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A B S T R A C T

Single-driver molecular events specific to the metabolic colorectal cancer (CRC) have not been clearly elucidated.
Herein, we identified 12 functional miRNAs linked to activated metabolism by integrating multi-omics features in
metabolic CRC. These miRNAs exhibited significantly enriched CRC driver miRNAs, significant impacts on CRC
cell growth and significantly correlated metabolites. Importantly, miR-20a is minimally expressed in normal
colorectal tissues but highly expressed in metabolic CRC, suggesting the potential therapeutic target. Bioinfor-
matics analyses further revealed miR-20a as the most powerful determinant that regulates a cascade of dysre-
gulated events, including Wnt signaling pathway, core enzymes involved in FA metabolism program and
triacylglycerol abundances. In vitro assays demonstrated that elevated miR-20a up-regulated FA synthesis en-
zymes via Wnt/β-catenin signaling, and finally promoted proliferative and migration of metabolic CRC cells.
Overall, our study revealed that miR-20a promoted progression of metabolic CRC by regulating FA metabolism
and served as a potential target for preventing tumor metastasis.
1. Introduction

Colorectal carcinoma (CRC) ranks the second leading cause of cancer-
related deaths worldwide, with high heterogeneity at the molecular level
(Sottoriva et al., 2015). The consensus molecular subtypes (CMSs) of CRC
were proposed: CMS1 (microsatellite instability immune, 14%); CMS2
(canonical, 37%); CMS3 (metabolic, 13%); and CMS4 (mesenchymal,
23%) (Guinney et al., 2015). CMSs present with differences in molecular
characteristics and clinical outcomes. Patients with canonical CMS2 have
the best outcome, while mesenchymal CMS4 tumors have a poor
outcome and CMS1 is associated with a poor patient survival after
relapse. In contrast, CMS3 which is defined as metabolic CRC and char-
acterized by prominent metabolic activation and disturbed fatty acid
(FA) metabolism, had intermediate overall survival and has received less
attention. FA metabolism maintains energy homeostasis (Kim and
DeBerardinis, 2019), plays a major role in the growth and progression of
cancers in cancer (Jones and Infante, 2015; Long et al., 2018), and is
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regarded as a new therapeutic strategy (Bruning et al., 2018). The
regulation of FA metabolism and clinical value within CMS3 tumors re-
mains unknown.

A microRNA (miRNA) is a small non-coding RNA molecule that
functions as post-transcriptional gene regulators (Bartel, 2018). Indi-
vidual microRNA can affect many genes simultaneously, underscoring
their influence on the expression of complete networks determining a
specific cancer subtype. miRNAs serve important roles in several physi-
ological conditions, including cell differentiation, development,
apoptosis, immune response, hematopoiesis, cell death and proliferation
(Hammond, 2015; Kim et al., 2009). For example, miR-20a promote CRC
proliferation and invasion (Xiao et al., 2020), and served as a predictor of
poor prognosis in CRC (Moody et al., 2019). However, the role of
miR-20a in metabolic CRC has not been analyzed. In recent years, re-
searches have shown that miRNAs regulate FA metabolism in cancers
(Chan et al., 2015). It has been demonstrated that miR-185 and miR-342
control lipogenesis in prostate cancer cells by down-regulating fatty acid
ms.hrbmu.edu.cn (Y. Zhang).
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Figure 1. Identification of functional miRNAs. (A) Comparison of Mgenes and other genes in RNAi dependency scores of HT29. (B) Venn diagram illustrates that
Mgenes were enriched with tumor driver genes identified by TUSON. (C) Heatmaps show that the expression of Mgenes can separate the metabolic CRC samples from
normal samples. (D) A density plot shows the distribution of correlated metabolites for Mgenes. (E) Evaluating the basic statistical properties of gene set signatures
underlying their applicability across datasets using sigQC. (F) GSEA confirmed Fmirs were significantly overrepresented at the top of gene list in ascending order in the
RNAi and CRISPR screened HT29 cell lines. (G) Heatmaps show that the expression of Fmirs can separate the metabolic CRC samples from normal samples. (H)
Comparison of correlated Fmirs between TAG and non-TAG. (I) Number of significantly correlated metabolites vs. the proportion of positively correlated metabolites
for Fmirs.
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synthase (Li et al., 2013). miR-20a was also a potential regulator of lipid
metabolism in nonalcoholic fatty liver disease (Zhang et al., 2021).
However, many researchers seem to focus more on the regulation of
miRNAs on FA metabolism in other diseases than CRC. The role of
miRNAs in metabolic CRC remains mostly unexplored.

