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Purpose: Colorectal cancer (CRC) is the third most common cancer, and the second leading
cause of cancer death worldwide. Dysregulation of microRNAs has been shown to modulate
glucose metabolic reprogramming in CRC. However, the functional role of miR-4999-5p in
the CRC glucose metabolic shift has not been characterized.

Patients and Methods: The levels of miR-4999-5p and PRKAA?2 were evaluated by RT-
gPCR. Univariate and multivariate survival analyses were conducted to evaluate the prog-
nostic value of miR-4999-5p. Cell proliferation was assessed using the CCK-8 and colony
formation assays. Extracellular acidification rate, glucose uptake, cellular glucose-6-phos-
phate level, and lactate production were evaluated to assess the effects of miR-4999-5p on
CRC glycolysis. Dual-luciferase reporter assay was conducted to investigate the direct
interaction between miR-4999-5p and PRKAA2. Mouse xenograft models were established
to assess the functions of miR-4999-5p in vivo.

Results: miR-4999-5p was highly expressed in CRC tissues and cell lines. In addition, miR-
4999-5p was associated with tumor differentiation and TNM stage, and elevated expression
of miR-4999-5p was an independent predictor of poorer overall survival. Furthermore, miR-
4999-5p promoted cell proliferation and glycolysis in CRC. miR-4999-5p targeted PRKAA2
to exert its tumor-promoting functions, and PRKAA2 knockdown rescued decreased cell
proliferation and glycolysis in miR-4999-5p-silenced CRC cells. In vivo experiments showed
that miR-4999-5p promoted CRC growth.

Conclusion: miR-4999-5p facilitated cell growth and glucose metabolic reprogramming
through direct targeting of PRKAA2. Our results showed that miR-4999-5p may be a novel
prognostic marker and therapeutic target for CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer, and is the second
leading cause of cancer-related death, with 1.8 million new cases and 881,000
deaths worldwide in 2018." Characterization of the molecular mechanisms of CRC
is essential for development of effective preventive strategies, early-stage detection
approaches, and identification of novel therapeutic targets. Reprogramming of
energy metabolism is a hallmark of cancer.”’ Dysregulated glucose metabolism
enables sustained tumor cell growth and division. Under normoxic conditions,
cancer cells convert glucose to lactate, a phenomenon known as the Warburg
effect.*> This metabolic shift toward aerobic glycolysis provides adequate
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macromolecules for biosynthesis, and minimizes produc-
tion of reactive oxygen species.® Therefore, elucidating the
role of glucose metabolic reprogramming in CRC progres-
sion is of great importance.

MicroRNAs (miRNAs), a class of noncoding RNAs
21-23 nucleotides in length, inhibit target mRNA transla-
tion and expression via binding to the 3’-untranslated
region (3'-UTR).” A previous study showed that miR-
143-3p inhibited CRC tumorigenesis and progression by
targeting CTNND1.® miR-125a-5p was shown to suppress
CRC cell migration, invasion, and epithelial-mesenchymal
transition by targeting TAZ.” MicroRNAs have been
shown to be crucial modulators of glucose metabolic
reprogramming and cancer progression.'” A previous
study showed that miR-3662 regulated the Warburg effect
and suppressed hepatocellular carcinoma cell growth by
decreasing HIF-1a levels.'" Overexpression of miR-140-
Sp significantly suppressed chronic myeloid leukemia cell
proliferation and glucose metabolic reprogramming by
targeting SIX1.'?

The role of miR-4999-5p in malignancies has not been
characterized. In the present study, we showed that miR-
4999-5p was highly expressed in CRC tissues, and was
miR-4999-5p
enhanced CRC cell proliferation and glucose metabolic

associated with unfavorable prognosis.

reprogramming through suppression of PRKAA2. miR-
4999-5p may be a prognostic indicator for CRC, and
may be a novel target for CRC therapy.

Materials and Methods

Patients and Tissue Specimens

Fifty matched CRC tissues and adjacent non-cancer tissues
were obtained from patients undergoing surgical resections
at the First Affiliated Hospital of Wannan Medical
College. None of the patients had received preoperative
chemotherapy. Written informed consent was obtained
from the enrolled patients. The ethics committee of the
First Affiliated Hospital of Wannan Medical College
reviewed and approved this study.

