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the miR-513a-5p/SIX1/LDHA axis
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ABSTRACT
Increasing evidence has proved that circRNAs might act as potential biomarkers for tumor 
diagnosis and prognosis. However, the functions and mechanisms of multiple circRNAs in colon 
cancer remains unclear. Here, we found circPLOD2 was dramatically upregulated in colon cancer 
tissue and cell lines. In vitro CCK-8, colony formation and transwell assays, and in vivo tumor 
transplantation assay were performed and explored that circPLOD2 might promote tumor pro
liferation, migration and invasion in vitro and in vivo. Moreover, based on the analysis of RNA pull- 
down, RNA immunoprecipitation, luciferase and rescued assays, we confirmed that the interac
tions between circPLOD2, miR-513a-5p and SIX1. It suggested that circPLOD2 acted as a sponge of 
miR-513a-5p to regulate the activation of the target gene SIX1. In addition, as a key transcription 
factor of Warburg effect related genes, SIX1 was proved to enhance the transcriptional expression 
of LDHA by chromatin immunoprecipitation assay, thereby regulating glycolysis in colon cancer 
cells. Therefore, we identified that circPLOD2 promoted colon cancer progression through miR- 
513a-5p/SIX1/LDHA axis, and acted as a new biomarker for colon cancer prognosis and treatment.
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Introduction

Colon cancer is one of the most frequent cancer 
types leading to high mortality in the world [1,2]. 
Currently, despite new treatment approaches that 
have been generated to remove the primary tumor 
and resect the metastatic disease, cure rates remain 
limited because of the recurrence and chemother
apy resistance [3]. Against these issues, screening 
researches for early detection or prognosis of 
colon cancer is still urgent.

Circular RNAs (circRNAs) are a novel type of non- 
coding RNAs that are generated through back spli
cing. During this specific splicing event, the down
stream splice-doner sites bind with the upstream 
splice-doner sites [4]. Therefore, circRNAs are highly 
stable compared to the linear splicing, and resistant to 
the RNase R digestion. Increasing evidence from high- 
throughput RNA sequencing identifies that circRNAs 
exist in multiple cell types, including the tumor cells 
and the normal tissues [5]. Based on its subcellular 
location, studies have also proven that circRNAs may 
function as scaffolds in the formation of protein 

complexes [6], regulators of their parental genes [7], 
and play an essential role in controlling alternative 
splicing and RNA–protein interactions [8,9]. The 
most common function of circRNAs is that serve as 
the microRNA (miRNA) sponges since circRNAs 
generally accumulate in the cytoplasm [10–12]. For 
tumorigenesis, multiple research groups have investi
gated that circRNAs participate in several events dur
ing tumor progressions, such as cell proliferation, 
death, invasion and migration [13–15]. For example, 
Shaw-Jenq et al. reported that circCCDC66 was asso
ciated with colorectal cancer migration and prolifera
tion inhibiting miR-33b, miR-93 and miR-185 to 
regulate the expression of a subset of oncogenes [16]. 
In addition, in the study of Jingting et al., 
circPPP1R12A was significantly upregulated in the 
colon cancer tissues and promoted tumor progression 
in vitro and in vivo by activating the Hippo-Yap 
signaling pathway [17]. Moreover, in breast cancer, 
circRNA-0025202 exhibited low expression levels in 
the primary and metastatic tumors, which acted as the 
sponge for miR-182-5p and further activated FOXO3a 
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expression to enhance tamoxifen efficacy [18]. 
However, the functions and mechanisms of multiple 
circRNAs in colon cancer remains unclear.

circPLOD2 (circbase ID: hsa_circ_0122319) is 
produced by back splicing of PLOD2 mRNA, 
which is located on chromosome 3q24 and has 
3118 nucleotides in length. According to the 
RNA sequence analysis, one group reported that 
circPLOD2 was overexpressed in the recurrent 
samples from patients with stage II/III colon can
cer, as well as in the colon cancer cell lines (SW620 
and HCT116 cells). Knockdown of such circRNA 
significantly inhibited cell invasion and migration 
in the HCT-116 cells [19]. However, the function 
and mechanism of circPLOD2 in colon cancer 
progression have not been explored. In this 
study, we confirmed that circPLOD2 was upregu
lated in colon cancer cells, and associated with the 
cell proliferation, invasion and migration in vitro 
and in vivo. Importantly, circPLOD2 regulated 
tumor progression by acting as a sponge of miR- 
513a-5p to active SIX1 expression. Moreover, we 
investigated that SIX1 promoted that the expres
sion of LDHA to further control the Warburg 
effect in cancer cells. In summary, circPLOD2 
serves as an oncogene in colon cancer and maybe 
a novel biomarker for colon cancer prognosis and 
diagnosis.

Methods

Patient samples

Ten pairs of colon cancer and adjacent tumor-free 
tissues were collected from the patients with colon 
cancer in Xibei Hospital. This study was approved 
by the Ethics Committee of Xibei Hospital.

