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LncRNA maternally expressed gene 3 (MEG3) is a potential prognostic and diagnostic biomarker in colorectal carci-
noma (CC). However, its cellular functions and mechanism remain not fully uncovered. Relative expression of MEG3, 
miRNA (miR)-103a-3p, and pyruvate dehydrogenase E1 subunit beta (PDHB) was detected by RT-qPCR and western 
blotting. Cell proliferation was measured by CCK-8 assay, colony formation assay, and flow cytometry, as well as xenograft 
tumor assay. Transwell assay examined cell invasion. Endoplasmic reticulum (ER) stress was evaluated by western blotting. 
Dual-luciferase reporter assay and RNA immunoprecipitation determined the relationship between miR-103a-3p and 
MEG3 or PDHB. Expression of MEG3 was downregulated in human CC tumor tissues and cells (SW620 and HCT116), 
accompanied by higher miR-103a-3p and lower PDHB. Restoring MEG3 suppressed cell viability, colony formation ability, 
and invasion, arrested cell cycle, and induced apoptosis rate in SW620 and HCT116 cells, as well as promoted expres-
sion of ER stress-related proteins (GRP78, ATF6, CHOP, caspase-3, and caspase-9). Furthermore, MEG3 overexpression 
hindered tumor growth and facilitated ER stress in vivo. Molecularly, miR-103a-3p was a target of MEG3, and further 
targeted PDHB. Similarly, in function, blocking miR-103a-3p suppressed CC in vitro by affecting proliferation, invasion, 
and ER stress; in addition, restoring miR-103a-3p partially counteracted the suppressive role of MEG3 in CC cells. MEG3 
sponged miR-103a-3p to suppress CC malignancy by inducing ER stress and inhibiting cell proliferation and invasion via 
upregulating PDHB, suggesting a novel MEG3/miR-103a-3p/PDHB ceRNA pathway.
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Endoplasmic reticulum (ER) stress, caused by the accumu-
lation of unfolded or misfolded proteins, plays a dual role in 
tumorigenesis and development [1], by linking to funda-
mental biological processes, such as proliferation, apoptosis, 
migration, invasion, and autophagy [2–4]. In response to 
ER stress, unfolded protein response (UPR) is activated to 
promote tumor-survival response or anti-tumor response [5, 

6]. Not surprisingly, ER stress and UPR are associated with 
intestinal diseases, including colorectal carcinoma (CC) [7, 8].

CC is the third most common cancer according to 
global cancer statistics 2018 of the International Agency for 
Research on Cancer [9], and its incidence and mortality are 
expected to be rapidly increasing in many low-income and 
middle-income countries [10]. The survival of CC patients 
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is closely related to the stage of CC [11], thus it is essential to 
identify more efficient molecular targets for a better under-
standing of the mechanism underlying CC progression, as 
well as seeking early diagnostic markers.

Recently, it has been well documented that long noncoding 
RNAs (lncRNAs) as key regulators mediate the competing 
endogenous RNA (ceRNA) network to regulate carcinogen-
esis, progression, and treatment of CC [12, 13]. LncRNA 
maternally expressed gene 3 (MEG3) is the first identified 
tumor suppressive lncRNA in human cancers. In CC, MEG3 
has been suggested as a prognostic biomarker for CC [14, 
15]; nevertheless, its role and mechanism in CC cells remain 
largely unclear, especially in ER stress.

The interactions among lncRNAs, microRNAs (miRNAs), 
and messenger RNAs (mRNAs) have participated in tumori-
genesis, growth, progression, epithelial-mesenchymal transi-
tion, drug resistance, and therapeutic potential in CC [16]. 
Moreover, miRNAs have a dual role for CC progression 
both in oncogenes and tumor suppression [17]. miRNA 
(miR)-103a-3p is one of a panel of miRNAs identified as a 
biomarker for the diagnosis and prognosis of CC [18, 19]. 
However, the detailed biological functions of this miRNA 
are left to be illustrated in CC cells, as well as its underlying 
regulatory mechanism.

In this study, we focused on investigating the role of MEG3 
and miR-103a-3p in proliferation, invasion, and ER stress of 
CC cells, as well as the corresponding ceRNA mechanism 
through regulating pyruvate dehydrogenase E1 subunit beta 
(PDHB), a circadian clock-regulated glycolysis gene that is 
involved in cancer progression and metastasis [20].

Materials and methods

Human tissue samples. Human colorectal tumor tissues 
and adjacent normal colorectal mucosal tissues were obtained 
from a group of 33 patients with CC at the Third Affili-
ated Hospital of Kunming Medical University. The patients 
received no antitumor therapies before this surgery, and CC 
pathological classification was applied in conformity to the 
Union for International Cancer Control (UICC) CC staging 
criteria. All tissues were harvested after each patient signed 
written consent for further RNA and protein isolation. This 

work was approved by the Ethics Committee of the Third 
Affiliated Hospital of Kunming Medical University.