Cell Culture

CRC cell lines (LoVo, HCT116, Caco2, and HCT15) and
a normal human colon epithelial cell line (FHC) were
acquired from American Type Culture Collection
(Manassas, VA, USA). All cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco,
Carlsbad, CA, USA) containing 10% fetal bovine serum

(FBS; Gibco), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin. The cells were incubated in a humid atmosphere
containing 5% CO, at 37°C.

Isolation of RNA and Real-Time
Quantitative PCR (RT-qPCR)

Total RNA was extracted from tissues and cells using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) follow-
ing the manufacturer’s protocol. Complementary DNA
was synthesized using the PrimeScript RT reagent kit
(TaKaRa, Dalian, China), and TB Green Premix Ex Taq
II (TaKaRa) was used for qPCR analysis. Bulge-loop
miRNA RT-gPCR primer sets specific for miR-4999-5p
and U6 were purchased from RiboBio (Guangzhou,
China). The primers used in this study were as follows:
PRKAA2 (forward: 5-GTGAAGATCGGACACTACGT
G-3', reverse: 5'-CTGCCACTTTATGGCCTGTTA-3"); B-
actin (forward: 5-TGACGTGGACATCCGCAAAG-3',
reverse: 5- CTGGAAGGTGGACAGCGAGG-3"). The
relative expression levels of miRNAs or mRNAs were
calculated using the 274 4C method with U6 or B-actin
as the internal control. These experiments were repeated
three times independently.

Lentivirus Transfection

miR-4999-5p overexpressing or knockdown lentiviruses,
PRKAA2 knockdown lentivirus, and control lentiviruses
were purchased from GenePharma (Shanghai, China).
CRC cells were transfected with the lentiviruses with 10
pg/mL polybrene. Puromycin (Sigma-Aldrich, St. Louis,
MO, USA) was used for one week to select the stably
transfected cells.

Cell Proliferation Assay

Cell proliferation was evaluated using the Cell Counting
Kit-8 (CCK-8) assay. The cells were seeded into 96-well
plates at a density of 1000 cells/well. After incubation for
24, 48, 72, 96, or 120 h, the cells were treated with 10 uL
of CCK-8 (Dojindo, Kumamoto, Japan) for 2 h. After
incubation, absorbance was measured at 450 nm using
a microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA). For colony formation assay, the cells were
seeded into 6-well plates at a density of 500 cells per
well. After two weeks, the plates were fixed using paraf-
ormaldehyde and stained with crystal violet. Three inde-
pendent experiments were performed.
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Extracellular Acidification Rate (ECAR)
Assay

Extracellular acidification rate was determined using
a Seahorse XF°® 24 extracellular flux analyzer (Agilent,
Santa Clara, CA, USA). A total of 70,000 cells was seeded
into the microplates and incubated overnight. The culture
medium was then replaced with assay medium, and the
cells were incubated for 1 h at 37 °C. Then, 100 mM
glucose, 10 pM oligomycin, and 1 M 2-deoxyglucose
(2-DG) was added to each well. The assays were repeated
three times independently.

Measurement of Glucose Uptake,
Cellular Glucose-6-Phosphate (G6P)

Levels, and Lactate Production

The Glucose Uptake-Glo™ Assay (Promega) was used to
measure glucose uptake. Cellular levels of G6P were
detected using a Glucose-6-phosphate Fluorometric
Assay kit (Cayman, Ann Arbor, MI, USA). We quantified
lactate production using the Lactate Assay kit (BioVision,
Mountain View, CA, USA). The experiments were
repeated three times independently.

