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Abstract

Background
Glycolysis plays an essential role in the growth and metastasis of solid cancer and has received
increasing attention in recent years. However, the complex regulatory mechanisms of tumour glycolysis
remain elusive. This study aimed to explore the molecular effect and mechanism of the noncoding RNA
miR-103a-3p on glycolysis in colorectal cancer (CRC).

Methods
We explored the effects of miR-103a-3p on glycolysis and the biological functions of CRC cells in vitro
and in vivo. Furthermore, we investigated whether miR-103a-3p regulates HIF1A expression through the
Hippo/YAP1 pathway, and evaluated the role of the miR-103a-3p-LATS2/SAV1-YAP1-HIF1A axis in
promoting glycolysis and angiogenesis in CRC cells and contributing to invasion and metastasis of CRC
cells.

Results
We found that miR-103a-3p is highly expressed in CRC tissues and cell lines compared with matched
controls and the high expression of miR-103a-3p is associated with poor patient prognosis. Under
hypoxic conditions, a high level of miR-103a-3p can promote the proliferation, invasion, migration,
angiogenesis and glycolysis of CRC cells. Moreover, miR-103a-3p knockdown inhibits the growth,
proliferation, and glycolysis of CRC cells and promotes the Hippo-YAP signalling pathway in nude mice in
a xenograft model. Here, we demonstrated that miR-103a-3p could directly target LATS2 and SAV1.
Subsequently, we veri�ed that TEAD1, a transcriptional coactivator of Yes-associated protein 1 (YAP1),
directly binds to the HIF1A promoter region and the YAP1 and TEAD1 proteins could co-regulate the
expression of HIF1A, thus promoting tumour glycolysis.

Conclusions
MiR-103a-3p, which is highly expressed in CRC cells, promotes HIF1A expression by targeting the core
molecules LATS2 and SAV1 of the Hippo/YAP1 pathway, contributing to enhanced proliferation, invasion,
migration, glycolysis and angiogenesis in CRC. Our study revealed the functional mechanisms of miR-
103a-3p/YAP1/HIF1A axis in CRC glycolysis, which would provide potential intervention targets for
molecular targeted therapy of CRC.

Background
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Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths worldwide [1–3]. Due to the
strong proliferation, invasion and metastatic ability of tumour cells, high energy metabolism is needed to
provide the required energy. As the tumour volume increases, an anoxic state will inevitably occur in the
tumour. Therefore, tumour cells have their own speci�c mechanism of cell metabolism, that is, a
metabolic mode mainly based on glycolysis [4–6]. If the glycolytic pathway of CRC cells is effectively
inhibited, tumour progression can be controlled. However, at present, there is still no obvious effective
drug targeting tumour cell metabolism. Therefore, studying the speci�c mechanism of CRC metabolism
and �nding effective molecular diagnostic and treatment targets is expected to prolong the survival of
patients and improve prognosis.

Research on the mechanism of tumour metabolic regulation is still in the preliminary exploration stage. In
the hypoxic tumour microenvironment, hypoxia stimulates high expression of hypoxia-inducible factor
(HIF) in cancer cells [7]. HIF inhibits the oxidative phosphorylation pathway in cancer cells and further
enhances the glycolytic pathway. This metabolic phenomenon is known as the Warburg effect [8–10]. In
a variety of malignant tumours, RAS [11], PI3K/Akt [12], BCR-ABL [13] and other oncogenes all promote
glycolysis and decrease mitochondrial oxidative phosphorylation. Our previous �ndings reported that
YAP1, as an oncogene, was involved in CRC progression [14, 15]. YAP1 was reported to promote
glycolysis in cancer [16, 17].

The Hippo pathway is a newly discovered evolutionarily conserved inhibitory signalling pathway [18]. The
Hippo pathway has important regulatory effects on organ size, tumourigenesis, tumour metabolism, stem
cell homeostasis, and mesenchymal transition [19, 20]. In mammals, central to this pathway is a kinase
cascade that includes the MST1, MOB1, LATS1, LATS2 and SAV1 kinases [21, 22]. One of the major
targets of the Hippo core kinase cascade is YAP, which is phosphorylated and inhibited by activated
LATS2 and SAV1 [23–25]. However, once the Hippo pathway is inactivated, non-phosphorylated YAP
translocates into the nucleus, interacts with the transcription factor TEADs and then drives target gene
expression [19, 24] In recent years, research reports on the regulation of the Hippo pathway by miRNAs
have gradually attracted attention. For example, it has been demonstrated that miR-135b regulates the
Hippo pathway to promote lung cancer metastasis [26], and miR-31 inhibits the expression of LATS2 via
the Hippo pathway and promotes epithelial-mesenchymal transition in esophageal squamous cell
carcinoma (ESCC) [27]. At present, the research on the regulation of metabolism by miRNAs is still in the
primary exploration stage. Therefore, research on the function and mechanism of miRNAs affecting
tumour metabolism will open up a new �eld for the diagnosis and treatment of tumours.

The development of CRC is a multi-step process involving multiple factors, including altered expression
levels of various non-coding RNAs (ncRNAs) [28]. Increasing evidence suggests that abnormal expression
of miRNAs is involved in oncogenesis, proliferation, metastasis and invasion of CRC. Among these
miRNAs, studies have shown that miR-103a-3p is an oncogene and is upregulated in hepatocellular
carcinoma [29], endometrial carcinoma [30] and gastric cancer [31]. In addition, miR-103a-3p was shown
to promote the occurrence, proliferation, and metastasis of CRC and was associated with poor prognosis
in patients with CRC [32–34]. However, the molecular mechanism by which miR-103a-3p regulates
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tumour metabolism via the Hippo pathway and promotes CRC invasion and metastasis remains largely
unknown.

We �rst proposed the hypothesis that miR-103a-3p may regulate CRC glycolysis through the Hippo
pathway to promote the invasion and metastasis of CRC and then explored it. In this study, the
expression of miR-103a-3p in CRC cells and tissues was con�rmed to increase. MiR-103a-3p promotes
YAP1/TEAD-mediated expression of HIF1A by directly targeting LATS2 and SAV1 and further promotes
CRC glycolysis.

Materials And Methods

Patient tissue specimens
Forty paired CRC tissues and matched adjacent nontumour tissues were obtained from patients after
receiving surgical resection at The First A�liated Hospital of Zhengzhou University. None of the patients
received any preoperative chemotherapy or radiotherapy. Survival was calculated by months. Overall
survival (OS) was de�ned as the time from tumour excision to death by any cause. Pathological
diagnoses of colorectal cancer were determined by three pathologists. The tumour stage was determined
according to the eighth edition of the International Union Against Cancer (UICC)/American Joint
Committee on Cancer (AJCC) TNM classi�cation [35]. All patients signed informed consent forms, and
this protocol was approved by the Ethics Committee of The First A�liated Hospital of Zhengzhou
University.