Cells and cell culture. Human normal colonic mucosal 
epithelial cell line FHC (CRL-1831), human embryonic 
kidney epithelial cell line 293T (CRL-3216), and human 
CC cell lines SW620 (CCL-227) and HCT116 (CCL-247) 
were from the American Type Culture Collection (ATCC; 
Manassas, VA, USA). These cells were cultured in corre-
sponding mediums according to culture methods on ATCC. 
FHC, 293T, and HCT116 cells were maintained at 37 °C in 
a humidified atmosphere containing 5% CO2, while SW620 
cells were cultivated without CO2.

Real-time quantitative PCR (RT-qPCR). Total RNA 
was isolated using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA), followed by the identification of the quality 
and concentration on Nanodrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Foster City, CA, USA). An aliquot 
of RNA (500 ng) was subjected to cDNA synthesis and ampli-
fication using the RevertAid First-Strand cDNA Synthesis kit 
(Thermo Fisher Scientific) and SYBR Green Mix (Thermo 
Fisher Scientific), respectively. Glyceraldehyde-phosphate 
dehydrogenase (GAPDH) was used for the normalization of 
MEG3 and PDHB, while U6 small nuclear RNA (U6) was for 
miR-103a-3p. The primers’ sequences are shown in Table 1. 
The relative expression level was calculated using the 2(–ΔΔ(T)) 
method.

Cell transfection. The overexpressing vector pcDNA3.1 
(+) (vector; Invitrogen) was used to construct the MEG3 
overexpression vector (oe-MEG3) by inserting the full length 
of MEG3 (NR_002766). The mimics of miR-103a-3p and 
negative control (miR-103a-3p mimic and mimic NC), inhib-
itors of miR-103a-3p and negative control (miR-103a-3p 
inhibitor and inhibitor NC), and siRNAs against PDHB 
and negative control (si-PDHB and si-NC) were separately 
synthesized by Songon Biotech (Shanghai, China). In 
general, these nucleotides were transfected into SW620 and 
HCT116 cells using Lipofectamine 3000 reagent (Invitrogen) 
according to the manufacturers’ instruction. The doses 
of nucleotides in transfection are summarized in Supple-
mentary Table S1. For co-transfection, nucleotides were 
mixed for transfection with and two-fold of Lipofectamine 
3000 reagent (Invitrogen). The siRNAs sequence was listed: 
si-PDHB sense 5’-GGAAUUCAGAGGAUGCUAAAG-3’ 
and antisense 5’-UUAGCAUCCUCUGAAUUCCAG-3’, and 
si-NC sense 5’-GCUACGAUCUGCCCAAGAUTT-3’ and 
antisense 5’-AUCUUAGGCAFGAUCGUCGCTT-3’.

Cell counting kit (CCK)-8 assay, colony formation 
assay, and cell cycle analysis. For monitoring cell viability, 
SW620 and HCT116 cells were plated into 96-well plates 
with different transfection. After transfection for 24 h, 48 h, 
and 72 h, 10 μl of CCK-8 solution (Dojindo, Tokyo, Japan) 
was added into each well (5 wells per group). After further 
incubation for 2 h, the optical density (OD) values of cells 
were measured at 450 nm on the microwell plate spectropho-
tometer.

Table 1. Sequences of primers used in the study.
Gene Primers
MEG3 forward 5’-CCACCCCTCTTGCTTGTCTT-3’

reverse 5’-GGCCTTTCAAGAAGCTTGGC-3’
miR-103a-3p forward 5’-CAGCATTGTACAGGGCT-3’

reverse 5’-GAACATGTCTGCGTATCTC-3’
PDHB forward 5’-CGGATAGAGGACACGACCAAG-3’

reverse 5’-TGAAAGCGCCTCTTCAGCA-3’
GAPDH forward 5’-CCACATCGCTCAGACACCAT-3’

reverse 5’-ACCAGGCGCCCAATACG-3’
U6 forward 5’-GCTTCGGCAGCACATATACTAAAAT-3’

reverse 5’-CGCTTCACGAATTTGCGTGTCAT-3’
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For colony formation assay, transfected SW620 and 
HCT116 cells in 6-well plate were transferred into a fresh a 
6-well plate with 400 cells/well (3 wells/group). After further 
cell culturing for 15 days, cell colonies were formed and 
counted with crystal violet staining. The number of stained 
colonies was calculated under a microscope.