Multi-omics datasets represent distinct aspects of the central dogma
of molecular biology, emphasizing the complementarity of underlying
biology (Paczkowska et al., 2020). Previously, we proposed to prioritize
functional gene regulators in CMSs by integrating genome, epigenome,
transcriptome and interactome data, which play central roles in the
corresponding subtypes (Song et al., 2021). Herein, we proposed to
prioritize functional miRNAs (Fmirs) linked to activated metabolism in
metabolic CRC by identifying functional genes involving in metabolism
(Mgenes) and constructing miRNA-Mgene interaction network. We
2

found that these miRNAs were enriched with driver miRNAs of CRC and
mediated FA metabolism. Functional assays showed miR-20a led to an
increase in FA synthesis enzymes, and regulated proliferation and
migration of metabolic CRC via Wnt signaling pathway.

2. Materials and methods

2.1. Data source

We downloaded publicly available CRC gene expression datasets from
Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/gds/)
and The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/)
(Table S1). We collected a set of 3,360 CRC tissue samples from 21
datasets measured by eight platforms and another set of 618 adjacent

https://www.ncbi.nlm.nih.gov/gds/
https://portal.gdc.cancer.gov/


Figure 2. miR-20a regulated FA metabolism. (A) The correlated metabolites of miR-20a. (B) FA metabolism pathway showed significantly higher ES in metabolic CRC
than other subtypes. (C) Fmirs participated in FA metabolism subpathway. (D) GSEA showed hallmark gene set of FA metabolism was upregulated in miR-20a high
expression group. (E–F) Correlation of miR-20a expression with protein expression of FA metabolism enzymes. (G) RT-qPCR analysis of the expression of miR-20a in
HT29 and LS174T cells transfected with miR-20a mimics and their NC groups. (H) RT-qPCR analysis of the expression of FA synthesis related genes in HT29 after
transfected with miR-20a mimic. (I) RT-qPCR analysis of the expression of miR-20a in HT29 and LS174T cells transfected with miR-20a inhibitor groups and their NC
groups. (J) RT-qPCR analysis of the expression of FA synthesis related genes in HT29 after transfected with miR-20a inhibitor. Statistical analysis was conducted using
one-way ANOVA. (*P < 0.05; **P < 0.01; ***P < 0.001).
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normal tissue samples from 23 datasets measured by six platforms. Only
12,401 genes that are shared in all these datasets were used. Especially
for CRC samples, we only used the datasets containing more than 50
samples to avoid the influence of small sample bias. Data were pre-
processed as previously described (Song et al., 2020).

We also downloaded 619 miRNA samples, 536 mutation samples
analyzed by MuTect 2 algorithm (.maf files), 617 copy number alteration
(CNA) samples and 295 DNAmethylation samples from the TCGA project
(TCGA-COAD and TCGA-READ). Protein expression data were down-
loaded from the Cancer Proteome Atlas (TCPA).
2.2. Classification of colorectal cancer tissue samples

The random forest classifyCMS function in the R package CMSclas-
sifier (https://github.com/Sage-Bionetworks/CMSclassifier) was used to
3

assign CMSs to CRC samples based on the gene expression profile of each
tissue dataset (Guinney et al., 2015). Microarray data for all datasets
were obtained in the form of normalized expression values on the log2
scale. For RNAseq data, we used log2 transformed FPKM matrix after
adding 1 to avoid undefined values.
2.3. Colorectal cancer cell lines

