sh-DLGAP1- 
AS2, oe-NC, oe-E2F1 or oe-CD151 were transfected to CD133+cells after 
irradiation, alone or in combination. DLGAP1-AS2 silencing signifi
cantly downregulated the expressions of E2F1 and CD151 in 
CD133+cells upon radiation exposure, while it was reversed by the 
overexpression of E2F1 or CD151 (p<0.05) (Fig. 4A–4B). Inhibition of 
DLGAP1-AS2 suppressed cell proliferation and promoted apoptosis, 

Fig. 4. DLGAP1-AS2 upregulated CD151 by interacting with E2F1 to regulate the radiation resistance of rectal cancer stem cells. 
CD133+ cells were transfected with sh-NC, sh-DLGAP1-AS2, oe-NC, oe-E2F1 or oe-CD151 after irradiation. (A) DLGAP1-AS2; the mRNA levels of CD151 and E2F1 
measured by qRT-PCR. (B) CD151 protein levels analyzed with Western blot. (C) CCK-8 assay for cell proliferation detection. (D) Flow cytometry for the detection of 
cell apoptosis. (E) Cell migration evaluated using wound healing assay. (F) Tumorsphere-formation assay to measure the size of tumorsphere cells. *P<0.05, 
**P<0.01, ***P<0.001. The error bar represents the mean ± SD. Each experiment was repeated three times. 
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which was antagonized after the overexpression of E2F1 or CD151 in 
CD133+ cells exposed to radiation (p<0.05) (Fig. 4C–4D). Besides, the 
knockdown of DLGAP1-AS2 inhibited cell migration and tumorsphere- 
formation, both of which were facilitated by the overexpression of 
E2F1 or CD151 (p<0.05) (Fig. 4E–4F). Subsequently, the upregulation 
of E2F1 or CD151 reversed the decreased CD133, MDR1, BCRP1, 
γ-H2AX and the inhibited AKT/mTOR/cyclinD1 pathway induced by 
DLGAP1-AS2 knockdown in CD133+ cells after radiation exposure 
(p<0.05) (Fig. 5A–5B). We observed that DLGAP1-AS2 promotes the 
radiation resistance of rectal cancer stem cells by interacting with E2F1 
to upregulate CD151. 

Inhibition of AKT/mTOR/cyclinD1 signaling weakened the promotive 
effects induced by overexpressed CD151 on the radioresistance of rectal 
cancer stem cells following irradiation 

To investigate the function of the AKT/mTOR/cyclinD1 pathway on 
the radioresistance of rectal cancer stem cells, 10 μmol/L AKT inhibitor 
API-2 was employed to treat cells for 48 h. CD151 overexpression 
apparently elevated p-AKT, p-mTOR and cyclinD1 expressions in 
CD133+ cells after irradiation, which were inhibited by API-2 (p<0.05) 
(Fig. 6A). CD151 overexpression promoted cell proliferation, inhibited 
apoptosis and facilitated the migration of CD133+ cells exposed to ra
diation, while these effects was reversed by API-2 (p<0.05) 
(Fig. 6B–6D). API-2 antagonized the promoted tumorsphere formation 
caused by the overexpression of CD151 (p<0.05) (Fig. 6E). Finally, the 
overexpression of CD151 increased CD133, MDR1, BCRP1 and γ-H2AX 
in CD133+ cells exposed to radiation, which were neutralized by API-2 
(p<0.05) (Fig. 7). We suggested that inhibition of the AKT/mTOR/ 
cyclinD1 signaling pathway alleviated the facilitated impact of CD151 
on the radioresistance of rectal cancer stem cells. 

Discussion 

Rectal cancer has been recognized as the most common malignant 
neoplasm of the gastrointestinal tract [32], while radiotherapy is one of 
the major treatment approaches for rectal cancer [33]. Studies have 
shown that radioresistance contributes to the failure of radiotherapy, 
which can be affected by lncRNAs [15]. Herein, we demonstrated that a 
high level of DLGAP1-AS2 was observed in CD133+ rectal cancer stem 
cells. Knockdown of DLGAP1-AS2 regulated the radioresistance of rectal 
cancer stem cells following radiation. DLGAP1-AS2 interacted with 
E2F1 to elevate CD151 expression and then regulate the radioresistance 
of rectal cancer stem cells via the AKT/mTOR/cyclinD1 pathway, which 
indicated that DLGAP1-AS2 played a critical role in modulating the 
radiosensitivity of rectal cancer. 

Radiotherapy is an effective treatment for many cancers; however, 
radioresistance is frequently encountered [34]. CD133, a marker for 
cancer stem cells, is associated with resistance to preoperative chemo
radiotherapy in low rectal cancer [35]. CD133+ cells show reduced 
sensitivity to chemotherapy in colorectal cancer [36]. Radioresistance of 
cancer stem cells is related to the activation of anti-apoptosis genes and 
the increase in the self-renewal capability of cancer cells [37]. It has 
been investigated that lncRNAs play vital roles in the mediation of 
therapy resistance in a variety of cancers, including colorectal cancer 
[35]. LncRNA OIP5-AS1 regulates radioresistance in colorectal cancer 
cells [38]. Silencing of lincRNA-p21 results in enhanced stemness and 
radiation resistance in glioma stem cells [39]. LncRNA DLGAP1-AS2 
inhibition represses cell migration and invasion in hepatocellular car
cinoma [18], facilitates cholangiocarcinoma progression [17] and is 
significantly associated with the survival of patients with Wilms’ tumor 
[40]. The role of lncRNA DLGAP1-AS2 in modulating the radiosensi
tivity of cancer cells, as well as its role in rectal cancer, is still unclear. In 
the current study, DLGAP1-AS2 knockdown restrained cell proliferation, 
migration and tumorsphere formation, whereas it promoted the 
apoptosis of CD133+ HR8348-R cells after X-ray irradiation. 