Cell Culture, Transfection And Stable Cell Line Construction
HCT116 cells were obtained from iCell Bioscience Inc. (Shanghai, China) and authenticated by STR
before use. SW480 cells were obtained from the Biotherapy Centre of The First A�liated Hospital of
Zhengzhou University. All cells were cultured in DMEM (high glucose) (HyClone, Logan, Australia) with
10% foetal bovine serum (BI, Israel), 100 U/ml penicillin, and 100 mg/ml streptomycin at 37 °C and 5%
CO2. A plasmid containing the precursor sequence of miR-103a-3p (pre-miR-103a-3p) was obtained from
Vigene (Rockville, MD). The pMIF-cGFP-ZEO/miR-103a-3p plasmid, pSilencer-1-cGFP/miR-103a-3p
shRNA plasmid, and siRNAs were obtained from RiboBio (Guangzhou, China). The pLVX-TRE3G-
ZsGreen1/YAP1, pLVX-TRE3G-ZsGreen1/HIF1A and pLVX-TRE3G-ZsGreen1/TEAD1 plasmids were
purchased from Vigene, and the corresponding lentiviruses/shRNAs were purchased from Vigene. The
psiCHECK-2-LATS2-3′-UTR and psiCHECK-2-SAV1-3′-UTR WT plasmids and the corresponding mutants
were purchased from Vigene. According to the manufacturer’s instructions, Lipofectamine 3000
(Invitrogen, ThermoFisher Scienti�c, Carlsbad, CA, USA) was used for transient siRNA and plasmid
transfection. MiR-103a-3p, HIF1A, YAP1, and TEAD1 siRNAs were purchased from RiboBio. The siRNA
sequences are shown in Table S1. MiR-103a-3p mimics and inhibitors were stably transfected into
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SW480 cells and HCT116 cells, respectively. Then, the cells were cultured with puromycin to obtain stable
cell lines.

RNA Extraction And Quantitative Real-time PCR
Total RNA was extracted from cells and tissues with RNAiso Plus reagent (Takara, Dalian, China)
according to the manufacturer’s instructions. The concentration and purity of RNA were detected using a
NanoDrop 2000 (Thermo Scienti�c, USA). First-strand cDNA was synthesized from 1 µg of total RNA
using the Prime Script RT Master Mix Kit (Takara), and real-time PCR was performed using GoTaq qPCR
Master Mix (Vazyme, Nanjing, China) according to the manufacturer’s instructions. The primers are listed
in Table S1. GAPDH or U6 was used as an endogenous control for normalization.

Western Blotting
Total proteins were extracted by RIPA buffer supplemented with PMSF (Solarbio, Beijing, China) and
quanti�ed by a BCA kit. Then, the proteins were separated in SDS-PAGE gels and transferred into PVDF
membranes (Millipore, Massachusetts, USA). Membranes were blocked with TBST with 5% skim milk
powder and incubated overnight at 4 °C with primary anti-P-YAP, VEGFA, HK2, LDHA, and HIF1A
antibodies (Proteintech, Wuhan, China). The next day, blots were washed with PBS and then incubated
with a horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Secondary
antibodies were incubated with the membrane at room temperature for 1 h. The membrane was
visualized using a chemiluminescence kit (Absin, Shanghai, China) and quanti�ed by densitometry
analysis using ImageJ software. GAPDH and tubulin were used as loading controls.

Wound-healing Assay
The transfected HCT116 and SW480 cells were seeded in 12-well plates. After the cells were grown to
80–90% con�uence, scratch wounds were generated by a 10 µl plastic pipette tip, which was recorded as
0 h. Cell migration was assessed by measuring the movement of cells into the scratch wounds. Then, the
scratch was imaged at 24 h, 48 h, 72 h, and 96 h. Wound width was measured with an ocular ruler to
ensure that all wounds were the same width at the beginning of each experiment.

Transwell Assays
To assess the migration and invasiveness of HCT116 and SW480 cells, we used Transwell chambers
(Corning, NY, USA). Brie�y, approximately 3 × 105 cells in serum-free medium were seeded in the upper
chambers with 8 µm pore size membranes to perform the migration assay in the absence of Matrigel
(Corning, NY, USA) and the invasion assay with Matrigel. Dulbecco’s modi�ed Eagle’s medium (500 µl)
supplemented with 10% foetal bovine serum was added to the lower chamber. After incubation in a
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humidi�ed atmosphere containing 5% CO2 at 37 °C for 72 h, the migrated cells were �xed, and the other
cells were wiped off. Then, the migrated cells were stained by Giemsa (Solarbio, Beijing, China). Stained
cells were imaged under an IX53 inverted microscope (Nikon, Tokyo, Japan), and the Image-Pro Plus
software programme (Media Cybernetics, Rockville, MD) was used to count the cells.

Cell Proliferation Assay
Cells were seeded in 96-well plates at 0.8 ~ 1 × 103 per well. Cell proliferation was evaluated using Cell
Counting Kit-8 (Dojin Laboratories, Tokyo, Japan) according to the manufacturer's instructions. We
collected cell samples at 24 h, 48 h, 72 h, 96 h, and 120 h. Then, 10 µl of CCK-8 solution was added to the
culture medium and incubated for 2 h at 37 °C. Viable cells were evaluated by measuring the absorbance
at 450 nm with a reference wavelength of 570 nm.

5-Ethynyl-2'-deoxyuridine Assay (EdU)
A total of 4 × 103 cells per well were seeded into 96-well plates, cultured overnight, washed with
phosphate-buffered saline (PBS), �xed with 4% paraformaldehyde for 30 min, and incubated with
2 mg/ml glycine for 5 min. Based on the kFluor488-EdU (5-ethynyl-2′-deoxyuridine) manufacturer’s
instructions (RiboBio), 200 µl of 1 × Apollo dyeing solution was added to each well, followed by
incubation at room temperature for 30 min. Next, 100 µl of 0.5% Triton X-100 was used to wash the cells
two to three times (10 min per wash). Following staining with Hoechst 33342 at room temperature for
30 min in darkness and one or two washes with PBS, the cells were observed using a Micro imaging
system (ImageXpress, Downingtown, PA, USA). Five �elds were randomly selected and imaged, and the
number of EdU-positive cells was calculated.

Tube Formation Assay
Twenty-four-well plates were coated with 60 ml Matrigel (BD Biosciences, USA) at 37 °C for 1 h for gel
formation. A total of 1 × 105 stably transfected cells in medium containing 10% FBS were plated into the
pre-solidi�ed Matrigel and allowed to start the process of forming capillary tubes and networks once
seeded on Matrigel. Six hours after incubation, the plates were observed under a microscope and imaged
(Nikon, Japan). The numbers of branching points generating at least three tubules were counted.

Dual-luciferase Reporter Assay
Luciferase activity assays were performed with the Dual-Luciferase Reporter Assay System (Promega,
Beijing, China). Validation of miRNA targets was performed by cloning partial LATS2 (SAV1) 3′-UTRs
containing the sequence recognized by the miR-103a-3p seed sequence. HCT116 cells and HEK293 T
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cells were cotransfected with miR-103a-3p mimics, the Renilla luciferase reporter vector (Promega), and
either wild-type (WT) or mutant LATS2 (SAV1) reporter constructs using Lipofectamine 2000 reagent (Life
Technologies) according to the manufacturer’s instructions. After 48 h of transfection, �re�y and Renilla
luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s protocol. Correction for differences in transfection e�ciency was
performed by normalizing �re�y luciferase activity to total Renilla luciferase activity.