Dual-Luciferase Reporter Assay

The wildtype (WT) 3'-UTR sequence of human PRKAA2
containing the putative miR-4999-5p binding site was cloned
into the pMIR-REPORT plasmid (Ambion, Austin, TX,
USA). A plasmid with a mutant (MUT) binding site was
also constructed. Cells were transfected with PRKAA2 3'-
UTR WT or MUT plasmid with miR-4999-5p or negative
control (NC) using Lipofectamine 2000 (Invitrogen). Two
days after transfection, the cells were harvested. Luciferase
activity was determined using the dual-luciferase reporter
assay system (Promega) according to the manufacturer’s
instructions. Three independent assays were performed.

Animal Models

Nude male BALB/c mice were purchased from the
Department of Experimental Animals, Yangzhou
University (Yangzhou, China). A total of 2 x 10® HCT15
cells were suspended in 100 puL of PBS, then subcuta-
neously injected into the nude mice. The xenografts were
regularly monitored and harvested after one month.
Xenograft volume was calculated using the following
12 x length x width?,
Xenograft weight was recorded. Tumor samples were ana-

equation: tumor volume =

lyzed using RT-qPCR. All animal experiments were

approved by the Animal Ethics Committee of the First
Affiliated Hospital of Wannan Medical College (No.
WNMCI1808) prior commencement of the study. All
experiments were performed according to the NC3Rs
ARRIVE guidelines

Immunohistochemistry Staining

Tissues were fixed in 4% paraformaldehyde and cut into 4-pum
sections. Heat-mediated antigen retrieval was performed. The
sections were blocked with 2% bovine serum albumin for 1 h,
and incubated with primary antibodies against AMPKa2
(ab3760, Abcam, Cambridge, MA, USA; 1:100) or Ki-67
(#9027, Cell Signaling Technology, Beverly, MA, USA;
1:400) at 4°C overnight. After the sections were incubated
with the secondary antibody, color was developed using dia-
minobenzidine tetrahydrochloride.

Statistical Analysis

The data are presented as the mean + SEM. The expression
levels of miR-4999-5p or PRKAA2 between cancer tissues
and normal tissues were compared using paired r-tests.
Student’s #-test and chi-squared test were performed to
compare differences between groups. The correlation
between miR-4999-5p and PRKAA2 expression levels
was analyzed using Pearson’s correlation. Data were ana-
lyzed using SPSS 22 and GraphPad Prism 8. P values less
than 0.05 were considered as statistically significant.

Results
miR-4999-5p Was Highly Expressed in
CRC Tissues and Cells, and Independently

Predicted Patient Survival
To characterize the role of miR-4999-5p in CRC, we
evaluated the expression level of miR-4999-5p in CRC
tissues and adjacent normal tissues. We analyzed TCGA
data and found that miR-4999-5p was more highly
expressed in CRC tissues than in normal specimens
(logFC = 3.025, P =0.002). We then evaluated the expres-
sion of miR-4999-5p in 50 paired CRC tissues and adja-
cent non-cancer tissues. The expression of miR-4999-5p
was markedly higher in the CRC samples than that in the
adjacent normal tissues (Figure 1A). Furthermore, the
expression of miR-4999-5p was significantly higher in
CRC cell lines than that in normal colon epithelial cells
(FHC) (Figure 1B).

To assess the clinical significance of miR-4999-5p in
CRC, we divided the enrolled patients into two groups

OncoTargets and Therapy 2020:13

submit your manuscript

1201

Dove


http://www.dovepress.com
http://www.dovepress.com

Zhang et al Dove
A B
c * k% c
9 6- I 1 2 64
3 [ ] 3 *k %k
8 s 3 -
: e :
o 4- ..: o® a 4- .
0 —2ala® 0
[]
< A 0ale® < -
X 2- Aa 00 o 2-
= ALia A =
E At A_A:m AA E
g Y Yoo * S
102- aa Aafaafy E
k] e K
& 0 f T g 0" T T
Normal tissues Cancer tissues Q\o {$© \,\6 v &,\6
< o A o <
v O (¢)
& N3
Cc hsa-mir-4999(p=2.817e-03) D
== High miR-4999-5p expression
T Lowexprassion == Low miR-4999-5p expression
o Igh expression
-] 100+
Q
o
B 2 ‘:“' 804
2 2
s S £ 601
3 )
D T 404
2
N O 204
e P=0.001
g . 0 T T T
T T T T T T
0 2 4 6 8 10 12 0 20 40 60

