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INTRODUCTION 
 
Colorectal cancer is the fourth most lethal cancer 
worldwide, reaching up to almost 700,000 human 
deaths annually [1]. It is estimated that the incidence of 
colorectal cancer will rise by 1.67 times by 2040 [2]. In 
China, there were 376,000 new cases of CRC that 
caused 191,000 deaths in 2015 [3]. CRC is a 
remarkably heterogeneous disease governed by multiple 
molecular pathways [4]. In recent years, chemotherapy 
has become an advisable option for advanced CRC 
patients, especially for metastatic CRC [5]. 
Frustratingly, 50–70% of advanced CRC patients 
develop tolerance to both classical and biological  

 

chemotherapy drugs [6]. Acquired drug resistance poses 
a major obstacle to curative therapy for CRC patients 
and leads to poor prognosis [7, 8]. Although therapeutic 
strategies have made significant progress in recent 
decades, there is an urgent need to optimize multidrug 
treatment approaches to efficiently improve anticancer-
drug effects as well as to achieve better prognosis and 
recovery. 
 
MicroRNAs (miRNAs), a class of endogenous small 
noncoding RNA molecules, at the length of ~22 
nucleotides, regularly act as repressors of gene expression 
by inducing target mRNA degradation or transcription 
inhibition [9]. In recent decades, astounding numbers of 
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ABSTRACT 
 
Clinically, one of the principal factors in the failure of advanced colorectal cancer (CRC) treatment is 
chemoresistance to 5-fluorouracil (5FU)-based chemotherapy. Although microRNA-375-3p (miR-375) is considered 
a tumor suppressor in multiple cancers, the mechanism of miR-375 in the regulation of drug resistance in CRC 
remains unclear. In this study, we investigated the chemosensitivity of miR-375 to 5FU in CRC from biological and 
clinical aspects. We found that miR-375 was significantly downregulated in CRC tissues and cell lines, and low miR-
375 expression was strongly correlated with poor overall survival in CRC patients. Overexpression of miR-375 
sensitized CRC cells to a broad spectrum of chemotherapeutic drugs in vitro and in vivo. Further mechanistic 
analysis demonstrated that miR-375 enhanced CRC cell sensitivity to 5FU by directly targeting YAP1 and SP1. MiR-
375 downregulated YAP1, resulting in reduced expression of the Hippo-YAP1 pathway downstream genes CTGF, 
cyclin D1 and BIRC5 (also known as survivin). Overall, miR-375 was confirmed as a prospective molecular 
biomarker in the chemoresistance and prognosis of CRC patients, and the synergy between miR-375 and 
chemotherapeutic drugs could be a promising therapeutic strategy for CRC patients, especially with 
chemoresistance. 
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miRNAs have been implicated in a variety of boilogical 
process, including proliferation, apoptosis and metabolism 
[10–12]. As oncogenes or tumor suppressors, the roles of 
miRNAs have been extensively explored in numerous 
cancers, which make them attractive targets for novel 
therapeutic approaches [13, 14]. Along with the genetic 
alterations and epigenetic modifications that affect 
resistance, dysregulation of miRNAs is also involved in 
tumor cellular variations in chemoresistance [15–18]. 
However, the aberrant expression of miRNAs can 
modulate various cancer phenotypes, suggesting that 
miRNAs may lead to different outcomes of drug 
resistance in different tumors [19]. Thus, it is a 
prerequisite to identify the multiple responses of efficient 
miRNAs in chemoresistance in order to develop accurate 
multidrug treatments. MiR-375 was reported as an 
important tumor suppressor that targeted critical 
oncogenes in the progression of a variety of cancers, such 
as CRC, hepatocellular carcinoma (HCC), gastric cancer 
(GC) and cervical cancer. In addition, it was thought to be 
a potent therapeutic target because it could suppress tumor 
cell growth in vitro and in vivo [20]. Interestingly, 
abundant evidence shows that miR-375 was highly 
associated with therapeutic sensitivity in hepatocellular 
carcinoma, prostate cancer and breast cancer [21–23]. 
Although there is also emerging evidence suggesting the 
specific suppressive role of miR-375 in colorectal cancer 
and its crucial function in stratifying patients to 
preoperative chemoradiation [24, 25], to date, there are 
insufficient data implicating the underlying mechanism of 
miR-375 in CRC drug resistance [26]. In particular, data 
that would shed light on how miR-375 modulates drug 
resistance by targeting YAP1 in CRC are scarce.  
 
The Hippo signaling pathway is generally 
acknowledged as a critical player in manipulating the 
tissue growth, cell proliferation and apoptosis that occur 
in multiple human cancers. It is composed of 
mammalian Ste20-like kinases 1/2 (MST1/2), large 
tumor suppressor 1/2 (LATS1/2), yes-associated protein 
(YAP, encoded by YAP1) and transcriptional 
coactivator with PDZ-binding motif (TAZ) [27]. As a 
vital downstream effector of the Hippo pathway, YAP1 
is an essential activator of transcription, as 
dysregulation of the Hippo pathway triggers YAP/TAZ 
hyperactivation, which promotes tumorigenesis [28]. 
 
In our study, we used two 5FU-resistant cell lines, 
HCT116/FU and HCT8/FU, and their corresponding 
parental cell lines, HCT116 and HCT8, to study how 
miR-375 regulated tolerance to 5FU. We found miR-
375 was genetically downregulated in CRC tissues and 
cells, especially in resistant cell lines, and its low 
expression level correlated with chemoresistance, 
malignancy and poor prognosis. Phenotypic 
experiments showed miR-375 significantly inhibited 

proliferation, induced apoptosis and had synergistic 
efficacy with a broad spectrum anticancer drugs, 
including 5FU in vitro. Moreover, we demonstrated for 
the first time that miR-375 partially reversed 5FU 
resistance by directly downregulating YAP1 and SP1 in 
CRC. To conclude, our results verified that miR-375 
acted as a potential biomarker for prognosis and 
therapeutics prediction. Most importantly, it is highly 
likely that miR-375 will become a novel treatment 
strategy for CRC in the clinic when combined with 
chemotherapeutic agents. 
 
RESULTS 
 
MiR-375 expression is genetically downregulated in 
colorectal cancer and negatively correlated with 
chemoresistance, malignancy and poor prognosis 
 
To demonstrate the association of miR-375 with the 
response of CRC cells to chemotherapeutics, we 
established two drug-resistant cell lines, HCT116/FU 
and HCT8/FU, by long-term culture of their 
corresponding parental cell lines, HCT116 and HCT8, 
in vitro with escalating 5FU concentrations. The 
resistance of parental and resistant cell lines to 5FU was 
examined by treating them with different concentrations 
of 5FU. As shown from the growth inhibition curves 
(Supplementary Figure 1A, 1B), the inhibitory rates of 
resistant cells were significantly decreased compared 
with their parental cells. The IC50 of 5FU in parental 
cells was 22.88 ± 0.14μg/ml and 25.59 ± 0.16 μg/ml, 
respectively, indicating more potency compared with 
that of resistant cells (146.14±15.06 μg/ml and 
140.22±10.40 μg/ml (Supplementary Table 1). To 
further determine the relationship between miR-375 and 
chemoresistance, we first analyzed miR-375 expression 
in parental cell lines HCT116 and HCT8 and 
established corresponding 5FU-resistant sublines 
HCT116/FU and HCT8/FU. The results showed that 
miR-375 was significantly decreased in both of the 
5FU-resistant cell lines (Figure 1A). Then, we analyzed 
miR-375 expression by qRT-PCR and found that miR-
375 was lower to different degrees in CRC cell lines 
than in colonic mucosal epithelial cells (FHC) (Figure 
1B). Moreover, clinical samples of patients who 
relapsed after 5FU-based chemotherapy (the 5FU-
resistant group) were compared with those of patients 
who did not (the 5FU-sensitive group). The results 
showed that miR-375 expression was much lower in the 
5FU-resistant group (n=30) than in the 5FU-sensitive 
group (n=30), indicating that miR-375 expression was 
associated negatively with chemoresistance in CRC 
tissues (Figure 1C). In addition, we compared the 
expression of miR-375 in 40 paired CRC and their 
adjacent normal tissues and found that CRC patients 
generally had downregulated miR-375 in CRC tissues 
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(Figure 1D). Similar results were obtained in 450 CRC 
and 8 normal specimens downloaded from the Starbase 
database (Figure 1E). Afterwards, we divided clinical 
specimens into two groups based on the miR-375 
expression value to explore its correlation with 
clinicopathological variables. A chi-square test showed 
that the miR-375 expression level was notably 
correlated with tumor size (p=0.038), tumor invasion 
depth (p=0.020) and TNM stage (p=0.002) (Table 1). 