Cell culture

Human colon cancer cell lines (SW620, HCT- 
116, HT-29, LoVo) and normal colon cells 
(RCM-1) were purchased from the Type 
Culture Collection of the Chinese Academy of 
Science (Shanghai, China). The cells were cul
tured by DMEM medium added 10% fetal 
bovine serum (FBS) (Gibco, USA) and 1% peni
cillin-streptomycin. The cells were maintained in 
an incubator with 5% CO2 at 37°C.

RNA extraction and quantitative real-time PCR 
(qRT-PCR)

Total RNA of cells and tissues was isolated using 
TRIzol (Thermo, USA) following the manufac
turer’s instructions. According to the manufac
turer’s protocol of PARIS™ Kit (Thermo, USA), 
the Nuclear and cytoplasmic RNA fractionation 
from SW620 and HCT-116 cells were extracted. 
For RNase R treatment, 10 μg of total RNA from 
these cells were incubated with RNase R (40 U, 
Epicenter Technologies, USA) for 10 min at 37°C.

The RNA samples were reversely transcribed 
into cDNA by PrimeScript™ RT Master Mix 
reagent kit (TaKaRa, Japan). The PrimeScript™ 
RT reagent kit (TaKaRa, Japan) was used to tran
scribe miRNAs. The expression of circRNA, 
miRNA and gene were detected using qRT-PCR 
platform with SYBR Premix Ex Taq™ (TaKaRa, 
Japan). GAPDH and U6 was used as the internal 
controls. The 2-ΔΔCt method was used to validate 
these data. The primers were presented as follow: 
miR-136 (human): forward 5’-CATCATCGTC 
TCAAATGAGTCT-3’, reverse 5’-GTAGTAGC 
AGAGTTTACTCAGA-3’; miR-139-5p (human): 
forward 5’-TCTACAGTGCACGTGTCTCCAGT 
−3’, reverse 5’-AGATGTCACGTGCACAGAGG 
TCA-3’; miR-144 (human): forward 5’- 
GGATATCATCATATACTGTAAG-3’, reverse 5’- 
CCTATAGTAGTATATGACATTC-3’; miR-197 
(human): forward 5’-TTCACCACCTTCTCCA 
CCCAGC-3’, reverse 5’-AAGTGGTGGAAGAGG 
TGGGTCG-3’; miR-203 (human): forward 5’- 
AGTGGTTCTTAACAGTTCAACAGTT-3’, 
reverse 5’-TCACCAAGAATTGTCAAGTTGTC 
AA-3’; miR-217 (human): forward 5’-TACTGCA 
TCAGGAACTGATTGGA-3’, reverse 5’-ATGA 
CGTAGTCCTTGACTAACCT-3’; miR-383 (hum 
an): forward 5’-AGATCAGAAGGTGATTGTG 
GCT-3’, reverse 5’-TCTAGTCTTCCACTAACA 
CCGA-3’; miR-549 (human): forward 5’- 
AGCTCATCCATAGTTGTCACTG-3’, reverse 5’- 
TCGAGTAGGTATCAACAGTGAC-3’; miR-942 
(human): forward 5’-TCTTCTCTGTTTTGGCC 
ATGTG-3’, reverse 5’-AGAAGAGACAAAACC 
GGTACAC-3’; miR-647 (human): forward 5’- 
GTGGCTGCACTCACTTCCTTC-3’, reverse 5’- 
CACCGACGTGAGTGAAGGAAG-3’; miR-513a- 
5p (human): forward 5’-TTCACAGGGAGGT 
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GTCAT-3’, reverse 5’-AAGTGTCCCTCCACAG 
TA-3’; SIX1 (human): forward 5’-GACTCC 
GGTTTTCGCCTTTG-3’, reverse 5’-GAAAGGAC 
GGCTTCCTAGGGT-3’; circPLOD2 (human): 
forward 5’-ggattccacgatttatgcag-3’, reverse 5’- 
ggattccatcgatttatgcag-3’; PLOD2 (human): forward 
5’-catggacacaggataatggctg-3’, reverse 5’-aggggttggt 
tgctcaataaaaa-3’; GAPDH (human): forward 5’- 
GCAACTAGGATGGTGTGGCT-3’, reverse 5’- 
TCCCATTCCCCAGCTCTCATA-3’; U6 (human) 
: forward 5’-GAAGCGCGGCCACGAG-3’, reverse 
5’-AGTGCAGGGTCCGAGGTATT-3’.

Transfection, oligonucleotides and plasmids

The downregulation plasmids of circPLOD2 (sh- 
circ#1, sh-circ#2) and control (sh-nc), the mimic, 
inhibitor and negative control (mimic-NC, inhibi
tor-NC), the overexpression and downregulation 
plasmids of SIX1 (SIX1-OE, SIX1-KD), as well as 
the negative control (vector), were constructed by 
RiboBio (Guangzhou, China). These oligonucleo
tides and plasmids were incubated with cells (105) 
supplementary with 50 nM Lipofectamine™ 2000 
(Invitrogen, USA) following the manufacturer’s 
protocol.