To analyze cell cycle distributions, transfected SW620 and 
HCT116 cells were fixed with 75% ethanol overnight at 4 °C 
and stained with the cell cycle detection kit (Keygen, Nanjing, 
China). Lastly, the DNA content was measured on the Accuri 
C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

Transwell assay. For invasion assay, transwell chambers 
(8.0 μm pore size; EMD Millipore, Billerica, MA, USA) and 
Matrigel (Corning, NY, USA) were used. The chambers were 
prepared with Matrigel (10% in medium) at room temperature 
for overnight. After that, 5×105 cells (SW620 and HCT116) 
suspended in serum-free medium were placed in the upper 
chambers (three chambers per group), and medium supple-
mented with 20% fetal bovine serum (Hyclone, Logan, UT, 
USA) was added in the lower chamber. After further cultiva-
tion for 48 h, the invaded cells on the lower surface were fixed 
with ice-cold 75% ethanol overnight at 4 °C and stained with 
0.2% crystal violet for 1 h at room temperature. The number 
of invaded cells was counted a under microscope (100×).

Apoptosis assay. For cell apoptosis assay, double staining 
method and flow cytometry (FCM) were employed. After 
transfection, SW620 and HCT116 cells were subjected to 
Annexin V- fluorescein isothiocyanate (FITC) Apoptosis 
Detection Kit (Beyotime, Shanghai, China) according to 
the instructions. Stained cells were sorted in Annexin V/
propidium iodide (PI) quadrant and apoptotic cells were in 
Annexin V+/PI+ and Annexin V+/PI– quadrants.

Western blotting. The assay was implemented according 
to the previous description [21]. The primary antibodies 
used are listed as follows: glucose-regulated protein 78 
(GRP78; sc-13539), activating transcription factor 6 (ATF6; 
sc-166659), C/EBP homologous protein (CHOP; sc-7351), 
and GAPDH (sc-47724) were from Santa Cruz (Shanghai, 
China), as well as PDHB (ab155996), cleaved caspase-3 
(caspase-3; ab49822) and caspase-9 p35 (caspase-9; 
ab210611) from Abcam (Cambridge, UK). Protein level was 
quantified by the ImageJ software (National Institutes of 
Health, Bethesda, MD, USA) with normalization to GAPDH.

Dual-luciferase reporter assay and RNA immuno-
precipitation (RIP) assay. The putative binding sites of 
miR-103a-3p in wild-type (wt) of MEG3 (MEG3 wt) or 
3’UTR of PDHB wt (PDHB 3’UTR wt) were mutated using 
the Quickchange XL Site-Directed Mutagenesis Kit (Agilent 
Stratagene, Cedar Creek, Texas, USA) according to the 
manufacturer’s protocol. Then, 293T cells were seeded in a 
96-well plate and co-transfected with 50 ng Firefly luciferase 
reporter vector pGL3 (Promega, Madison, WI, USA) carrying 
MEG3 wt, PDHB 3’UTR wt, or their mutants (MEG3 mut 
or PDHB 3’UTR mut), 5 ng Renila luciferase reporter vector 
pRL-TK (Promega), and miRNA mimic. After transfection 

for 48 h, Firefly and Renila luciferase activities were detected 
using the dual-luciferase reporter assay system (Promega), 
and Renila luciferase activity was the internal control.

For RIP assay, SW620 and HCT116 cells were lysed in RIP 
lysis buffer, and then cell lysate was subjected to EZ-Magna 
RIP Kit (Millipore, Billerica, MA, USA) according to the 
instructions. Antibodies against Argonaute 2 (anti-Ago2; 
ab32381) or immunoglobulin G (anti-IgG; ab172730) were 
from Abcam. The RNA expression in RIP portions (Input, 
IgG-RIP, and Ago2-RIP) was further detected by RT-qPCR.

In vivo experiment. This animal experiment was approved 
by the Ethics Committee of the Third Affiliated Hospital of 
Kunming Medical University. Male nude mice (Laboratory 
Animal Center of Nanjing University, Nanjing, China) were 
purchased and raised for xenograft tumor models. SW620 
cells (5×106) stably transfected with oe-MEG3 or empty 
vector were further subcutaneously seeded into the flanks 
of the above mice (n=6). The mice were monitored every 
three days from transplantation, and the dimensions (length 
and width) of neoplasms were measured using a caliper. 
All xenograft mice were euthanatized on the last day of the 
xenograft experiment and the tumor weight was measured 
using an electronic balance. Tissues of mice tumors were 
stored for further RNA and protein isolation. The tumor 
volume was calculated as 0.5 × length × width2. All animal 
operations strictly followed the Guide for the Care and Use of 
Laboratory Animals from the National Institutes of Health.

Statistical analysis. Values are presented as mean ± 
standard deviation with data analysis on GraphPad Prism 
version 5.00 (GraphPad Software, San Diego, CA, USA). 
Comparisons were analyzed via Student’s t-test or analysis 
of variance for experiments with two groups or multiple 
groups. The correlation between miR-103a-3p and MEG3 
or PDHB mRNA levels was determined by Pearson’s corre-
lation analysis. A p-value <0.05 was deemed as a statistical 
difference.