Immuno�uorescence Assay
HCT116 cells transfected with miR-103a-3p inhibitors were �xed by 4% paraformaldehyde and
permeabilized by 0.1% Triton X-100 in PBS for 10 min. The cells were blocked with 5% BSA for 30 min at
37 °C and incubated with primary antibody (YAP1) overnight at 4 °C. The next day, the cells were washed
with PBS and then incubated with the corresponding secondary antibody for 30 min at 37 °C, followed by
nuclear staining with DAPI. Fluorescent images were acquired using an OLYMPUS FV1000 confocal
microscope. The relative �uorescence densities were analysed by ImageJ and plotted using GraphPad
Prism 6 software.

Chromatin Immunoprecipitation (ChIP)
ChIP assays were performed as described previously [15]. Formaldehyde-�xed cells were
immunoprecipitated overnight with anti-YAP1 and anti-TEAD1 antibodies (Santa Cruz, CA, USA) or rabbit
IgG, and the associated genomic DNA was assessed by PCR and agarose gel electrophoresis. PCR was
performed with HIF1A promoter-speci�c primers that ampli�ed the YAP1/TEAD1 binding regions. The
primers were HIF1A Forward 5′-TACTCAGCACTTTTAGATGCTGTT-3′ and Reverse: 5′-
ACGTTCAGAACTTATCCTACCAT-3′.

Subcutaneous Xenotransplantation Model
All mouse procedures were approved by the Institutional Animal Care and Use Committee of Zhengzhou
University. All BALB/c nude mice, 6 weeks old, were acquired from Vital River Laboratory (Beijing, China).
Logarithmic phase HCT116 cells (1 × 106/100 µl) were inoculated subcutaneously into the dorsal �ank.
After 12 days, according to the completely randomized design using a random comparison table, the
mice with xenograft tumours were randomly divided into two groups, intratumoural injection of miR-103a-
3p antagomir group and negative control group, to examine tumourigenicity. These mice were treated
with miR-103a-3p antagomir every 3 days. The tumour size was measured by a slide calliper, and tumour
volume was evaluated by the following formula: volume =(D × d2)/2, where D was the longest diameter
and d was the shortest diameter. All animals were sacri�ced 32 days after inoculation, and the tumours
were excised, weighed, �xed, and para�n embedded for haematoxylin-eosin (H&E) and
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immunohistochemistry (IHC) staining detected under a microscope. All specimens were examined under
a light microscope (Nikon, Japan).

Immunohistochemistry
H&E and IHC staining of formalin-�xed para�n-embedded xenograft tumour sections was performed
with antibodies against the following antigens: P-YAP (1:1000), HK2 (1:5000), PKM1 (1:2000), PCNA
(1:1000), and KI-67 (1:500) obtained from Cell Signalling Technology. The anti-goat IgG-HRP (Santa Cruz
Biotechnology) secondary antibody was also used.

Statistical analysis
All statistical analyses were carried out with SPSS version 18.0 (MT, USA) and GraphPad Prism 5.0
software (CA, USA). Data are expressed as the mean ± SEM. All differences between two independent
groups were evaluated by a two-tailed Student’s t-test. Survival curves were generated using the Kaplan–
Meier method and compared using the log-rank test. The MedCalc software was used to generate the
ROC curve, and the data were analyzed by two-tailed t test. Pearson’s coe�cient was used to assess the
correlation between two independent groups. The associations of miR-103a-3p expression and
clinicopathologic variables were assessed by the Chi-square test or Fisher’s exact test. The indicated P
values (*P < 0.05 and **P < 0.01) were considered statistically signi�cant.

Results

MiR-103a-3p is an oncogene in CRC and is correlated with
poor prognosis in CRC patients
To assess the role of miR-103a-3p in CRC, we �rst quantitated miR-103a-3p gene expression levels in CRC
tissues and adjacent tissues using the microarray datasets GSE49246 and GSE115513 (P < 0.001;
Fig. 1A). Using qRT-PCR, it was con�rmed that miR-103a-3p was highly expressed in 40 paired CRC
tissues and adjacent normal tissues (Fig. 1B). Moreover, among the cell lines tested, the expression level
of miR-103a-3p was the highest in HCT116 cells, and the expression level of miR-103a-3p was the lowest
in SW480 cells (NCM460 is a normal colon mucosal cell line) (Fig. 1C). In a cohort of 40 CRC cases, the
patients were divided into low and high expression groups of miR-103a-3p. Univariate analysis showed
that the high expression of miR-103a-3p was associated with distant metastasis (Tables S1).
Interestingly, patients with high miR-103a-3p levels had a worse prognosis and shorter survival time than
those with low miR-103a-3p expression (log-rank test, p < 0.05; Fig. 1D). These �ndings suggested that
miR-103a-3p may play an oncogenic role in CRC.

In a hypoxic environment, miR-103a-3p promotes CRC cell proliferation, invasion, migration, angiogenesis
and glycolysis in vitro
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To investigate the physiological function of miR-103a-3p in CRC cells, the miR-103a-3p silencing and
overexpression constructs were stably transfected into HCT116 and SW480 cells, respectively. First,
Transwell and CCK-8 assays showed that miR-103a-3p silencing inhibited the invasiveness, metastasis
and proliferation of HCT116 cells compared with the control group (Fig. 2A, B). In addition, stable
knockdown or overexpression of miR-103a-3p reduced or increased the angiogenesis of HCT116 and
SW480 cells, respectively, compared with those stably transfected with the corresponding empty vector
(Fig. 2C). The acidity of the cell nutrient solution (i.e., the pH value) was signi�cantly increased or
decreased in SW480 or HCT116 cells with stable overexpression or knockdown of miR-103a-3p,
respectively (Fig. 2D). Subsequently, analysis using the TCGA dataset demonstrated positive
associations between miR-103a-3p and HK2 and HIF1A (Fig. S1A, Supporting Information). We next
examined the effect of miR-103a-3p on key molecules of glycolysis and on HIF1A by qRT-PCR. The
results demonstrated that stable knockdown of miR-103a-3p decreased the transcript levels of HIF1A and
its downstream glycolytic genes HK2, LDHA, and PFK1 in HCT116 cells, while the overexpression of miR-
103a-3p increased the transcript levels of HIF1A and its downstream glycolytic genes HK2, LDHA, and
PKM1 in SW480 cells compared with those in cells stably transfected with empty vector (Fig. 2E, F).
Furthermore, we analysed the prognostic value, sensitivity and speci�city of glycolytic genes in CRC
patients from TCGA database. We found that higher expression of PFK1 or PKM1 was associated with
lower survival probability (Fig. S1B, Supporting Information). The area under the ROC curve was used to
determine the diagnostic value of glycolytic genes for CRC. The AUC of HIF1A, PKM1, LDHA, PFK1 and
HK2 was 0.575, 0.928, 0.713, 0.839 and 0.713, respectively (Fig. S1C, Supporting Information). These
results revealed that miR-103a-3p promotes tumour progression and glycolysis in CRC.