CCK-8 assay and colony formation assay

After transfection, cells were seeded onto the 96- 
well plates (5000 cells/well). The cell viability was 
detected using the CCK-8 kit (Dojindo, Japan) at 
different time points according to the manufac
turer’s protocol. The optical density value was 
measured by a microplate reader at 450 nm.

For the colony formation assays, 1000 cells were 
plated into 6-well plates and maintained for 
7 days. The colonies were fixed by methanol, 
stained with hematoxylin and observed using the 
light microscope.

Transwell assay

After different transfection, cells (104 per well) 
were seeded onto the upper chamber of the trans
well system (8.0 um, Corning, USA) with or with 
Matrigel (Corning, USA). The culture medium 
with 10% FBS was added to the bottom chamber. 
After 24 h, the membrane was fixed by 4% 

polymethanol for 30 min, and then strained 
using 0.1% crystal violet for another 20 min. 
Finally, the number of colonies was measured 
under a light microscope.

RNA pull-down assay

The circPLOD2 hybridized probe and control 
oligo probe were generated using Biotin RNA 
Labeling Mix (Roche, USA). The purified probes 
were then hybridized with streptavidin-coated 
magnetic beads (Sigma, USA) at 25°C for 2 
h. After that, probes-coated beads were incubated 
with cell lysis for 24 h at 4°C. The bound miRNAs 
were extracted for qRT-PCR assay.

RNA immunoprecipitation (RIP) assay

According to the manufacturer’s protocol, the EZ- 
Magna RIP kit (Sigma, USA) was used to conduct 
the RIP assay. The cell lysis was incubated with 
human negative IgG or anti-AGO2 antibody 
(Sigma, USA) overnight. Subsequently, the bound 
RNA was extracted for qRT-PCR analysis or agar
ose gel electrophoresis.

Luciferase assay

The wildtype (WT) and mutant (MUT) of 
circPLOD2 sequence or 3’-UTR of SIX1 were 
cloned into the pGL3-Firefly-Renilla vector 
(Ribobio, China). These plasmids were co- 
transfected into HEK293 cells (106 cells per well) 
with miR-513a-5p mimic, inhibitor or related con
trols (mimic-NC, inhibitor-NC) using 
Lipofectamine 2000 reagent. After 48 h, the luci
ferase activity was measured and normalized with 
Renilla luciferase activity.

In situ hybridization (FISH)

The Cy3-labeled circPLOD2 or Dig-labeled miR- 
513a-5p probes were purchased from RiboBio 
(Guangzhou, China) and measured by the FISH 
kit (RiboBio, China). The nuclei were dyed with 
4,6-diamidino-2-phenylindole (DAPI, Beyotime, 
China). Afterward, the images were observed 
under the fluorescence microscope.
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Target prediction

The potential target genes of miR-513a-5p were 
predicted by miRDB (http://mirdb.org/), 
miRWalk (http://mirwalk.umm.uni-heidelberg.de/ 
) and Targetscan (http://www.targetscan.org). The 
criteria of overlapped genes were: 1) score in 
miRDB > 70; 2) score in miRWalk > 0.9; 3) 
Cumulative weighted context score > −0.04.

Protein extraction and western blotting

The cells or tissues were homogenized using radio
immunoprecipitation assay buffer. Equal total protein 
(20 µg of each sample) was loaded onto the SDS- 
polyacrylamide gel electrophoresis (Bio-Rad, USA). 
After transferred onto the polyvinylidene fluoride 
membrane (Millipore, USA), the membrane was 
then blocked with 5% BSA for 2 h at room tempera
ture, followed by incubation with primary antibodies 
against SIX1 (1:1000, Abcam, USA), PKM2 (1:1000, 
Abcam, USA), GLUT1 (1:1000, Abcam, USA), LDHA 
(1:1000, Abcam, USA) and beta-actin (1:5000, 
Abcam, USA) at 4°C overnight. After incubation 
with secondary antibody (1:5000, Abcam, USA) at 
room temperature for 2 h, the bands were enhanced 
using ECL chemiluminescent reagent (Thermo, USA) 
and analyzed by the Image J software.

Glucose Uptake, Pyruvate, Lactate and ATP 
Assays

The Glucose Uptake Assay Kit, Pyruvate Assay kit, 
Lactate Assay Kit II, ATP Colorimetric Assay Kit 
(Jiancheng, China) were performed to detected 
glucose uptake, pyruvate level, lactate production, 
and ATP production in the cells with different 
transfection according to the manufacturer’s pro
tocols. All data were detected by a microplate 
reader and normalized to cell number.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed using the EZ-CHIP 
Kit (Millipore, USA) following the manufacturer’s 
protocols. In brief, the cells were treated with 1% 
formaldehyde for 15 min and sonicated with 
0.125 M glycine, followed by incubation with 
SIX1 or IgG antibodies. Finally, the bound DNA 

fragments were isolated, purified, and analyzed by 
qRT-PCR analysis or agarose gel electrophoresis.

