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ABSTRACT

As a gastrointestinal malignancy, colorectal cancer (CRC) is a main cause of cancer-related
deaths worldwide. Mex-3 RNA-binding family member A (MEX3A) is upregulated in multiple
types of tumors and plays a critical role in tumor proliferation and metastasis. However, the
function of MEX3A in CRC angiogenesis has not been fully understood. Hence, the aim of this
study was to explore the role of MEX3A in CRC angiogenesis and investigate its underlying
mechanisms. MEX3A expression in CRC was first investigated by bioinformatics means and
then measured by gRT-PCR and Western blot. CCK-8 assay was employed to test cell viability.
Angiogenesis assay was used to assess angiogenesis. The protein levels of VEGF, FGF and
SDF-1 were evaluated using Western blot. The expression levels of MYC, HK2 and PGK1 were
investigated by qRT-PCR. Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were determined by Seahorse XP 96. The levels of pyruvate, lactate, citric acid and
malate were measured by corresponding kits. Bioinformatics analysis demonstrated high
MEX3A expression in CRC tissues and MEX3A enrichment in glycolysis and angiogenesis
pathways. Cell assays showed high MEX3A expression in CRC cells and its promoting effects
in CRC cell proliferation and glycolysis as well as angiogenesis. Rescue experiment confirmed
that glycolysis inhibitor 2-DG could offset the promoting effects of MEX3A on the prolifera-
tion, angiogenesis and glycolysis of CRC cells. In conclusion, MEX3A could facilitate CRC
angiogenesis by activating the glycolytic pathway, suggesting that MEX3A may be a novel
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therapeutic target for CRC.

1. Introduction

Colorectal cancer (CRC) is the third most common
malignant tumor, with the mortality rate second
only to lung cancer. Despite achievements in clinical
practice and screening techniques, the diagnostic effi-
ciency of CRC in most countries, including developed
countries, remains lower than expected [1]. Surgery,
chemotherapy and radiotherapy were common meth-
ods for the treatment of colorectal adenocarcinoma in
the past. However, due to difficulties in early diagno-
sis of CRC, most patients have been in the advanced
stages of the disease when diagnosed with CRC, miss-
ing the best time for surgery and suffering more side
effects of chemotherapy and radiotherapy [2]. Thus, it
is of great practical significance to develop new CRC
treatment methods for improving the early diagnosis
and survival rate of CRC patients. Tumor angiogenesis
has been proved to play a critical role in tumorigen-
esis and tumor development, becoming a hot
research topic in the field of cancer. The antiangio-
genic drug bevacizumab has been approved for the
first- or second-line treatment of metastatic CRC [3].
As the first biological agent approved for treating
metastatic CRC, bevacizumab has demonstrated

impressive performance [4]. Therefore, it is meaning-
ful to explore the molecular mechanism of CRC angio-
genesis in CRC treatment.

Mex3 RNA-binding family member A (MEX3A) was
originally identified as a translational regulator in
Caenorhabditis elegans that binds RNA [5,6]. MEX3A
has been previously reported to act as oncogene in
a variety of cancers, such as breast cancer [6], CRC [7]
and osteosarcoma [8]. For example, Liang et al. [9]
found that MEX3A promotes lung adenocarcinoma
metastasis by down-regulating LAMA2 and then acti-
vating PI3K/AKT pathway. In the CRC study, Li et al.
[10] found that MEX3A benefits CRC tumorigenesis
through RAP1/MAPK signaling. Zhou et al. [7] revealed
that MEX3A knockdown inhibits CRC tumorigenesis
by up-regulating CDK2 expression. In conclusion,
MEX3A is critical to CRC progression, but no studies
have reported the role of MEX3A in CRC angiogenesis.
Hence, this study explored the function of MEX3A in
CRC angiogenesis and its mechanism.

In the present study, we investigated the expres-
sion of MEX3A and its biological functions in CRC. We
also investigated the mechanism by which MEX3A
affects angiogenesis in CRC. According to our results,
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MEX3A was significantly overexpressed in CRC and
could promote CRC angiogenesis through activating
the glycolytic pathway. In conclusion, our current
findings provided a new perspective for enriching
the pathogenesis of CRC and provided theoretical
support for using MEX3A as a new therapeutic target
for CRC.