Time (years)

Time (month)

Figure | miR-4999-5p was highly expressed in CRC tissues and cells, and was an independent predictor of patient survival. (A) The expression level of miR-4999-5p in CRC
tissues was determined using RT-qPCR. The data are shown as the mean * SEM, n = 50. (B) miR-4999-5p expression was evaluated in normal human colon epithelial cell line
(FHC) and CRC cell lines (LoVo, HCT116, Caco2, and HCT15) using RT-qPCR. The data are shown as the mean * SEM, n = 3. (C) The effect of miR-4999-5p on overall
survival of patients with CRC was evaluated using TCGA database. (D) A Kaplan-Meier curve was plotted to compare the overall survival of patients with high miR-4999-5p
expression levels and those with low miR-4999-5p expression levels. **P < 0.01, ***P < 0.001.

based on the median expression value of miR-4999-5p. As
shown in Table 1, high miR-4999-5p expression level was
associated with unfavorable clinicopathological features,
including differentiation and TNM stage. Data from TCGA
suggested that high miR-4999-5p expression levels were
correlated with poor overall survival of patients with CRC
(Figure 1C; P=0.002817). We used follow-up data from our
50-patient cohort to evaluate the prognostic value of miR-
4999-5p for CRC. We generated a Kaplan-Meier curve,
which showed that higher expression levels of miR-4999-
5p were significantly associated with decreased overall sur-
vival (Figure 1D, P = 0.001). Furthermore, we conducted

multivariate survival analysis using the Cox proportional

hazard regression model (Table 2). The results showed that
miR-4999-5p was an independent predictor of overall survi-
val [hazard ratio (HR) = 4.094, 95% confidence interval (CI)
1.203-13.935, P = 0.024]. These results showed that miR-
4999-5p was upregulated in CRC tissues and cell lines, and
high level of miR-4999-5p could independently predict poor
overall survival of patients with CRC.

miR-4999-5p Promoted Cell Proliferation
and Induced Glucose Metabolic

Reprogramming in CRC
To evaluate the functional roles of miR-49999-5p in CRC, we
performed various in vitro experiments. We knocked down the
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Table | Correlation Between miR-4999-5p Expression and
Clinicopathological Features of Colorectal Cancer Patients (n =
50)

Clinicopathological | High miR- Low miR- P
Features 4999-5p 4999-5p
Expression Expression
(n =25) (n =25)
Age 0.225
<60 years 10 6
260 years 15 19
Gender 0.569
Male 12 10
Female 13 15
Tumor size 0.777
<5cm 13 12
25cm 12 13
Tumor location 0.777
Right I 12
Left 14 13
Differentiation 0.047*
Well 10 17
Moderate/Poor 15 8
TNM stage 0.002*
i 6 17
nnv 19 8

Note: *P < 0.05.

expression of miR-4999-5p in HCT15 cells, and overexpressed
miR-4999-5p in LoVo cells. Knockdown or overexpression
efficiency of miR-4999-5p was confirmed using RT-qPCR
(Figure 2A and B). We performed CCK-8 assays to estimate
the effects of miR-4999-5p on CRC cell proliferation. As
shown in Figure 2C, miR-4999-5p knockdown suppressed
cell proliferation in HCT15 cells. In contrast, overexpression
of miR-4999-5p resulted in increased proliferation in LoVo
cells (Figure 2D). Colony formation assay further demon-
strated that proliferation was decreased in miR-4999-5p-
knockdown HCT15 2E).
miR-4999-5p overexpression significantly increased prolifera-
tion of LoVo cells (Figure 2F).