Results

MEG3 expression was decreased in CC patients and 
cells. Expression status of MEG3 in CC was confirmed in 
a cohort of patients with CC, and RT-qPCR data showed 
a lower level of MEG3 in tumor tissues (0.81-fold) than 
adjacent normal tissues (1.46-fold) (Figure 1A). Besides, the 
MEG3 expression was also decreased in human CC cell lines 
including SW620 (0.30-fold) and HCT116 (0.43-fold), in 
parallel with normal FHC cells (1.0-fold) (Figure 1B). These 
outcomes demonstrated the downregulation of MEG3 in CC, 
suggesting a potential tumor-suppressive role of MEG3.

Boosting MEG3 restrained CC cell proliferation and 
invasion, and promoted ER stress in vitro. The inherent 
downregulation of MEG3 was artificially restored using 
oe-MEG3 transfection, and RT-qPCR revealed a significant 
increase of the MEG3 expression in SW620 and HCT116 cells 
transfected with oe-MEG3 (Figure 2A). Subsequently, the 
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with miR-103a-3p mimic than with mimic NC (Figure 3E) 
and MEG3 mut groups showed no significant difference on 
luciferase activity. RIP assay revealed the enrichment of both 
MEG3 and miR-103a-3p in the cell lysate of SW620 and 
HCT116 cells incubated with anti-Ago2 (Figure 3F). These 
results testified to the direct interaction between MEG3 and 
miR-103a-3p.

In functions, the contribution of miR-103a-3p to the role 
of MEG3 in proliferation, invasion, and ER stress was further 
detected in rescue experiments. SW620 and HCT116 cells 
underwent the transfection of oe-MEG3 alone or together 
with miRNA mimics. miR-103a-3p was monitored for the 
inhibition with oe-MEG3 transfection, and this downregula-
tion was rescued with miR-103a-3p mimic co-transfection 
(Figure 3G). The cell viability suppression in oe-MEG3-
transfected SW620 and HCT116 cells was attenuated in 
the presence of miR-103a-3p mimic (Figure 3H), as well 
as suppression on colony formation ability and promo-
tion on cell cycle arrest in the G1/G0 phase (Figures 3I, 3J, 
and Supplementary Figure S1A). The cell invasion was also 
inhibited in SW620 and HCT116 cells with the oe-MEG3-
transfection, which was improved with the co-transfection of 
miR-103a-3p mimic (Figure 3K and Supplementary Figure 
S1B). Introducing oe-MEG3-induced ER stress was mitigated 
by the miR-103a-3p mimic administration, as described 
by a reduced apoptosis rate (Figure 3L and Supplemen-
tary Figure S1C), and lowered expression of GRP78, ATF6, 
CHOP, caspase-3, and caspase-9 (Figure 3M). These results 
further confirmed the interactive effect between MEG3 and 
miR-103a-3p in functions, as well.

PDHB as one target of miR-103a-3p was downreg-
ulated in human CC tumor tissues and cells. The 
Targetscan software (http://www.targetscan/PDHB 
ENST00000474765.1&taxid=miR-103a-3p) showed PDHB 
as a potential target of miR-103a-3p, and PDHB expression 
both mRNA level was downregulated in human CC tumor 
tissues (1.07-fold) than adjacent tissues (1.96-fold), as well as 
CC cell lines (0.31 fold and 0.43 fold) versus FHC (1.00-fold) 
(Figures 4A and 4C). Similarly, PDHB protein expression in 

role of MEG3 dysregulation in CC cells was figured out. The 
CCK-8 assay indicated that the cell viability of SW620 and 
HCT116 cells was inhibited after oe-MEG3 transfection, as 
displayed by lowered OD values at 48 h and 72 h (Figure 2B). 
Colony formation assay manifested a loss of colonies 
formed in oe-MEG3-transfected SW620 and HCT116 cells 
(Figure 2C). FCM data demonstrated that oe-MEG3 trans-
fection rendered cell cycle arrest in SW620 and HCT116 
cells, as evidenced by increased the G1/G0 phase cells and 
decreased S phase cells (Figure 2D). The above results illumi-
nated that a proliferation inhibition was mediated by MEG3 
overexpression in CC cells in vitro.

Next, the invasion of SW620 and HCT116 cells was 
measured by transwell assay, and invaded cells were 
descended due to the oe-MEG3 transfection (Figure 2E). 
Besides, apoptosis was promoted in SW620 and HCT116 
cells with MEG3 restoration, as certified by a higher apoptosis 
rate (Figure 2F) and elevated expression of caspase-3 and 
caspase-9 (Figure 2G). Western blotting results indicated 
that UPR response-related proteins, including GRP78, ATF6, 
and CHOP [22], were highly induced by restoring MEG3 
(Figure 2G). These outcomes also expounded that invasion 
inhibition and ER stress promotion were mediated by the 
MEG3 overexpression in CC cells in vitro.