Knockdown of miR-103a-3p suppresses CRC growth, proliferation, angiogenesis, and glycolysis in vivo

To further con�rm the in vitro �ndings, we observed the biological roles of miR-103a-3p in vivo. We
injected HCT116 cells subcutaneously into the dorsal �anks of athymic nude mice to construct a
xenograft mouse model. A xenograft tumour model was established in immunocompromised mice. One
week later, the mice were divided into an intratumoural injection of miR-103a-3p antagomir group and
antagomir control group. The tumours were extracted after 3 weeks of drug treatment, and our results
showed that the growth and weight of xenograft tumours treated with miR-103a-3p antagomir were
signi�cantly lower than those of xenograft tumours treated with antagomir control (Fig. 3A-C). In addition,
the expression levels of miR-103a-3p and the key glycolytic molecules HK2, LDHA and PFK1 in
subcutaneous tumour tissues from the miR-103a-3p antagomir group were lower than control values
(Fig. 3D). Consistent with the above results, miR-103a-3p knockdown downregulated the protein
expression of the key glycolytic molecules HK2 and LDHA and upregulated the expression of P-YAP in the
Hippo pathway, as demonstrated by western blot assays (Fig. 3E). Furthermore, we observed the
angiogenic ability of the two groups of tumour tissues by H&E staining. The results indicated that miR-
103a-3p knockdown could inhibit tumour angiogenesis (Fig. 3F). Immunohistochemical staining revealed
that the protein expression of key glycolytic molecules HK2, LDHA, and PFK1 and the proliferation-related
nuclear factors KI-67 and PCNA were downregulated in the miR-103a-3p antagomir group, while the
protein expression of P-YAP was signi�cantly increased (Fig. 3G-H). TCGA CRC database revealed that
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miR-103a-3p expression positively correlated with YAP1 levels in the CRC tissues (Fig. S1D, Supporting
Information). Collectively, our results suggest that miR-103a-3p silencing can restrict CRC cell growth,
proliferation, glycolysis and angiogenesis and promote the Hippo-YAP signalling pathway in vivo.

MiR-103a-3p directly targets the core molecules LATS2 and SAV1 of the Hippo pathway

To verify that miR-103a-3p is involved in the Hippo pathway, we examined the effect of miR-103a-3p on
the core molecules of the Hippo pathway by qRT-PCR. The results showed that stable knockdown of miR-
103a-3p increased the transcript levels of LATS2 and SAV1 and decreased the transcript levels of YAP1
and TEAD1 in HCT116 cells, while the overexpression of miR-103a-3p decreased the transcript levels of
LATS2 and SAV1 and increased the transcript levels of YAP1 and TEAD1 in SW480 cells compared with
those stably transfected with empty vector. (Fig. 4A, B). Then, to further explore the potential molecular
mechanism of miR-103a-3p participating in the Hippo-YAP pathway, we predicted that LATS2 and SAV1
may be targets of miR-103a-3p based on the TargetScan, miRDB, Tarbase, and PITA databases and as
demonstrated by Venn diagrams (Fig. 4C). Subsequently, we identi�ed potential binding sites for miR-
103a-3p in the 3'UTR of LATS2 (SAV1) mRNA using TargetScan (Fig. 4D). To validate whether LATS2 and
SAV1 were direct targets of miR-103a-3p, a dual-luciferase reporter system containing the wild-type or
mutant 3′UTR of LATS2 (SAV1) was used. Cotransfecting miR-103a-3p mimics with the wild-type LATS2
(SAV1) vector induced a decrease in luciferase activity in 293T and HCT116 cells, whereas miR-103a-3p
mimic control cotransfected with the mutant LATS2 (SAV1) vector had no effect (Fig. 4E, F), suggesting
that miR-103a-3p directly and speci�cally bound the predicted binding site in the 3′UTR of LATS2 (SAV1).
In addition, in xenograft tumours, we also con�rmed that the expression of LATS2 and SAV1 was
upregulated in the group treated with miR-103a-3p antagomir compared with the control group (Fig. 4G).
Taken together, our results revealed that LATS2 and SAV1 were direct targets of miR-103a-3p.

YAP1/TEAD1 affects glycolysis and angiogenesis by promoting the transcription of HIF1A

To investigate the role of HIF1A in CRC progression, a functional study of RNA overexpression and
interference was performed. The acidity of the cell nutrient solution (i.e., the pH value) was signi�cantly
increased or decreased in HCT116 cells with stable overexpression or knockdown of HIF1A, respectively
(Fig. 5A). We predicted that HIF1A levels were positively correlated with the glycolytic genes HK2 and
LDHA in CRC using the TCGA dataset (Fig. 5B). Similarly, GEPIA database also revealed that HIF1A
expression positively correlated with HK2 (Fig. S2A, Supporting Information) and LDHA (Fig. S2B,
Supporting Information) in colon cancer, rectal cancer and CRC, respectively. Subsequently, we veri�ed
that the protein levels of VEGFA and the glycolytic genes HK2 and LDHA were increased or decreased in
HCT116 cells with stable overexpression or knockdown of HIF1A, respectively (Fig. 5C). In addition, stable
knockdown or overexpression of HIF1A reduced or increased the angiogenesis of HCT116 cells,
respectively, compared with those stably transfected with empty vector (Fig. 5D). These results revealed
that HIF1A promoted glycolysis and angiogenesis in CRC. Meanwhile, GSEA demonstrated positive
associations between YAP1 and the gene sets “reactome glycolysis” and “module 306 (description:
glycolysis and TCA cycle) ” (Fig. 5E). We further investigated the interplay effects between YAP1 and
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TEAD1 in regulating HIF1A expression. TEAD1 is a well-known transcriptional coactivator of YAP1 [36].
Analysis using the GEPIA dataset indicates that the YAP1 levels were positively correlated with TEAD1 in
colon cancer, rectal cancer and CRC (Fig. S3A, Supporting Information), and surprisingly, the YAP1 and
TEAD1 levels were both positively correlated with HIF1A (Fig. S3B, Supporting Information) or LDHA (Fig.
S3C, Supporting Information). Furthermore, HIF1A was positively regulated by YAP1 and TEAD1 in
HCT116 cells as evaluated by qRT-PCR (Fig. 5F) and western blotting (Fig. 5G). Cotransfecting si-YAP1A
with si-TEAD1 signi�cantly decreased the transcript levels of HIF1A in HCT116 cells (Fig. 5H). Further
bioinformatics analysis (JASPAR) showed that the HIF1A promoter region might have a DNA binding
motif of TEAD1 (Fig. 5I, J), suggesting a role of TEAD1 in regulating HIF1A expression. Subsequently,
ChIP experiments demonstrated that both the YAP1 and TEAD1 proteins can interact with the HIF1A
promoter in HCT116 cells overexpressing HIF1A (Fig. 5K). These �ndings suggest that YAP1 interacts
with TEAD1 to co-regulate HIF1A in CRC.

YAP1 participates in the regulation of the biological functions of CRC cells through HIF1A

To explore whether YAP1 serves its biological functions through HIF1A, a rescue experiment was
designed using YAP1, si-YAP1, HIF1A and si-HIF1A. The EdU cell proliferation assay indicated that YAP1
or HIF1A knockdown inhibited the proliferation of HCT116 cells, compared with the negative control
group (Fig. 6A). Transwell migration (Fig. 6B) and wound-healing (Fig. 6C) assays indicated that YAP1 or
HIF1A knockdown attenuated the migration of HCT116 cells, whereas HIF1A overexpression partially
reversed the effects of YAP1 knockdown, and YAP1 overexpression partially reversed the effects of HIF1A
knockdown in the assays. Together, these �ndings support the notion that the regulatory roles of YAP1 in
CRC biological functions are HIF1A-dependent.