Glucose metabolic reprogramming is a hallmark of cancer

cells (Figure In addition,

cells. To evaluate the influence of miR-4999-5p on glycolysis
in CRC, we measured ECAR in miR-4999-5p knockdown or
overexpressing CRC cells using a Seahorse XF® 24 extracel-
lular flux analyzer. Knockdown of miR-4999-5p resulted in
increased glycolysis rate and glycolytic capacity in HCT15
cells (Figure 3A). Conversely, overexpression of miR-4999-
5p resulted in reduced glycolysis rate and glycolytic capacity

Table 2 Univariate and Multivariable Analysis of Overall Survival
After Surgery

Variables Overall Survival
Univariate Multivariate
Log- P HR 95% CI P
rank
Age 0.965 0.326
< 60 years
2 60 years
Gender 0.010 0.921
Male
Female
Tumor size 0.019 0.890
<5cm
=25cm
Location 0.175 0.676
Right
Left
Differentiation | 6.182 0.013* Not
included
Well
Moderate/
Poor
TNM stage 16.860 | <0.001** [ 14.890 1.951-113.659 | 0.009**
1
v
miR-4999-5p 11.982 | 0.001%** 4.094 1.203-13.935 0.024*
expression
Low
High

Notes: *P < 0.05, **P < 0.0, ***P < 0.001.
Abbreviations: HR, hazard ratio of death; Cl, confidence interval.

in LoVo cells (Figure 3B). We also investigated glucose
uptake, cellular GOP levels, and lactate production in miR-
4999-5p knockdown or overexpressing CRC cells. As indi-
cated in Figure 3C—E, miR-4999-5p knockdown significantly
reduced glucose uptake, cellular G6P levels, and lactate pro-
duction in HCT15 cells. In contrast, miR-4999-5p overexpres-
sion resulted in increased glucose uptake, cellular G6P levels,
and lactate production in LoVo cells.

miR-4999-5p Directly Targeted PRKAA2
in CRC

To elucidate the downstream molecular mechanisms of miR-
4999-5p, we performed bioinformatics prediction using three
different algorithms. As shown in Figure 4A, TargetScan,
miRDB, and DIANA databases were used, and PRKAA?2
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Figure 2 miR-4999-5p promoted cell proliferation in CRC. (A) The knockdown efficiency of miR-4999-5p in HCTI5 cells was evaluated using RT-qPCR. The data are shown as the
mean * SEM, n = 3. (B) The overexpression efficiency of miR-4999-5p in LoVo cells was evaluated using RT-qPCR. The data are shown as the mean * SEM, n = 3. (C) Cell Counting Kit-8
was used to evaluate the effect of miR-4999-5p knockdown on HCT 5 cell proliferation. The data are shown as the mean + SEM, n = 3. (D) Cell Counting Kit-8 was used to evaluate the
effect of miR-4999-5p overexpression on LoVo cell proliferation. The data are shown as the mean + SEM, n = 3. (E) Colony formation assay was performed to estimate the proliferative
capability of sh-miR-4999-5p and sh-NC HCTI5 cell lines. The data are shown as the mean * SEM, n = 3. (F) Colony formation assay was performed to estimate the proliferative
capability of miR-4999-5p and NC LoVo cell lines. The data are shown as the mean + SEM, n = 3. *P < 0.01, **P < 0.001.

was predicted as a target of miR-4999-5p by all three databases. ~ AMP activated protein kinase (AMPK) and plays an important
The complementary sequence of PRKAA2 and miR-4999-5pis  role in glucose metabolism.'*'* Data from TCGA showed that
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Figure 3 miR-4999-5p induced glucose metabolic reprogramming in CRC. (A) Extracellular acidification rate was used to evaluate the effects of miR-4999-5p knockdown
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were examined. The data are shown as the mean * SEM, n = 3. (E) The effects of miR-4999-5p knockdown or overexpression on lactate production were examined. The

data are shown as the mean * SEM, n = 3. *P < 0.05, *P < 0.01, **P < 0.001.

tissues compared to that in non-tumor samples (Figure 4C). We
also examined the expression levels of PRKAA2 in 50 paired
CRC tumor samples and non-tumor tissues, and showed that
PRKAA2 was significantly downregulated in tumor samples
(Figure 4D). Correlation analysis showed that the expression of
miR-4999-5p was negatively correlated with PRKAA2 expres-
sion (Figure 4E). As indicated in Figure 4F, higher expression
levels of PRKAA?2 were detected in miR-4999-5p knockdown
HCT15 than in control cells. In miR-4999-5p overexpressing

LoVo cells, the expression of PRKAA2 was significantly down-
regulated (Figure 4G). Dual-luciferase reporter assay showed
that PRKAA2 was a direct target of miR-4999-5p (Figure 4H).

