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Abstract. Colorectal cancer (CRC) is one of the most preva-
lent gastrointestinal tumors worldwide, with a high mortality
rate. The IncRNA colorectal neoplasia differentially expressed
(CRNDE) is upregulated in CRC and is involved in regulating
the apoptosis, proliferation, and drug sensitivity of CRC
cells. However, the specific underlying mechanisms remain
to be elucidated. The aim of the present study was to inves-
tigate the effects of CRNDE on the Warburg effect in CRC
cells, as well as the associated mechanisms. The expression
of CRNDE in HCT-116 cells was overexpressed or silenced
by transfection. Apoptosis, cisplatin sensitivity, the Warburg
effect, and Akt/mTOR activation were evaluated. The results
demonstrated that CRNDE inhibition decreased the prolif-
eration and increased the apoptosis and cisplatin sensitivity
of HCT-116 cells. In addition, CRNDE inhibition attenuated
the Warburg effect in HCT-116 cells, as verified by a decrease
in ATP production, lactic acid levels, glucose uptake, and
the expression of Warburg effect-related enzymes (GLUT]I,
LDHA, HK?2, and PKM?2). CRNDE inhibition also suppressed
the activity of the Akt/mTORCI pathway, as demonstrated by
the decreased phosphorylation of Akt, S6K, S6, and mTOR
and the increased phosphorylation of 4EBP-1 and EIF-4E.
The CRNDE overexpression-induced increase in ATP and
lactic acid levels and glucose uptake in HCT-116 cells was
reversed by Akt and mTOR inhibitors. These findings indi-
cate that CRNDE silencing promotes apoptosis and enhances
cisplatin sensitivity in colorectal carcinoma cells, which may
be mediated by the regulation of the Warburg effect via the
Akt/mTORCI1 pathway. The present study thus provides a
potential strategy for the treatment of CRC.
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Introduction

Colorectal cancer (CRC) is one of the most prevalent types of
gastrointestinal tumors worldwide, ranking third in cancer inci-
dence and second in mortality rate. CRC led to 191,000 deaths
in 2015 in China (1), and in 2018, it was estimated that there
were more than 180,0000 new cases of CRC and 881,000
cancer-related deaths (2). The main treatment methods for CRC
include surgical resection, chemoradiotherapy, and chemo-
therapy, but the 5-year survival of patients remains low (3-5).
Moreover, with the repeated use of chemotherapeutic drugs,
CRC tumors are prone to develop drug resistance, ultimately
resulting in failed chemotherapeutic regimens (6,7). Thus, it
is crucial to understand the mechanism of CRC to develop
effective therapeutic strategies.

Long non-coding RNAs (IncRNAs) are a type of RNA that
is abnormally expressed in various tumors, including hepatocel-
lular carcinoma (8), pancreatic cancer (9), bladder cancer (10),
and CRC (11). They are associated with many biological
processes, including cell proliferation, apoptosis, metabolism,
and drug resistance (12-14). The IncRNA colorectal neoplasia
differentially expressed (CRNDE), which was initially found
to be upregulated in colorectal adenomas and carcinomas, is
transcribed from human chromosome 16 (15). Previous find-
ings showed that CRNDE is involved in the occurrence and
development of numerous cancers, such as CRC (16), hepato-
cellular carcinoma (17), and non-small cell lung cancer (18),and
can act as a biomarker for specific malignant tumors (19,20).
CRNDE promotes the proliferation and inhibits the apoptosis
of cervical cells by regulating the PI3K/Akt pathway, resulting
in poor prognosis (21), and CRNDE inhibition increases the
chemosensitivity of medulloblastoma cells (22). Accumulating
evidence has shown that CRNDE is upregulated in CRC
and is associated with the regulation of CRC cell apoptosis,
proliferation, and drug sensitivity (23-25). However, the
specific underlying mechanisms of CRNDE-mediated cancer
processes need to be elucidated.

The Warburg effect is one of the main metabolic altera-
tions in cancer that enhances tumor growth (26,27). Previous
findings have indicated that Akt/mTOR activation promotes
the Warburg effect and tumorigenesis in non-small cell lung
cancer (28). In addition, Yang and Chen found that CRNDE
enhances the progression of tongue squamous cell carcinoma
by regulating the PI3K/Akt/mTOR signaling pathway (29).
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However, whether CRNDE affects the Warburg effect in CRC
cells by regulating Akt/mTOR signaling, thereby influencing
associated biological processes of tumorigenesis, needs to
be clarified. To address this, CRNDE was overexpressed or
downregulated in the human colorectal carcinoma cell line
HCT-116, via transfection to evaluate its effect on cell apop-
tosis, cisplatin sensitivity, the Warburg effect, and Akt/mTOR
activity. The aim of the present study was to clarify the mecha-
nism of CRNDE, provide new targets for CRC treatment,
reduce the occurrence of tumor cell drug resistance in CRC
treatment, improve the effectiveness rate of CRC treatment
and patient quality of life.