MEG3 knockdown regulated cell proliferation, invasion, 
and ER stress of CC cells through functioning as a sponge 
of miR-103a-3p. The miRcode software (http://mircode.
org/?gene=MEG3&mirfam=&class=&cons=&trregion=) 
was utilized to predict the target miRNAs of MEG3. Among 
the multiple miRNAs, the expression of miR-103a-3p was 
upregulated in tumor tissues (2.42-fold) from CC patients 
(Figure 3A), as well as CC cell lines SW620 and HCT116 
(2.19-fold and 1.92-fold) (Figure 3B); moreover, its expres-
sion was negatively correlated with MEG3 in CC tumors 
(Figure 3C). Thus, miR-103a-3p was selected for further 
identification, and the potential binding sites between 
miR-103a-3p and MEG3 wt are presented in Figure 3D. 
Dual-luciferase reporter assay revealed a decline of luciferase 
activity in 293T cells transfected with MEG3 wt combined 

Figure 1. Detecting the expression of lncRNA maternally expressed gene 3 (MEG3) in human colorectal carcinoma (CC) tissues and cells. RT-qPCR 
detected the relative MEG3 expression in A) tumor tissues and adjacent normal tissues from patients with CC (n=33), and B) CC cell lines SW620 and 
HCT116, as well as normal colonic mucosal cell line FHC. **p<0.01 and ***p<0.001.
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Figure 2. Exploring the effects of MEG3 on cell proliferation, invasion, and endoplasmic reticulum (ER) stress of CC cells in vitro. A–G) SW620 and 
HCT116 cells underwent the transfections of MEG3 overexpressing vector (oe-MEG3) and empty vector (vector), respectively. After transfection, (A) 
RT-qPCR detected the relative MEG3 expression, (B) CCK-8 measured the optical density (OD) value at 450 nm, (C) the colony formation assay exam-
ined the number of colonies formed, (D) flow cytometry (FCM) determined the percentage of cells in different cell cycle phases, (E) the transwell assay 
evaluated the number of invaded cells, (F) FCM determined the apoptosis rate, and (G) western blotting tested the relative protein expression of ER 
stress-related proteins, including glucose regulated protein 78 (GRP78), activating transcription factor 6 (ATF6), C/EBP homologous protein (CHOP), 
cleaved caspase-3 (caspase-3), and cleaved caspase-9 (caspase-9). *p<0.05, **p<0.01, and ***p<0.001.
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Figure 3. Identifying the molecular mechanism of MEG3 in CC cells through 
functioning as a sponge of miRNA (miR)-103a-3p. A, B) RT-qPCR detected 
the relative miR-103a-3p expression in CC patients’ tissues and cell lines. C) 
Pearson’s correlation analysis testified the linear correlation between MEG3 
and miR-103a-3p expression in CC tumor tissues (n=33). D) The sketch 
showed the putative complementary binding sites of miR-103a-3p in wild-
type of MEG3 (MEG3 wt). E) Dual-luciferase reporter assay measured the 
relative luciferase activity of MEG3 wt and its mutant (MEG3 mut) in 293T 

cells transfected with mimics of miR-103a-3p or its negative control (miR-103a-3p mimic or mimic NC). F) RNA immunoprecipitation assay detected 
the relative enrichment of MEG3 and miR-103a-3p in the input of cell lysate (Input) incubated with antibody against immunoglobulin G (anti-IgG) 
or antibody against Argonaute 2 (anti-Ago2). G–M) SW620 and HCT116 cells underwent transfections of vector, oe-MEG3, oe-MEG3 combined with 
mimic NC, and oe-MEG3 combined with miR-103a-3p. (G) RT-qPCR detected the relative miR-103a-3p expression. (H) CCK-8 assay measured the 
OD value at 450 nm. (I) The colony formation assay examined the number of colonies formed. (J) FCM determined the percentage of cells in different 
cell cycle phases. (K) The transwell assay evaluated the number of invaded cells. (L) FCM determined the apoptosis rate. (M) Western blotting tested 
the relative protein expression of GRP78, ATF6, CHOP, caspase-3, and caspase-9. *p<0.05, **p<0.01, and ***p<0.001.
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CC patients and cells was consistent with its mRNA expres-
sion (Figures 4B and 4D). Moreover, there was an inverse 
correlation between miR-103a-3p and PDHB mRNA expres-
sion in CC patients’ tumors (Figure 4E). According to the 
predicted binding sites of miR-103a-3p in PDHB 3’UTR wt 
(Figure 4F), PDHB 3’UTR mut was established for further 
dual-luciferase reporter assay. As a result, only luciferase 
activities of PDHB 3’UTR wt was reduced in 293T cells 
co-transfected with miR-103a-3p mimic (Figure 4G). RIP 
assay also revealed the enrichment of both miR-103a-3p 
and PDHB in the cell lysate of SW620 and HCT116 cells 
incubated with anti-Ago2 (Figure 4H). These data suggested 
PDHB as a downstream target of miR-103a-3p.