The gene expression data, miRNA expression and metabolite
abundances of 57 large intestine cell lines were download from the
Cancer Cell Line Encyclopedia (CCLE) database (https://portals.broa
dinstitute.org/ccle). The CMScaller algorithm was used to assign
CMSs to CRC cell lines (https://github.com/Lothelab/CMScaller). CMS
cell lines were also supplemented with the reported results (Eide et al.,
2017).

https://github.com/Sage-Bionetworks/CMSclassifier
https://portals.broadinstitute.org/ccle
https://portals.broadinstitute.org/ccle
https://github.com/Lothelab/CMScaller


Figure 3. Screening the pathway of miR-20a promoting FA synthesis from PI3K/AKT/mTOR, Wnt, Myc and AMPK pathway by inhibitors/activators. (A) ACAC. (B)
ACLY. (C) FASN.
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2.4. Manually curation of gene interaction

Protein–protein interaction network (PPIN) data were downloaded
from STRING v11.0 (https://string-db.org/) (Szklarczyk et al., 2019). We
used interactions with the organism of “Homo sapiens” and score more
than 0.9 with high confidence. TF–gene interactions assayed by chro-
matin immunoprecipitation followed by sequencing (ChIP-seq) were also
downloaded from the ChIPBase v2.0 database (http://rna.sysu.edu.cn/
chipbase/) (Zhou et al., 2017).

PPI and TF–gene interactions in the context of metabolic CRC were
filtered based on their expression correlation measured by the Pearson
correlation analysis. We only retained the significantly co-expressed in-
teractions with the threshold of adjusted P < 0.05 and |ρ|>0.3. “ρ”
represents the Pearson correlation coefficient.

2.5. miRNA-mediated gene regulation

miRNA–gene interactions were all experimentally validated and
collected from public databases, including TarBase (Karagkouni et al.,
2018), miRTarBase (Huang et al., 2020), and miRecords (Xiao et al.,
2009). miRNA–gene regulations in the context of metabolic CRC were
filtered based on their expression correlation measured by the Pearson
correlation analysis with the threshold of P < 0.05 and |ρ|>0.3.

We note that these target genes of miRNAs were derived from TCGA
data. To avoid biased results, we took the target genes as a gene signature
for each miRNA and performed an evaluation step (sigQC) to ensure that
the signature used has suitable properties across different datasets. Here,
we present radar plots summarizing the gene signature quality control
metrics implemented by the R package sigQC (Dhawan et al., 2019).

2.6. Identification of functional miRNAs

We identified Fmirs by firstly identifying Mgenes. Based on the
individual-level differentially expressed genes calculated by RankComp
algorithm (Wang et al., 2015). We identified genes with significantly up-
or down-regulated patterns and defined them as metabolism-related
genes in metabolic CRC. Then, we proposed a computational method
4

to prioritize metabolism-related genes and identify Mgenes by inte-
grating multi-omics features (Song et al., 2021). Briefly, for each
metabolism-related gene in metabolic CRC, we calculated the scores of
seven features that characterized the genomic and transcriptomic activ-
ity, regulation by co-expressed TFs, and central roles in PPIN of gene
regulators. The aggregated score for each gene was further calculated by
integrating the seven separate ranks in metabolic CRC, using the robust
rank aggregation method in R package RobustRankAggreg (Kolde et al.,
2012). Then, we utilized the most effective feature and identified
top-ranked 100 genes as the Mgenes.

For miRNA, we directly analyzed the 1,881 miRNAs measured by the
TCGA-COAD and TCGA-READ project. We identified Fmirs using a
backward derivation approach. Firstly, we identified significantly co-
expressed miRNA and genes for metabolic CRC among the collected
miRNA-gene interactions. Then, miRNAs whose target genes were
significantly intersected with Mgenes were defined as Fmirs. The hy-
pergeometric test was used to calculate the significance as follows:

PrðiÞ¼ 1�
XFi�1

x¼0

ðTi

x ÞðN � Ti

F � x Þ

ðNF Þ
(1)

where N is the number of target genes that overlap with all detected
genes in the expression profiles, F is the number of target genes that
overlap with Mgenes, Ti is the number of target genes of miRNA i, and Fi
is the number of target genes for miRNA i that overlap with Mgenes.