MiR-103a-3p affects glycolysis in CRC by regulating the Hippo/YAP1/HIF1A axis

The above results demonstrated that miR-103a-3p directly bound to LATS2 and SAV1 and suppressed
their activity, and YAP1/TEAD1 could activate the transcription of HIF1A. It is known that inactivated
LATS2 and SAV1 inhibit YAP1 phosphorylation and promote YAP1 entry into the nucleus [24]. Therefore,
we speculated that miR-103a-3p could promote YAP1 entry into the nucleus and affect the expression of
HIF1A. Immuno�uorescence assays con�rmed that knockdown of miR-103a-3p markedly decreased the
localization of YAP1 and HIF1A in the HCT116 cell nucleus (Fig. 7A). To explore whether miR-103a-3p
promotes glycolysis through the YAP1-HIF1A axis, we designed a rescue experiment. Overexpression or
knockdown of miR-103a-3p increased or decreased the acidity of the cell nutrient solution in SW480 and
HCT116 cells, respectively (Fig. 7B, C). In rescue experiments, YAP1 or HIF1A knockdown partially
restored the effect of miR-103a-3p overexpression, and YAP1 or HIF1A overexpression partially restored
the effect of miR-103a-3p knockdown (Fig. 7B, C). Taken together, these results demonstrated that miR-
103a-3p promotes glycolysis by regulating the Hippo/YAP1/HIF1A axis.

Discussion
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CRC is currently one of the most common malignancies diagnosed worldwide, and its morbidity and
mortality have been on the rise in China for nearly a decade [1, 2]. As diagnostic and therapeutic
strategies progress rapidly, especially the application of immunotherapy and molecular targeted
biological therapy [37, 38], the overall survival rate of CRC has improved. Unfortunately, the overall
prognosis of CRC remains poor, and new molecular diagnostics and therapeutic targets are urgently
needed. In this study, we explored the effects of miR-103a-3p on CRC glycolysis and biological functions
under hypoxic conditions by analysing clinical samples and performing experiments in vitro and in vivo.

The present research con�rmed that miR-103a-3p was highly expressed in CRC and its high expression
was closely associated with tumour metabolism and predicted poor prognosis. Further experiments
showed that miR-103a-3p inhibits the activation of the Hippo pathway via inhibiting its targets LATS2
and SAV1. The process would increase the entry of YAP1 into the nucleus to upregulate the expression of
HIF1A via binding to the transcriptional coactivator TEAD1. Furthermore, we demonstrated that HIF1A
promoted the transcription of VEGFA and the glycolytic enzymes HK2, LDHA, and PFK1, ultimately
promoting proliferation, invasion, migration and angiogenesis of CRC cells (Fig. 7D).

Intratumoural hypoxia plays a critical role in cancer progression, especially in cancer cell metabolism
reprogramming [39]. As HIF1A is a hypoxia-stimulating factor, HIF1A-mediated regulation of a variety of
genes and pathways, including angiogenesis and glycolysis, is crucial to cancer progression [40, 41]. In
addition to being regulated by hypoxic levels, HIF1A is also affected by oncogenes and tumour
suppressor genes. In this study, miR-103a-3p knockdown reduced the expression of HIF1A and the key
molecules of glycolysis HK2, LDHA and PFK1. In addition, the regulatory effect of HIF1A on tumour
metabolism and pro-angiogenic effects were demonstrated by bioinformatics analysis and cytology
experiments. We hypothesized that miR-103a-3p regulates tumour metabolism and biological functions
through HIF1A.

Previous evidence has demonstrated that hypoxia promotes the growth, glycolysis and stem cell potential
of various tumours through the YAP/HIF1A signalling pathway [17, 42, 43]. It is well known that YAP 1 is
a transcriptional coactivator of the Hippo pathway that plays an oncogenic role in a variety of
malignancies [36, 44]. Similarly, our research was focused on the exploration of how YAP1 regulated
glycolysis in CRC. According to previous investigations and bioinformatics predictions, HIF1A could
promote tumour glycolysis [45–47], and its promoter region might have a DNA binding motif for TEAD1, a
transcription coactivator of YAP1. Furthermore, ChIP analysis proved that YAP1/TEAD1 could co-regulate
the transcription of HIF1A and further promote tumour glycolysis. A rescue experiment was utilized to
con�rm that YAP1 serves its biological functions in CRC cells by regulating HIF1A. Subsequently, we
studied the potential molecular mechanism by which miR-103a-3p is involved in this pathway.

Numerous miRNAs have been con�rmed to be involved in the regulation of the Hippo pathway. For
example, our previous research showed that miR-590-5p directly targets YAP1 and inhibits
tumourigenesis in CRC cells [14]. In addition, a recent study showed that miR-103a-3p inhibits the Hippo
pathway and activates YAP by directly targeting LATS2, ultimately promoting hepatoma cell metastasis
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and EMT [29]. LATS2 is the upstream regulator of YAP. Upon activation of the Hippo pathway, YAP is
phosphorylated by activated LATS2 and subsequently con�ned to the cytoplasm or degraded [48]. In the
present study, we used bioinformatics and dual luciferase assays to verify that miR-103a-3p could
directly target LATS2 and SAV1. Then, we performed rescue experiments and functional experiments,
which indicated that miR-103a-3p promotes glycolysis in CRC cells by regulating the Hippo/YAP1/HIF1A
axis.

Conclusions
In summary, this project investigated the interactions between ncRNAs and YAP1 and their roles in the
regulation of CRC glycolysis and tumour progression. Our study demonstrates that the miR-103a-3p-
LATS2/SAV1-YAP1-HIF1A regulatory axis contributes to a better understanding of the molecular
mechanisms of glycolysis in CRC, which would lay a theoretical foundation for molecular targeted
therapy of CRC and provide new research directions for regulating glycolysis in CRC. Thus, miR-103a-3p
could be regarded as a promising biomarker of CRC to improve individualized treatment for patients.

Abbreviations
AJCC: American Joint Committee on Cancer; CRC: Colorectal cancer; ChIP: Chromatin
immunoprecipitation; ESCC: Esophageal squamous cell carcinoma; EdU: 5-Ethynyl-2′-deoxyuridine assay;
HIF: Hypoxia-inducible factor; H&E: Haematoxylin-eosin; IHC: Immunohistochemistry; MT: Mutant type;
OS: Overall survival; UICC: International Union Against Cancer; WT: Wild type; YAP1: Yes-associated
protein 1;

Declarations
Authors' contributions

ZQS and QGZ designed and performed experiments, analyzed data, and drafted the manuscript; WTY,
XLL and CC guided experiments and analyzed data; YXG, BS, QD, and QBZ performed some experiments;
QSW and GXW initiated and analyzed data; JBL and QCK initiated the study and organized, and reviewed
manuscript. All authors read and approved the �nal manuscript.