Blocking miR-103a-3p upregulated PDHB to suppress 
CC in vitro via inhibiting cell proliferation and invasion, 
and enhancing ER stress. Herewith, the mutual effect of 
miR-103a-3p and PDHB was then testified. The transfec-
tion of miR-103a-3p inhibitor led to the downregulation 

of miR-103a-3p in SW620 and HCT116 cells (Figure 5A), 
accompanied by the upregulation of PDHB mRNA expres-
sion and protein expression (Figures 5B, 5C). In addition, 
higher PDHB expression mediated by miR-103a-3p silencing 
was further attenuated with si-PDHB transfection (Figures 
5B, 5C). OD values of SW620 and HCT116 cells were lowered 
after miR-103a-3p inhibitor transfection at 48 h and 72 h, 
suggesting a cell viability inhibition (Figure 5D). The number 
of colonies formed was declined in miR-103a-3p inhibitor-
transfected SW620 and HCT116 cells (Figure 5E), indicating 
suppression of colony formation ability. miR-103a-3p inhib-
itor transfection arrested cell cycle in SW620 and HCT116 
cells, as evidenced by increased G1/G0 phase cells and 
decreased S phase cells (Figure 5F and Supplementary Figure 
S2A). Cell invasion of SW620 and HCT116 cells was depressed 
due to the miR-103a-3p inhibitor transfection, as depicted 
by the descended number of invaded cells (Figure  5G and 
Supplementary Figure S2B). Besides, the apoptosis rate and 

Figure 4. Identification of pyruvate dehydrogenase E1 subunit beta (PDHB) as a downstream target of miR-103a-3p in CC cells. RT-qPCR and western 
blotting detected the relative PDHB mRNA expression and protein expression in (A, B) tissues from patients with CC (n=33), and (C, D) cell lines of 
FHC, SW620, and HCT116. E) Pearson’s correlation analysis testified the linear correlation between miR-103a-3p and PDHB mRNA expression in 
CC tumor tissues (n=33). F) The sketch showed the putative complementary binding sites of miR-103a-3p in the wild-type of 3’UTR of PDHB (PDHB 
3’UTR wt). G) Dual-luciferase reporter assay measured the relative luciferase activity of PDHB 3’UTR wt and its mutant (PDHB 3’UTR mut) in 293T 
cells transfected with miR-103a-3p mimic or mimic NC. (H) RIP assay validated the RNA enrichment of miR-130a-3p and PDHB in Input incubated 
with anti-IgG or anti-Ago2. **p<0.01 and ***p<0.001.
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Figure 5. Identifying the mutual effect of miR-103a-3p and PDHB on cell proliferation, invasion, and ER stress of CC cells in vitro. A) RT-qPCR de-
tected the relative miR-103a-3p expression in SW620 and HCT116 cells transfected with the inhibitors of miR-103a-3p or the negative control (miR-
103a-3p inhibitor or inhibitor NC). B–I) SW620 and HCT116 cells underwent transfections of inhibitor NC, miR-103a-3p inhibitor, and miR-103a-3p 
inhibitor combined with siRNAs target PDHB or the negative control (si-PDHB or si-NC). (B, C) RT-qPCR and western blotting detected the relative 
PDHB mRNA and protein expression. (D) CCK-8 measured the OD value at 450 nm. (E) The colony formation assay examined the number of colo-
nies formed. (F) FCM determined the percentage of cells in different cell cycle phases. (G) The transwell assay evaluated the number of invaded cells. 
(H) FCM determined the apoptosis rate. (I) Western blotting tested the relative protein expression of GRP78, ATF6, CHOP, caspase-3, and caspase-9. 
*p<0.05, **p<0.01, and ***p<0.001.
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expression of caspase-3, caspase-9, GRP78, ATF6, and CHOP 
were consistently promoted in SW620 and HCT116 cells 
with the miR-103a-3p deletion (Figures 5H, 5I, and Supple-
mentary Figure S2C), hinting an induction of ER stress and 
the activation of the ATF6-mediated UPR pathway. These 
outcomes together demonstrated that silencing miR-103a-3p 
suppressed proliferation and invasion, but promoted ER 
stress in CC cells in vitro. By the co-transfection with 
si-PDHB, the effects of miR-103a-3p knockdown via inhib-
itor transfection were partially overturned in both SW620 
and HCT116 cells (Figures 5D–5I). This outcome manifested 
that the miR-103a-3p inhibition upregulated PDHB to play a 
suppressive role in CC cells in vitro.