Likewise, the TCGA cohort showed that lower 
expression of miR-375 was associated with advanced 
stage (n=198) (Figure 1F). We then investigated the 
relationship between miR-375 expression and CRC 
prognosis. Kaplan–Meier survival analysis revealed that 
patients with lower miR-375 levels had a much poorer 
overall survival than those with higher miR-375 levels 
(Figure 1G), which was also identified in the TCGA 
database (Figure 1H). We next performed univariate 

 

 
 

Figure 1. Downregulation of miR-375-3p associated with chemoresistance, malignancy and poor prognosis. (A) The association 
of miR-375-3p expression and 5FU-resistance were measured by qRT-PCR in CRC parental cell lines (HCT116, HCT8) and 5FU-resistant cell 
lines (HCT116/FU, HCT8/FU). (B) The miR-375-3p expression in CRC cell lines (HCT116, HT29, HCT8, SW480, SW620, DLD1 and CaCO2) were 
compared with that in the colonic mucosal epithelial cell (FHC) by qRT-PCR. (C) The association of miR-375-3p expression and 5FU-resistance 
were measured by qRT-PCR in 5FU-sensitive and 5FU-reisistant groups. MiR-375-3p expression was reduced in 5FU-reisistant group. (D, E) 
qRT-PCR analysis of miR-375-3p expression in CRC tissues compared with that in adjacent normal tissues from our clinical samples (n = 40, 
respectively)and Starbase v3.0 database. MiR-375-3p expression was reduced in CRC tissues. (F) The association analysis of miR-375-3p 
expression with TNM stage (I, II, III, IV) in CRC patients from TCGA database are shown. (G) Kaplan-Meier survival curves for miR-375-3p 
expression in associated with overall survival based on our clinical samples (n =130, log-rank test, p < 0.001). (H) Kaplan-Meier survival curves 
for miR-375-3p expression in associated with overall survival from TCGA database. * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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Table 1. Correlation between miR-375-3p expression and clinicopathological variables of CRC patients (n=130). 

Variables miR-375-3p expression P-value1 Total (n=130)                 High (n=65)                 Low (n=65) 
Age (years) 
≤60 
>60 
Gender 
Male 
Female 
Tumor size (cm) 
≤5 
> 5 
Tumor invasion depth 
T1-2 
T3-4 
Lymph node metastasis 
N0 
N1-2 
Distant metastasis 
M0 
M1-2 
TNM stage 
I–II 
III–IV 

 
58 
72 
 

63 
67 
 

89 
41 
 

101 
29 
 

50 
80 
 

74 
56 
 

97 
33 

 
30 
35 

 
33 
32 

 
50 
15 

 
56 
9 
 

30 
35 

 
42 
23 

 
56 
9 

 
28 
37 

 
30 
35 

 
39 
26 

 
45 
20 

 
20 
45 

 
32 
33 

 
41 
24 

 
0.724 

 
 

0.599 
 
 

0.038 
 
 

0.020 
 
 

0.071 
 
 

0.076 
 
 

0.002 
 

1Statistical significant results (in bold). 
 

and multivariate survival analyses to test the correlation 
of miR-375 expression with overall survival in CRC 
patients. As shown in Table 2, univariate analysis  
validated three prognostic factors: miR-375 expression 
(p<0.001), tumor invasion depth (p = 0.034) and TNM 
stage (p<0.001). Multivariate survival analysis 
indicated that miR-375 was an independent prognostic 
factor (hazard ratio [HR] =2.54; 95% confidence 
interval [CI] = 1.18–4.33, P = 0.001) for CRC patients. 
These results suggest that miR-375 may play a critical 
role in the progression and drug resistance of CRC. 
 
MiR-375 inhibits proliferation and chemoresistance 
and promotes 5FU-induced apoptosis of CRC cells in 
vitro 
 
Parental cell lines (HCT116 and HCT8) and 5FU-resistant 
cell lines (HCT116/FU and HCT8/FU) were 
lipotransfected with miR-375 mimics and inhibitors 
(Supplementary Figure 1C, 1D). The cell viability 
experiment demonstrated that overexpression of miR-375 
significantly reduced CRC-resistant cell viability, 
especially when combined with 5FU treatment. While 
miR-375 inhibitors remarkably increased CRC cell 
viability and markedly decreased 5FU sensitivity (Figure 
2A, Supplementary Figure 2A). A colony formation assay 
further verified that miR-375 inhibited cell proliferation 
and promoted 5FU sensitivity, and miR-375 combined 

with 5FU treatment led to little cell growth in 
HCT116/FU and HCT8/FU cells. In contrast, miR-375 
inhibitors notably increased cell proliferation and 
enhanced 5FU resistance in HCT116 and HCT8 cells 
(Figure 2B, 2C, Supplementary Figure 2B, 2C). MTT 
analysis showed that miR-375 significantly decreased the 
tolerance of 5FU-resistant cells to 5FU, whereas miR-375 
inhibitors distinctly enhanced 5FU resistance in CRC 
parental cells (Figure 2D, Supplementary Figure 2D). 
Dramatically, the same observation was found when miR-
375 mimics or inhibitors were combined with various 
anticancer drugs, including capecitabine, oxaliplatin and 
irinotecan (Figure 2E, Supplementary Figure 2E). The 
weak drug tolerance level extended to other CRC cells 
transfected with miR-375, such as DLD1, HT29 and 
SW620 (Figure 2F). In addition, in CRC parental and 
resistant cells with 5FU regimens, miR-375 significantly 
increased the cell apoptosis rate, whereas miR-375 
inhibitors decreased the cell apoptosis rate (Figure 2G, 
Supplementary Figure 2F). 
 
MiR-375 suppresses tumorigenesis and reverses 
chemoresistance to 5FU of CRC in vivo 
 
To determine the relationship between miR-375 and 
therapeutic effects, we used transfected HCT116 cells to 
transplant subcutaneously into nude mice, followed by 
subsequent intratumor injection of antagomiR-375 or 
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Table 2. Univariate and multivariate analysis of clinicopathological parameters for overall survival in 130 CRC 
patients. 

Variables Univariate analysis Multivariate analysis 
HR (95%CI) P-value1 HR (95%CI) P-value1 

miR-375-3p expression (high vs low) 2.48 (1.52-4.05) <0.001 2.54 (1.18-4.33) 0.001 
Tumor size (≤5cm vs >5cm) 1.28 (0.67-2.51) 0.109   
Tumor invasion depth (T1/2 vs T3/4) 
TNM stage (I/II vs III/IV) 

1.31 (1.15-2.91) 
3.69 (2.32-7.87) 

0.034 
<0.001 

1.02(0.85-1.79) 
3.35 (1.64-8.03) 

0.548 
0.001 

Lymph node metastasis (N0 vs N1/2) 0.99 (0.72-1.56) 0.253   
Distant metastasis (M0 vs M1/2) 2.04 (0.95-4.52) 0.086   
Age (≤60 vs >60) 0.64 (0.48-1.34) 0.883   
Gender (male vs female) 0.42 (0.35-1.26) 0.562   
1Statistical significant results (in bold) 
Abbreviations: CI, confidence interval; HR, hazard ratio. 
 

antagomiR-NC after 7 days (Figure 3A). miR-375 
expression was detected in tumors from two groups of 
nude mice using qRT-PCR. As expected, the miR-375 
expression level was notably reduced in tumors from the 
antagomiR-375 group compared with that in the 
antagomiR-NC group (Figure 3B). In HCT116-Xenograft, 
tumor growth was significantly inhibited in the 
antagomiR-375 group compared with the antagomiR-NC 
group (Figure 3C). Immunohistochemical (IHC) analysis 
of tumor tissues collected from the antagomiR-375 group 
exhibited higher Ki67-positive compared with the control 
group, which implied that cell proliferation was increased 
when inhibition of miR-375 (Figure 3D). On the other 
hand, we conducted agomiR-375 and a relatively low 
dose of 5FU to explore whether the treatment could result 
in a synergistic effect in vivo. Transfected HCT116/FU 
cells were inoculated subcutaneously into nude mice to 
form tumors. All mice were divided into 4 groups with 
intratumor injections of agomiR-375/NC or 5FU every 3 
days (Figure 3E). Consequently, the miR-375 expression 
level increased by approximately 25-fold compared with 
the agomiR-NC group (Figure 3F). tumors from the 
agomiR-375 group were extremely smaller than those 
from the agomiR-NC group. In addition, tumors 
combined with agomiR-375 and 5FU treatments 
presented greater anti-tumor effects than either agomiR-
375 or 5FU alone. (Figure 3G). In addition, Ki67 staining 
showed that Ki67-positive cells were significantly 
reduced by the combinational therapy (Figure 3H). These 
results indicated that miR-375 can suppress tumor growth 
and enhance the chemosensitivity of 5FU in vivo. 
 
