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INTRODUCTION 
 

Colorectal cancer (CRC), the third most common cancer 

in the world, is a great challenge facing mankind [1]. 

The past decade has witnessed a significant increase in 

the incidence and mortality of CRC and a trend of  

 

occurrence in younger patients [2]. Although 

improvements in clinical diagnosis and comprehensive 

therapy have partly prolonged survival, the incidence 

and mortality of colorectal cancer are still high. The 

etiology and pathogenesis of colorectal cancer are not 

fully understood, but environmental, ethnic, economic 
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ABSTRACT 
 

Evidence has shown that microRNAs (miRNAs) participate in the progression of CRC. Previous studies have 
indicated that miR-214-3p is abnormally expressed in various malignant tumors. However, the biological 
function it plays in CRC and the potential mechanism are unclear. Here, we demonstrated that miR-214-3p was 
obviously downregulated in CRC. Moreover, we found a strong correlation between the miR-214-3p level and 
tumor size and lymphatic metastasis. Furthermore, when miR-214-3p was decreased by an Lv-miR-214-3p 
inhibitor, the proliferation and migration of SW480 and HCT116 cells were significantly increased. As expected, 
the ability of proliferation and migration was significantly suppressed when miR-214-3p was overexpressed in 
DLD1 cells. According to the dual-luciferase reporter results, PLAGL2 was found to be a direct downstream 
molecule of miR-214-3p. Chromatin immunoprecipitation (CHIP) confirmed that MYH9, a well-known 
cytoskeleton molecule in CRC, was a direct targeting gene of PLAGL2. Silencing PLAGL2 or MYH9 could reverse 
the effect of a miR-214-3p inhibitor on CRC cells. In summary, our studies proved that low expression of miR-
214-3p and overexpression of downstream PLAGL2 in CRC indicated a poor prognosis. MiR-214-3p suppressed 
the malignant behaviors of colorectal cancer by regulating the PLAGL2/MYH9 axis. MiR-214-3p might be a novel 
therapeutic target or prognostic marker for CRC. 
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and genetic factors play an important role in the 

progression of CRC. The high mortality and recurrence 

rates and the poor prognosis of colorectal cancer seriously 

threaten human safety and quality of life. 

 

MicroRNAs (miRNAs), a class of endogenous non-

coding small RNAs of approximately 22 nucleotides, 

suppress the transcription of target genes by directly 

binding to the 3’ non-coding region (UTR) of downstream 

genes [3, 4]. Increasing evidence has shown that 

microRNAs play a critical role in the pathophysiological 

processes of different cancers. MiR-328-3p promotes 

stemness and migration in ovarian cancer by targeting 

DDB2 [5]. MiR-204-5p inhibits metastasis in breast 

cancer by regulating PI3K/Akt signaling [6]. 

 

MiR-214-3p, located on chromosome 1, is abnormally 

expressed in various cancers and functions as an oncogene 

or tumor suppressor gene in different tumors [7]. Previous 

studies have revealed that miR-214-3p serves as an 

oncogene in pancreatic carcinoma and stomach 

adenocarcinoma. MiR-214-3p promotes the malignant 

behaviors of stomach adenocarcinoma through the 

Warburg effect and impairs the effect of chemotherapy in 

pancreatic cancer [8, 9]. Conversely, miR-214-3p is 

downregulated in breast carcinoma, colorectal cancer and 

liver hepatocellular carcinoma [10, 11]. MiR-214-3p 

inhibits autophagy by targeting UCP2 in breast carcinoma 

and inhibits the proliferation of hepatocellular carcinoma 

through the downregulation of MELK. Moreover, several 

studies have suggested that miR-214-3p is abnormally 

expressed in colorectal cancer and plays a significant role 

in the progression of CRC. MiR-214-3p suppresses the 

proliferation and migration of colon cancer by 

suppressing BCL9L, HSP27 and wnt signaling [12, 13]. 

However, the potential mechanism of miR-214-3p in 

cancer proliferation and migration has not been fully 

explored. 

 

With the help of miRNA-related databases, 

polymorphic adenoma-like protein 2 (PLAGL2) has 

been demonstrated to be downstream of miR-214-3p; 

thus, miR-214-3p can directly bind to the 3’UTR of 

PLAGL2. A member of the PLAG gene family, 

PLAGL2, a zinc finger protein, is unregulated and plays 

an oncogenic role in several malignant tumors, such as 

breast cancer and bladder cancer [14, 15]. In colorectal 

cancer, the expression of PLAGL2 is obviously 

increased and acts as a tumor promoting factor [16–18]. 

Although some studies have revealed that PLAGL2 

promotes migration and proliferation through wnt 

signaling [16], the underlying mechanisms of PLAGL2 

in the regulation of CRC need further exploration. 

 

Here, our research demonstrated that miR-214-3p 

inhibits the growth and metastasis of colorectal cancer 

by targeting PLAGL2. MYH9, a well-known 

cytoskeleton molecule, is closely related to the 

proliferation and migration of colorectal cancer and 

participates in the EMT process [19]. Considering that 

PLAGL2 also plays a role in the regulation of the actin 

cytoskeletal architecture and EMT process [18, 20], our 

studies indicated that the expression of MYH9 is 

correlated with PLAGL2. MYH9 is a direct downstream 

target of PLAGL2. Furthermore, we found that the miR-

214-3p/PLAGL2/MYH9 axis has a significant effect on 

proliferation and metastasis in CRC. Taken together, 

our studies provide an explanation for the metastasis of 

CRC and might result in novel therapeutic targets or 

prognostic markers for CRC. 

 

RESULTS 
 

MiR-214-3p is downregulated in CRC tissues and 

associated with CRC metastasis and proliferation 

 

According to the data from ONCOMIR [21] 

(Supplementary Figure 1), there are 10 cancer types, 

including colon cancer, in which tumorigenesis is 

significantly associated with the expression of miR-214-

3p. We also found that miR-214-3p was significantly 

downregulated in colon cancer. Similarly, data from the 

TCGA, Starbase v3.0 [22] and GEO databases 

(GSE30454) also support this result (Figure 1A–1C). 