Materials and methods

Cell culture. Human colorectal carcinoma cell lines, HCT-116
and LOVO, and the human normal colonic epithelial cell
line NCM460 were purchased from the Shanghai Institutes
for Biological Sciences, Chinese Academy of Science.
HCT-116 and NCM460 cells were cultured in McCoy's SA
medium (Gibco, Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific, Inc.). LOVO cells were cultured in F12K medium
supplemented with 10% FBS. All cells were incubated at 37°C
with 5% CO,. After confluence reached 90%, the cells were
harvested and reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) was performed to detect the expres-
sion of CRNDE and experiments were performed in triplicate.

Cell transfection and treatment. The CRNDE overexpression
vector pCDH-CM V-MCS-EF1-CopGFP-T2A-Puro (CRNDE
sequence: forward, 5'-GCTCTAGATGTTGGCTGAAAT
TCAT-3, reverse, 5'-CGGGATCCTTATAGTCTATAAACA
GG-3') and interference vector pSICOR (short hairpin RNA
sequence: 5'-GGTGTTAAGTGTGATGCTTCC-3') were
supplied by Addgene (Cambridge). HCT-116 cells were seeded
into 24-well plates at a density of 5x10° cells/well. When the
confluence reached 70-80%, the cells were transfected with
pCDH-CRNDE (CRNDE overexpression, CRNDE-OE),
empty pCDH-CMV-MCS-EF1-CopGFP-T2A-Puro
vectors (CRNDE-OE negative control, CRNDE-NC),
pSICOR-shCRNDE (CRNDE interference, sh-CRNDE), or
empty pSICOR vectors (sh-CRNDE negative control, sh-NC)
using Lipofectamine™ 2000 (Invitrogen, Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Non-transfected HCT-116 cells served as the control. After
24 h of transfection, the transfection rate and effect of CRNDE
on HCT-116 cell proliferation, apoptosis, the Warburg effect,
and Akt/mTOR complex 1 (mTORCI) pathway activity were
evaluated.

After 24 h of transfection, HCT-116 cells were treated
with cisplatin (Sigma-Aldrich) at 5 or 10 uM for 12, 24,
48, 72 and 144 h. Cell counting kit-8 (CCK-8) assays were
performed to evaluate the cisplatin sensitivity of cells. Activity
of the Akt/mTORC1 pathway in HCT-116 cells was evaluated
after 24 h of treatment with 10 M cisplatin. To verify the
influence of the Akt/mTORC1 pathway on the regulatory effect
of CRNDE on the Warburg effect, HCT-116 cells were treated
with the Akt inhibitor AZD5363 (500 nM; MedChemExpress)
and the mTOR inhibitor AZD2014 (5 mM; MedChemExpress)

for 6 h. Subsequent to 24-h transfection, ATP production,
glucose uptake, and lactic acid levels were also measured.

RT-gPCR. Total RNA was extracted from HCT-116, LOVO,
NCM460, and HCT-116 cells after 24 h of transfection
using TRIzol (Ambion; Thermo Fisher Scientific, Inc.) and
reverse-transcribed into cDNA. The collected cDNA was
amplified by PCR using the following primer sequences:
Forward, 5'-ATTCATCCCAAGGCTG-3', reverse 5-CAA
AGACCAACGGCTG-3"; GAPDH forward, 5-CCACTCCTC
CACCTTTG-3', reverse 5'-CACCACCCTGTTGCTGT-3".
GAPDH was used as an internal control. Data were analyzed
using the 2244 method (30).

CCK-8 assay. The effect of CRNDE on the proliferation and
cisplatin sensitivity of HCT-116 cells was investigated using
the CCK-8 assay. Harvested HCT-116 cells were seeded into
96-well plates at a density of 5x10° cells/well and cultured
overnight at 37°C with 5% CO,. After treatment, the cells were
incubated with 10 ml of CCK-8 solution (Bioswamp; Wuhan
Bienle Biotechnology Co., Ltd.) for 4 h at 37°C with 5% CO,.
The optical density of wells was measured at 450 nm using a
Multiskan FC apparatus (Thermo Fisher Scientific, Inc.).