1.1. Materials and methods

1.1.1. Bioinformatics analysis

The count data (51 normal samples and 647 cancer
samples) of CRC (COAD and READ) were down-
loaded from The Cancer Genome Atlas (TCGA).
Differential analysis was carried out on the TCGA
mRNA data in the normal and tumor groups (|FC|
>2, FDR<0.05) to obtain differentially expressed
mRNAs (DEmRNAs) by using the ‘edgeR’ package.
The mRNA expression was analyzed based on the
clinical data, and the mRNA to be studied was
identified by consulting literature. Gene set enrich-
ment analysis (GSEA) was employed for gene path-
way enrichment.

1.2. Cell culture

Normal human colon epithelial cells NCM-460, human
umbilical vein endothelial cells (HUVECs), and human
CRC cell lines (SW480, HCT116, HT-29) were provided
by BeNa Culture Collection (China). Cells were kept in
RPMI-1640 (Thermo Fisher Scientific, USA) in
a constant temperature incubator with 5% CO,
at 37°C.

1.3. Cell transfection

si-MEX3A/oe-MEX3A and corresponding controls si-
NC/oe- NC were purchased from Ribobio (China),
while 2-DG and PBS were purchased from Sigma
(USA). The plasmids described above were transfected
into CRC cells by using the Lipofectamine 2000 kit
(Thermo Fisher Scientific, USA) in accordance with
the kit operating instructions. 24 h later, transfected
cells were harvested for the next experiment.

1.4. Qrt-PCR

Total RNA isolation was performed using TRIzol
reagent (Invitrogen, USA) and concentration deter-
mination of RNA was completed by a NanoDrop
2000 system (Thermo Fisher Scientific, USA). Total
RNA was reversely transcribed using PrimeScriptTM
RT Master Mix (Takara, Japan) as descripted in the
kit instructions. gRT-PCR was run on an ABI
QuantStudio 5 real-time PCR system (Thermo
Fisher Scientific, USA) by applying the iQ SYBR
Green Supermix kit (BIO-RAD, USA) to evaluate the
expression of the genes listed in Table 1. B-actin
was taken as a standardized endogenous control.
The 2722 value was adopted to compare the rela-
tive expression of MEX3A between control group
and experimental group. Primer sequences are
shown in Table 1.

1.5. Western blot

Total proteins were extracted from cells using lysis
buffer, separated by SDS-PAGE, blotted onto PVDF
membrane, and blocked with 5% skim milk powder
for 1 h. The membrane was probed with primary anti-
bodies at 4°C overnight and secondary antibody for 2
h. Protein expression was measured using enhanced
chemiluminescence (ECL) substrate kit and gel ima-
ging system. Antibodies involved were: primary anti-
bodies rabbit anti-MEX3A (Abcam, UK), VEGF (Biorbyt,
UK), FGF (Abcam, UK) and SDF-1 (Abcam, UK), 3-actin
(Abcam, UK); secondary antibody goat anti-rabbit IgG
(Abcam, UK).

1.6. Cell counting kit-8 (CCK-8) assay

Cell viability was tested wusing CCK-8 kit
(MedChemExpress, USA). Transfected cells were
collected and seeded into 96-well plates. After O,
24, 48, 72 and 96 h of culture, 10uL of CCK-8
solution was added, and then the cells were incu-
bated for 2 h in an incubator. The absorbance was
read at 450 nm by microplate reader. Three same
biological experiments were repeated for each

group.

Table 1. Primer sequences for Qrt-PCR.

Gene Primer sequence (5'—3')
MEX3A F: TGGAGAACTAGGATGTTTCGGG
R: GAGGCAGAGTTGATCGAGAGC
MYC F: CAAGAGGCGAACACACAACGTCT
R: AACTGTTCTCGTCGTTTCCGCAA
HK2 F: TCTACCACATGCGCCTCTCT
R: GCCCATTGTCCGTTACTTTC
PGK1 F: AGCGGGTCGTTATGAGAGTC
R: CTCCAGCAGGATGACAGACC
B-actin F: CTTAGTTGCGTTACACCCTTTCTTG
R: CTGTCACCTTCACCGTTCCAGTTT




1.7. Angiogenesis assay

Angiogenesis assay was utilized to test the angiogenic
ability of HUVECs. HUVECs were inoculated into the
wells of the 96-well plate (Corning, USA), which was
coated with 50 pL of matrigel (Corning, USA). HUVECs
were treated with the cell culture medium previously
treating CRC cells. The cells were incubated for 24 h at
37°C, and capillary structure formation was observed
and photographed under a light microscope.