Then, qRT-PCR was used to analyze the expression of 

miR-214-3p in 40 paired CRC tissues and their controls 

(Figure 1D). Confirming the above database data, we 

found that the expression of miR-214-3p was lower in 

CRC tissues than in adjacent normal tissues. 

Remarkably, our results showed that the expression 

level of miR-214-3p was negatively correlated with 

lymph node metastasis and tumor size (Figure 1E–1F, 

Table 1). Thus, CRC tissues associated with lymph 

node metastasis and large tumor size contained lower 

expression of miR-214-3p. In addition, we compared 

the expression level of miR-214-3p between different 

cell lines (Figure 1G). The results also showed a 

significantly lower expression of miR-214-3p in CRC 

cells (DLD1, SW480, SW620, HCT116 and HT29) than 

in normal colonic epithelial cells (NCM460). 

 

MiR-214-3p suppresses CRC cell proliferation and 

metastasis 
 

The three colon cancer cell lines SW480, HCT116 and 

DLD1 were utilized to conduct the following 

experiments due to the previous results showing that 

miR-214-3p expression was lower in SW480 and 

HCT116 cells than in other colon cancer cell lines and 

higher in DLD1 cells than in other colon cancer cell 

lines. Therefore, a lentivirus-based system (LV-miR-

214-3p inhibitor and LV-INC) was used to establish 
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stable miR-214-3p knockdown SW480 and HCT116 

cell lines. The efficiency of transfection was detected by 

qRT-PCR (Supplementary Figure 2A). CCK8, EDU and 

colony formation assays were applied (Figure 2A–2B, 

Supplementary Figure 2B–2E), and the results indicated 

that the proliferation ability was enhanced in SW480 

and HCT116 cells when the expression of miR-214-3p 

was suppressed. The WB results also showed that the 

expression levels of the proliferation-related genes 

cyclin D1, cyclin E and CDK4 were increased, while 

the level of P27 was decreased when miR-214-3p was 

suppressed (Figure 2C, Supplementary Figure 2F). 

Additionally, the experiments above were repeated 

when miR-214-3p was overexpressed in DLD1 cells by 

transfection with the miR-214-3p mimic (Figure 2A–2C, 

Supplementary Figure 2A–2B, 2G); the results also 

contributed to the conclusion that miR-214-3p 

participated in suppressing proliferation in CRC cells. 

As expected, miR-214-3p knockdown significantly 

promoted the growth of subcutaneous xenograft tumors 

in vivo (Figure 2D–2G). The following IHC results 

indicated that the Ki-67 (a proliferation marker) index 

was increased remarkably when miR-214-3p was 

knocked down (Figure 2H–2I). 

 

Transwell and wound-healing assays indicated that 

migration was enhanced when miR-214-3p expression 

was suppressed in SW480 and HCT116 cells  

(Figure 3A–3C, Supplementary Figure 3A–3B). 

Moreover, WB, qRT-PCR and IF demonstrated that the 

suppression of miR-214-3p could significantly increase 

the levels of E-cadherin and Zo1, as well as inhibit the 

expression of N-cadherin and vimentin (Figure 3D–3E, 

Supplementary Figure 3C–3D). Additionally, the results 

in DLD1 cells when miR-214-3p was overexpressed via 

miR-214-3p mimic also supported the conclusion that 

miR-214-3p overexpression significantly suppressed 

cell migration (Figure 3A–3E, Supplementary Figure 3C). 

To explore the effect of miR-214-3p on metastasis 

activity in vivo, SW480 and HCT116 cells transfected 

with the LV-miR-214-3p inhibitor or LV-INC were 

injected into the tail vein of immunodeficient mice 

(Figure 3F–3I). The results showed that more 

pulmonary metastasis nodules could be observed 

 

 
 

Figure 1. MiR-214-3p is downregulated in CRC tissues and associated with CRC metastasis and proliferation. (A) GEO, Starbase 
3.0 (B), and (C) TCGA databases indicated that miR-214-3p is obviously downregulated in CRC. (D) The expression of miR-214-3p was lower in 
CRC tissues than in adjacent normal tissues. (E–F) The expression level of miR-214-3p was negatively correlated with lymph node metastasis 
and tumor size. (G) MiR-214-3p was significantly lower in CRC cells than in NCM460 cells. The data are represented as the means±S.D. from at 
least three independent experiments. *p<0.05. 
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Table 1. Correlation of miR-214-3p and clinicopathological feature. 

Clinicopathological factors n 
MiR-214-3p expression 

P value 
high low 

Gender     
Male 19 8 11 
Female 21 6 15 

Age, years     
>60 21 7 14 
≤60 19 7 12 

Pathologic T stage     
T1 + T2 16 8 8 
T3 + T4 24 6 18 

Pathologic N stage     
N0 11 9 7 
N1 + N2 29 5 19 

Pathologic M stage     
M0 23 11 12 
M1 17 3 14 

Tumor size     
≤3 cm 23 12 11 
>3cm 17 2 15 

 

 
 

Figure 2. MiR-214-3p suppresses CRC cell proliferation in vitro and in vivo. (A–B) CCK8 and colony-formation assays indicated that miR-214-
3p inhibited the proliferation of CRC cells. (C) Western blot assays showed that miR-214-3p decreased the expression of cyclin D1, cyclin E 
and CDK4 and increased the expression of P27. (D–G) Tumors grew faster in the LV-miR-214-3p inhibitor group than in the LV-INC group. The 
tumor weights in the LV-miR-214-3p inhibitor group were higher than those in the LV-INC group. (H–I) IHC results indicated that the Ki-67 (a 
proliferation marker) index was increased remarkably when miR-214-3p was knocked down. The data are represented as the means±S.D. 
from at least three independent experiments. *p<0.05. 



 

www.aging-us.com 9637 AGING 

in mice injected with the LV-miR-214-3p inhibitor. 