YAP1 and SP1 are inversely associated with miR-
375 and chemosensitivity 
 
To identify miR-375 target genes involved in miR-375-
mediated suppression of cell proliferation and 
chemoresistance, three different online miRNA target 
prediction bioinformatics databases (TargetScan7, 

PicTar and microT-CDS) were initially applied. Then, 
28 potential genes of miR-375 were predicted through 
integrated analysis of three databases (Figure 4A). 
Finally, 13 potential candidate target genes that were 
associated with tumorigenesis and development were 
screened, and qRT-PCR was carried out later. As shown 
in Figure 4B and Supplementary Figure 3A, the mRNA 
expression levels of four genes (YAP1, SP1, PRKD1 
and HAS2) among 13 candidate genes were 
significantly downregulated by miR-375 in HCT116/FU 
and HCT8/FU cells transfected with miR-375 mimics. 
Thereafter, we analyzed the mRNA levels of the four 
genes in CRC clinical specimens and their matched 
adjacent normal tissues (n=40, respectively) and found 
that only YAP1 and SP1 were significantly upregulated 
in CRC tissues (Figure 4C, 4D, Supplementary Figure 
3B, 3C). Intriguingly, YAP1 and SP1 expression levels 
were strikingly higher in 5FU-resistant patients than in 
5FU-sensitive patients (n=30, respectively), which 
revealed a reverse relationship between YAP1/SP1 
expression and 5FU sensitivity (n=40, respectively) 
(Figure 4E, 4F). Moreover, a significantly negative 
correlation between YAP1 and SP1 expression and 
miR-375 was found in CRC tissues (Figure 4G, 4H).  
 
MiR-375 directly targets YAP1 and SP1 
 
To verify whether YAP1 and SP1 were direct targets of 
miR-375, we conducted a dual-luciferase assay. The 
putative binding sites of miR-375 on the YAP1 and SP1 
3’UTR are shown in Figure 5A. After wild-type and 
mutant-type YAP1 and SP1 3’-UTR sequences were 
cloned into the luciferase reporter vector, respectively, 
we found that miR-375 significantly reduced the 
luciferase activities of the wild-type reporters of 
YAP1/SP1 3’-UTR both in HCT116/FU and HCT8/FU 
cells, whereas no obvious decrease was observed in 
binding the mutant-type reporters of YAP1/SP1 3′-UTR 
(Figure 5B). The results strongly demonstrated that 
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Figure 2. miR-375-3p inhibits proliferation, chemoresistance and promotes 5FU-induced apoptosis of CRC cells in vitro. (A) 
Cell proliferation was detected by MTT assay after different concentrations of transfection together with 5FU treatment or not. (Left : 
HCT116/FU cells transfected with miR-375-3p/NC mimics: 25nM and 50nM; Right : HCT116 cells transfected with miR-375-3p/NC inhibitors : 
50nM and 100nM). (B, C) HCT116/FU and HCT116 cells were respectively transfected with miR-375-3p mimics or inhibitors together with 5FU 
treatment or not. Colony formation assay were measured to show miR-375-3p inhibited cell growth. (D) MTT assay showed overexpression of 
miR-375-3p increased the sensitivity of HCT116/FU cell lines to 5FU and inhibition of miR-375-3p enhanced the resistance of HCT116 cell lines 
to 5FU. (E) The sensitivity of HCT116/FU(Left) and HCT116(Right) cells to multiple anticancer drugs were measured after transfection. (No 
transfection of HCT116/FU and HCT116 cell lines were taken as 100% viability, respectively; HCT116/FU cells: oxaliplatin 15μg/ml, irinotecan: 
100μg/ml, capecitabine: 40μg/ml; HCT116 cells: oxaliplatin 2.5μg/ml, irinotecan: 18μg/ml, capecitabine: 4μg/ml;). (F) The sensitivity of DLD1, 
HT29 and SW620 CRC cell lines to 5FU were measured after transfection. (No transfection of cell lines were taken as 100% viability, 
respectively). (G) The apoptotic rate of the indicated cells transfected with miR-375-3p mimics or inhibitors, respectively, together with 
different concentrations of 5FU treatment were detected by flow cytometry analysis. (Left: HCT116/FU cells, concentration groups of 5FU: 
150μg/ml and 200μg/ml; Right: HCT116 cells, concentration groups of 5FU: 10μg/ml and 25μg/ml). * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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Figure 3. miR-375-3p suppresses tumorigenesis and reverses chemoresistance with 5FU of CRC in vivo. (A) Schematic outline of 
the treatment of HCT116 cells transfected with antagomiR-375-3p/NC in a subcutaneous tumor model followed by intratumoral injection of 
antagomiR-375-3p/NC. (B) qRT-PCR analysis of miR-375-3p expression in mice xenograft of antagomiR-375-3p/NC groups. (C) Representative 
images of transplanted tumors removed from mice after sacrifice at the 36th day, tumor volume and tumor weight were measured. (D) 
Representative images of hematoxylin and eosin (H&E) staining and Ki67 immunostaining of tumor lumps from two groups. Scale bar=50μm. 
(E) Schematic outline of the treatment of HCT116/FU cells transfected with agomiR-375-3p/NC in a subcutaneous tumor model followed by 
intratumoral injection of agomiR-375-3p/NC or PBS/5FU. (F) qRT-PCR analysis of miR-375-3p expression in mice xenograft of agomiR-375-
3p/NC groups. (G) Representative images of transplanted tumors removed from mice after sacrifice at the 27th day, tumor volume and tumor 
weight were measured. (H) Representative images of hematoxylin and eosin (H&E) staining and Ki67 immunostaining of tumor lumps from 4 
different groups.  *P < 0.05, ** P < 0.01 and *** P < 0.001. 
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Figure 4. The expression of YAP1 and SP1 are inversely associated with miR-375-3p and chemosensitivity. (A) Potential target 
genes of miR-375-3p were predicted in three bioinformatics databases. (B) The mRNA expressions of 13 candidate targets were analyzed in 
HCT116/FU cells transfected with miR-375-3p/NC mimics. (C, D) The mRNA expression levels of YAP1 and SP1 were analyzed in CRC patients 
(n=40). (E, F) qRT-PCR analysis of the expressions of YAP1 and SP1 in 5FU-resistant and 5FU-sensitive groups (n=30, respectively). (G, H) The 
correlations of miR-375-3p expression and YAP1/SP1 expressions were analyzed in CRC tissues, respectively (n = 25). *P < 0.05, **P < 0.01 
and ***P < 0.001. 
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YAP1 and SP1 were the direct targets of miR-375 in 
CRC. In particular, overexpression of miR-375 
significantly decreased the mRNA expression of YAP1 
and SP1, while inhibition of miR-375 remarkably 
elevated the mRNA expression of YAP1 and SP1 in 
both parental and 5FU-resistant cell lines (Figure 5C, 
5D). Moreover, the total protein expression levels of 
YAP1 and SP1 were both observably higher in 5FU-
resistant cells when compared with their corresponding 
parental cells (Figure 5E), which further signified that 
YAP1 and SP1 had a reverse association with miR-375 
and 5FU sensitivity. Meanwhile, the total protein 
expression of YAP1 and SP1 was significantly 
attenuated by miR-375 in 5FU-resistant cells, whereas 
notably enhanced by miR-375 inhibitors in parental 
cells. These effects were more obvious when treated 
with 5FU. (Figure 5F). Additionally, we subcutaneously 
injected HCT116/FU and HCT116 cells into BALB/c 
nude mice and analyzed the levels of YAP1 and SP1 in 
tumors by IHC assays (Figure 5G, Supplementary 
Figure 3D), which also confirmed the relationship 
between YAP1/SP1 and miR-375, drug resistance. 
These results undeniably indicated that miR-375 
negatively regulated YAP1 and SP1 by directly binding 
YAP1 and SP1 in CRC. 
 
MiR-375 suppresses cell proliferation and 5FU 
resistance of CRC cells by repressing YAP1 and SP1 
 
To determine the relationship between YAP1/SP1 
expression and cell proliferation or resistance to 5FU in 
CRC cells, we knocked down YAP1/SP1 by 
siYAP1/siSP1 or overexpressed them using special 
plasmids (Supplementary Figure 3E, 3F). The MTT 
assay demonstrated that upregulation of YAP1/SP1 
significantly induced proliferation and enhanced 5FU 
resistance in CRC parental cells, whereas 
downregulation of YAP1/SP1 relatively reduced cell 
proliferation and drug resistance in CRC 5FU-resistant 
cells (Figure 6A, 6B). Moreover, when miR-375 
inhibitors were cotransfected with siYAP1/siSP1, a cell 
viability assay indicated that silencing YAP1/SP1 
substantially reversed the resistance of miR-375 
inhibitors to 5FU with or without drug administration 
(Figure 6C). In contrast, when miR-375 was 
cotransfected with YAP1/SP1 into the 5FU-resistant 
cells, cell viability was obviously decreased by miR-375 
with or without 5FU-induced inhibition; nevertheless, 
the inhibitory effect on cell viability was partially 
abolished by YAP1/SP1 overexpression (Figure 6D). 
Moreover, flow cytometry analysis showed that the 
reduction of 5FU-induced apoptosis by miR-375 
inhibitors was entirely reversed by siYAP1 or siSP1 in 
HCT116/FU cells (Figure 6E), whereas the escalation of 
5FU-induced apoptosis by miR-375 was practically 
undermined by YAP1 or SP1 overexpression in 

HCT8/FU cells (Figure 6F). Taken together, miR-375 
attenuated CRC cell resistance to 5FU by repressing 
YAP1 and SP1. 
 