Funding

This study was supported by The National Natural Science Foundation of China (81560385, 81972663),
Key Scienti�c Research Projects of Institutions of Higher Education in Henan Province (19A310024), The
Medical Scienti�c and Technological Research Project of Henan Province (201702027), The China
Postdoctoral Science Foundation (2019T120648, 2017M610462), The National Natural Science
Foundation of Henan Province (182300410342), The Health Commission Technology Talents Overseas
Training Project of Henan Province (2018140) and The Key Scienti�c Research Project of Henan Higher
Education Institutions (20A310024).



Page 15/29

Ethics approval and consent to participate

The human cancer tissues used in this study were approved by Ethnics Committee of The First A�liated
Hospital of Zhengzhou University in December 19, 2019, and the TRN is 2019-KW-423.

Consent for publication

Not applicable

Availability of data and materials

Data sharing not applicable to this article as no datasets were generated or analysed during the current
study.

Competing interests

The authors declare that they have no competing interests.

Acknowledgements

Not applicable

References
1. Arnold M, Sierra MS, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global patterns and trends in

colorectal cancer incidence and mortality. Gut. 2017;66(4):683–91. doi:10.1136/gutjnl-2015-310912.

2. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin. 2018;68(6):394–424. doi:10.3322/caac.21492.

3. Zhang L, Cao F, Zhang G, Shi L, Chen S, Zhang Z, et al. Trends in and Predictions of Colorectal
Cancer Incidence and Mortality in China From 1990 to 2025. Front Oncol. 2019;9:98.
doi:10.3389/fonc.2019.00098.

4. Diaz-Ruiz R, Rigoulet M, Devin A. The Warburg and Crabtree effects: On the origin of cancer cell
energy metabolism and of yeast glucose repression. Biochim Biophys Acta. 2011;1807(6):568–76.
doi:10.1016/j.bbabio.2010.08.010.

5. Alfarouk KO, Shayoub ME, Muddathir AK, Elhassan GO, Bashir AH. Evolution of Tumor Metabolism
might Re�ect Carcinogenesis as a Reverse Evolution process (Dismantling of Multicellularity).
Cancers (Basel). 2011;3(3):3002–17. doi:10.3390/cancers3033002.

�. Costello LC, Franklin RB. 'Why do tumour cells glycolyse?': from glycolysis through citrate to
lipogenesis. Mol Cell Biochem. 2005;280(1–2):1–8. doi:10.1007/s11010-005-8841-8.

7. Zeng L, Morinibu A, Kobayashi M, Zhu Y, Wang X, Goto Y, et al. Aberrant IDH3alpha expression
promotes malignant tumor growth by inducing HIF-1-mediated metabolic reprogramming and



Page 16/29

angiogenesis. Oncogene. 2015;34(36):4758–66. doi:10.1038/onc.2014.411.

�. Denko NC. Hypoxia. HIF1 and glucose metabolism in the solid tumour. Nat Rev Cancer.
2008;8(9):705–13. doi:10.1038/nrc2468.

9. Nagao A, Kobayashi M, Koyasu S, Chow CCT, Harada H. HIF-1-Dependent Reprogramming of
Glucose Metabolic Pathway of Cancer Cells and Its Therapeutic Signi�cance. Int J Mol Sci 2019;
20(2).doi:10.3390/ijms20020238.

10. Semenza GL. HIF-1 mediates the Warburg effect in clear cell renal carcinoma. J Bioenerg Biomembr.
2007;39(3):231–4. doi:10.1007/s10863-007-9081-2.

11. Natan S, Tsarfaty G, Horev J, Haklai R, Kloog Y, Tsarfaty I. Interplay Between HGF/SF-Met-Ras
Signaling, Tumor Metabolism and Blood Flow as a Potential Target for Breast Cancer Therapy.
Oncoscience. 2014;1(1):30–8.

12. Rodriguez-Garcia A, Samso P, Fontova P, Simon-Molas H, Manzano A, Castano E, et al. TGF-beta1
targets Smad, p38 MAPK, and PI3K/Akt signaling pathways to induce PFKFB3 gene expression and
glycolysis in glioblastoma cells. Febs j. 2017;284(20):3437–54. doi:10.1111/febs.14201.

13. Zhao F, Mancuso A, Bui TV, Tong X, Gruber JJ, Swider CR, et al. Imatinib resistance associated with
BCR-ABL upregulation is dependent on HIF-1alpha-induced metabolic reprograming. Oncogene.
2010;29(20):2962–72. doi:10.1038/onc.2010.67.

14. Ou C, Sun Z, Li X, Li X, Ren W, Qin Z, et al. MiR-590-5p, a density-sensitive microRNA, inhibits
tumorigenesis by targeting YAP1 in colorectal cancer. Cancer Lett. 2017;399:53–63.
doi:10.1016/j.canlet.2017.04.011.

15. Sun Z, Ou C, Liu J, Chen C, Zhou Q, Yang S, et al. YAP1-induced MALAT1 promotes epithelial-
mesenchymal transition and angiogenesis by sponging miR-126-5p in colorectal cancer. Oncogene.
2019;38(14):2627–44. doi:10.1038/s41388-018-0628-y.

1�. Song L, Tang H, Liao W, Luo X, Li Y, Chen T, et al. FOXC2 positively regulates YAP signaling and
promotes the glycolysis of nasopharyngeal carcinoma. Exp Cell Res. 2017;357(1):17–24.
doi:10.1016/j.yexcr.2017.04.019.

17. Zhang X, Li Y, Ma Y, Yang L, Wang T, Meng X, et al. Yes-associated protein (YAP) binds to HIF-1alpha
and sustains HIF-1alpha protein stability to promote hepatocellular carcinoma cell glycolysis under
hypoxic stress. J Exp Clin Cancer Res. 2018;37(1):216. doi:10.1186/s13046-018-0892-2.

1�. Ma Y, Yang Y, Wang F, Wei Q, Qin H. Hippo-YAP signaling pathway: A new paradigm for cancer
therapy. Int J Cancer. 2015;137(10):2275–86. doi:10.1002/ijc.29073.

19. Moroishi T, Hansen CG, Guan KL. The emerging roles of YAP and TAZ in cancer. Nat Rev Cancer.
2015;15(2):73–9. doi:10.1038/nrc3876.

20. Liu H, Du S, Lei T, Wang H, He X, Tong R, et al. Multifaceted regulation and functions of YAP/TAZ in
tumors (Review). Oncol Rep. 2018;40(1):16–28. doi:10.3892/or.2018.6423.

21. Avruch J, Zhou D, Fitamant J, Bardeesy N, Mou F, Barrufet LR. Protein kinases of the Hippo pathway:
regulation and substrates. Semin Cell Dev Biol. 2012;23(7):770–84.
doi:10.1016/j.semcdb.2012.07.002.



Page 17/29

22. Hong AW, Meng Z, Guan KL. The Hippo pathway in intestinal regeneration and disease. Nat Rev
Gastroenterol Hepatol. 2016;13(6):324–37. doi:10.1038/nrgastro.2016.59.

23. Oka T, Mazack V, Sudol M. Mst2 and Lats kinases regulate apoptotic function of Yes kinase-
associated protein (YAP). J Biol Chem. 2008;283(41):27534–46. doi:10.1074/jbc.M804380200.

24. Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, et al. Inactivation of YAP oncoprotein by the Hippo
pathway is involved in cell contact inhibition and tissue growth control. Genes Dev.
2007;21(21):2747–61. doi:10.1101/gad.1602907.