To confirm that miR-4999-5p promoted CRC progression
by targeting PRKAA2, we knocked down PRKAA?2 in miR-
4999-5p-silenced HCT15 cells. The knockdown efficiency of
PRKAA2 was confirmed using RT-qPCR (Figure 5A). Analysis
using the CCK-8 assay showed that PRKAA2 knockdown
rescued blunted cell proliferation observed in miR-4999-5p-
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in miR-4999-5p knockdown HCT 5 cells. The data are shown as the mean + SEM, n = 3. (G) The expression levels of PRKAA2 in miR-4999-5p overexpressing LoVo cells.
The data are shown as the mean + SEM, n = 3. (H) Dual-luciferase reporter assay was used to show that PRKAA?2 was a direct target of miR-4999-5p. The data are shown as

the mean * SEM, n = 3. *¥P < 0.0, **P < 0.001.

silenced HCT15 cells (Figure 5B). Extracellular acidification
rate analysis showed that PRKAA2 knockdown rescued
reduced glycolysis observed in miR-4999-5p-silenced HCT15
cells (Figure 5C). In addition, glucose uptake, cellular G6P
level, and lactate production were restored by PRKAA2 knock-
down in miR-4999-5p-silenced HCT15 cells (Figure SD-F).
These results indicated that miR-4999-5p promoted CRC pro-
gression via targeting PRKAA2.

miR-4999-5p Promoted CRC Growth

in vivo

To further characterize the tumor-promoting role of miR-4999-
5p in CRC, we constructed an in vivo xenograft mouse model.
Smaller xenografts were observed in animals injected with
miR-4999-5p knockdown HCTI15 cells (Figure 6A). The
miR-4999-5p knockdown xenografts grew at a slower rate

than the control xenografts (Figure 6B). Xenograft weights
were markedly lower in mice inoculated with sh-miR-4999-
5p HCT15 cells (Figure 6C). Real-time gPCR results confirmed
that miR-4999-5p knockdown was stable in the xenografts
(Figure 6D). Immunohistochemistry analysis showed that the
protein level of PRKAA2 was higher in the sh-miR-4999-5p
group than that in the control group (Figure 6E), which was
consistent with our in vitro data. Furthermore, Ki-67 staining
showed that miR-4999-5p knockdown resulted in reduced pro-

liferation in vivo.

Discussion

In the present study, we mined TCGA data and found that miR-
4999-5p was significantly overexpressed in CRC. We then
analyzed CRC tissue samples and cell lines to confirm that
miR-4999-5p was upregulated in CRC. Further analyses
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Figure 5 miR-4999-5p promoted CRC progression by targeting PRKAA2. (A) The knockdown efficiency of PRKAA2 was verified using RT-qPCR. The data are shown as the
mean * SEM, n = 3. (B) Cell Counting Kit-8 assay was used to evaluate the cell proliferation of miR-4999-5p-silenced HCT 5 cells with or without PRKAA2 knockdown.
The data are shown as the mean * SEM, n = 3. (C) Extracellular acidification rate was used to determine the effect of PRKAA2 knockdown on glycolysis in miR-4999-5p-
silenced HCT 5 cells. The data are shown as the mean + SEM, n = 3. (D) Glucose uptake was measured in miR-4999-5p-silenced HCTI5 cells with or without PRKAA2
knockdown. The data are shown as the mean + SEM, n = 3. (E) Cellular glucose-6-phosphate (G6P) levels were detected in miR-4999-5p-silenced HCT 5 cells with or
without PRKAA2 knockdown. The data are shown as the mean + SEM, n = 3. (F) Lactate production was detected in miR-4999-5p-silenced HCT 5 cells with or without
PRKAA2 knockdown. The data are shown as the mean + SEM, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.