Furthermore, we measured the expression of EMT-

association proteins in the subcutaneous xenograft 

tumors by IHC analysis (Figure 3J–3K), and the results 

showed that the expression of epithelial markers (e.g., 

E-cadherin) was significantly decreased and that the 

expression of mesenchymal markers (e.g., N-cadherin) 

was significantly inhibited when miR-214-3p was 

knocked down. In summary, the data above support the 

conclusion that miR-214-3p suppressed CRC cell 

proliferation and migration in vitro and in vivo. 

MiR-214-3p directly targets PLAGL2 mRNA 
 

To further explore the downstream genes of miR-214-

3p, five public bioinformatics algorithms, TargetScan 

[23], miRDB [24] (the top fifty predicted genes were 

chosen), miRwalk [25], miR22 [26] and Pictar [27], 

were utilized. We found seven candidate target genes of 

miR-214-3p (Figure 4A). MicroRNAs play an 

inhibitory role in the regulation of direct target genes. 

GEPIA (http://gepia.cancer-pku.cn/) was applied to 

compare the expression levels of the seven candidate 

 

 
 

Figure 3. MiR-214-3p suppresses CRC cell metastasis in vitro and in vivo. (A–C) Transwell assays revealed that miR-214-3p 
suppressed CRC cell migration and invasion abilities. (D–E) Western blot analysis revealed that miR-214-3p decreased the expression of N-
cadherin and vimentin and increased the expression of E-cadherin and Zo1. (F–I) More lung metastatic nodules were observed in the LV-miR-
214-3p group than in the LV-INC group. (J–K) IHC analysis indicated that the expression of E-cadherin was lower and that the expression of N-
cadherin was higher in xenograft subcutaneous tissues from the LV-miR-214-3p inhibitor group. The data are represented as the means±S.D. 
from at least three independent experiments. *p<0.05. 

http://gepia.cancer-pku.cn/
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genes in CRC tissues and adjacent normal tissues 

(Figure 4B, Supplementary Figure 4A–4F). The results 

showed that PLAGL2 expression was obviously high in 

CRC tissues, indicating that PLAGL2 is likely directly 

regulated by miR-214-3p. The expression level of 

PLAGL2 in the CRC tissues we collected was also 

measured (Figure 4C–4D, Figure 4F); as expected, the 

level of PLAGL2 was obviously higher in the cancer 

tissues than in the normal tissues. Next, we found that 

the mRNA and protein levels of PLAGL2 in SW480 

and HCT116 cells were significantly increased when 

miR-214-3p was suppressed. The opposite results were 

observed when miR-214-3p was overexpressed in 

DLD1 cells (Figure 4G–4J, Supplementary Figure 4G–

4H). Next, we analyzed the correlation between the 

expression levels of miR-214-3p and PLAGL2 (Figure 

4K). The results indicated that the expression level of 

PLAGL2 was frequently higher in samples with low 

miR-214-3p expression. Finally, dual-luciferase reporter 

assays were conducted (Figure 4L–4M, Supplementary 

Figure 4I). The relative luciferase activity of the 

PLAGL2 WT pmirGlo-3’-UTR vector was markedly 

 

 
 

Figure 4. MiR-214-3p directly targets PLAGL2. (A) Based on the public bioinformatics algorithms, seven potential targets of miR-214-3p 
were selected. (B–F) The Starbase 3.0 database and our study indicated that the expression levels of PLAGL2 and MYH9 were higher in cancer 
tissues than in normal tissues. (G–I) The mRNA and protein levels of PLAGL2 were inhibited by miR-214-3p. (J) IHC analysis indicated that the 
expression of PLAGL2 could be inhibited by miR-214-3p in xenograft subcutaneous tissues. (K) qRT-PCR analysis demonstrated that PLAGL2 
was negatively correlated with miR-214-3p expression in CRC tissues. (L–M) Dual luciferase reporter assays in CRC cells. The data are 
represented as the means±S.D. from at least three independent experiments. *p<0.05. 
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increased when miR-214-3p was decreased in SW480 

and HCT116 cells, whereas miR-214-3p was incapable 

of altering the luciferase activity of the PLAGL2-Mut 

pmirGlo-3’-UTR vector, indicating that miR-214-3p 

likely regulates the expression of PLAGL2 through 

direct binding to the 3’-UTR. Considering all the data 

above, we concluded that PLAGL2 is a direct 

downstream gene of miR-214-3p. 

 

PLAGL2 accelerates CRC cell growth and migration 
 

To further explore the function of PLAGL2 in colon 

cancer cells, we first transfected sh-PLAGL2 into 

SW480 and HCT116 cells to establish stable 

knockdown cell lines with the lentiviral vector. Then, 

we utilized WB and qRT-PCR assays to detect the 

efficiency of transfection (Figure 5A, Supplementary 

Figure 5A–5D). Next, we evaluated the EMT process 

when PLAGL2 was knocked down (Figure 5A, 

Supplementary Figure 5A–5D). We found that silencing 

PLAGL2 obviously inhibited the expression of 

epithelial markers and enhanced the expression of 

mesenchymal markers. Subsequently, we conducted 

CCK8, EDU and colony formation assays to evaluate 

the function of PLAGL2 in the proliferation of CRC 

cells (Figure 5B–5F, Supplementary Figure 5E–5F). 

Finally, transwell and wound-healing assays were 

conducted to investigate the function of PLAGL2 in the 

migration of CRC cells (Figure 5G–5H, Supplementary 

Figure 5G–5H). The results indicated that the 

knockdown of PLAGL2 could obviously decrease the 

growth ability and metastasis of CRC cells. 