Animal experiments

Male BALB/c athymic nude mice were purchased 
from the Animal Center of Nanjing University 
(Nanjing, China) and housed in the condition 
with controlled temperature and humidity. The 
animals were provided with food and water ad 
libitum. After different transfection, 107 HCT- 
116 cells were resuspended and subcutaneously 
injected into mice (four groups, 3 mice per 
group). The volume of the tumor was measured 
every week following the formula 
(tumor = (length×width2)/2). Four weeks after 
transplantation, the mice were sacrificed and 
the tumor was removed and weighted. The 
tumor was then fixed and embedded by paraffin. 
All animal studies were approved by the Ethics 
Committee of Xibei Hospital.

H&E staining and immunohistochemical analysis 
(IHC)

The embedded tissues were cut into 5 μm thick 
sections. For H&E staining, the sections were dyed 
with hematoxylin and eosin solution (Beyotime, 
China) according to the manufacturer’s instruc
tions. For the IHC assay, the sections were 
dewaxed, rinsing and incubated with primary anti
body against Ki-67 (1:300, Abcam, USA) at 4°C for 
12 h. Then, the sections were stained with second
ary antibody at room temperature for 30 min, 
followed by developing using DAB. Hematoxylin 
solution was performed to dye the nuclei. Finally, 
the sections were observed under light microscopy.

Statistical analysis

The data were analyzed using SPSS 22.0 software 
and represented as the mean ± SD for three 
experiments independently. The statistical signifi
cance was measured by a two-tailed Student t-test. 
The survival curves were analyzed using the 
Kaplan-Meier method. P < 0.05 was considered 
statistically significant.
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Results

circPLOD2 is increased in colon cancer and 
associated with the poor prognosis

The expression levels of circPLOD2 in the normal 
colon tissues and cancer samples (n = 10) were 
first detected by qRT-PCR. It was about 2-fold 
higher in the tumor samples as compared with 
that in the normal ones (Figure 1a). We then 
observed the expression levels of circPLOD2 in 
colon cancer cell lines, including HCT-116, HT- 
29, LoVo and SW620 cells, were both increased 
compared with the normal colon cell line (RCM- 
1). The HCT-116 and SW620 cells showed 
a higher level of such circRNA than other cancer 
cells (Figure 1b). Besides, we checked the subcel
lular localization of circPLOD2 in HCT-116 cells 
and SW620 cells. The results illustrated that 

circPLOD2 was enriched in the cytoplasm in 
these cells (Figure 1c). To validate whether the 
head-to-tail splicing of circPLOD2 derived from 
the trans-splicing or genomic rearrangements, we 
isolated cDNA and gDNA from HCT-116 cells. 
The result of gel electrophoresis demonstrated 
that circPLOD2 was only identified in the cDNA 
rather than the gDNA, which suggested that the 
loop structure of circPLOD2 resulted from reverse 
splicing (Figure 1d). Moreover, following the 
RNase R treatment, the expression levels of linear 
PLOD2 mRNA were significantly down-regulated, 
while that of circPLOD2 were not changed under 
the same condition, indicating that circPLOD2 
was highly stable (Figure 1e). Further, as shown 
in Figure 1f, the patients with a high level of 
circPLOD2 expression showed markedly shorter 
overall survival rate than those with the low level 

Figure 1. CircPLOD2 was increased and associated with the poor prognosis of colon cancer. (A) qRT-PCR analysis of circPLOD2 
between colon cancer and related normal colon tissues (n = 10 per group). ***p < 0.001 vs. the tumor group. (B) Relative expression 
of circPLOD2 in colon cancer and normal colon cell lines. **p < 0.01, ***p < 0.001 vs. the RCM-1 group. (C) The expression level of 
circPLOD2, U6 and GAPDH located in the cytoplasm and nuclear of HCT-116 and SW620 cells were determined by nuclear- 
cytoplasmic fractionation assay. (D) Representative image of the gel electrophoresis was performed for the existence of 
circPLOD2 in HCT-116 cells. GAPDH was used as the linear control. (E) Relative expression of linear PLOD2 and circPLOD2 in HCT- 
116 and SW620 cells with or without RNase R treatment was measured by qRT-PCR. (F) The overall survival rate of the patients with 
high or low circPLOD2 expression was analyzed using the Kaplan-Meier method. N = 3, all data were represented as mean ± SD.
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of this circRNA, which suggesting that circPLOD2 
increase might be a key event during colon cancer 
progression and act as an essential factor for colon 
cancer diagnosis.