2.7. Manually curation of CRC driver miRNAs

A panel of oncogenic and tumor-suppressive miRNAs was collected
from the public databases miRCancer (Xie et al., 2013) and OncomiRDB
(Wang et al., 2014). Briefly, the microRNA–cancer association in miR-
Cancer was extracted using the text mining algorithm against PubMed
based on 75 rules. The entries of CRC-related miRNA regulations in
OncomiRDB were manually curated from abstracts with direct experi-
mental evidence. Finally, we retained miRNAs associated with CRC and
collected 250 CRC-related miRNAs.

https://string-db.org/
http://rna.sysu.edu.cn/chipbase/
http://rna.sysu.edu.cn/chipbase/


Figure 4. Correlation of miR-20a with Wnt signaling pathway. (A–B) Western blotting of β-catenin in HT29 and LS174T cells transfected with different miRNAs. (C)
Representative photomicrographs of β-catenin immunofluorescence staining assay in HT29 cells. Bar ¼ 50μm. (D) RT-qPCR analysis of the expression of FA synthesis
related genes (FASN, ACAC and ACLY) in HT29 and LS174T after treated with LiCl (10 mmol/L) for 24h. (***P < 0.001; ns, not significant).
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2.8. Subpathway analysis

The R package “Subpathway-GMir” was performed to identify the
metabolism subpathways mediated by miRNAs(Feng et al., 2015). We
mapped the Fmirs and significantly co-expressed target genes as nodes
into the reconstructed metabolism pathway graphs obtained from the
package. Then, we identified miRNA-mediated FA metabolism subpath-
ways based on the “lenient distance” similarity method. It evaluated the
significance of candidate subpathways using the hypergeometric
method. The miRNA–target interactions for metabolic CRC were
collected as described above.

2.9. Experimental model and subject details

2.9.1. Cell culture and transfection
Human colon epithelial cell line NCM460 and human CRC cell lines

Lovo, SW48, T84, SW948, LS174T, HT29, HCT116 and SW480 were
purchased from Procell Life Sciences Co. Ltd., (Wuhan, Hubei, China).
Cell lines NCM460 was cultured in RPMI-1640 (Gibco) medium, T84 in
DMEM/F12 (Gibco) medium, Lovo in F12K (Gibco) medium, LS174T in
MEM, HT29 and HCT116 in (Gibco) McCoy's 5A, SW48, SW948 and
SW480 in L15 (Gibco) medium.
5

All media for the human cell lines were supplemented with 10% FBS
and 1% penicillin/streptomycin antibiotics. SW48, SW948 and SW480
cell lines were cultured in 100% air at 37 �C. Other cell lines were
cultured under 95% air-5% CO2 at 37 �C. All cell lines were validated by
STR DNA finger-printing. Experiments were carried out within 6 months
after acquisition of the cell lines. In addition, mycoplasma contamination
was ruled out using a PCR-based method.

HT29 and LS174T cells were transfected with miR-20a mimic and
negative control (NC) or miR-20a inhibitor and inhibitor NC (inNC)
respectively using Lipofectamine 2000 (Invitrogen, USA). After 48 h
transfection, these cells were harvested for further experiments. These in-
hibitors andactivator, includingC75(inhibitorof FASN),PKI-402 (inhibitor
of PI3K/mTOR), MSAB (inhibitor of Wnt/β-catenin), Mycro 3 (inhibitor of
Myc) and ZLN024 (activator of AMPK), were purchased from GLPBIO.

2.9.2. Western blotting
The cells were washed with ice-cold PBS and lysed with RIPA buffer

containing protease inhibitors. After mixed with SDS sample buffer, the
proteins were heated to 99 �C for 10 min, separated on 10% SDS–polya-
crylamide gels, transferred to PVDF mem-branes, and probed with anti-
bodies against β-catenin (1:1000; CST, USA) and β-actin (1:3000,
Proteintech, China) at 4 �C overnight and blots were visualized using gel



Figure 5. The necessity of the Wnt signaling pathway in miR-20a promoting FA synthesis. (A) HT29 cells. (B) LS174T cells.
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imaging systems (Bio-Rad). ECL was used to visualize the immunoblot
signals.