25. Zhao B, Tumaneng K, Guan KL. The Hippo pathway in organ size control, tissue regeneration and
stem cell self-renewal. Nat Cell Biol. 2011;13(8):877–83. doi:10.1038/ncb2303.

2�. Lin CW, Chang YL, Chang YC, Lin JC, Chen CC, Pan SH, et al. MicroRNA-135b promotes lung cancer
metastasis by regulating multiple targets in the Hippo pathway and LZTS1. Nat Commun.
2013;4:1877. doi:10.1038/ncomms2876.

27. Gao Y, Yi J, Zhang K, Bai F, Feng B, Wang R, et al. Downregulation of MiR-31 stimulates expression of
LATS2 via the hippo pathway and promotes epithelial-mesenchymal transition in esophageal
squamous cell carcinoma. J Exp Clin Cancer Res. 2017;36(1):161. doi:10.1186/s13046-017-0622-1.

2�. Vaiopoulos AG, Athanasoula K, Papavassiliou AG. Epigenetic modi�cations in colorectal cancer:
molecular insights and therapeutic challenges. Biochim Biophys Acta. 2014;1842(7):971–80.
doi:10.1016/j.bbadis.2014.02.006.

29. Han LL, Yin XR, Zhang SQ. miR-103 promotes the metastasis and EMT of hepatocellular carcinoma
by directly inhibiting LATS2. Int J Oncol. 2018;53(6):2433–44. doi:10.3892/ijo.2018.4580.

30. Du J, Zhang F, Zhang L, Jia Y, Chen H. MicroRNA-103 regulates the progression in endometrial
carcinoma through ZO-1. Int J Immunopathol Pharmacol. 2019;33:2058738419872621.
doi:10.1177/2058738419872621.

31. Zheng J, Liu Y, Qiao Y, Zhang L, Lu S. miR-103 Promotes Proliferation and Metastasis by Targeting
KLF4 in Gastric Cancer. Int J Mol Sci 2017; 18(5).doi:10.3390/ijms18050910.

32. Zheng YB, Xiao K, Xiao GC, Tong SL, Ding Y, Wang QS, et al. MicroRNA-103 promotes tumor growth
and metastasis in colorectal cancer by directly targeting LATS2. Oncol Lett. 2016;12(3):2194–200.
doi:10.3892/ol.2016.4814.

33. Ke J, Shao W, Jiang Y, Xu J, Li F, Qin J. MicroRNA103 regulates tumorigenesis in colorectal cancer by
targeting ZO1. Mol Med Rep. 2018;17(1):783–8. doi:10.3892/mmr.2017.8007.

34. Hong Z, Feng Z, Sai Z, Tao S. PER3, a novel target of miR-103, plays a suppressive role in colorectal
cancer in vitro. BMB Rep. 2014;47(9):500–5. doi:10.5483/bmbrep.2014.47.9.212.

35. Bertero L, Massa F, Metovic J, Zanetti R, Castellano I, Ricardi U, et al. Eighth Edition of the UICC
Classi�cation of Malignant Tumours: an overview of the changes in the pathological TNM
classi�cation criteria-What has changed and why? Virchows Arch. 2018;472(4):519–31.
doi:10.1007/s00428-017-2276-y.

3�. Warren JSA, Xiao Y, Lamar JM. YAP/TAZ Activation as a Target for Treating Metastatic Cancer.
Cancers (Basel). 2018; 10(4).doi:10.3390/cancers10040115.



Page 18/29

37. Martini G, Troiani T, Cardone C, Vitiello P, Sforza V, Ciardiello D, et al. Present and future of metastatic
colorectal cancer treatment: A review of new candidate targets. World J Gastroenterol.
2017;23(26):4675–88. doi:10.3748/wjg.v23.i26.4675.

3�. Rawla P, Barsouk A, Hadjinicolaou AV, Barsouk A. Immunotherapies and Targeted Therapies in the
Treatment of Metastatic Colorectal Cancer. Med Sci (Basel). 2019; 7(8).doi:10.3390/medsci7080083.

39. Vaupel P, Mayer A, Hockel M. Tumor hypoxia and malignant progression. Methods Enzymol.
2004;381:335–54. doi:10.1016/s0076-6879(04)81023-1.

40. Semenza GL. Regulation of cancer cell metabolism by hypoxia-inducible factor 1. Semin Cancer Biol.
2009;19(1):12–6. doi:10.1016/j.semcancer.2008.11.009.

41. Goscinski MA, Nesland JM, Giercksky KE, Dhakal HP. Primary tumor vascularity in esophagus cancer.
CD34 and HIF1-alpha expression correlate with tumor progression. Histol Histopathol.
2013;28(10):1361–8. doi:10.14670/hh-28.1361.

42. Greenhough A, Bagley C, Heesom KJ, Gurevich DB, Gay D, Bond M, et al. Cancer cell adaptation to
hypoxia involves a HIF-GPRC5A-YAP axis. EMBO Mol Med 2018;
10(11).doi:10.15252/emmm.201708699.

43. Zhang L, Shi H, Chen H, Gong A, Liu Y, Song L, et al. Dedifferentiation process driven by radiotherapy-
induced HMGB1/TLR2/YAP/HIF-1alpha signaling enhances pancreatic cancer stemness. Cell Death
Dis. 2019;10(10):724. doi:10.1038/s41419-019-1956-8.

44. Steinhardt AA, Gayyed MF, Klein AP, Dong J, Maitra A, Pan D, et al. Expression of Yes-associated
protein in common solid tumors. Hum Pathol. 2008;39(11):1582–9.
doi:10.1016/j.humpath.2008.04.012.

45. Chen F, Chen J, Yang L, Liu J, Zhang X, Zhang Y, et al. Extracellular vesicle-packaged HIF-1alpha-
stabilizing lncRNA from tumour-associated macrophages regulates aerobic glycolysis of breast
cancer cells. Nat Cell Biol. 2019;21(4):498–510. doi:10.1038/s41556-019-0299-0.

4�. Zhou L, Wang Y, Zhou M, Zhang Y, Wang P, Li X, et al. HOXA9 inhibits HIF-1alpha-mediated glycolysis
through interacting with CRIP2 to repress cutaneous squamous cell carcinoma development. Nat
Commun. 2018;9(1):1480. doi:10.1038/s41467-018-03914-5.

47. Wan W, Peng K, Li M, Qin L, Tong Z, Yan J, et al. Histone demethylase JMJD1A promotes urinary
bladder cancer progression by enhancing glycolysis through coactivation of hypoxia inducible factor
1alpha. Oncogene. 2017;36(27):3868–77. doi:10.1038/onc.2017.13.

4�. Moroishi T, Park HW, Qin B, Chen Q, Meng Z, Plouffe SW, et al. A YAP/TAZ-induced feedback
mechanism regulates Hippo pathway homeostasis. Genes Dev. 2015;29(12):1271–84.
doi:10.1101/gad.262816.115.