showed that high miR-4999-5p expression levels were asso- Aerobic glycolysis, also known as the Warburg effect,
ciated with malignant clinicopathological features, including is a hallmark of tumor cells. In cancer cells, glucose is
differentiation and TNM stage. miR-4999-5p was also an inde-  preferably converted to lactate under aerobic conditions,
pendent predictor of worse overall survival of patients and aerobic glycolysis plays a crucial role in regulation of
with CRC. cell progression.'>™"” Increasing numbers of studies have
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Figure 6 miR-4999-5p promoted CRC growth in vivo. (A) Xenograft mouse models were used to assess the effect of miR-4999-5p knockdown on CRC growth. (B) The
growth curve of xenograft volume was plotted. The data are shown as the mean * SEM, n = 3. (C) Xenograft weights. The data are shown as the mean * SEM, n = 3. (D)
The expression level of miR-4999-5p in xenografts was evaluated using RT-qPCR. The data are shown as the mean + SEM, n = 3. (E) Immunohistochemistry results for

AMPK@2 and Ki-67 in the xenograft tissues. *P < 0.05, **P < 0.01, ***P < 0.001.

focused on the regulatory roles of non-coding RNAs in
cancer metabolism.'®!® A study showed  that
circRNA 100290 acted as a ceRNA to sponge miR-378a,
which resulted in decreased expression of GLUTI, and
increased cell proliferation in oral squamous cell
carcinoma.”’ In hepatocellular carcinoma, the long non-
coding RNA MALAT]1 accelerated cancer cell progression
through enhanced translation of the transcription factor
TCF7L2, which promoted the Warburg effect.”' Another
showed that miR-31-5p promoted the Warburg effect and
played an important role in metabolic reprogramming by
directly targeting FIH in lung cancer.”

In CRC, many miRNAs have been shown to be involved
in regulation of glucose metabolism reprogramming. miR-
493-5p has been shown to interact with DDK2, which
resulted in stimulation of CRC glycolysis.”> miR-328 was
shown to target SLC2A1 and to mediate the glucose meta-
bolic shift in CRC.>* miR-98 inhibited glycolysis by target-
ing HK2 in CRC cells.*® To understand the functional roles
of miR-4999-5p in CRC, we performed loss-of-function and
gain-of-function assays, and showed that miR-4999-5p

facilitated proliferation and glycolysis in CRC cells. The

results of in vivo experiments verified the tumor-promoting
effects of miR-4999-5p in CRC.

AMPK functions as a cellular energy sensor and is
a crucial regulator in various cancers.”® AMPK exists as
heterotrimeric complexes with al and o2 as the catalytic
subunits. The gene that encodes AMPKa2, PRKAA?2, has
been reported to modulate the expression levels of multi-
ple genes during the late stages of differentiation and
myogenesis.”’ Furthermore, PRKAA2 has been shown
to be involved in cell energy metabolism in various
cancers. In bladder cancer, loss of PRKAA2 resulted in
increased proliferation and larger xenografts.”® In liver
PRKAA2  knockout  enhanced  tumor
inflammation.?’ In addition, PRKAA2 has been shown
to act as a tumor repressor in CRC.>**! As a subunit of
AMPK, PRKAA?2 has been shown to inhibit cell prolif-
eration through the p53/p21 pathway, and through mod-

cancer,

ulation of the expression of p27.**** Previous studies
have shown that PRKAA2/mTOR signaling was crucial
to cancer cell proliferation.***> Our mechanistic studies
showed that PRKAA2 was a direct target of miR-4999-
5p. Rescue experiments suggested that miR-4999-5p
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promoted cancer progression via regulation of PRKAA2
in CRC.

In summary, our study showed that the expression of
miR-4999-5p was increased in CRC tissues and cell
lines. miR-4999-5p was associated with CRC clinico-
pathological features and was an independent predictor
of patient overall survival. miR-4999-5p promoted CRC
cell proliferation and glycolysis by directly targeting
PRKAA2. These findings suggested that miR-4999-5p
might be a promising prognostic indictor for CRC, and
a potential target for treatment of CRC.
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