MiR-375 downregulates YAP1 expression via 
activating the Hippo-YAP1 signaling pathway  
 
As mentioned in Figure 2G, the ectopic expression of 
miR-375 could significantly promote cell apoptosis in 
chemoresistant cells, especially when combined with 
5FU treatment, and the remedy assay on proliferation 
and apoptosis implied that YAP1 can reverse the effect 
of miR-375 in CRC-resistant cells (Figure 6D, 6F). 
Thus, the potential resistance mechanism of miR-375 
associated with YAP1 in CRC cells was further 
explored in our study.  
 
Yes-associated protein 1 (YAP1), also known as YAP, 
is a component of the transcriptional co-activator 
YAP/TAZ downstream effector inducing target gene 
expression in the Hippo pathway [29]. According to 
previous studies [29–31], we selected YAP1 as well as 
its target downstream proteins related to cell growth, 
apoptosis and resistance involved in the Hippo pathway, 
including CTGF, cyclin D1 and BIRC5, and then 
detected them by western blotting. By overexpressing 
miR-375 in HCT116/FU cells, we found that total 
YAP1 expression was significantly downregulated and 
that its downstream genes CTGF, cyclin D1 and BIRC5 
also declined. Surprisingly, compared to nontreatment 
with 5FU, these protein levels slightly decreased when 
combined with 5FU cytotoxicity (Figure 7A), which 
might imply that 5FU inhibited the expression of 
downstream genes of the Hippo pathway. Similar 
reductions in these genes were observed in HCT116/FU 
cells transfected with siYAP1 or siSP1 (Figure 7A). In 
contrast, miR-375 inhibitors obviously upregulated 
YAP1 and its downstream targets CTGF, cyclin D1 and 
BIRC5 in HCT116 cells (Figure 7B). Moreover, miR-
375-induced lower levels of protein expression in 
HCT116/FU cells were observably reversed by YAP1 
overexpression (Figure 7C), whereas miR-375 inhibitor-
induced higher levels of protein expression in HCT116 
cells were moderately counteracted by YAP1 
knockdown (Figure 7D). 
 
Meanwhile, apoptosis-related proteins, including 
cleaved caspase 3 and cleaved PARP1, were increased 
by miR-375, whereas the expression level of the anti-
apoptosis protein Bcl-2 was markedly inhibited in two 
resistant cells (Figure 7E, Supplementary Figure 4A), 
similar to the effect of silencing YAP1 or SP1 (Figure 
7F, Supplementary Figure 4B). In contrast, miR-375 
inhibitors could significantly downregulate the 
expression of cleaved caspase 3, cleaved PARP1 and 
elevate the level of Bcl-2 expression in two parental 
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Figure 5. miR-375-3p directly targets YAP1 and SP1. (A) Predicted binding regions between wild-type (wt) or mutant (mut) 3′-UTRs of 
YAP1/SP1 and miR-375-3p. The sequences formatted in bold red represent the mutant miR-375-3p binding sites in YAP1 or SP1 3′ UTR. (B) 
Luciferase reporter assay showed the decreased luciferase activity in miR-375-3p-overexpressed cells (HCT116/FU and HCT8/FU) for 3′ UTR 
wild-type constructs. The luciferase activity was normalized to Renilla luciferase. (C, D) The mRNA expression levels of YAP1/SP1 in parental 
cells (HCT116, HCT8) and 5FU-resistant cells (HCT116/FU, HCT8/FU) were analyzed following transfections of miR-375-3p mimics or inhibitors 
into the four cell lines. (E) YAP1 and SP1 protein expression levels were detected by western blot in CRC parental cell lines (HCT116 and HCT8) 
and 5FU-resistant cell lines (HCT116/FU and HCT8/FU). (F) Western blot was performed to analyze the protein expression levels of YAP1 and 
SP1 not only in 5FU-resistance cell lines (HCT116/FU and HCT8/FU) overexpressed miR-375-3p, but also in CRC parental cell lines (HCT116 and 
HCT8) inhibited miR-375-3p. Simultaneously with 5FU treatment or not. (G) Representative images of tumor lumps in HCT116/FU-xenograft 
that were stained with YAP1 and SP1 by IHC. *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Figure 6. miR-375-3p suppresses cell proliferation and 5FU resistance of CRC cells by repressing YAP1 and SP1.  (A) 
Overexpression of YAP1 and SP1increased cells resistance to 5FU in CRC parental cell lines, HCT116 and HCT8. (B) Depletion of YAP1 and SP1 
reversed cells resistance to5FU in CRC resistant cell lines, HCT116/FU and HCT8/FU. (C, D) Cell viability assays were measured both in parental 
cell lines (HCT116, HCT8) and 5FU-resistant cell lines (HCT116/FU, HCT8/FU). HCT116 and HCT8 cells co-transfected with miR-375-3p 
inhibitors and siYAP1 or siSP1 respectively, were treated with 5FU (10μg/ml) or not (PBS). HCT116/FU and HCT8/FU cells co-transfected with 
miR-375-3p and YAP1 or SP1 overexpressing plasmids respectively, were treated with 5FU (50μg/ml) or not (PBS). (E, F) The apoptosis rates 
of HCT116/FU cells with co-transfection of miR-375-3p inhibitors and siYAP1 or siSP1, respectively, and HCT8/FU cells with co-transfection of 
miR-375-3p and YAP1 or SP1 overexpressing plasmids, respectively, were measured by flow cytometry analysis. Every system treated with 
low dose of 5FU for 50μg/ml. *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Figure 7. Expression of SP1, YAP1 and its downstream proteins, apoptosis-related proteins were regulated by miR-375-3p. 
(A) Transfection of miR-375-3p mimics into HCT116/FU cells with or not with 5FU treatment inhibited the expression of Hippo-YAP1 pathway-
associated downstream proteins. Expression of the indicated proteins was detected by western blot. (B) Transfection of miR-375-3p 
inhibitors into HCT116 cells promoted the expression of Hippo-YAP1 pathway-associated downstream proteins. Expression of the indicated 
proteins was detected by western blot. (C) The inhibited effects of miR-375-3p on Hippo-YAP1 pathway-related downstream proteins were 
abolished by transfection of YAP1 overexpressing plasmid in HCT116/FU cells. (D) The promoted effects of miR-375-3p inhibitors on Hippo-
YAP1 pathway-related downstream proteins were reversed by transfection of siYAP1 in HCT116 cells. (E, F) The apoptosis-related proteins 
expression levels were detected in HCT116/FU cells transfected with miR-375-3p (left) or siYAP1/siSP1 (right). MiR-375-3p and siYAP1 and 
siSP1 promotes apoptosis in protein level. (G, H) The apoptosis-related proteins expression levels were detected in HCT116 cells transfected 
with miR-375-3p inhibitors (left) or YAP1/SP1 overexpressing plasmids (right). MiR-375-3p inhibitors and YAP1 or SP1 inhibits apoptosis in 
protein level.  
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cells (Figure 7G, Supplementary Figure 4C), and a similar 
result was observed in HCT116 and HCT8 cells 
overexpressing YAP1 or SP1 vectors (Figure 7H, 
Supplementary Figure 4D). In addition, IHC revealed that 
the level of cleaved caspase 3 was significantly increased 
in xenografts formed from miR-375 overexpression with 
or without 5FU treatment, while it was decreased from 
miR-375 inhibition (Supplementary Figure 4E). In 
summary, miR-375 promoted apoptosis by inhibiting 
YAP1/SP1 expression. To speak of miR-375-mediated 
YAP1, miR-375 suppressed YAP1, thereby decreasing 
the expression of Hippo-YAP1 downstream target genes 
in CRC cells, which ultimately led to the promotion of 
apoptosis-related protein expression. 
 