MEG3 upregulated the PDHB expression in CC cells 
via downregulating miR-103a-3p. And then, we observed 
that PDHB mRNA and protein expression levels were high 
in SW620 and HCT116 cells with MEG3 overexpression, and 
this upregulation was also abrogated by the transfection of 
miR-103a-3p mimic (Figures 6A–6D). This phenomenon 
implied that MEG3 served as a ceRNA of miR-103a-3p to 
positively modulate PDHB.

Overexpressing MEG3 hindered tumor growth and 
induced ER stress in CC cells in vivo. Since a tumor-suppres-
sive role of MEG3 in CC cells in vitro had been confirmed 
by regulating proliferation, invasion, and ER stress, its role 
in vivo was next investigated. Xenograft tumors were gener-

Figure 6. Validating the relationship among MEG3, miR-103a-3p, and PDHB in CC cells. RT-qPCR and western blotting detected the relative PDHB 
expression on (A, C) mRNA level and (B, D) protein level in SW620 and HCT116 cells transfected with vector, oe-MEG3, and oe-MEG3 combined with 
miR-103a-3p mimic or mimic NC.
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ated in nude mice with SW620 cells transplantation, and 
tumor growth was restrained after oe-MEG3 pre-trans-
fection, as indicated by lowered tumor volume and weight 
(Figures 7A, 7B). In the oe-MEG3 group, MEG3 expression 
was highly expressed in xenograft tumor tissues, paralleled 
with miR-103a-3p downregulation and PDHB upregulation 
(Figure 7C). Additionally, protein levels of GRP78, ATF6, 
CHOP, caspase-3, and caspase-9 were elevated in mice 
tumors, as well (Figures 7D). These data demonstrated that 
MEG3 also suppressed CC in vivo by inhibiting cell growth 
and promoting ER stress via regulation of miR-103a-3p and 
PDHB.

Discussion

To cope with persistent ER stress, UPR was insufficiently 
triggered to restore protein homeostasis, later committing 
cells to apoptosis. Thus, the understanding of the potential 
molecular mechanism of ER stress in tumorigenesis and the 
development of cancer cells could be critical. In CC, a few 
of lncRNAs had been declared to regulate ER stress or be 
regulated by ER stress. For example, thapsigargin induced 
ER stress and migration of HT29 and HCT116 cells probably 
through increasing lncRNA MALAT1 and activating IRE1/
XBP1 and PERK/eIF2α/ATF4 (two of three pathways of 
UPR) signaling pathways [23]. LncRNA LUCRC contributed 
to CC cell proliferation, migration, and invasion in HCT116 

cells and tumorigenesis in xenografts by regulation of genes 
involved in ER stress including BIP [24]. Since the involve-
ment of ER stress in MEG3-induced apoptosis had been 
discovered in different malignant tumor cells [25–28], it 
seemed uncovered in CC prior to this study. Therefore, we 
aimed to explore the relationship between MEG3 and ER 
stress-mediated apoptosis and the UPR pathway in CC cells, 
as well as proliferation and invasion.

Here, we supported the downregulation of MEG3 in 
human CC tumor tissues and cells, which had been well 
documented in previous studies [29–31]. Besides, decreased 
MEG3 was also observed in the serum of CC patients, and 
this downregulation was associated with larger tumor size, 
advanced clinical stage, and poor prognosis [32]. Low MEG3 
in tumor tissue was also correlated with shorter overall 
survival and disease-free survival of CC patients [30, 33], 
as well as low histological grade, deep tumor invasion, and 
advanced tumor node metastasis (TNM) stage [31]. Thus, 
MEG3 was proposed to be one of the biomarkers for CC 
staging and progression [15]. Moreover, its expression was 
even inhibited in oxaliplatin-resistant CC patients [33], 
suggesting MEG3 as a potential indicator to identify oxali-
platin-responding patients [34]. Interestingly, startling data 
was reported by Liu et al. [14] regarding the upregulation 
of MEG3 together with lncRNAs 91H and PVT-1 in CC 
patients’ plasma. The combination of these three lncRNAs 
could be a better approach to the detection of early-stage 

Figure 7. Investigating the role of MEG3 in cell growth and ER stress of CC cells in vivo. A–D) SW620 cells stably transfected with oe-MEG3 were sub-
cutaneously transplanted into nude mice (n=6). (A) Tumor volume was calculated every three days after transplantation. (B) Tumor weight was mea-
sured on the last day of the xenograft experiment. (C) RT-qPCR detected the relative RNA expression of MEG3, miR-103a-3p, and PDHB in xenograft 
tumor tissues. (D) Western blotting tested the relative protein expression of PDHB, GRP78, ATF6, CHOP, caspase-3, and caspase-9 in three randomly 
selected xenograft tumor tissues. *p<0.05 and **p<0.01.
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CC. We thought that conflicting findings might be attributed 
to the difference in control plasma samples, as high MEG3 
finding was compared to a mixture of healthy people and 
patients with benign gastrointestinal inflammation diseases 
[14], whereas low MEG3 was normalized to healthy people 
only [32].