circPLOD2 promotes migration and invasion of 
colon cancer cells

Changes of circPLOD2 and mRNA PLOD2 in colon 
cancer cells (HCT-116 and SW620) transfected with 
two sh-RNAs against circPLOD2 (sh-circ#1 and sh- 
circ#2) or control sh-RNA (sh-nc) were determined 
using qRT-PCR analysis. The results showed that 

following the sh-circ#1 or sh-circ#2 transfection, the 
expression levels of circPLOD2 were significantly 
reduced, while that of linear PLOD2 mRNA were 
not regulated (Figure 2a). Consistently, the cell via
bility of HCT-116 and SW620 was dramatically 
decreased by the down-regulation of circPLOD2 
(Figure 2b). A similar effect was also confirmed by 
the colony formation assay (Figure 2c). Besides, we 
observed that inhibition of circPLOD2 significantly 
suppressed the migration and invasion ability of 
these tumor cells (Figure 2 d and e). These results 
indicated that circPLOD2 promoted the progression 
of colon cancer in vitro.

Figure 2. Downregulation of circPLOD2 inhibited proliferation, migration and invasion of colon cancer cells in vitro. (A) Transfection 
efficiency of two downregulation plasmids of circPLOD2 (sh-circ#1 and sh-circ#2) in HCT-116 and SW620 cells. (B and C) The cell 
viability and colony formation ability of HCT-116 and SW620 after different transfection were detected by CCK-8 assay and colony 
formation assay. (D and E) The cell migration and invasion were determined by transwell assays after knockdown of circPLOD2 in 
colon cancer cells. N = 3, all data were represented as mean ± SD. ***p < 0.001 vs. the control group (sh-nc).
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circPLOD2 serves as a sponge of miR-513a-5p

To determine whether circPLOD2 can act as 
a sponge of miRNAs in the cytoplasm of these 
cancer cells, we selected the top eleven miRNAs, 
including miR-136, miR-139-5p, miR-144, miR- 
197, miR-203, miR-217, miR-513a-5p, miR-383, 
miR-549, miR-942 and miR-647 by the binding 
score from the circlnteractome database (https://cir 
cinteractome.nia.nih.gov/). The biotinylated 
circRNA probe was then used to confirm which 
miRNA could interact with circPLOD2. As shown 
in Figure 3a, 7 miRNAs in HCT-116 cells and 5 
miRNAs in SW620 cells were enriched. Among 
them, miR-513a-5p was the highest one miRNA 
that was pulled down by circPLOD2 in both cells. 
Furthermore, the data of RNA immunoprecipitation 
analysis showed that miR-513a-5p and circPLOD2 
were both upregulated in AgO2- 
immunoprecipitation as compared to that of the 
IgG group in both HCT-116 and SW620 cells 
(Figure 3b). Next, we performed luciferase reporter 
assays and found that upregulation of miR-513a-5p 
declined the luciferase activity of wildtype 
circPLOD2 rather than the mutant ones in these 
cells (Figure 3c). Similarly, as analysis by FISH, 
a clear co-location between circPLOD2 and miR- 
513a-5p was observed in the cytoplasm of HCT-116 
cells (Figure 3d). In addition, as shown in Figure 3e, 
down-regulation of circPLOD2 significantly ele
vated the expression level of miR-513a-5p, while 
this effect was reversed when the cells were co- 
treated by sh-circ and miR-513a-5p inhibitor.

To further confirm the function of circPLOD2/ 
miR-513a-5p in colon cancer cells, the proliferation, 
migration and invasion of circPLOD2-depleted can
cer cells were determined with or without miR-513a- 
5p transfection. Our result showed that silencing of 
miR-513a-5p by miRNA inhibitor dramatically re- 
promoted HCT-116 and SW620 cells proliferation, 
migration and invasion that were inhibited after sh- 
circPLOD2 treatment (Supplementary Fig.1).

miR-513a-5p regulates colon cancer progression 
through inhibiting SIX1 expression

To date, abundant evidence suggested that the 
typical function of miRNAs was inhibited one 
or several target genes via binding to the 3ʹUTR 