Fig. 5. DLGAP1-AS2 upregulated CD151 by interacting with E2F1 to regulate the radiation resistance of rectal cancer stem cells. 
(A–B) Western blot for measuring the protein levels of CD133, MDR1, BCRP1 and γ-H2AX and AKT/mTOR/cyclinD1 signaling. *P<0.05, **P<0.01, ***P<0.001. The 
error bar represents the mean ± SD. Each experiment was repeated three times. 
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Furthermore, the cancer stem cell marker CD133, the drug-resistance 
genes MDR1 and BCRP1 and the DNA repair biomarker γ-H2AX were 
all reduced after DLGAP1-AS2 silencing in CD133+ cells. Therefore, we 
proposed that the knockdown of lncRNA DLGAP1-AS2 diminished the 
radioresistance of rectal cancer stem cells. Our study explored, for the 
first time, the role of DLGAP1-AS2 in the radiation response of rectal 
cancer cells. Accordingly, targeting DLGAP1-AS2 may be an effective 
strategy to promote rectal cancer radiosensitivity. 

A previous study indicated that lncRNA DLGAP1-AS2 regulates gli
oma progression by elevating the level of YAP1 [16]. The tumor pro
motive action of E2F1 has been proved in various cancers, including 
ovarian cancer [41] and colorectal cancer [42]. E2F1 is observed to play 
a critical role in the chemosensitivity regulation of colorectal cancer 
[20]. CD151 silencing can suppress cell viability, migration and invasion 
in colorectal cancer cells and inhibit mouse xenografts [25]. LncMAP 
and JASPAR websites show the association among lncRNA 

Fig. 6. Inhibiting AKT/mTOR/cyclinD1 signaling weakened the promotive effect of overexpressed CD151 on the radioresistance of rectal cancer stem cells. 
CD133+ cells were transfected with oe-CD151, oe-NC or API-2, alone or in combination upon radiation exposure. (A) Western blot was used to determine the protein 
expressions. (B) Cell viability assessed with CCK-8 assay. (C) Flow cytometry for cell apoptosis evaluation. (D) Cell migration detected using wound healing assay. (E) 
The images and size of tumorsphere cells evaluated using tumorsphere-formation assay. *P<0.05, **P<0.01, ***P<0.001. The error bar represents the mean ± SD. 
Each experiment was repeated three times. 
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DLGAP1-AS2, E2F1 and CD151. We confirmed that DLGAP1-AS2 bound 
to E2F1. Moreover, our data revealed the binding of E2F1 at the CD151 
promoter region by ChIP and dual luciferase reporter gene assay. 
Importantly, DLGAP1-AS2 interacted with E2F1 to upregulate CD151 
expression. In addition, overexpression of E2F1 or CD151 antagonized 
the impacts of DLGAP1-AS2 knockdown on cell proliferation, apoptosis, 
migration and tumorsphere formation of CD133+ cells. Taken together, 
our findings indicated that lncRNA DLGAP1-AS2 modulated the radia
tion resistance of rectal cancer stem cells through the E2F1/CD151 axis. 
To the best of our knowledge, this is the first study to validate 
E2F1/CD151 as downstream factors modulated by DLGAP1-AS2 that 
participates in regulating the radiosensitivity of rectal cancer stem cells. 

PI3K/AKT/mTOR signaling is commonly activated in most cancers, 
which is associated with resistance to radiotherapy [43]. Activation of 
the PI3K/AKT/mTOR pathway promotes radioresistance in hepatocel
lular carcinoma [44]. Activating the PI3K/AKT/mTOR signaling 
pathway is involved in the radiation resistance of colorectal cancer cells 
following radiation exposure [45]. The growth of oral cancer cells is 
modified through the regulation of the AKT/mTOR/cyclinD1 signaling 
pathway following low-level laser therapy [28]. Whether the AKT/m
TOR/cyclinD1 signaling pathway is involved in the radioresistance of 
rectal cancer cells needs to be verified. We provided the first direct ev
idence showing that the activated AKT/mTOR/cyclinD1 pathway in 
CD133+ cells was inhibited after DLGAP1-AS2 silencing. AKT inhibitor 
API-2 suppressed the activated AKT/mTOR/cyclinD1 pathway induced 
by the overexpression of CD151. We also confirmed that the over
expression of CD151 facilitated the radioresistance of rectal cancer stem 
cells, which was alleviated after the suppression of AKT/mTOR/cy
clinD1 signaling. Our data demonstrated that the AKT/mTOR/cyclinD1 
signaling pathway was implicated in the regulation of DLGAP1-AS2, 
influencing the radioresistance of rectal cancer stem cells. 

Conclusions 

In conclusion, we found that the knockdown of lncRNA DLGAP1-AS2 
reduced the radiotherapy resistance of rectal cancer stem cells by 
regulating E2F1 leading to decreased CD151 via the inhibition of AKT/ 
mTOR/cyclinD1 signaling, which revealed that lncRNA DLGAP1-AS2 
silencing might be one of the useful strategies for enhancing the sensi
tivity of rectal cancer stem cells to radiotherapy. 
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