 

Silencing PLAGL2 significantly reverses the 

malignant process caused by a miR-214-3p inhibitor 

in CRC 

 

A rescue experiment was conducted to evaluate the 

regulatory role that PLAGL2 plays in miR-214-3p-

mediated CRC progression. First, an Lv-miR-214-3p 

inhibitor and Sh-PLAGL2 were co-transfected to 

establish stable cell lines. Then, the following 

 

 
 

Figure 5. PLAGL2 accelerates CRC cell growth and migration. (A) WB indicated that downregulation of PLAGL2 could inhibit the 
expression of vimentin and N-cadherin and increase the expression of Zo-1 and E-cadherin. (B–C) CCK8 assays indicated that PLAGL2 
promoted the proliferation of CRC cells. (D–E) Colony-formation assays indicated that PLAGL2 promoted the proliferation of CRC cells. (F) 
EDU assays indicated that PLAGL2 promoted the proliferation of CRC cells. (G–H) Transwell and wound-healing assays showed that PLAGL2 
promoted the migration and invasion of CRC cells. The data are represented as the means±S.D. from at least three independent experiments. 
*p<0.05. 
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experiments were conducted. The results of the CCK8 

and EDU assays indicated that the proliferation ability 

was enhanced in CRC cells when miR-214-3p 

expression alone was silenced when compared with that 

of cells when both miR-214-3p and PLAGL2 expression 

were inhibited (Figure 6A–6B, Supplementary Figure 

6A–6B). Subsequently, transwell and wound-healing 

assays were conducted (Figure 6C–6F, Supplementary 

Figure 6C–6E), and the results indicated that silencing 

PLAGL2 could significantly reverse the promotion of 

migration caused by the miR inhibitor in CRC. What’s 

more, the EMT process caused by the miR inhibitor was 

also reversed when PLAGL2 was silenced (Figure 6G, 

Supplementary Figure 6F–6I). Furthermore, in vivo 

experiments indicated that knockdown of miR-214-3p 

along with sh-PLAGL2 weakened proliferation and 

migration compared to knockdown of miR-214-3p alone 

(Figure 6H–6L). Taken together, the data above show 

that silencing PLAGL2 could effectively reverse miR 

inhibitor-induced CRC progression in vitro and in vivo. 

 

 
 

Figure 6. Silencing PLAGL2 significantly reverses the malignant process caused by the miR-214-3p inhibitor in CRC. (A–F) CCK8 
and transwell assays indicated that PLAGL2 downregulation effectively reversed miR-214-3p inhibitor-induced proliferation (A–B) and the 
migration and invasion (C–F) abilities of CRC cells. (G) WB analysis revealed that the inhibitory effect of miR-214-3p on EMT was reversed by 
Sh-PLAGL2 transfection. (H–J) Silencing PLAGL2 reversed the effect of the miR-214-3p inhibitor on tumor growth in vivo. (K–L) Silencing 
PLAGL2 reversed the effect of the miR-214-3p inhibitor on tumor metastasis in vivo. The data are represented as the means±S.D. from at 
least three independent experiments. *p<0.05. 
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MYH9 is a direct target gene regulated by PLAGL2 
 

Previous studies have shown that PLAGL2 could 

regulate the actin cytoskeletal architecture. MYH9, a 

well-known cytoskeleton molecule, is closely related to 

the proliferation and metastasis of human CRC. 

Therefore, we attempted to explore the relationship 

between PLAGL2 and MYH9. Interestingly, we found 

that silencing PLAGL2 obviously decreased the 

expression of MYH9 at both the protein and mRNA 

levels. MYH9 could also be regulated by miR-214-3p 

(Figure 7A–7B). Furthermore, knockdown of PLAGL2 

significantly reversed the suppression effect of the 

miR-214-3p inhibitor on the expression of MYH9 

(Figure 7C–7D, Supplementary Figure 7B). Next, we 

investigated the expression level of MYH9 in CRC 

tissues and found that MYH9 was significantly higher 

in the cancer tissues than in the adjacent normal tissues 

(Figure 4C, 4E and Supplementary Figure 7A), which 

was consistent with previous results. The data also 

indicated that there was an obvious correlation 

between the expression levels of PLAGL2 and MYH9 

(Figure 7E). Moreover, a significant correlation 

between the expression levels of miR-214-3p and 

MYH9 was also observed (Figure 7F). Finally, ChIP 

assays were performed in SW480 cells (Figure 7G–7H). 

Compared to the sample bound to IgG, the PLAGL2-

bound complex showed a remarkable enrichment of the 

MYH9 promoter. Considering the data above, we 

propose that the expression of MYH9 was regulated by 

miR-214-3p and PLAGL2 and that MYH9 was a direct 

downstream gene of PLAGL2. 

 

MiR-214-3p targets the PLAGL2-MYH9 axis to 

suppress tumor proliferation and metastasis in 

human colorectal cancer 
 

To explore the biological function of MYH9 in miR-

214-3p/PLAGL2-regulated colon cancer progression, 

si-MYH9 was co-transfected with the Lv-miR-214-3p 

 

 
 

Figure 7. MYH9 is a direct target gene regulated by PLAGL2. (A–B) WB and qRT-PCR analyses indicated that the expression of MYH9 
was regulated by miR-214-3p and PLAGL2. (C–D) The inhibitory effect of miR-214-3p on MYH9 could be reversed by Sh-PLAGL2. (E–F) qRT-
PCR analysis demonstrated that MYH9 was correlated with the expression of miR-214-3p and PLAGL2 in CRC tissues. (G–H) ChIP assays with 
PLAGL2 antibody or IgG were performed to verify the binding between PLAGL2 and the MYH9 promoter in SW480 cells. The data are 
represented as the means±S.D. from at least three independent experiments. *p<0.05. 
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inhibitor into SW480 and HCT116 cells. According to 

the results of CCK8 and EDU assays (Figure 8A–8C, 

Supplementary Figure 8A), MYH9 silencing could 

reverse the effects of miR-214-3p inhibition on CRC cell 

proliferation. We next utilized transwell and wound-

healing assays to analyze the metastasis ability when si-

MYH9 and Lv-miR-214-3p inhibitors were co-transfected 

(Figure 8D–8E, Supplementary Figure 8B–8E). The 

results showed that the CRC cells co-transfected with Lv-

miR-214-3p inhibitor+si-MYH9 showed weaker 

migration ability than cells co-transfected with Lv-miR-

214-3p inhibitor+si-NC. What’s more, the EMT process 

caused by the miR inhibitor was also reversed when 

MYH9 was silenced (Figure 8F–8H). 