1.8. Determination of extracellular acidification
rate (ECAR) and oxygen consumption rate (OCR)

ECAR and OCR were determined using a Seahorse
XP96 extracellular flux analyzer (Seahorse Bioscience,
USA) according to the methods of Ling Li et al. [11].
ECAR and OCR were obtained by the Seahorse XP
glycolytic Stress Test Kit and the Seahorse XP
Cellular Mitochondrial Stress Test Kit (Agilent
Technologies, USA), respectively. The glycolytic level,
glycolytic capacity, basal OCR and maximum OCR
were calculated according to the test results.

1.9. Determination of glycolytic pathway activity
in CRC cell lines

Glycolytic activity was measured using pyruvate assay
kit (Solarbio, China), lactate assay kit (Solarbio, China),
citric acid assay kit (Solarbio, China) and malate assay
kit (Sigma, USA). The kits were used to measure pyr-
uvate, lactate, citric acid and malate in HCT116 cells as
per instructions. qRT-PCR was applied to measure the
expression of key kinases (including MYC, HK2 and
PGK1) involved in glycolysis regulation [12].

1.10. Data analysis

All statistical analyses were completed with GraphPad
Prism 6 Software (GraphPad Software, USA). All
experiments were performed at least three times,
and the results were expressed as mean * standard
deviation. Differences between groups were com-
pared by t-test or one-way analysis of variance. P <
0.05 indicated significant difference and denoted by
the figure of *.

2. Results
2.1. MEX3A expression is up-regulated in CRC

MEX3A has been previously proved to promote the
progression of breast cancer and other cancers
[13,14]. Bioinformatics analysis revealed that
MEX3A expression was evidently higher in CRC tis-
sues than in normal tissues (Figure 1a). Then, the
correlation  between MEX3A expression and
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clinicopathological information was analyzed by
bioinformatics databases. The data analyses showed
that MEX3A expression was higher in the group of
Stage lll+Stage IV than in the group of Stage |
+Stage Il (Figure 1b) and showed a significant dif-
ference between MO group and M1 group, with an
increasing trend (Figure 1c¢). In combination with
the literature, we took MEX3A as the research
object and determined the mRNA expression level
of MEX3A in normal colon cells NCM-460 and
human CRC cell lines HCT116, SW480 and HT29 by
gRT-PCR. As the results demonstrated, the mRNA
expression level of MEX3A was up-regulated in
CRC cells (Figure 1d). Among the CRC cell lines,
HCT116 cell line with relatively high MEX3A expres-
sion was selected for further study. These results
indicated that MEX3A was markedly overexpressed
in CRC.

2.2. MEX3A promotes angiogenesis in CRC

We further investigated the mechanism of MEX3A
affecting the development of CRC. We first identified
MEX3A enrichment in the VEGF pathway using GSEA
(Figure 2a), based on which we speculated that
MEX3A might facilitate tumor angiogenesis in CRC.
Hence, we constructed HCT116 cells with MEX3A
knockdown (si-MEX3A). According to gRT-PCR and
Western blot results, the mRNA and protein levels of
MEX3A in HCT116 cells were remarkably reduced after
MEX3A knockdown (Figure 2b,c). CCK-8 results
showed the inhibitory effect of MEX3A knockdown
on cell viability of HCT116, as compared with the
control (Figure 2d). Afterwards, HUVECs were treated
with HCT116 cell medium of the control group (si-NC)
and si-MEX3A group, separately. In terms of angio-
genesis assay, it demonstrated that knockdown of
MEX3A reduced reticular structure length (Figure 2e),
indicating that MEX3A knockdown could suppress the
ability of angiogenesis. Western blot results demon-
strated that the protein levels of angiogenic factors
VEGF, FGF and SDF-1 were substantially reduced in
the supernatant of HUVEC cells treated with HCT116
cell medium after MEX3A knockdown (Figure 2f).
These results indicated that unusual high expression
of MEX3A could significantly promote CRC
angiogenesis.