Flow cytometry. Flow cytometry was performed to evaluate
cell apoptosis using an Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) apoptosis detection kit (BD
Biosciences). Harvested HCT-116 cells (5x10°) were centri-
fuged at 1,000 x g at 4°C for 5 min and resuspended in 1 ml
of phosphate-buffered saline (PBS; Bioswamp), followed by
centrifugation at 1,000 x g at 4°C for 5 min. The cells were
then resuspended in 200 ml of binding buffer (Bioswamp) and
stained with 10 ul of Annexin V-FITC and 10 ul of PI in the
dark at 4°C for 30 min. After adding 300 ul of binding buffer,
the cells were subjected to flow cytometry (Beckman Coulter,
Brea, CA, USA) and analyzed using CytExpert software
(Beckman Coulter, Inc.; version 2.0).

Hoechst-33258 staining. Hoechst 33258 staining was
performed to evaluate apoptosis. After treatment, HCT-116
cells were fixed in 4% paraformaldehyde at 4°C for 10 min.
After two washes with PBS for 3 min, the cells were stained
with 2 ml of Hoechst 33258 staining solution (10 pg/ml) atroom
temperature for 5 min. Finally, the cells were photographed
using an inverted fluorescence microscope (Leica).

Western blot analysis. Total proteins were extracted from
HCT-116 cells using radioimmunoprecipitation assay lysis
buffer (Bioswamp) and quantified using a bicinchoninic acid
assay kit (Bioswamp). SDS-PAGE (12%) was performed and
the proteins (20 ug) were separated and transferred onto
polyvinylidene fluoride membranes (MilliporeSigma). After
blocking with 5% skimmed milk powder at 37°C for 1 h,
the membranes were incubated for 1 h at room temperature
with primary antibodies against B-cell lymphoma-2 (Bcl-2,
1:1,000, PAB30041), glucose transporter type 1 (GLUTI,
1:1,000, PAB30526), hexokinase 2 (HK2, 1:1,000, PAB30052),
phosphorylated (p)-Akt (1:1,000, PAB30040), Akt (1:10,000,
PAB30042), p-mTOR (1:1,000, PAB43425-P), mTOR (1:1,000,
PAB46102), and GAPDH (1:1,000, PAB36269) purchased
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from Bioswamp, as well as those targeting cytochrome-C
(cyt-c, 1:500, ab216971), cleaved-caspase 3 (1:500, ab32042),
lactate dehydrogenase A (LDHA, 1:5,000, ab101562), pyruvate
kinase M2 (PKM2, 1:1,000, ab137852), p-eukaryotic transla-
tion initiation factor 4E-binding protein 1 (p-4EBP-1, 1:2,000,
ab60529), 4EBP-1 (1:5,000, ab2606), eukaryotic translation
initiation factor 4E (EIF-4E, 1:5,000, ab32024), p-S6K
(1:1,000, ab60948), S6K (1:5,000, ab32529), p-S6 (1:10,000,
ab184551), and S6 (1:1,000, ab32132), purchased from Abcam
(Cambridge, UK), followed by incubation with goat anti-rabbit
IgG secondary antibody (1:20,000, Bioswamp, PAB160011)
for 1 h at 4 C. An enhanced chemiluminescence kit (Pierce;
Thermo Fisher Scientific, Inc.) was used to detect the specific
bands and analyzed using Tanon GIS software (version 4.2;
Tanon Science and Technology Co., Ltd.) using GAPDH as
a control.

Biochemical assay. Biochemical assays were performed
to evaluate ATP production (A095, Nanjing Jiancheng
Bioengineering Institute), glucose uptake (KA4086, Abnova),
and lactic acid level (A019-2,Nanjing Jiancheng Bioengineering
Institute) in HCT-116 cells using corresponding commercial
kits according to the manufacturer's instructions.

Statistical analysis. Data are presented as means + standard
deviation. Differences in data were analyzed using one-way
analysis of variance followed by Tukey's post-hoc test. Data
were analyzed using SPSS software (v19.0; IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results

CRNDE silencing inhibits proliferation and promotes
apoptosis and cisplatin sensitivity of HCT-116 cells. As shown
in Fig. 1A, the expression of CRNDE in HCT-116 and LOVO
cells was higher than that in NCM460 cells. As HCT-116
cells exhibited the highest expression of CRNDE, they were
selected for subsequent experiments.