 

 
 

Figure 8. MiR-214-3p targets the PLAGL2-MYH9 axis to suppress tumor proliferation and metastasis in human colorectal 
cancer. (A–B) CCK8 assays indicated that PLAGL2 downregulation effectively reverses the miR-214-3p inhibitor-induced proliferation ability 
of CRC cells. (C) EDU assays indicated that PLAGL2 downregulation effectively reverses the miR-214-3p inhibitor-induced proliferation ability 
of CRC cells. (D–E) Transwell and wound-healing assays indicated that PLAGL2 downregulation effectively reversed miR-214-3p inhibitor-
induced migration and invasion of CRC cells. (F–H) WB and qRT-PCR analyses revealed that the inhibitory effect of miR-214-3p on EMT was 
reversed by Si-MYH9 transfection. The data are represented as the means±S.D. from at least three independent experiments. *p<0.05. 
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DISCUSSION 
 

Increasing evidence has revealed that miRNAs play 

critical roles in the occurrence and development of 

colon cancer [5, 6]. Until now, the underlying 

mechanism of miRNA in the proliferation and 

migration of colon cancer was unclear. Previous studies 

have indicated that miR-214-3p acts as an oncogene or 

tumor suppressor in various cancers [12, 13]. However, 

the biological function of miR-214-3p in CRC remains 

controversial. In this study, miR-214-3p was 

downregulated in CRC, and low expression of miR-

214-3p was significantly associated with tumor size and 

lymphatic metastasis in CRC. According to the 

expression level of miR-214-3p in CRC cells. We 

suppressed the expression of miR-214-3p in SW480 and 

HCT116 cells, the results indicated that the ability of 

proliferation and migration was enhanced. Then, we 

overexpressed the expression of miR-214-3p in DLD1 

cells, we found that the ability of proliferation and 

migration was significantly suppressed. In addition, 

dual-luciferase reporter assays indicated that miR-214-

3p directly binding to the 3’UTR of PLAGL2. Then, 

MYH9 was demonstrated to be a direct target 

downstream of PLAGL2. Taken together, our studies 

indicate that miR-214-3p targeted the PLAGL2-MYH9 

axis to suppress tumor proliferation and metastasis in 

human colorectal cancer. 

 

Several studies have illustrated that miR-214-3p acts as 

a tumor suppressor in colon cancer. MiR-214-3p 

suppresses the proliferation and migration of colon 

cancer by suppressing BCL9L, HSP27 and wnt 

signaling [12, 13]. MiR-214-3p also participates in the 

tumorigenesis and stemness of colon cancer through the 

mTOR/β-catenin pathway [28]. Undoubtedly, miR-214-

3p plays a critical role in the progression of CRC; 

however, the potential mechanism needs to be further 

explored. Here, we found that miR-214-3p was 

significantly decreased in colon cancer, and silencing 

miR-214-3p inhibited the proliferation and migration of 

human colon cancer cells in vivo and in vitro. Our 

findings are supported by other CRC experiments. 

However, the underlying mechanism through which 

miR-214-3p suppresses the progression of colon cancer 

remains unclear. In our current study, we investigated 

the role of miR-214-3p in the EMT process in colon 

cancer. Our results showed that downregulation of miR-

214-3p decreased the expression of E-cadherin and Zo1 

and increased the expression of vimentin and N-

cadherin in CRC cells, indicating that miR-214-3p may 

promote the progression of CRC by regulating the EMT 

process. The mechanism by which the target gene miR-

214-3p exerts its effect on EMT will be clarified in 

future studies. Biological analysis using five miRNA 

prediction databases was used to predict the potential 

target gene of miR-214-3p. Given that miR-214-3p was 

downregulated in CRC, PLAGL2 was selected as a 

candidate miR-214-3p target gene; we subsequently 

performed a dual-luciferase reporter gene assay, qRT-

PCR, and Western blotting to verify this hypothesis. 

 

PLAGL2, a well-known transcription factor, has been 

proposed to participate in the physiological regulation 

of different types of cancers [14, 15]. Previous studies 

have indicated that the expression of PLAGL2 was 

significantly higher in CRC tissues than in adjacent 

normal tissues and correlated with the depth of tumor 

invasion. Furthermore, PLAGL2 has been demonstrated 

to act as an oncogene in CRC by activating the Wnt6 

and IGF2/β-catenin signaling pathways [16, 17]. 

Another study illustrated that PLAGL2 could regulate 

the actin cytoskeletal architecture and EMT process [18, 

20]. In this study, we demonstrated that the expression 

of PLAGL2 was significantly correlated with that of 

miR-214-3p. Furthermore, we explored the role of 

PLAGL2 in the progression of CRC. Consistent with 

previous studies, our results indicated that silencing 

PLAGL2 could remarkably suppress the growth and 

migration of CRC cells. MYH9, a well-known 

cytoskeleton molecule, is closely related to the 

proliferation and metastasis of human colorectal cancer 

[19]. Given that PLAGL2 also participates in the 

regulation of the actin cytoskeletal architecture, we 

unsurprisingly demonstrated that MYH9 was directly 

transcriptionally regulated by PLAGL2. Our results add 

new evidence for the oncogenic function of PLAGL2 in 

the progression of CRC. 

 

Our study provided robust evidence that miR-214-3p 

acts as a tumor-suppressor gene to inhibit CRC cell 

proliferation and migration by regulating the 

PLAGL2/MYH axis. However, increased expression of 

miR-214-3p may also increase the risk of other cancers, 

such as pancreatic carcinoma and stomach 

adenocarcinoma. So, what we next to do is to find out 

how to target miR-214-3p into colon cancer tissue 

specifically. A possible solution may be nano-drug 

carriers which can transporting drugs into tumor tissue 

specifically without any impact on normal tissues. We 

do believe that miR-214-3p can serve as a novel 

prognostic and diagnostic biomarker for CRC. This new 

signaling axis is a promising therapeutic strategy for 

CRC treatment.  