2.3. MEX3A promotes glycolysis in CRC cells

We next studied the potential mechanism of MEX3A
promoting CRC angiogenesis. We performed GSEA,
which revealed that MEX3A was involved in the
glycolysis pathway (Figure 3a), suggesting that
MEX3A could affect glycolysis in CRC cells.
Therefore, gRT-PCR was employed to measure the
expression levels of specific genes related to
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Figure 1. MEX3A expression is up-regulated in CRC.
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Note: a: Bioinformatics analysis of MEX3A expression in CRC and normal tissues; b: MEX3A expression level in CRC Stage I+Stage Il and Stage Il
+Stage IV stages; ¢: MEX3A expression in CRC MO and M1 phases; d: MEX3A mRNA expression level in NCM-460, HCT116, SW480 and HT29

cells. * P<0.05.

glycolytic metabolic pathway in cells, such as MYC,
HK2, and PGK1, and the results showed that the
mMRNA expression levels of MYC, HK2 and PGK1 in
HCT116 cells with MEX3A knockdown were signifi-
cantly reduced compared with those with si-NC
treatment (Figure 3b). ECAR and OCR of HCT116
cells treated with si-NC or si-MEX3A were analyzed
by Seahorse XP 96. The results exhibited that ECAR
was sharply reduced in MEX3A-knockdown HCT116
cells compared to the control, indicating the inhibi-
tory effect of low MEX3A expression on glycolysis in
CRC cells (Figure 3c). However, OCR was increased
in HCT116 cells with MEX3A knockdown treatment,
indicating that suppressed expression of MEX3A
could significantly promote mitochondrial oxidative
respiration (Figure 3d). The levels of pyruvate, lac-
tate, citric acid and malate in si-NC or si-MEX3A
treated HCT116 cells were determined by corre-
sponding kits. As the results revealed, MEX3A
knockdown suppressed the production of pyruvate,
lactate, citric acid and malate in HCT116 cells com-
pared with the control, indicating that MEX3A

knockdown could lead to glycolytic process block-
ade in CRC cells (Figure 3e-h). In one word, abnor-
mally high MEX3A level could evidently promote
glycolysis in CRC cells.

2.4. MEX3A promotes CRC angiogenesis via
glycolytic pathway activation

With the aim of exploring the mechanism of MEX3A
affecting CRC angiogenesis through glycolysis, we
next constructed the following groups based on
HCT116 cells: oe-NC+PBS, oe-MEX3A+PBS, and oe-
MEX3A+2-DG (which down-regulates glycolysis using
aerobic glycolysis inhibitor 2-DG). As the qRT-PCR and
Western blot analyses exhibited, the mRNA and pro-
tein expression levels of MEX3A were substantially
enhanced in MEX3A overexpressing cells compared
with controls, and 2-DG treatment had no significant
effect on the expression of MEX3A (Figure 4a,b). CCK-
8 assay indicated the promoting role of MEX3A in cell
viability of HCT116, and further treatment with 2-DG
could reverse the above-mentioned promoting effect
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Figure 2. MEX3A promotes angiogenesis in CRC.

Note: a: GSEA showed that MEX3A was involved in the VEGF pathway; b: The mRNA expression level of MEX3A in HCT116 cells transfected
with si-NC or si-MEX3A was measured by qRT-PCR; c: The protein expression level of MEX3A in HCT116 cells transfected with si-NC or si-
MEX3A was measured by Western blot; d: CCK-8 assay was employed to evaluate the viability of HCT116 cells transfected with si-NC or si-
MEX3A; e: Angiogenesis assay was applied to evaluate the angiogenesis ability of HUVECs; f: The protein levels of VEGF, FGF and SDF-1 in

HUVECs were evaluated by Western blot. * P < 0.05.

(Figure 4c). Next, in order to test the effect of MEX3A
overexpression on the angiogenic ability of CRC cells,
HUVECs were treated with the cell mediums con-
structed above. The results of angiogenesis assay
showed that MEX3A overexpression could substan-
tially increase the length of blood vessels compared
with control cells. Further treatment with 2-DG
reversed the angiogenesis promoting effect of
MEX3A overexpression on HCT116 cells (Figure 4d).