of genes. Thus, in this study, TargetScan, miRDB 
and miRWalk databases were used to predict the 
potential targets of miR-513a-5p. As shown in 
Figure 2a, 9411, 650, and 3424 potential target 
genes, were predicted by the miRWalk database, 
miRDB database, and TargetScan databases. 
Moreover, 343 genes to be the overlapping ones 
among these databases. Among them, SIX1, 
which was one of the highest-degree targets, 
was selected for further study first. Then, the 
luciferase report vector containing the binding 
sites of SIX1 3ʹUTR and miR-513a-5p was cloned 
(Figure 4b). Co-transfection with miR-513a-5p 
mimic led to a significant reduction in luciferase 
activity in HEK293T cells with SIX1-WT vector 
transfection. Conversely, miR-513a-5p inhibitor 
treatment increased the luciferase activity of 
wild-type ACSL4 plasmid, but not the mutant 
one (Figure 4c). Consistently, we determined 
that overexpression miR-513a-5p expression sig
nificantly inhibited the protein and mRNA 
expression levels of SIX1, while the silencing of 
this miRNA exhibited a dramatic upregulation in 
the protein and mRNA levels of SIX1. These 
effects were abolished when co-transfected with 
miR-513a-5p mimic and SIX1-OE vector, or 
miR-513a-5p inhibitor and SIX1-KD vector 
(Figure 4 d and e). Besides, we also verified that 
miR-513a-5p enriched cells presented lower pro
liferation ability than the control group, while 
combine transfected with the SIX1 overexpres
sion vector, this effect was markedly reversed in 
these cells. Similar results were also observed on 
the ability of colony formation, migration and 
invasion (Supplementary Fig.2). Hence, we con
firmed that miR-513a-5p affects colon cancer 
progression via directly targeting SIX1.

SIX1 promotes the progression of colon cancer by 
regulating the LDHA-induced Warburg effect

Although SIX1 acts as an oncogene that is upregu
lated in several types of cancer, its expression in 
colon cancer remains unclear. Here, we sought to 
determine the expression of SIX1 in colon cancer 
tissues and normal colon tissues by TCGA analysis. 
As shown in Figure 5a, a higher level of SIX1 was 
investigated in the tumor samples as compared with 
the normal ones. Moreover, the patients with high 
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SIX1 expression presented a poorer survival rate 
than those with the low level (Figure 5b). In addition, 
in our colon cancer samples, we found that 
circPLOD2 expression was positively correlated 
with the expression of SIX1 (p < 0.001) (Figure 5c). 
To further explore SIX1 downstream factors, we first 
transferred the HCT-116 and SW620 cells with the 
SIX1-overexpression vector or SIX1-knockdown 

vector. We assessed that significantly increased 
SIX1 in these cells after overexpression of SIX1, 
while about 50% reduction was verified in cells 
when silencing SIX1 expression (Figure 5d). Some 
known SIX1 target genes which were associated with 
Warburg effect were validated using western blot. 
The results showed that SIX-OE displayed about 
3-fold upregulations of LDHA in these cells, and 

Figure 3. CircPLOD2 interacted with and negatively regulated miR-513a-5p. (A) The expression level of the top eleven miRNAs 
targeted circPLOD2 were assessed by qRT-PCR. **p < 0.01, ***p < 0.001 vs. the oligo probe group. (B) The HCT-116 and SW620 cells 
were transfected with miR-513a-5p mimic and related control (mimic-NC) for 48 h. Immunoprecipitated RNA was isolated, and the 
levels of circPLOD2 were measured by qRT-PCR and gel electrophoresis. (C) Luciferase activities were determined in these colon 
cancer cells co-transfected with luciferase reporter containing wildtype or mutant circPLOD2 sequence, and miR-513a-5p mimic or 
mimic-NC. Luciferase activity was normalized by renilla luciferase. (D) The subcellular localization of circPLOD2 and miR-513a-5p was 
detected by the FISH assay. (E) Real-time PCR analysis of miR-513a-5p expression in circPLOD2-depleted HCT-116 and SW620 cells 
with or without miR-513a-5p inhibitor treatment. N = 3, all data were represented as mean ± SD. **p < 0.05, ***p < 0.001 vs. the 
mimic-NC group.
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Figure 4. SIX1 was a target gene of miR-513a-5p. (A) The target genes of miR-513a-5p were predicted by miRDB, miRWalk and 
Targetscan databases. (B) Predicted binding sites for miR-513a-5p on the SIX1 transcript. (C) Luciferase activities were determined in 
HEK293T cells co-transfected with luciferase reporter containing 3’-UTR of wildtype or mutant SIX1, and miR-513a-5p mimic or 
inhibitor. Luciferase activity was normalized by renilla luciferase. (D and E) The effect of miR-513a-5p on the expression of SIX1 at 
mRNA and protein levels were detected by western blot and qRT-PCR. N = 3, all data were represented as mean ± SD. ***p < 0.001.
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Figure 5. SIX1 was upregulated in colon cancer and correlated with the LDHA-induced Warburg effect. (A) The expression level of 
SIX1 in colon cancer tissues (n = 456) and normal colon tissues (n = 41) was detected by TCGA analysis. ***p < 0.001 vs. the normal 
group. (B) The overall survival rate of patients with high or low SIX1 expression was analyzed using the Kaplan-Meier method. (C) 
The level of SIX1 positively correlated with the level of circPLOD2 in colon cancer tissues by Pearson correlation analysis. (D) 
Transfection efficiency of overexpression or downregulation vector of SIX1 (SIX1-OE and SIX-KD) in HCT-116 and SW620 cells. (E) The 
effect of SIX1 on the protein expression of LDHA, PKM2 and GLUT1 in these colon cancer cells was performed by western blot. (F) 
The pyruvate level, glucose uptake, lactate production and ATP production in HCT-116 and SW620 cells with SIX-OE or SIX-KD vector 
transfection. *p < 0.05, ***p < 0.001 vs. the vector group. (G) The effect of SIX1 on the transcriptional expression of LDHA was 
assessed by the ChIP assay. N = 3, all data were represented as mean ± SD.
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around a 2-fold increase of other genes, such as 
GLUT1 and PKM2, but SIX1-KD significantly 
decreased the expression of these genes (Figure 5e). 
Since the SIX1 regulates glycolytic gene expression, 
we tested whether SIX1 regulated the glycolytic phe
notype in these cells. As shown in Figure 5f, over
expression of SIX1 increased glucose uptake, 
pyruvate level, lactate production, and ATP level in 
these cells. However, silencing of SIX1 displayed 
a dramatic decrease of such events in HCT-116 and 
SW620 cells. To further explore the effect of SIX1 on 
the expression of LDHA, a Ch-IP assay was per
formed. The results demonstrated that SIX1 was 
recruited to the binding sites in the LDHA promoter 
(Figure 5g). Thus, we confirmed that SIX1 might 
regulate the Warburg effect via enhancing LDHA 
expression.