 

MATERIALS AND METHODS 
 

Patient tissues 

 

CRC tissues and adjacent normal tissues from forty 

patients with no chemoradiotherapy before surgery were 

obtained at Wuhan Union Hospital between 2016 and 
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2018. Our research was approved by the Human 

Research Ethics Committee of Huazhong University of 

Science and Technology. 

 

Cell culture and reagents 

 

SW480, HCT116 and DLD1 cells were cultured in 

DMEM (HyClone, Logan, UT, USA) mixed with 10% 

fetal bovine serum (FBS; Sciencell, Carlsbad, CA, 

USA) and maintained in a 5% CO2 humidified 

atmosphere at 37°C. 

 

Statistical analysis 
 

The expression of miR-214-3p and PLAGL2 in 40 

paired CRC tissues was analyzed by paired t test. 

Correlations among the expression levels of miR-214-

3p, PLAGL2 and MYH9 in the matched colon cancer 

tissues were evaluated using Pearson’s r. A P value of 

≤0.05 was considered statistically significant. The data 

analyses were carried out with SPSS and GraphPad 

Prism. The results are shown as the mean±standard 

deviation (SD). All tests were two-sided, and all 

experiments were repeated at least 3 times. 

 

All supplementary methods are available in 

supplementary material. 
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SUPPLEMENTARY MATERIALS 
 

 

Supplementary Methods 
 

Oligonucleotides, siRNA, and lentiviral transfection 

 

MiR-214-3p mimics, miR-214-3p inhibitors, and their 

corresponding control oligonucleotides were 

synthesized by RiboBio (Guangzhou, China). 

Transfection was carried out with a final concentration 

of 50 nM miR-214-3p mimics and 100 nM miR-214-3p 

inhibitors using the Lipofectamine 3000 reagent 

(Invitrogen, CA, USA) following the manufacturer’s 

protocol. Lentiviral vector with miR-214-3p inhibitors 

and PLAGL2 shRNA was purchased from Genechem 

(Shanghai, China). which carried a green fluorescent 

protein sequence and puromycin sequence. SW480 and 

HCT116 were transfected with lentiviral vector with 

miR-214-3p inhibitors or PLAGL2 shRNA to establish 

stable cell lines with downexpression of miR-214-3p or 

PLAGL2. In order to select the stable cell lines, 

lentivirus-transfected cells were cultured in medium 

with 1 µg/ml puromycin for 14 days. MYH9 siRNA 

was obtained from RiboBio(Guangzhou, China). 

SW480 and HCT116 were transfected with MYH9 

siRNA using Lipofectamine 3000 reagent (Invitrogen, 

CA, USA). The miRNA mimics, inhibitor, siRNAs 

were showed in Supplementary Table 1. 

 

RNA isolation, quantitative real-time PCR (qPCR) 

and Western blot 
 

Total RNA from tissue samples and cultured cells was 

extracted using TRIzol reagent (Invitrogen). 

Quantitative real-time PCR (qPCR) assays were carried 

out to detect mRNA expression using the PrimeScript 

RT Reagent Kit (TaKaRa) and SYBR Premix Ex Taq 

(TaKaRa) according to the manufacturer’s instructions. 

GAPDH was used as an internal control. The primers 

are listed in Supplementary Table 2. For miRNA 

expression analysis, reverse transcription was 

performed using a ReverTra Ace qPCR RT Kit 

(Toyobo) with a miR-214 bulgeloop RT primer. The 

bulge-loop RT primer and qPCR primers specific for 

miR-214 were designed and synthesized by Guangzhou 

RiboBio (Guangzhou, China). The U6 small nuclear 

RNA was used as an internal control. Data analysis was 

performed using the 2−ΔΔCt method.  

 

According to standard Western blot procedures, 

briefly, proteins were separated by 8% SDS-PAGE 

and then transferred to nitrocellulose membrane (Bio-

Rad). After blocking in 5% nonfat milk, the 

membranes were incubated with special primary

 antibodies. The proteins were visualized with 

Immobilon ECL (Millipore). The antibodies used 

include PLAGL2 (1:1000; Proteintech), MYH9 

(1:1000; Proteintech), E-cadherin (1:1000; 

Proteintech), N-cadherin (1:1000; Proteintech), 

vimentin (1:1000; Proteintech), Zo1 (1:1000; 

Proteintech), P27 (1:1000; Cell Signaling 

Technology), cyclin D1 (1:1000; Cell Signaling 

Technology), cyclin E (1:1000; Cell Signaling 

Technology), CDK4 (1:1000; Proteintech), and 

GAPDH (1:1000; Proteintech). 

 

Hematoxylin-eosin (HE) staining, 

immunohistochemical (IHC) staining and 

immunofluorescence (IF) staining 
 

Complete sectioning was performed for all the human 

CRC tissues, orthotopic implantation tumors and 

metastases to ensure a precise diagnosis. 4μm-thick 

formalin-fixed and paraffin embedded sections were 

prepared for HE staining. Briefly, paraffin embedded 

sections were deparaffinized and rehydrated in a 

series of xylene and ethanol baths of decreasing 

concentration. Slides were put in hematoxylin solution 

for 1 min, followed by 1% alcoholic hydrochloric acid 

for 3 seconds, and then eosin solution for 1 min. 

Immunohistochemistry staining (IHC) was performed 

using a Dako Envision System (Dako, Carpinteria, 

CA) following the manufacturer’s recommended 

protocol. For incubation with primary mAb, tissue 

slides were incubated at 4°C overnight. Negative 

controls were treated identically, but without the 

primary antibody. Immunofluorescence staining was 

performed on CRC cells and frozen sections of human 

CRC tissues. Cells were plated onto coverslips, 

washed with phosphate-buffered saline, fixed in 4% 

paraformaldehyde for 10 minutes, permeabilized with 

0.25% Triton for 5 minutes and incubated with 

primary antibodies at 4°C overnight, followed by a 1-

hour incubation with fluorescently conjugated 

secondary antibodies. Nuclei were counterstained 

with 4’,6-diamidino-2-phenylindole (DAPI; CST), 

and then the coverslips were imaged via a confocal 

laser scanning microscope (FV1000; Olympus, Center 

Valley, PA). 