Figures



Page 19/29

Figure 1

MiR-103a-3p was upregulated in CRC tissues and cell lines and served as a prognostic factor for CRC
patients. (A) MiR-103a-3p was highly expressed in CRC samples in the GSE49246 dataset. (B) qRT-PCR
assay showing the relative levels (normalized to U6 levels) of miR-103a-3p in 40 paired CRC tissues and
matched normal tissues. (C) qRT-PCR assay showing the expression level of miR-103a-3p in the cell lines.
(D) Overall survival (OS) curves for the two groups de�ned by low and high expression of miR-103a-3p in
patients with CRC.
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Figure 2

MiR-103a-3p affects cancer cell invasion, migration, proliferation, angiogenesis and glycolysis. (A)
Transwell and (B) CCK-8 assays indicating the in vitro invasion, migration and proliferation ability of
HCT116 cells stably transfected with empty vector or miR-103a-3p shRNA (sh-miR-103a-3p). (C)
Angiogenesis in HCT116 and SW480 cells stably transfected with empty vector-1, sh-miR-103a-3p, vector-
2, or miR-103a-3p mimics. (D) The acidity of the cell culture medium was detected in HCT116 and SW480
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cells stably transfected with empty vector-1, sh-miR-103a-3p, vector-2, or miR-103a-3p mimics under
hypoxia. (E-F) qRT-PCR assay showing the expression levels of HK2, LDHA, PFK1, PKM1 and HIF1A in
HCT116 and SW480 cells stably transfected with empty vector-1, sh-miR-103a-3p, vector-2, or miR-103a-
3p mimics under hypoxia.

Figure 3
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MiR-103a-3p knockdown suppresses the growth, proliferation, angiogenesis, and glycolysis of CRC in
vivo. (A-C) The tumour growth curve, weight at the end points, and representative image of xenograft
tumours formed by subcutaneous injection of HCT116 cells transfected with antagomir control and miR-
103a-3p antagomir into the dorsal �anks of nude mice. Data represent the mean ± SD from �ve
independent experiments, *p < 0.05. (D) Expression of miR-103a-3p, HK2, LDHA, and PFK1 in
subcutaneous tumour tissues from nude mice treated with miR-103a-3p antagomir or antagomir control,
as determined by qRT-PCR. (E) Western blot assays revealing the protein levels of LDHA, HK2 and P-YAP
in subcutaneous tumour tissues from nude mice treated with miR-103a-3p antagomir or antagomir
control. (F) Representative images showing vascular distribution and density within subcutaneous
tumour tissues from nude mice treated with miR-103a-3p antagomir or antagomir control by H&E staining
(n=5 for each group; scale, 50 μm). (G-H) Immunohistochemical staining showing the protein levels of
HK2, PKM1, LDHA, KI-67, PCNA, and P-YAP in subcutaneous tumour tissues from nude mice treated with
miR-103a-3p antagomir or antagomir control (n=5 for each group; scale, 50 μm).
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Figure 4

MiR-103a-3p inhibits the Hippo pathway by directly targeting LATS2 and SAV1. (A-B) The relative mRNA
levels (normalized to GAPDH levels) of the core molecules of the Hippo pathway were detected in
HCT116 and SW480 cells stably transfected with empty vector-1, sh-miR-103a-3p, vector-2, or miR-103a-
3p mimics. (C) Venn diagrams exhibiting the shared targets of miR-103a-3p predicted from the
TargetScan, miRDB, Tarbase and PITA databases. (D) Scheme of the potential binding sites of miR-103a-
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3p in the LATS2/SAV1 3′UTR. Luciferase assay in 293T cells (E) and HCT116 cells (F). MiR-103a-3p
mimics or mimic controls were cotransfected with pReporter-LATS2(SAV1)-WT (wild type) 3′UTR or
pReporter-LATS2(SAV1)-MT (mutant type) 3′UTR. Luciferase activity was measured at 24 h after
transfection, and a signi�cant decrease was detected in the pReporter-LATS2(SAV1)-WT group. The
luciferase activity was normalized to Renilla luciferase activity. (G) The LATS2 and SAV1 mRNA
expression levels in subcutaneous tumour tissues from the miR-103a-3p antagomir group and control
group were measured by qRT-PCR. Three independent experiments were performed. *p < 0.05, **p < 0.01
compared to the control group by Student’s t-test.
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Figure 5

YAP1/TEAD1 promotes glycolysis and angiogenesis in CRC by activating the transcription of HIF1A. (A)
The acidity of the cell nutrient solution was detected in HCT116 cells stably transfected with empty
vector, HIF1A, si-control, or si-HIF1A under hypoxia. (B) The expression correlation of HIF1A with the
glycolytic gene HK2 or LDHA in CRC samples by TCGA. (C) Western blot and angiogenesis (D) assays
showing the expression of VEGFA, LDHA and HK2 and angiogenesis in HCT116 cells stably transfected



Page 26/29

with empty vector, HIF1A, si-control, or si-HIF1A under hypoxia. (E) Correlation analysis between YAP1 and
glycolysis-associated gene sets, as demonstrated by GSEA. ES, enrichment score; NES, normalized
enrichment score. The transcript (F) and protein levels (G) of HIF1A were measured in HCT116 cells
stably transfected with empty vector, YAP1, TEAD1, si-control, si-HIF1A, or si-TEAD1 by qRT-PCR
(normalized to GAPDH levels) and western blot (normalized to tubulin or β-actin levels). (H) The
expression of HIF1A was measured in HCT116 cells stably transfected with si-YAP+si-TEAD1 or si-
control. (I) The HIF1A binding motif in HIF1A predicted from JASPAR matrix models. (J) Scheme of the
potential binding sites of TEAD1 in the HIF1A upstream promoter region. (L) ChIP assays using anti-YAP1
and anti-TEAD1 antibodies were performed in HCT116 cells. A control IgG was used as the negative
control for IP. Semi-qPCR was used to assess ChIP signals. Three independent experiments were
performed. *p < 0.05, **p < 0.01, compared to the control group by Student’s t-test.



Page 27/29

Figure 6

YAP1 modulates the biological functions of CRC cells through HIF1A. (A) The EdU cell proliferation assay
in HCT116 cells stably transfected with empty vector, si-YAP1, or si-HIF1A. Transwell (B) and wound-
healing (C) assays in HCT116 cells stably transfected with empty vector, si-YAP1, si-HIF1A, si-YAP1 
+HIF1A, or YAP1+si-HIF1A. Three independent experiments were performed. *p < 0.05, **p < 0.01,
compared to the control group by Student’s t-test.
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Figure 7

MiR-103a-3p affects glycolysis in CRC by regulating the Hippo/YAP1/HIF1A axis. (A)
Immuno�uorescence staining assay indicating that YAP1 and HIF1A localization was reduced in the
nuclei of HCT116 cells transfected with miR-103a-3p inhibitor under hypoxic conditions. (B) The acidity
of the cell culture medium was detected in SW480 and HCT116 cells stably transfected with miR-103a-3p
mimics, miR-103a-3p mimics+si-HIF1A, miR-103a-3p inhibitor, or miR-103a-3p inhibitor+HIF1A. (C) The
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acidity of the cell culture medium was detected in SW480 and HCT116 cells stably transfected with miR-
103a-3p mimics, miR-103a-3p mimics+si-YAP1, miR-103a-3p inhibitor, or miR-103a-3p inhibitor+YAP1. (D)
Schematic representation of a model depicting the major molecular mechanisms of the miR-103a-3p-
LATS2/SAV1-YAP1-HIF1A axis in CRC under hypoxic conditions.
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