The expression of angiogenic factors VEGF, FGF and
SDF-1 in the HUVECs was measured by Western blot,
which showed that MEX3A overexpression could facil-
itate the protein expression of VEGF, FGF and SDF-1,
as compared to the control cells. Further addition of
2-DG reversed the promoting effect of MEX3A over-
expression on angiogenic factor protein expression
(Figure 4e). gRT-PCR was done to analyze the effect
of MEX3A overexpression on the expression levels of
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Figure 3. MEX3A promotes glycolysis in CRC cells.

Note: a: MEX3A-enriched pathways shown by GSEA; b: qRT-PCR was applied to measure the expression levels of glycolytic metabolic genes in
HCT116 cells transfected with si-NC or si-MEX3A; c: ECAR of HCT116 cells transfected with si-NC or si-MEX3A was evaluated by Seahorse XP, and
the ECAR curves were generated with addition of glucose, oligomycin and 2-DG; d: OCR of HCT116 cells transfected with si-NC or si-MEX3A was
measured by Seahorse XP, and the curves were generated with addition of oligomycin, FCCP and anti-mycin A; e-h: The levels of pyruvate,
lactate, citric acid and malate in HCT116 cells transfected with si-NC or si-MEX3A were evaluated by corresponding kits. * P < 0.05.

specific genes related to glycolytic metabolic path-
way, MYC, HK2 and PGK1. According to the results,
MEX3A overexpression promoted the expression of
MYC, HK2 and PGK1, and further addition of 2-DG
reversed the promoting effect of MEX3A overexpres-
sion on specific genes related to glycolytic metabolic
pathway (Figure 4f). Seahorse XP 96 was utilized to
analyze ECAR and OCR of cells in the treatment
groups. The results demonstrated that ECAR was evi-
dently increased in HCT116 cells overexpressing
MEX3A compared with the control group, indicating
that MEX3A overexpression could significantly pro-
mote glycolysis of CRC cells. Further addition of
2-DG offset the promoting effect of MEX3A overex-
pression on ECAR (Figure 4g). While OCR was reduced

in HCT116 cells with MEX3A overexpression, indicat-
ing that MEX3A overexpression could evidently inhibit
mitochondrial oxidative respiration, and addition of
2-DG could restore the effect of MEX3A overexpres-
sion on OCR (Figure 4h). The levels of pyruvate, lac-
tate, citric acid and malate in cells of the treatment
group were evaluated by detection kits. The kits
revealed that MEX3A overexpression facilitated the
production of pyruvate, lactate, citric acid and malate
in HCT116 cells, indicating that MEX3A overexpression
could promote the glycolysis process of CRC. Addition
of 2-DG offset the promoting effect of MEX3A over-
expression on glycolytic progression in CRC cells
(Figure 4i). Taken together, MEX3A promoted CRC
angiogenesis by activating the glycolytic pathway.
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Figure 4. MEX3A promotes CRC angiogenesis via glycolytic pathway activation.

Note: a: qRT-PCR was employed to analyze the effect of MEX3A and 2-DG on the mRNA expression of MEX3A in HCT116 cells; b: Western blot was
employed to detect the effect of MEX3A and 2-DG on the protein expression of MEX3A in HCT116 cells; ¢: CCK-8 assay was performed to evaluate the
viability of HCT116 cells treated with oe-NC+PBS, oe-MEX3A+PBS or oe-MEX3A+2-DG; d: Angiogenesis assay was conducted to evaluate the angiogenesis
ability of HCT116 cells treated with oe-NC+PBS, oe-MEX3A+ PBS or oe-MEX3A+2-DG; e: The protein levels of VEGF, FGF and SDF-1 in HUVECs were
measured by Western blot; f: The expression levels of specific genes related to glycolytic metabolic pathways (MYC, HK2, PGK1) in HCT116 cells treated
with oe-NC+PBS, oe-MEX3A+ PBS or oe-MEX3A+2-DG were evaluated by qRT-PCR; G: The ECAR of HCT116 cells treated with oe-NC+PBS, oe-MEX3A+PBS
or oe-MEX3A+2-DG was measured by Seahorse XP, and the ECAR curves were generated with addition of glucose, oligomycin and 2-DG; h: The OCR of
HCT116 cells treated with oe-NC+PBS, oe-MEX3A+PBS or oe-MEX3A+2-DG was measured by Seahorse XP, and the curves were generated with addition
of oligomycin, FCCP and anti-mycin A; i: The levels of pyruvate, lactate, citric acid and malate in HCT116 cells treated with oe-NC+PBS, oe-MEX3A+ PBS or