DISCUSSION 
 
Although chemotherapy has almost become the first-
line treatment for most commonly cancer, especially for 
advanced cancer, statistical data showed that more than 
90% of cancer-related deaths attributed to drug 
resistance, which means chemotherapeutics for curing 
malignancies often fail from drug resistance of cancers 
[32]. A previous study suggested that miRNAs 
participate in the mechanisms of chemotherapy 
resistance by regulating drug efflux transporters or the 
cell cycle, drug targets switch and DNA repair [19]. 
Recently, many studies have also shown that miRNAs 
are involved in chemotherapy resistance by targeting or 
influencing specific genes related to cell proliferation, 
apoptosis and cell cycle [33]. A property of miRNAs 
that single miRNA usually targets multiple genes and its 
modulation is tissue-specific may determine one, and 
the same miRNA has a different even contrary response 
to drug resistance in different cancers [32]. For instance, 
miR-214 was notably deregulated in human ovarian 
cancer and significantly induced cisplatin resistance by 
targeting PTEN, whereas upregulated miR-214 
promoted sensitivity to cisplatin in cervical cancer cells 
[34, 35]. Recently, accumulating studies reported that 
miR-195, miR-181a, miR-149 and miR-137 were 
significantly downregulated, whereas miR-130 was 
upregulated in adriamycin-resistant breast cancer cells. 
These results indicated that various miRNAs were 
involved in adriamycin resistance [36–40]. In our study, 
we found that miR-375 expression was remarkably 
decreased in CRC cell lines, especially in 5FU-resistant 
cells and CRC tissues. The result was consistent with 
that in the Starbase database. Downregulated miR-375 
was markedly related to 5FU resistance in CRC tissues 
and cell lines, including parental and resistant cells. A 
recent study has suggested that miR-375 is inhibited by 
transfection of epithelial-to-mesenchymal transition 
(EMT), resulting in a reduction of its target thymidylate 
synthase, which ultimately results in discomfiture of 
chemoresistance in cancer cells [41]. Analogously, 

another study indicated that repressive miR-375 
reversed tamoxifen simultaneously with EMT-like 
properties [42]. These findings implied that miR-375 
expression brought about partial disadvantages for 
multidrug resistance. Nevertheless, further discovery 
presented that miR-375 could reverse the combinational 
therapy of HCC and doxorubicin resistance through a 
lipofectin-mediated delivery named L-miR-375/DOX-
NPs [22]. The inhibitory effect of miR-375 on 
doxorubicin in HCC was also identified in another 
investigation [43]. Moreover, a study showed that miR-
375 overexpression increased the chemosensitivity of 
breast cancer cells [44]. These conflicting results 
vividly illustrate the complexity of miR-375 and its 
multifunctional drug effects in different cancers; 
therefore 
 
As a major tumor suppressor, miR-375 has been 
extensively mined as a therapeutic target and diagnostic 
and prognostic biomarker [20]. We speculate that miR-
375 may fulfill regulatory drug resistance function in 
the majority of malignant cancer cells, whereas it seems 
to be blurry about how miR-375 modulates the 
therapeutic resistance of CRC cells by targeting YAP1. 
In our study, we are the first to confirm that miR-375 
significantly increased the drug responses of CRC 
parental and 5FU-resistant cells by activating the 
Hippo-YAP1 pathway. Similar inhibition by miR-375 
of drug resistance was verified using a series of 
anticancer drugs, including 5FU, oxaliplatin, irinotecan 
and capecitabine. In vivo, a similar effect on 
chemoresistance was obtained in the HCT116/FU 
xenograft assay, further affirming miR-375 as a 
potential target for various kinds of drug resistance. In 
short, our work offers a network-based perspective to 
understand how miR-375 acts as a dominant regulator 
in the reversion of multichemoresistance. 
 
YAP1 was reportedly highly expressed and negatively 
correlated with overall survival in CRC [45]. Our study 
demonstrates that YAP1 was the direct target of miR-375 
and functioned as a crucial oncogenic participator in 
CRC. These results are also supported by a previous study 
[46]. Further evidence suggests a pivotal role for YAP1 in 
the development of cancer drug resistance. For example, it 
was reported that exogenous induction of YAP1 induced 
esophageal cancer cell resistance to 5FU and docetaxel 
[47]. Another study discovered that YAP1 was a direct 
target of miR-590-5p in HCC cells, and knockdown of 
YAP1 reversed the adriamycin-resistant phenotype of 
HCC cells in vitro and in vivo [48]. In CRC, a study has 
suggested that the combination of YAP1 inhibitors with 
cetuximab can inhibit DDX3-mediated tumor 
aggressiveness and sensitize CRC to cetuximab [49]. 
However, we still think the underlying mechanisms of 
reversion of chemoresistance in CRC require further 
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research. In our study, we uncovered downregulation of 
YAP1 by miR-375-mediated drug sensitivity via the 
activation of the Hippo pathway, which resulted in 
decreases in YAP1 downstream genes related to cell 
growth or apoptosis: CTGF, cyclin D1 and BIRC5. CTGF 
has been reported to promote CRC progression by 
exerting effects on EMT and angiogenesis [50]. Cyclin 
D1 is a critical factor that regulates G1-S cell cycle 
progression by forming complexes with Cdk4 and Cdk6 
[51]. BIRC5 belongs to the family of apoptosis inhibitor 
proteins and can repress cell apoptosis by inhibiting 
caspases 9, 3 and 7 [52]. The Hippo signaling pathway 
has recently gained extensive attention because it plays a 
leading role in cancer cell proliferation, apoptosis, 
differentiation and tumorigenesis [53]. It is known that 
activation of the Hippo-YAP1 pathway leaves YAP1 
phosphorylated and in the cytoplasm, which in turn 
impairs YAP-dependent transcription in the nucleus, 
suppressing tumorigenesis [27]. Hippo-YAP1 signaling is 
essential for tumorigenesis and tumor progression in both 
epidermal and dermal cells. The latest research found that 
it was responsible for epidermal cells’ dominant cell 
growth and differentiation, while dermal fibroblasts 
respond to YAP1 signaling by sensing the physical 
cellular environments and promoting ECM deposition and 
remodeling [28]. Regarding drug resistance and the 
Hippo-YAP1 pathway, a previous study indicated that the 
Hippo-YAP1 pathway played a crucial role in 5FU 
resistance in colorectal cancer [54]. A recent study has 
further defined a compelling mechanism by which high 
cell density activated the Hippo-YAP1 pathway, leading 
to high levels of CDA and gemcitabine efflux pumps, 
which in turn reduced intracellular concentration of 
gemcitabine and ultimately came to gemcitabine 
resistance [55]. Based on these theories and our research, 
we hypothesized that low expression of miR-375 
upregulates YAP1 and activates the Hippo-YAP1 
pathway, which in turn leads to 5FU efflux pumps 
exporting more 5FU, leaving a decreased intracellular 
5FU concentration and leading to 5FU resistance in CRC. 
 
Specificity protein 1 (SP1) is a well-known 
transcription factor that serves as a novel target for CRC 
therapy since it is involved in CRC progression and 
development [56]. SP1 has been well documented in 
predicting the poor prognosis of CRC [57, 58]. Recent 
research provided evidence that SP1 participated in the 
activity of Oct4 suppressing PTEN, leading to the 
activation of AKT signaling and drug resistance in lung 
cancer [59]. Another study revealed that SP1 could 
modulate drug resistance by regulating surviving 
(BIRC5) expression through the ERK-MSK MAPK 
pathway [60]. Although research has defined SP1 as a 
direct target of miR-375 in CRC [61], there are scarce 
data regarding the functions of SP1 underlying miR-
375-mediated drug resistance in CRC. In the current 

study, we confirmed that SP1 modulated miR-375-
mediated 5FU resistance in CRC cells. Taken together, 
the results confirm that directly targeting YAP1/SP1 
and miR-375 would be a potential therapeutic strategy 
to reverse multiple chemoresistance in CRC through the 
regulation of the Hippo signaling pathway. 
 
A genetic regulatory pattern in CRC is diagrammed in 
Figure 8. We have identified that miR-375 is correlated 
with cell proliferation, apoptosis and drug resistance. 
Mechanistic analysis shows that miR-375 is 
significantly downregulated in CRC, which enhances 
drug resistance and cell proliferation and inhibits 
apoptosis by releasing YAP1 and SP1, and the 
activation of the Hippo-YAP1 pathway upregulates 
YAP1 expression. Then, YAP1/TAZ coactivators 
combine with TEADs to activate transcription [29], 
triggering Hippo-YAP1 downstream gene expression 
(CTGF, cyclin D1 and BIRC5). Furthermore, miR-375 
has been identified as a molecular biomarker associated 
with malignancy, poor overall survival and 
chemotherapeutic drug resistance in CRC. Overall, the  
 

 
 

Figure 8. The schematic model of miR-375-3p as a role in 
regulating functions in CRC cells. In CRC, miR-375-3p is 
frequently downregulated and directly targets YAP1 and SP1 in 
CRC. Low expression of miR-375-3p leads to the release of YAP1 
and SP1, resulting in chemoresistance and tumorigenesis. The 
mechanism of YAP1 mediated by miR-375-3p promoting drug 
resistance and proliferation is that release of YAP1 leads to YAP1 
increase in CRC cells, thereby activates the downstream genes of 
Hippo-YAP1 pathway, causing CTGF, Cyclin D1 and BIRC5 
(Survivin) upregulate, which ultimately promotes CRC 
proliferation and drug resistance and inhibits apoptosis. 
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implication of this study is that a promising therapeutic 
strategy would be highly expected to restore miR-375 
levels or deliver miR-375 to the body, synchronously 
combined with chemotherapeutic agents such as 5FU. 
We offer a novel insight into the synergistic therapeutic 
pathways through which CRC patients who suffer from 
chemoresistance might attain maximum benefit. 
 