To investigate the effect of CRNDE on CRC cells, CRNDE
was overexpressed or inhibited in HCT-116 cells via transfec-
tion (Fig. 1B). The CCK-8 assay demonstrated that CRNDE
inhibition suppressed the viability of HCT-116 cells, as indi-
cated by the decrease in optical density (Fig. 2A). In addition,
CRNDE inhibition (sh-CRNDE) promoted the apoptosis of
HCT-116 cells, as verified by the increase in the apoptosis rate,
detected by flow cytometry (Fig. 2B), and the bright blue cells
(white arrows), detected by Hoechst-33258 staining (Fig. 2C).
The expression of apoptosis-related proteins was detected
using western blotting. CRNDE overexpression upregulated
the anti-apoptotic protein Bcl-2 while inhibiting the expression
of the pro-apoptotic proteins Cyt-c and Cleaved-caspase 3,
whereas CRNDE inhibition had the opposite effect (Fig. 2D).
The results of western blotting were consistent with those of
flow cytometry and Hoechst-33258 staining. After transfec-
tion, HCT-116 cells were treated with cisplatin at 5 or 10 #M.
Compared to that with control cells, cisplatin decreased the
optical density of HCT-116 cells (Fig. 2E). Compared to that of
cells treated with cisplatin, the optical density of cells treated
with cisplatin combined with CRNDE overexpression was
increased, whereas that of cells treated with cisplatin combined
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Figure 1. CRNDE is upregulated in HCT-116 cells. (A) The expression of
CRNDE in HCT-116, LOVO, and NCM460 cells was detected by RT-qPCR.
(B) The expression of CRNDE in transfected HCT-116 cells was detected by
RT-qPCR. Data are presented as the mean + SD, n=3, "P<0.05.

with CRNDE inhibition was decreased (Fig. 2E), indicating
that CRNDE silencing decreased HCT-116 cell viability, and
increased HCT-116 cell cisplatin sensitivity.

CRNDE silencing inhibits the Warburg effect in HCT-116
cells. Biochemical testing showed that compared to those
in the control group, ATP and lactic acid levels and glucose
uptake were increased in the CRNDE-OE group but decreased
in the sh-CRNDE group (Fig. 3A). The expression of GLUT]I,
LDHA, HK2, and PKM2 was also detected by western blot-
ting. CRNDE overexpression (CRNDE-OE) promoted the
expression of GLUT1, LDHA, HK2, and PKM2, which was
inhibited by CRNDE interference (sh-CRNDE) in HCT-116
cells (Fig. 3B). These results indicated that CRNDE silencing
inhibited the Warburg effect in HCT-116 cells.

CRNDE silencing inhibits activation of the Akt/mTORCI
pathway in HCT-116 cells. Western blotting demonstrated that
compared to that in the control cells, the protein expression
of p-Akt, p-S6K, p-S6, and p-mTOR was increased in the
CRNDE-OE group, whereas that of p-4EBP-1 and EIF-4E was
decreased (Fig. 4). Conversely, the protein expression of p-Akt,
p-S6K, p-S6, and p-mTOR was decreased in the sh-CRNDE
group, whereas that of p-4EBP-1 and EIF-4E was increased
(Fig. 4). These results indicate that CRNDE silencing inhibited
the activation of the Akt/mTORCI1 pathway in HCT-116 cells.

CRNDE silencing suppresses the Warburg effect in HCT-116
cells by inhibiting Akt/mTOR activation. To verify the
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Figure 2. CRNDE silencing inhibits proliferation and promotes apoptosis and cisplatin sensitivity in HCT-116 cells. (A) The optical density of transfected
HCT-116 cells was detected by a CCK-8 assay. Apoptosis in transfected HCT-116 cells was detected by (B) flow cytometry and (C) Hoechst-33258 staining
(magnification: x200). (D) The expression of apoptosis-related proteins in transfected HCT-116 cells was detected by western blotting. (E) The optical density
of transfected HCT-116 cells was detected after treatment with 5 or 10 uM cisplatin. Data are presented as the mean + SD, n=3, "P<0.05.
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Figure 4. CRNDE silencing inhibits Akt/mTORCI activation in HCT-116 cells. The protein expression of Akt, p-Akt, 4EBP-1, p-4EBP-1, EIF-4E, S6K, p-S6K,
S6, p-S6, mTOR, and p-mTOR in transfected HCT-116 cells was detected by western blotting. Data are presented as the mean + SD, n=3, "P<0.05.
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influence of the Akt/mTOR pathway on the regulatory effect
of CRNDE on the Warburg effect in HCT-116 cells, Akt and
mTOR were suppressed by corresponding inhibitors in trans-
fected HCT-116 cells. As shown in Fig. 5, compared with the
CRNDE-OE group, ATP production, lactic acid levels, and
glucose uptake decreased in the CRNDE-OE+AZD5363 and
CRNDE-OE+AZD2014 groups. In addition, the decrease in
ATP production, lactic acid levels, and glucose uptake in the
sh-CRNDE group were further decreased by Akt and mTOR
inhibition. These results indicated that the effect of CRNDE
on the Warburg effect in HCT-116 cells may be mediated by
the Akt/mTOR pathway.