In CC, MEG3 had been illustrated to be implicated in 
malignant cell functions [32], glycolysis [35], and chemo-
resistance [34] of CC cells. Next, we verified an anti-tumor 
role of MEG3 in CC cells by inhibiting cell viability, colony 
formation ability, cell cycle progression and invasion, and 
promoting ER stress. The inhibitory effect of MEG3 on 
proliferation and migration and its promoting effect on 
apoptosis were consistent with other researches [29–32]. 
However, the underlying mechanism of MEG3 inducing 
apoptosis was left to be detected. In this study, we noticed 
that the UPR response was accompanied by the apoptosis 
of CC cells, hinting an ER stress-induced apoptosis via the 
ATF6 pathway and caspase-3/9 pathway. In mechanism, a 
MEG3/miR-103a-3p/PDHB ceRNA axis was further identi-
fied. miR-103a-3p was the most stable reference miRNA in 
tumor tissues of several cancers [36–38], including CC [38]. 
Furthermore, this miRNA in tissue was one essential member 
of a miRNA-based classifier in prognosis and prediction of 
stage II CC both in Asian patients and white patients [19, 
39]. A panel of 7-miRNA signature in plasma including 
miR-103a-3p was established for CC diagnosis according 
to a four-stage (I, II, III, and IV) study [18]. However, its 
cellular functions had been obscured till this present study. 
Silencing miR-103a-3p suppressed cell viability, colony 
formation ability, cell cycle progression, and invasion, but 
enhanced ER stress-induced apoptosis. Notably, this finding 
might be the first evidence demonstrating the association 
between miR-103a-3p and ER stress.

Oncogenic activities of PDHB were deciphered via trans-
fection in glioma cells [40], melanoma cells [41], ovarian 
cancer cells [42], nasopharyngeal carcinoma [43], by 
augmenting proliferation, migration, invasion, and glycol-
ysis, as well as inhibiting apoptosis. In CC, this investiga-
tion revealed that PDHB was lowly expressed in CC tissues 
and cells and that the PDHB downregulation contributed to 
cell viability, colony formation ability, cell cycle progression, 
and invasion of SW960 and HCT116 cells; in turn, restoring 
PDHB could abolish oncogenic effect on proliferation, 
invasion, and glycolysis in SW620 and HT29 cells [44].

In conclusion, this study showed that MEG3 and PDHB 
were downregulated in human CC tissues and cells, accom-
panied by the miR-103a-3p upregulation. The anti-tumor 
roles of MEG3 overexpression and miR-103a-3p knockdown 
were verified in CC progression by regulating cell prolifera-
tion, invasion, and ER stress via the MEG3/miR-103a-3p/
PDHB ceRNA pathway.

Supplementary information is available in the online version 
of the paper.
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Supplementary Table S1. The doses of nucleotides and transfection reagent used in the study 

 Component 96-well plate 6-well plate 

A solution Opti-MEM medium 5 μL 125 μL 

Lipofectamine 3000 reagent 0.15 μL 3.75 μL 

Standing for 5 min at room temperature. 

 

B solution 

Opti-MEM medium 5 μL 125 μL 

Nucleotides 0.1 μg or 2 nM 2.5 μg 

P3000 reagent (Except 

siRNA) 

0.2 μL 5 μL 

Standing for 5 min at room temperature. 

A solution was added in B solution for another 10 min-incubation, and the mixture was 

added in each well. 
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Supplementary Figure S1 

 

Supplementary Figure S1. The images of transwell assay, flow cytometric cell cycle analysis and apoptosis assay in 
SW620 and HCT116 cells that underwent transfections of MEG3 overexpressing vector (oe-MEG3), empty vector 
(vector), mimics of miR-103a-3p or its negative control. 

 

Supplementary Figure S1. The images of transwell assay, flow cytometric cell cycle analysis, and apoptosis assay in SW620 and HCT116 cells that un-
derwent transfections of MEG3 overexpressing vector (oe-MEG3), empty vector (vector), mimics of miR-103a-3p, or its negative control.
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Supplementary Figure S2 

 

Supplementary Figure S2. The images of transwell assay, flow cytometric cell cycle analysis and apoptosis assay in 
SW620 and HCT116 cells that underwent transfections of miR-103a-3p inhibitor, inhibitor negative control, siRNAs 
target PDHB or the negative control (si-PDHB or si-NC). 

 

Supplementary Figure S2. The images of transwell assay, flow cytometric cell cycle analysis, and apoptosis assay in SW620 and HCT116 cells that un-
derwent transfections of miR-103a-3p inhibitor, inhibitor negative control, siRNAs target PDHB, or the negative control (si-PDHB or si-NC).