MATERIALS AND METHODS 
 
Dual-luciferase reporter assay 
 
Based on the wild-type and mutant 3’UTRs of target 
genes (YAP1/ SP1) binding to miR-375-3p (Figure 5A), 
the wt and mut vectors were constructed and subcloned 
into the pmirGLO-basic luciferase reporter (GeneCreat, 
China). In 1×104 HCT116/FU or HCT8/FU cells per 
well in a 96-well plate cultured for 12 h, 50 ng of the wt 
or mut vector was cotransfected with either miR-375-3p 
mimics or NC mimics (50 nM) into the two cells using 
Lipofectamine 2000 according to the manufacturer’s 
protocol (Invitrogen, CA, USA). After 48 h of 
transfection, cells were harvested, and luciferase 
activity was measured by the dual-luciferase reporter 
assay system (Promega, WI, USA). Renilla luciferase 
activity was used as an internal reference. Each 
transfectant was performed in triplicate. 
 
Cell viability assay and colony formation  
 
The short-term effects of anticancer drugs on cell 
growth were measured by a cell viability assay. First, 
1.5×104 cells/ml were harvested and seeded into 96-well 
plates for 12 h of cultivation. Then, drug regimens were 
added into designated columns. After 72 h, cell viability 
assays were detected by MTT assays. “Relative cell 
viability” = the viability of cells in drug-containing 
medium/the viability of cells in drug-free medium. 
“Relative cell viability” was further fitted to a dose-
response curve to estimate the IC50 by GraphPad Prism 
7 software. The long-term effects of anticancer drugs on 
cell growth were assessed with a colony formation 
assay. After 36 h of transfection, a density of 200 
cells/well was plated into 6-well plates and incubated 
for 48 h. Afterwards, different concentrations of 5FU 
(10 μg/ml and 50 μg/ml) were added to the designated 
wells. Cells were cultured for approximately 14 days. 
The colonies were fixed with methanol for 5 minutes 
and stained with 0.1% crystal violet for 15 minutes at 
room temperature. Finally, colonies were photographed 
and counted using ImageJ k 1.45.  
 
Analysis of apoptosis 
 
For apoptosis analysis, cells were seeded into 6-well 
plates (1.5×105 cells/well) for 12 h incubation. MiR-

375-3p mimics and NC mimics were transfected into 
HCT116/FU and HCT8/FU cells, while miR-375-3p 
inhibitors and NC inhibitors were transfected into 
HCT116 and HCT8 cells. After 12 h of transfection, 
each group was treated with PBS and different 
concentrations of 5FU (inhibitors: 10 μg/ml, 25 μg/ml; 
mimics: 150 μg/ml, 200 μg/ml) for 48 h. In addition, 
HCT116/FU cells were cotransfected with miR-375-3p 
inhibitors and YAP1 or SP1 small interfering RNAs 
(siYAP1 or siSP1, respectively) (miR-375-3p inhibitors 
100 nM; siYAP1/siSP1 50 nM). Meanwhile, HCT8/FU 
cells were cotransfected with miR-375-3p and YAP1- 
or SP1-expressing plasmids (miR-375-3p 50 nM; 
YAP1/SP1 50 nM). After 12 h of transfection, the cell 
culture medium was changed, and the cells were 
cultured for 48 h. Cell apoptosis was detected with the 
Annexin V-FITC/Propidium Iodide (PI) Apoptosis 
Detection Kit (BD, Biosciences, CA, USA) and 
analyzed by fluorescence-activated cell sorting using a 
FACScan (BD Biosciences, San Jose, CA, USA). 
 
In vivo tumorigenicity study 
 
All animal experiments were approved by the Animal 
Care Committee of Nanjing First Hospital, Nanjing 
Medial University (acceptance No. SYXK 20160006). 
For HCT116 xenograft animal models, 4-week-old male 
BALB/c nude mice were randomly divided into two 
groups (n=5 per group). HCT116 cells transfected with 
antagomiR-375-3p or antagomiR-NC (a total of 5 × 106 
cells in 0.2 ml PBS) were subcutaneously injected into 
the right flank region of each nude mouse. After 8 days 
of tumor formation, 2 nmol antagomiR-375-3p/NC was 
injected intratumorally every 4 days for seven cycles. 
For HCT116/FU xenograft animal models, HCT116/FU 
cells transfected with agomiR-375-3p or agomiR-NC (a 
total of 5 × 106 cells in 0.2 ml PBS) were 
subcutaneously injected into the right flank region of 
each nude mouse. Five days later, all types of 
xenografts were randomly divided into four groups and 
treated with (I) agomiR-NC+PBS (10 mg/kg); (II) 
agomiR-375-3p (2 nmol per mouse)+PBS, (III) 
agomiR-NC+5FU (10 mg/kg), or (IV) agomiR-375-
3p+5FU. AgomiR-375-3p/NC and 5FU were 
administered via intratumoral injection. The 
corresponding treatment regimens were repeated every 
3 days for eight cycles. Xenografts were measured 
every 3 days with digital calipers, and tumor volumes 
were calculated using the formula V =1/2 (L × W2). The 
curve of tumor growth was made based on tumor 
volume and corresponding time (days) after treatment. 
Tumor weights were measured using an electronic scale 
after mice were sacrificed. AgomiR-375-3p, 
antagomiR-375-3p and their negative controls agomiR-
NC and antagomiR-NC were obtained from 
GenePharma (Shanghai, China). 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Methods 
 
Growth inhibition assay 
 
Cell Counting kit-8 (CCK-8) assay (KeyGEN BioTECH, 
China) was used to assess the inhibition growth of 
parental and resistant cell lines in response to 5FU (0, 5, 
10, 20, 40, 80, 120, 160 and 200 µg/ml). Briefly, parental 
and resistant cell lines (1.0 × 104 cells/well) were seeded 
into 96-well plates in 100 µl culture medium/well for 24h. 
Drugs diluted with culture medium were added to each 
well for 24h co-incubation. At the end of the treatment, 
the culture medium was replaced with fresh culture 
medium containing 10% CCK-8 reagent and the reaction 
was allowed to proceed for 2 h. Absorbance was 
measured at the wavelength of 450 nm. All assays were 
performed as three replicates and the results were 
indicated as a percentage compared with the 
corresponding control group. 
 
RNA-extraction and quantitative real-time 
polymerase chain reaction (qRT-PCR)  
 
Total RNA was extracted from tissues and cells using 
Trizol LS reagent (Invitrogen, CA, USA). For miR375-
3p, reverse real-time quantitative polymerase chain 
reaction(qRT-PCR) was measured using Hairpin-itTM 
microRNA Normalization Real-Time PCR Quantitation 
Kit (GenePharma, Shanghai, China),with U6 snRNA as 
an internal control. For mRNAs, total RNA was first 
reverse transcribed into cDNA and then quantitative-
PCR (q-PCR) was conducted with SYBR® Premix Ex 
TaqTM Kit (Takara, Otsu, Japan). GAPDH served as 
the reference gene. All PCR reactions were performed 
in triplicate. The relative expression of miR375-3p and 
mRNAs were quantified in 2−ΔΔCt method. The primer 
sequences of miR375-3p and mRNAs used are listed in 
Supplementary Table 1. 
 
siRNA design, plasmid construct and cell 
transfection 
 
The mature miR375-3p, miR-375-3p inhibitors and 
their corresponding negative controls (NC, NC 
inhibitors), as well as small interference RNA against 
YAP1 and SP1 (siYAP1, siSP1) and their 
corresponding negative controls (siNC) were 
synthesized by RiboBio (Guangzhou, China). 
pcDNA3.1-YAP1/SP1 overexpression plasmids and the 
empty vectors were obtained from Gene Create 
(Wuhan, China). Transfection was performed by 
different concentrations of 25nM or 50nM miR-375-3p 
mimics, 50nM or 100nM miR-375-3p inhibitors and 
100nM siRNAs, 50nM over-expressed plasmids using 

LipofectamineTM 2000 (Invitrogen, CA, USA) following 
the manufacturer’s instruction. Cells were treated with 
drug regimens after transfection for 24 h when 
necessary. SiRNAs sequences were listed in 
Supplementary Table 2. 
 
Western blot 
 
All cultured cells were collected and lysed with RIPA 
lysis Buffer. Then, total protein concentration was 
detected with BCA Protein Assay Kitt (KGP902, 
KeyGEN BioTECH, Nanjing, China) followed by a 
quarter of 5 × SDS loading buffer was added. The same 
amounts of denatured protein were fractionated by 10% 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and then transferred to polyvinylidene 
difluoride membranes(Millipore, Schwalbach, 
Germany). The membranes were blocked with 5% skim 
milk powder, then incubated with primary antibodies at 
4 °C with gentle shaking overnight., subsequently, 
covered with secondary antibodies at room temperature 
for 1 hour. The bands were visualized with an enhanced 
chemiluminescence kit (MA0186, Meilunbio, Dalian, 
China). Assay was repeated at least three times. The 
antibodies used in assay were listed in Supplementary 
Table 3. 
 