0e-MEX3A+2-DG were detected by corresponding kits. * P < 0.05.
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3. Discussion

Blood vessels can provide oxygen and nutrients for
the rapid growth and reproduction of tumor cells
[15], so angiogenesis is crucial to the genesis, devel-
opment and metastasis of tumors [16]. Studies have
found that the genesis and progression of CRC are
closely related to angiogenesis, which is critical to
CRC proliferation and metastasis [17]. Furthermore,
increased VEGF levels and VEGFR activity were linked
with poor prognosis of CRC [18]. In the present
study, MEX3A was substantially overexpressed in
CRC tissues relative to normal tissues, and its high
expression could promote CRC angiogenesis.
According to previous studies, MEX3A is a potential
oncogenic gene involved in carcinogenesis and pro-
gression of various types of tumors, including lung
adenocarcinoma [9], breast cancer [13], and glioma
[19]. Wang et al. [8] found that MEX3A knockdown
inhibits osteosarcoma cell proliferation, apoptosis,
and migration. Wang et al. [20] found the inhibitory
effect of low MEX3A expression on the progression
of pancreatic ductal adenocarcinoma. Although
numerous studies have investigated the functions
of MEX3A in cancer, its function in CRC angiogenesis
has not been reported. In our study, the involvement
of MEX3A in the regulation of CRC angiogenesis was
demonstrated for the first time. This result enriched
our further understanding of CRC pathogenesis and
suggested that targeting MEX3A may be a novel
therapeutic strategy for CRC.

In addition, our results exhibited that MEX3A
could promote CRC angiogenesis through activation
of the glycolytic pathway. In recent years, altered
energy metabolism has been considered a key
mechanism to explain the typical rapid proliferation,
metastasis and chemical resistance of tumor cells
[21]. Aerobic glycolysis is a widespread metabolic
phenotype in cancer cells. There has been a lot of
experimental evidence that metabolic conversion to
aerobic glycolysis involves oncogenic events, includ-
ing transcriptional regulation and signal transduc-
tion mechanisms [22]. For example, miR-488 inhibits
tumor oxaliplatin and 5-Fu resistance by targeting
PFKFB3 and therefore inhibiting CRC glycolysis [23].
MiR-142-3p inhibits aerobic glycolysis of CRC cells
through PKM2, and then inhibits tumor cell invasion
and migration [24]. In addition, glycolysis has been
reported to play a vital role in tumor angiogenesis.
For example, Deng et al. [25] found that DKK2
stimulates endothelial angiogenesis by accelerating
aerobic glycolysis in CRC cells to produce lactate.
Yang et al. [26] found that lymphotoxin-a promotes
tumor formation in head and neck squamous cell
carcinoma by regulating glycolysis in a PFKFB3-
dependent way. Wade et al. [27] revealed that low
expression of miR-125a can promote angiogenesis

by promoting glycolysis. In the present study, bioin-
formatics analysis exhibited that MEX3A was
enriched in the glycolytic signaling pathway of
CRC. Further studies revealed that MEX3A could
promote CRC angiogenesis by activating the glyco-
lytic pathway, which was consistent with previous
findings.

Taken together, the present study revealed for the
first time that MEX3A promoted CRC cell proliferation
and angiogenesis, and that MEX3A promoted CRC
angiogenesis by activating the glycolytic pathway.
The rescue experiment further supports our findings.
More importantly, our investigation revealed that
high expression level of MEX3A was significantly cor-
related with the progression of CRC patients. Hence,
MEX3A can be considered a promising biomarker for
CRC diagnosis, and it be useful in future drug devel-
opment as a new target for CRC treatment. However,
there are still some limitations in our study.
Nevertheless, is a lack of clinical studies on MEX3A,
and the possibility of its application in clinical practice
has not been confirmed. This is also an important
direction of our future research. We will collect clinical
samples for systematic analysis and verification of this
topic. In a word, our study results provide new
insights into the search for targets for antiangiogenic
drugs.
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