CircPLOD2 regulates the Warburg effect through 
the miR-513a-5p/SIX1 axis in vitro

To investigate whether circPLOD2 displayed its 
function by miR-513a-5p/SIX1 axis, the rescued 
experiments were performed with inhibition of 
miR-513a-5p in circPLOD2-depleted cells. The 
results showed that circPLOD2 depletion mark
edly reduced the expression of SIX1 at both pro
tein and mRNA levels. But the silencing of miR- 
513a-5p reversed the effect of circPLOD2 in these 
cells (Figure 6 a and b). Moreover, glycolysis assay 
was also detected under such conditions. The 
results showed that downregulation of miR-513a- 
5p attenuated the function of circPLOD2 to 
enhance glucose uptake, pyruvate level, lactate 
production, and ATP level in HCT-116 and 
SW620 (Figure 6c).

CircPLOD2 promoted the proliferation of colon 
cancer cells in vivo

To detect the functions of circPLOD2/miR-513a- 
5p in vivo, the stable HCT-116 cells with sh- 
circPLOD2 and miR-513a-5p inhibitor transfec
tion were generated, and transplanted by subcuta
neously injection. After 4 weeks, the tumor 
samples were collected. The volume and weight 
of tumors with sh-circPLOD2 transfection or co- 
transfection with inhibitor-NC was dramatically 
lower than the control group (sh-NC). However, 

compared with the sh-circPLOD2+ inhibitor-NC 
group, co-transfection of sh-circPLOD2 and inhi
bitor significantly increased the volume and 
weight of tumors (Figure 7 a–). Besides, IHC 
staining investigated mice with sh-circPLOD2 
and inhibitor presented more positive Ki-67 sig
nals, the marker of cell proliferation, than the 
control group (Figure 7d). Moreover, we observed 
that the expression of miR-513a-5p in mice bear
ing circPLOD2-depleted cells was higher than in 
mice bearing cells with sh-NC, whereas this level 
was shapely reduced in mice bearing circPLOD2- 
depleted cells with miR-513a-5p inhibitor 
(Figure 7e). The results of western blot revealed 
that the protein level of SIX1 and LDHA were 
decreased in mice bearing circPLOD2-depleted 
cells, while this function of circPLOD2 was 
reversed when co-transfected with miR-513a-5p 
inhibitor (Figure 7f). Accordingly, we considered 
that circPLOD2 enhanced tumorigenicity of colon 
cancer in vivo through regulating the miR-513a- 
5p/SIX1/LDHA axis.

Discussion

Increasing researches have proved that circRNAs 
could act as potential biomarkers for disease diag
nosis and prognosis, and have a crucial role in the 
initiation and development of cancer. However, 
few circRNAs have been well identified in colon 
cancer. In this study, we found circPLOD2 was 
dramatically upregulated in colon cancer tissues 
and cells. Since proliferation and metastasis are 
the most important events to cancer development, 
resulting in high mortality of patients with colon 
cancer. Hence, it is urgent to investigate the func
tion of such circRNAs in colon cancer. With the 
gain-or-loss experiments, we found down- 
regulation of circPLOD2 inhibited proliferation, 
invasion and migration of colon cancer cells 
in vitro and in vivo. Moreover, because of the 
stable loop structure and resistance to the RNase 
R degradation, circPLOD2 might be an effective 
and functional marker for colon cancer diagnosis 
and treatment.