Immunohistochemistry (IHC) 
 
IHC assay was performed on formalin-fixed, paraffin-
embedded sections of xenograft tumor tissues. The 
complex was visualized using DAKO Envision System 
(DAKO, Carpinteria, CA) in accordance with 
manufacturer’s guidelines. All sections were calculated 
with H-score approach and validated by two 
pathologists. The staining intensity was classified into 4 
categories: nostaining=0,  
 
weakstaining=1, moderate staining=2, strong staining=3. 
The proportion of positively stained tumor cells were 
quantified by Image J k 1.45. Then an H-score was 
calculated using the following formula[1]: [1 × (% cells 
1+) + 2 × (% cells 2+) + 3 × (% cells 3+)] × 100. The 
antibodies used were listed in Supplementary Table 3. 
 
Clinical samples and cells culture 
 
The paraffin-embedded of primary CRC samples and 
paired adjacent normal tissues were obtained from 
patients who had undergone surgery at Affiliated 
Nanjing First Hospital of Nanjing Medical University 
(Nanjing, China). The fresh CRC tissues and paired 
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adjacent normal tissues were also from Affiliated 
Nanjing First Hospital of Nanjing Medical University. 
Surgically removed tissues were quickly frozen in 
liquid nitrogen until RNA extraction. The clinical 
characteristics of 80 samples were retrieved from 
clinical databases and from the original pathology. The 
effect of chemotherapy on the tumors was assessed as 
the three-dimensional volume reduction rate or tumor 
response rate. The clinical characteristics of CRC 
patients received 5FU-based chemotherapy were 
listed in Supplementary Table 5. This study was 
approved by the ethics committee of Nanjing First 
Hospital, and informed consent was obtained from each 
participant prior to surgery. 
 
The colonic mucosal epithelial cell (FHC) and CRC cell 
lines (HCT116, HCT8, HT29, SW480, SW620, DLD1 
and CaCO2) were purchased from American Type 
Culture Collection (Manassas, VA, USA) and had been 
tested and authenticated through STR (Short Tandem 
Repeat) method. HCT116, HT29, SW480, SW620, 
CaCO2 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) (Gibco, Vienna, Austria). HCT8, 
DLD1 cells were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 medium supplemented with 10% 
fetal bovine serum (Gibco, Vienna, Austria). All cells in 
these two medium were placed in a humidified 
atmosphere of 5% CO2 at 37 °C. 
 
Bioinformatics analysis 
 
Gene expression profiles of 450 CRC samples was 
downloaded from StarBase v3.0 (http://starbase.sysu.edu. 
cn). TNM stage with miR-375-3p expressions and overall 
survival informations were obtained from TCGA data 

portal (https://genome-cancer.ucsc.edu/). The target genes 
of miR-375-3p were screened out from TargetScan7.1 
(http://www.targetscan.org), PicTar (https://pictar.mdc-
berlin.de/cgi-bin/PicTar_vertebrate.cgih) and microT-
CDS (http://www.microrna.gr/microT-CDS).  
 
Statistical analysis 
 
All data are expressed as mean ± SD (standard 
deviation) from independent experiments in triplicate. 
Statistical analysis was produced by GraphPad Prism5.0 
(GraphPad Software, USA) or SPSS 20.0 (IBM, USA). 
The Student’s t-test was used to analyze the data 
differences between two groups, and one-way ANOVA 
were employed to evaluate the data differences among 
three independent groups. Kaplan–Meier method was 
performed to evaluate the overall survival rate and 
analyzed by log rank test. The correlations analysis used 
Pearson’s correlation coefficients. A chi-square test was 
used to analyze the different distribution of 
clinicpathological variables. Cox proportional hazards 
models were adopted to analyze the univariate and 
multivariate analysis *, P < 0.05; **, P < 0.01; *** P < 
0.001. P values < 0.05 were perceived as statistically 
significant. All P-values were two sides. 
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Supplementory Figures 
 
 
 

 
 

 

 

 
 

Supplementary Figure 1. Quantitative PCR analysis in CRC. (A, B) Cell Counting kit-8 (CCK-8) assay was used to assess the inhibition 
growth of parental and resistant cell lines (HCT116, HCT116/FU and HCT8, HCT8/FU) in response to 5FU (0, 5, 10, 20, 40, 80, 120, 160 and 200 
µg/ml). (C) Quantitative PCR analysis. HCT116, HCT116/FU, HCT8 and HCT8/FU cells were transfected with miR-375-3p mimics (miR-375-3p) 
or NC mimics (NC) (25 or 50 nM). The expression levels of miR-375-3p were measured. (D) Quantitative PCR analysis. HCT116, HCT116/FU, 
HCT8 and HCT8/FU cells were transfected with miR-375-3p inhibitors or NC inhibitors (50 or 100 nM). The expression levels of miR-375-3p 
were measured. *P < 0.05, **P < 0.01 and ***P < 0.001. All assays were performed in triplicate and values represent the mean of three 
independent experiments.  
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Supplementary Figure 2. miR-375-3p inhibits proliferation, chemoresistance and promotes 5FU-induced apoptosis of CRC 
cells in vitro. (A–D) HCT8 and HCT8/FU cells were transfected with miR-375-3p mimics or inhibitors, respectively. cell viability assay, 
colony formation assay and MTT assay were measured. (E) The sensitivity of HCT8/FU(left) and HCT8(right) cells to multiple anticancer 
drugs were measured. (HCT8/FU cells: oxaliplatin 15μg/ml, irinotecan: 100μg/ml, capecitabine: 40μg/ml; HCT8 cells: oxaliplatin 2.5μg/ml, 
irinotecan: 18μg/ml, capecitabine: 4μg/ml). (F) The apoptosis assay of HCT8/FU and HCT8 cells with special treatments were performed by 
flow cytometry analysis. (Left: HCT8/FU cells, concentration groups of 5FU: 150μg/ml and 200μg/ml; Right: HCT8 cells, concentration 
groups of 5FU: 10μg/ml and 25μg/ml). *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Supplementary Figure 3. Analysis of miR-375 candidate target genes in CRC, including quantitative PCR and IHC. (A) The mRNA 
expressions of 13 candidate targets were analyzed in HCT8/FU cells transfected with miR-375-3p/NC mimics. (B, C) Quantitative PCR analysis. 
The mRNA expression levels of PRKD1 and HAS2 in tumor tissues were compared with that in normal tissues in CRC patients (n = 40, 
respectively). (D) Representative images of tumor samples in HCT8-xenograft that were stained with YAP1 and SP1 by IHC. Scale bar=50μm. 
(E) Quantitative PCR analysis. HCT116, HCT116/FU, HCT8 and HCT8/FU cells were transfected withYAP1/SP1 siRNA (50 nM) or siNC (50 nM). 
The expression levels of YAP1/SP1 were measured. (F) Quantitative PCR analysis. HCT116, HCT116/FU, HCT8 and HCT8/FU cells were 
transfected withYAP1/SP1 overexpression plasmids (50 nM) or corresponding empty vectors (50 nM). The expression levels of YAP1/SP1 
were measured. *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Supplementary Figure 4. Western blot results and growth inhibitory curve analysis. (A–D) The expression levels of apoptosis-
related proteins in HCT8/FU and HCT8 cells were measured by western blotting according to specific treatments. (E) Representative images 
of cleaved caspase 3 immunostaining of tumor lumps from different groups. Scale bar=50μm. 
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Supplementory Tables 
 
Supplementary Table 1. The sensitivity of parental cell lines (HCT116, HCT8) and 5FU-resistant cell lines (HCT116/FU, 
HCT8/FU) to anticancer drugs. 

Drug HCT116 
IC50* (μg/ml) 

HCT8 
IC50* (μg /ml) 

HCT116/FU 
IC50* (μg /ml) 

HCT8/FU 
IC50* (μg /ml) 

5- Fluoruouracil 22.88 ± 0.14 25.59 ± 0.16 146.14±15.06 140.22±10.40 

Irinotecan 41.26 ± 2.82 43.17 ± 1.11 259.40±2.43 267.03+1.56 

Capecitabine 9.10 ± 0.22 8.44 ± 1.01 98.01±5.89 102.00±3.23 

Oxaliplatin 6.60 ± 1.10 8.00 ± 1.99 32.07±7.58 33.62±3.02 

IC50*, The IC50 values were defined as the concentration of cells inhibiting growth at 50%. 
 

Supplementary Table 2. Sequences for primers used in this study. 