 

Colony-formation assay 
 

Twenty four hours after transfection, 500 uniparted cells 

were planted into 6-well plates and cultured for 2 weeks. 

Thereafter, the cell colonies were fixed with methanol for 

5min and stained with 0.1% crystal violet for 15min at 
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room temperature. Then cell colonies were counted and 

photographed. 

 

EdU incorporation assay 
 

For analysis of cell proliferation, 4×103 cells were seeded 

into 96-well plates. The cells were incubated under 

standard conditions in complete media. Forty-eight hours 

later, cell proliferation was detected using the 

incorporation of 5-ethynyl-2-deoxyuridine (EdU) with 

the EdU Cell Proliferation Assay Kit (RiboBio, 

Guangzhou, China). Briefly, the cells were incubated 

with 50 µM EdU for 2 h before fixation, 

permeabilization and EdU staining, which were 

performed according to the manufacturer’s protocol. 

The proportion of cells that incorporated EdU was 

determined by fluorescence microscopy. 

 

Cell proliferation assay 
 

The CCK-8 kit (Dojindo Laboratories Co. Ltd., 

Kumamoto, Japan) was used to assess cell viability in 

accordance with the manufacturer’s introductions. In 

detail, we seeded cells (3 × 103 per well) into the 96-

well plates with each well containing 200μl of culture 

medium supplemented with 10% FBS. We have six 

replicates for each sample. At the appointed time point, 

solution with 100μl of fresh medium and 10μl of CCK-

8 solution was added into each well. After incubated for 

1h at 37 °C, the absorbance was recorded at 450 nm 

using the Quant ELISA Reader (BioTek Instruments, 

USA). Survival rate % = (OD treatment−OD 

blank)/(OD control−OD blank) × 100%.  

 

Migration assay  

 

After transfection, cells were planted into 6-well plates 

and cultured for 24h. Then 200μl pipette tips were used 

to scratch three parallel lines and cells were washed 

with PBS twice, after which cells were cultured in an 

incubator at 37°C. Photographs were taken at 0 and 48h 

after wounding under Olympus FSX100 microscope 

(Olympus, Tokyo, Japan). Migration index was 

assessed by measuring the change of scratch area. 

 

Invasion assay 
 

Matrigel mix (BD Biosciences, CA, USA) was used 

to coat the top chamber of transwell chambers (8µm 

pore size) (BD Biosciences, CA, USA). Then 500μl 

DMEM containing 10% FBS was added to the bottom 

chamber while 1.5×105 cells were seeded in the top 

chamber. After 24h, cells that had passed through the 

matrigel to the underside of the filter were fixed with 

methanol and stained by 0.1% crystal violet, 

otherwise these were removed using cotton swabs. 

Cells were counted under Olympus FSX100 

microscope (Olympus, Tokyo, Japan) and the number 

of stained cells represented invasiveness. 

 

Scratch wound healing assays 

 

We seeded the cells into the 6-well plates and cultured 

them until they fully fused. We then manually scratched 

the cell monolayer using a 200μl pipette tip and washed 

out the floating cells with phosphate-buffered saline 

(PBS). After that, cells were cultured for 48h in culture 

medium supplemented with 1% FBS. The phase contrast 

microscope (Niko Corporation) was used to capture the 

images and the Image Pro Plus v6.0 software package 

(Media Cybernetics Inc., Bethesda, MD, USA) was used 

to measure the migration areas of cells. 

 

Dual-luciferase reporter assay 

 

To verify whether miR-214 directly regulates PLAGL2 

by combining the 3’ UTR region of PLAGL2 mRNA, a 

dual-luciferase reporter assay (Promega, Madison, WI) 

was used. There are three potential binding sites in the 3’ 

UTR region of PLAGL2 mRNA. Thus, wild-type and 

mutated 3’ UTR sequence of PLAGL2 mRNA, called 

pGL3-PLAGL2-wild1–3 and pGL3-PLAGL2-mut1–3, 

respectively, were inserted between the hRluc and the 

hLuc genes in the pGL3 promoter vector. According to 

the manufacturers’ protocols, HCT116 and SW480 cells 

were seeded in 96-well plates and then co-transfected with 

100 ng of pGL3-PLAGL2-wild1–3/pGL3-PLAGL2-

mut1–3 and 50 nM miR-214 inhibitor or the respective 

negative controls, using the RiboBio FECT™ CP 

Transfection Kit (RiboBio). The values of Renilla/firefly 

luciferase activities in the cell lysates were ultimately used 

for analysis. 

 

Chromatin immunoprecipitation (ChIP) 

 

ChIP assays were performed using the SimpleChIP® 

Plus Enzymatic Chromatin IP Kit (CST, USA) with 

anti-PLAGL2. Cells were crosslinked with 

formaldehyde and sonicated to an average size of 300-

to-500 bp. Lysates were added to EP tubes, which were 

incubated with PLAGL2 antibody. Crosslinked DNA 

released from the protein-DNA complex was purified, 

and the eluted DNA was further detected by qRT-CR. 

Input and IgG were used simultaneously to confirm that 

the detected signals were derived from the specific 

bonding of chromatin and PLAGL2. All ChIP assays 

were repeated independently three times. 

 

Animal experiments 
 

For the xenograft subcutaneous implantation model, 

SW480 and HCT116 cells with different lentiviral 
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transfection conditions were injected separately into 

five nude mice (8 weeks old). All mice were maintained 

for almost 30 days after injection. The sizes of the 

subcutaneous xenografts were recorded every 3 days. 