Discussion

In general, normal cells use mitochondria to oxidize glucose
molecules as their main energy metabolism pathway. Glucose
forms pyruvate through multi-step glycolysis. Pyruvic acid
enters the mitochondria and is oxidized through the tricar-
boxylic acid cycle to produce ATP to meet the energy needs
of cells (31). However, in tumor cells, pyruvic acid produced

by glycolysis does not enter the mitochondria but is reduced
to lactic acid by LDH, even in the presence of sufficient
oxygen (31). This phenomenon, known as the Warburg effect,
is a form of metabolic reprogramming closely associated
with cancer occurrence and development (32). Although less
ATP is produced by glycolysis than by oxidative phosphory-
lation, glycolysis intermediates provide the carbon sources
needed for rapid cell proliferation (33). In addition, lactic acid
generated during glycolysis decreases the pH value of the
extracellular matrix (34), whereas acidic microenvironments
promote tumor invasion, metastasis, and radiotherapy resis-
tance (35,36). Glucose uptake is the first step of the Warburg
effect, during which specific membrane transporters such as
GLUTs: are required (37). This glucose is then phosphorylated
by HK to generate glucose-6-phosphate, which is subse-
quently converted into phosphoenol pyruvate (38), which is
then converted into pyruvate by PK, and the pyruvate is finally
converted to lactic acid by LDH (39), which is the last step
of glycolysis. Inhibiting the activity of GLUTs, HK, PK, and
LDH has been shown to suppress the Warburg effect in cancer
cells (40,41), thereby modulating their apoptosis, proliferation,
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migration, invasion, and drug resistance (42-45). The current
study indicated that CRNDE inhibition decreased the levels
of ATP and lactic acid, glucose uptake, and the expression
of GLUTI1, LDHA, HK2, and PKM2 in HCT-116 cells. In
addition, CRNDE inhibition suppressed the proliferation of
HCT-116 cells while promoting their apoptosis and cisplatin
sensitivity, which may be associated with its inhibitory action
on the Warburg effect.

Additionally, the current study indicated that CRNDE inhi-
bition decreases the activity of Akt/mTORCI, as demonstrated
by the decrease in the protein expression of p-Akt, p-S6K,
p-S6, and p-mTOR and the increase in the protein expression
of p-4EBP-1 and EIF-4E. The activation of mTOR is associ-
ated with a series of proteins involved in two structurally and
functionally distinct complexes, MTORCI and mTORC?2 (46).
Of note, mTORCI1 is regulated by Akt via phosphoryla-
tion at Ser 2448 (47). The Akt/mTORCI1 pathway and its
downstream factors are involved in the regulation of cellular
metabolism. mTORCI, a central activator of the Warburg
effect, has been shown to induce glycolytic enzymes in tumor
cells (48). p70S6K is an effector of mMTORCI that promotes
glucose metabolism from glycolysis to pentose phosphate,
which in turn enhances cancer cell growth (49,50). Another
characterized downstream factor of mMTORCI is 4EBP1, which
attenuates the initiation of protein translation by binding and
inactivating EIF-4E. Previous findings have shown that 4EBP1
inhibition, regulated by mTOR activation, promotes glucose
uptake and glycolysis (51). The suppression of Akt/mTORCI1
activation downregulates the expression of GLUT1 and HK2
and inhibits glucose uptake, subsequently impairing glucose
metabolism (52). In addition, the current study found that the
increase in ATP and lactic acid levels and glucose uptake
in HCT-116 cells induced by CRNDE overexpression was
counteracted by Akt and mTOR inhibition, indicating that the
effect of CRNDE on the Warburg effect in HCT-116 cells may
be mediated by the Akt/mTORCI1 pathway.

In conclusion, the present study provides evidence demon-
strating that CRNDE inhibition suppresses the Warburg effect
in HCT-116 cells, in turn inhibiting their proliferation and
promoting their apoptosis and cisplatin sensitivity. The mech-
anism underlying the action of CRNDE silencing may be the
inactivation of Akt/mTORCI signaling. In vivo experiments
are to be designed in follow-up studies to verify the findings
of the current study.
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