Nowadays, abundant studies have been demon
strated that circRNAs exerted multiple functions 
through serving as the sponge of miRNAs. In this 
study, we investigated that circPLOD2 was 
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accumulated in the cytoplasm and interacted with 
several miRNAs. Among them, miR-513a-5p was 
the top one in both colon cancer cells. Based on the 
RIP, FISH and luciferase reporter assay, we identified 
that circPLOD2 could target miR-513a-5p. down
regulation of circPLOD2 could increase the miR- 
513a-5p expression in colon cancer cells. The miR- 
513a-5p served as a tumor suppressor in multiple 
cancer. For example, Dong et al. reported that miR- 
513a-5p expression was decreased in osteosarcoma 
tissues or cells. Overexpression of such miRNA 
enhanced the radiosensitivity of osteosarcoma [20]. 
Another group demonstrated that silencing of miR- 
513a-5p might promote gastric cancer cell 

proliferation and migration through activating 
APE1 expression [21]. In this work, we validated 
that inhibition of miR-513a-5p could significantly 
reverse the antitumor effect on colon cancer induced 
by circPLOD2 knockdown. Accordingly, these data 
revealed that circPLOD2 was upregulated, and then 
suppressed the expression of miR-513a-5p, thereby 
promoted tumor progression.

In addition, according to the bioinformatics 
analysis, the high-grade overlapping target genes 
that binding with miR-513a-5p were predicted. 
Among them, SIX1 was selected and confirmed 
as a potential target of miR-513a-5p by luciferase 
assay. Besides, overexpression of miR-513a-5p 

Figure 6. CircPLOD2 regulated the SIX1-mediated Warburg effect in colon cancer through miR-513a-5p. (A) Representative blots and 
analyses for SIX1 in circPLOD2-depleted HCT-116 and SW620 cells with or without miR-513a-5p inhibitor treatment. (B) Relative 
expression of SIX1 in circPLOD2-depleted HCT-116 and SW620 cells with or without miR-513a-5p inhibitor treatment was measured 
by qRT-PCR. (C) The pyruvate level, glucose uptake, lactate production and ATP production in HCT-116 and SW620 cells with 
different transfection. N = 3, all data were represented as mean ± SD. ***p < 0.001.
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markedly reduced the expression of SIX1, while 
the downregulation of miR-513a-5p markedly 
increased its expression level. Restoring SIX1 
expression reversed the proliferation, invasion 
and migration suppression induced by miR-513a- 
5p overexpression. Together, we suggested that 
miR-513a-5p could inhibit tumor cell progression 
through directly binding to SIX1.

SIX1 is overexpressed in multiple types of can
cer and is related to poor clinical outcomes. Our 
work also confirmed that SIX1 expression was 
significantly increased in the colon cancer tissues 
and cells, and positively correlated with the 
expression level of circPLOD2. Up to now, many 
key glycolytic genes that are related to the 
Warburg effect, including HK2, PKM2 and 
LDHA, have been reported to mediate by SIX1 
[22,23]. As a hallmark of cancer, the Warburg 

effect regulates the pro-oncogenic metabolism pat
tern that cancer cells consume more glucose than 
the normal cells, and prefer to incomplete oxida
tion of glucose in an oxygen-independent manner 
[24,25]. LDHA, a step-limiting enzyme in the gly
colysis pathway, is essential for the progression of 
several cancer [26]. Downregulation of LDHA 
caused a reduction in cell migration and invasion 
through inhibiting MMP-2 activation [27,28]. In 
the present study, we found that SIX1 directly 
banded with LDHA promoter, and thus controlled 
the transcription of LDHA in colon cancer cells. 
Moreover, downregulation of miR-513a-5p attenu
ated the function of circPLOD2 to enhance glu
cose uptake, pyruvate level, lactate production, and 
ATP level in HCT-116 and SW620 cells. 
Therefore, circPLOD2 regulated LDHA by the 
miR-513a-5p/SIX1 axis.

Figure 7. CircPLOD2 promoted tumor progression through the miR-513a-5p/SIX1 axis in vivo. (A) Representative images of tumors of 
HCT-116 cells with different transfection. (B and C) The tumor volume and weight were measured. (D) Representative images of H&E 
staining and IHC assay for Ki-67 expression in the tumor tissues. (E) The expression level of miR-513a-5p in tumor tissues was 
detected by qRT-PCR. (F) Representative blots and analyses for SIX1 and LDHA in circPLOD2-depleted tumor samples with or without 
miR-513a-5p inhibitor transfection. N = 3, all data were represented as mean ± SD. **p < 0.01, ***p < 0.001 vs. the sh-nc group.
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In summary, we explored that a novel circRNA 
PLOD2 was enriched in colon cancer and asso
ciated with tumor progression and poor outcomes. 
Moreover, we investigated that circPLOD2 
initiated cell migration and invasion in vitro and 
in vivo through miR-513a-5p/SIX1 axis. In addi
tion, upregulated circPLOD2 controlled the 
Warburg effect in colon cancer by activating the 
LDHA expression. Our findings firstly identified 
the functional role and mechanism of circPLOD2, 
which provided a novel approach for colon cancer 
prognosis and treatment.
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