Name Sequence 
q-PCR primers 
has-mir-375-3p-F 
has-mir-375-3p-R 
U6-F 
U6-R 
YAP1-F 
YAP1-R 
SP1-F 
SP1-R 
PRKD1-F 
PRKD1-R 
HAS2-F 
HAS2-R 
ELK4-F 
ELK4-R 
HOXA3-F 
HOXA3-R 
ACSL3-F 
ACSL3-R 
MXI1-F 
MXI1-R 
UBE3A-F 
UBE3A-R 
JUND-F 
JUND-R 
TCF12-F 
TCF12-R 
PDE4D-F 
PDE4D-R 
KLF4-F 
KLF4-R 
GAPDH-F 
GAPDH-R 

 
CTTACTATCCGTTTGTTCGTTCG 

TATGGTTGTTCTCGTCTCTGTGTC 
CAGCACATATACTAAAATTGGAACG 

ACGAATTTGCGTGTCATCC 
TAGCCCTGCGTAGCCAGTTA 

TCATGCTTAGTCCACTGTCTGT 
TGGCAGCAGTACCAATGGC 

CCAGGTAGTCCTGTCAGAACTT 
TTCTCCCACCTCAGGTCATC 

TGCCAGAGCACATAACGAAG 
GCCTCATCTGTGGAGATGGT 
ATGCACTGAACACACCCAAA 
CTGGTGCCAAGACCTCTAGC 
TCGGCTGGATTCTCAGTCTT 

TCATTTAAGAGCGCCTGGACA 
GAGCTGTCGTAGTAGGTCGC 
TGCTTTCCGAAGCTGCTATT 
AAGGCATCTGTCACCAGACC 
TGGCTACGCCTCTTCATTCC 
CTGTTGGCAGTGCTGGTGTT 

CCATGGGAAAATGTACATCCA 
TTTTTCAGCTGGTTGTGGAGG 

TCAAGACCCTCAAAAGCCAGAA 
TTGACGTGGCTGAGGACTTTC  
GCTCGACGCTAGGATCTGAC 

GCTTTCCACGACGGTGAC 
AGGGTCTGGGCTGATTCTC 

GTTGATGGATGGTTGGTTGC 
AAGCCAAAGAGG GGAAGACG 
GTGCCTGGTCAGTTCATCTGAG 

GAAGGTGAAGGTCGGAGTC 
GAAGATGGTGATGGGATTTC 
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Supplementary Table 3. Sequences for siRNAs used in this study. 

Name Sequence 
siRNAs 
siYAP1 # 1(sense) 
siYAP1# 1(antisense) 
siYAP1 # 2(sense) 
siYAP1# 2(antisense) 
siYAP1 # 3(sense) 
siYAP1# 3(antisense) 
siSP1# 1(sense) 
siSP1# 1(antisense) 
siSP1# 2(sense) 
siSP1# 2(antisense) 

 
GGUGAUACUAUCAACCAAA  
CCACUAUGAUAGUUGGUUU  
GAUGUCUCAGGAAUUGAGA  
CUACAGAGUCCUUAACUCU 
AACUCGGCUUCAGGUCCUC 
UUGAGCCGAAGUCCAGGAG 

CCUGGAGUGAUGCCUAAUATT 
UAUUAGGCAUCACUCCAGGTT 
GUGCAAACCAACAGAUUAUTT 
AUAAUCUGUUGGUUUGCACTT 

 

Supplementary Table 4. Antibodies information in this study. 
  Western blot IHC 
YAP1 Rabbit Polyclonal Antibody  Proteintech#13584-1-AP  1:5000-1:50000 1:50-1:500 
SP1(D4C3) Rabbit mAb Cell Signaling Technology#9389 1:1000 1:2000 
Ki67 Rabbit Polyclonal antibody Proteintech #27309-1-AP  1:4000 
Caspase 3 Rabbit Polyclonal antibody Proteintech#19677-1-AP 1:500-1:1000  
PARP1 Rabbit Polyclonal antibody Proteintech#13371-1-AP 1:500-1:2000  
BCL2 Rabbit Polyclonal antibody Proteintech#12789-1-AP 1:1000-1:4000  

Cyclin D1 Mouse Monoclonal antibody Proteintech#60186-1-lg 1:2000-1:10000  

CTGF Rabbit Polyclonal antibody Proteintech#23936-1-AP 1:500-1:1000  

SURVIVIN(BIRC5) Rabbit Polyclonal antibody Proteintech#10508-1-AP 1:500-1:2000  

HRP-conjugated GAPDH Mouse Monoclonal antibody Proteintech#HRP-60004 1:5000-1:50000  

GAPDH Rabbit Polyclonal antibody Proteintech#10494-1-AP 1:10000-1:40000  

Goat Anti-Mouse IgG antibody Bioss#bs-0296G 1:5000  
Goat Anti-rabbit IgG antibody Bioss#bs-0295G 1:5000  

 

https://www.ptglab.com/products/CASP3-Antibody-19677-1-AP.htm
https://www.ptglab.com/products/CASP3-Antibody-19677-1-AP.htm
https://www.ptglab.com/products/PARP1-Antibody-13371-1-AP.htm
https://www.ptglab.com/products/PARP1-Antibody-13371-1-AP.htm
https://www.ptglab.com/products/BCL2-Antibody-12789-1-AP.htm
https://www.ptglab.com/products/BCL2-Antibody-12789-1-AP.htm
https://www.ptglab.com/products/CCND1-Antibody-60186-1-Ig.htm
https://www.ptglab.com/products/CCND1-Antibody-60186-1-Ig.htm
https://www.ptglab.com/products/CTGF-Antibody-23936-1-AP.htm
https://www.ptglab.com/products/CTGF-Antibody-23936-1-AP.htm
https://www.ptglab.com/products/SURVIVIN-Antibody-10508-1-AP.htm
https://www.ptglab.com/products/SURVIVIN-Antibody-10508-1-AP.htm
https://www.ptglab.com/products/GAPDH-Antibody-HRP-60004.htm
https://www.ptglab.com/products/GAPDH-Antibody-HRP-60004.htm
https://www.ptglab.com/products/GAPDH-Antibody-10494-1-AP.htm
https://www.ptglab.com/products/GAPDH-Antibody-10494-1-AP.htm
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Supplementary Table 5. Clinical characteristics of CRC patients who received 5FU-based chemotherapeutic 
treatment. 

Patient(S*/R*) Age Gender(F*/M*) Pathological 
diagnosis TNM Weeks of 

treatment 

S1 54 F CRC T3N1M1 24 
S2 52 M CRC T2N2M0 21 
S3 36 F CRC T2N0M0 24 
S4 36 M CRC T3N1M0 16 
S5 58 M CRC T3N1M0 22 
S6 63 F CRC T2N1M0 15 
S7 51 M CRC T3N2M0 16 
S8 71 F CRC T3N1M0 16 
S9 42 M CRC T2N0M0 19 
S10 34 F CRC T2N2M0 22 
S11 39 F CRC T3N1M0 21 
S12 67 F CRC T3N1M1 15 
S13 49 M CRC T3N1M0 12 
S14 59 F CRC T2N1M0 23 
S15 44 F CRC T2N1M0 21 
S16 47 M CRC T3N0M0 13 
S17 56 M CRC T1N0M0 13 
S18 48 F CRC T3N1M0 21 
S19 63 M CRC T2N1M0 18 
S20 72 F CRC T1N0M0 21 
S21 47 F CRC T3N1M1 21 
S22 31 F CRC T4N1M0 18 
S23 47 M CRC T2N0M0 21 
S24 40 M CRC T3N0M0 24 
S25 43 F CRC T4N0M0 20 
S26 58 M CRC T2N1M0 21 
S27 72 M CRC T2N1M0 21 
S28 49 F CRC T4N1M0 24 
S29 39 F CRC T3N1M0 11 
S30 51 M CRC T3N2M0 16 
R1 63 M CRC T2N0M0 20 
R2 46 M CRC T1N1M0 21 
R3 39 F CRC T4N0M0 15 
R4 58 M CRC T4N1M1 16 
R5 57 M CRC T2N2M0 24 
R6 47 M CRC T2N1M0 15 
R7 45 F CRC T3N0M0 21 
R8 28 F CRC T2N0M1 21 
R9 37 M CRC T3N1M0 21 
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R10 46 F CRC T3N0M0 18 
R11 57 F CRC T4N0M0 24 
R12 55 M CRC T3N1M0 24 
R13 37 F CRC T4N2M1 24 
R14 49 M CRC T3N0M0 21 
R15 51 M CRC T2N2M0 24 
R16 47 F CRC T4N2M1 21 
R17 68 M CRC T3N1M0 21 
R18 61 F CRC T2N1M1 15 
R19 59 M CRC T3N2M0 27 
R20 55 M CRC T2N1M0 22 
R21 50 M CRC T2N1M0 21 
R22 63 M CRC T2N0M0 18 
R23 46 M CRC T1N1M0 17 
R24 39 F CRC T4N0M0 21 
R25 58 M CRC T4N1M1 21 
R26 57 M CRC T2N2M0 21 
R27 66 F CRC T3N2M0 22 
R28 72 M CRC T3N2M0 21 
R29 68 F CRC T3N1M0 21 
R30 59 F CRC T2N1M1 24 

S*, Sensitivity, 5FU-sensitive.  Patients who responded well to 5FU-based chemotherapeutic treatment;   
R*, Relapse, 5FU-resistant.  Patients who relapsed after the first 5FU-based chemotherapeutic treatment. 
F*, Female.   M*, Male. 