 

For the pulmonary metastasis model, SW480 and 

HCT116 cells with different lentiviral transfection 

conditions were injected into the caudal vein of five 

nude mice (6 weeks old). All mice were maintained for 

almost 30 days after injection. Then, the pulmonary 

metastasis nodules were measured.  
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Supplementary Figures 
 

 
 

Supplementary Figure 1. The ONCOMIR data indicated that there are 10 cancer types in which tumorigenesis is significantly 
associated with the expression of miR-214-3p. The data are represented as the means±S.D. from at least three independent 
experiments. *P<0.05. 
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Supplementary Figure 2. (A) MiR-214-3p expression was significantly upregulated after transfection with the miR-214-3p mimic but 
downregulated after transfection with the LV-miR-214-3p inhibitor. (B–E) Colony-formation and EdU assays revealed that miR-214-3p 
suppresses CRC cell proliferation. (F–G) Western blot analysis revealed that miR-214-3p decreased the expression of cyclin D1, cyclin E and 
CDK4 and increased the expression of P27. The data are represented as the means±S.D. from at least three independent experiments. 
*p<0.05. 
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Supplementary Figure 3. (A–B) Wound-healing assays indicated that miR-214-3p suppressed the migration of CRC cells. (C) qRT-PCR 
assays showed that miR-214-3p decreased the expression of N-cadherin and vimentin and increased the expression of E-cadherin and Zo1. 
(D) IF assays showed that miR-214-3p decreased the expression of N-cadherin and increased the expression of E-cadherin. The data are 
represented as the means±S.D. from at least three independent experiments. *p<0.05. 
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Supplementary Figure 4. (A–F) The expression levels of the potential targets of miR-214-3p according to the Starbase 3.0 database. (G–H) 
IF assays showed that miR-214-3p inhibited the expression of PLAGL2. (I) Predicted binding site in the 3’-UTR of PLAGL2. The data are 
represented as the means±S.D. from at least three independent experiments. *P<0.05. 
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Supplementary Figure 5. (A–D) WB and qRT-PCR assays revealed that PLAGL2 increased the expression of N-cadherin and vimentin and 
decreased the expression of E-cadherin and Zo1. (E–F) EdU and colony formation assays revealed that PLAGL2 promoted CRC cell 
proliferation. (G–H) Transwell and wound-healing assays showed that PLAGL2 promoted the migration and invasion of CRC cells. The data are 
represented as the means±S.D. from at least three independent experiments. *P<0.05. 
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Supplementary Figure 6. (A–B) EdU assays revealed that PLAGL2 downregulation effectively reverses miR-214-3p inhibitor-induced CRC 
cell proliferation. (C–E) Wound-healing assays indicated that PLAGL2 downregulation effectively reverses miR-214-3p inhibitor-induced CRC 
cell migration. (F–I) Western blot and qRT-PCR assays indicated that the inhibitory effect of miR-214-3p on EMT was reversed by Sh-PLAGL2 
transfection. The data are represented as the means±S.D. from at least three independent experiments. *P<0.05. 
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Supplementary Figure 7. (A) IHC analysis indicated that the expression of MYH9 was higher in tumor tissues. (B) IHC analysis indicated that 
the expression of MYH9 could be regulated by miR-214-3p and PLAGL2, and the inhibition effect of miR-214-3p on MYH9 could be reversed 
by Sh-PLAGL2 in subcutaneous xenograft tissues. The data are represented as the means±S.D. from at least three independent experiments. 
*P<0.05. 

 

 
 

Supplementary Figure 8. (A) EdU assays revealed that MYH9 downregulation effectively reversed miR-214-3p inhibitor-induced CRC cell 

proliferation. (B–E) Transwell and wound-healing assays indicated that MYH9 downregulation effectively reversed miR-214-3p inhibitor-
induced CRC cell migration. The data are represented as the means±S.D. from at least three independent experiments. *P<0.05. 
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Supplementary Tables 
 

Supplementary Table 1. Sequence information used in this study. 

Gene Sequence 

miR-214 mimics 5’-ACAGCAGGCACAGACAGGCAGU-3’(sense) 
 5’-ACUGCCUGUCUGUGCCUGCUGU-3’(antisense) 
Mimic NC 5’-UUUGUACUACACAAAAGUACUG-3’(sense)  
 5’-CAGUACUUUUGUGUAGUACAAA-3’(antisense) 
miR-214 inhibitor 5′-ACUGCCUGUCUGUGCCUGCUGU-3’ 
Inhibitor NC 5’-CAGUACUUUUGUGUAGUACAAA-3’ 
PLAGL2 shRNA 5’-GACCCATGATCCTAACAAA-3’ 
MYH9 siRNA 5’-GACAGCAATCTGTACCGCATT-3’ 

 

Supplementary Table 2. Primers sequences. 

Primer set Primers Sequence(5’-3’) 

Forward GGGGAGCCAAAAGGGTCATCATCT 

Reverse GACGCCTGCTTCACCACCTTCTTG 

Forward CATCATCATCCTGCTTATCCTTGT 

Reverse GGTCTTCTTCTCCTCCACCTTCT 

Forward CTGGTGAAATCCCGGAAAAATGA 

Reverse TTGCTGCCAAACTATCTTGTGA 

Forward GCCCTGCCAATCCCGATGAAA 
Reverse GGGGTCAGTATCAGCCGCT 

Forward GCTTCAGAGAGAGGAAGCCGAAAA 

Reverse CCGTGAGGTCAGGCTTGGAAA 

Forward GAGGCCCTCAGCTCAGTTTT 

Reverse GAGGCCCTCAGCTCAGTTTT 
Forward ACCATGGAGGCCATGAGGATTA 
Reverse CGATGTTGCCGAGCTGAAGA 
Forward AAAGCAAATCATCGGACGACC 
Reverse GTACAACACATTGTTTCCTCGGA 
Forward GATGAGCTCAACTGAAGTGGCTAAAGAG 
Reverse GATACGCGTTGAAGTTCTGCCTAATCTA 

Forward AAAGGATGTATGCGAGTT 

Reverse TTGTGAGCGTCTTGAGTT 

 