2.9.3. Real time-quantitative PCR (RT-qPCR)
Total RNA of HT29 and LS174T cells were extracted using total RNA

extraction kit (Thermo Fisher Scientific, Waltham, USA). 1 μg RNA was
used for reverse transcription into complementary DNA (cDNA) using the
PrimeScript RT-PCR Kit (Takara, Tokyo, Japan). Real-time polymerase
chain reaction (RT-PCR) was conducted using the SYBR Premix Ex-Taq II
kit (Takara, Tokyo, Japan) on the Quant Studio 3 Real-Time PCR System
(Applied Biosystems, CA, USA). The fold changes were determined using
the 2-△△CT method. All primers used were as follows: Quantitative-
FASN, forward 50-AAGGACCTGTCTAGGTTTGATGC-30, reverse 50-
TGGCTTCATAGGTGACTTCCA-3’; Quantitative-ACACA, forward 50-
ATGTCTGGCTTGCACCTAGTA-30 reverse 50-CCCCAAAGCGAGTAA-
CAAATTCT-3’; Quantitative-ACLY, forward 50-TCGGCCAAGGCAATTT-
CAGAG-30 reverse 50-CGAGCATACTTGAACCGATTCT-3’; Quantitative-
Bactin, forward 50-CATGTACGTTGCTATCCAGGC-30 reverse 50-
CTCCTTAATGTCACGCACGAT-3’; Quantitative-U6, forward 50-
CTCGCTTCGGCAGCACATATACT-30 reverse 50-ACGCTTCACGAATTT
GCGTGTC-3’; Quantitative-miR-20a, forward 50-TAAAGTGCTTA-
TAGTGCAG-30 reverse 50-GTCGTATCCAGTGCAGGGTCCGAGGT-3’;
Reverse Transcription-miR-20a, 50-GTCGTATCCAGTGCAGGGTCC-
GAGGTATTCGCACTGGATACGACCTACCT-3’; Reverse Transcription-
U6, 50-AAAATATGGAACGCTTCACGAATTTG -3’.
6

2.9.4. Clone-formation assay, EdU assay, transwell assay and wound-
healing assay

For the clone formation assay, HT29 and LS174T cell lines were
transfected with mimic/NC (inhibitor/inNC) on day 1. Digest the cells
the next day and seed 200 cells into a six-well plate, followed by the
addition of 2 ml of 10% FBS DMEM for 14 days. After 14 days, the cells
were fixed in 4% paraformaldehyde and stained with crystal violet for 30
min at room temperature. Colonies consisting of >50 cells were counted.
For EdU assay, cells were plated in 12-well plates and performed trans-
fection. After 48h, 5-ethynyl-20-deoxyuridine (EdU) assay (BeyoClick™

EdU-488 Kit, Beyotime, Shanghai, China) were performed to analyze the
cell proliferation. The cells were incubated with 10μM EdU solution for 2
h and fixed with 4% paraformaldehyde. And the cells were washed with
PBS for 3 times and 0.5% TritonX-100 once. Then, the cells were stained
with 100 μL 1� DAPI solution. After washed with 100μL PBS for 3 times,
images were obtained from fluorescence microscope for further calcu-
lation of proliferation rates.

Transwell assays were conducted using an 8 μm pore Transwell filter
(Corning, US). HT29 or LS174T cells were seeded in the upper chamber
with serum-free medium. And medium with 10% FBS was added to the
lower chamber. After incubation for 48 h, the Transwell filter was
washed, fixed with 4% paraformaldehyde and in turn stained with 0.1%
crystal violet staining solution.

For wound-healing assay, HT29 or LS174T cells were seeded on six-
well plates. Then, a wound across the wall was introduced. After



Figure 6. miR-20a affect cell proliferation. (A) The expression of miR-20a across normal colorectal samples (blue) and metabolic CRC samples (red). (B) The
expression of miR-20a among CMSs cell lines and one colon epithelial cell line. (A) GSEA showed cell cycle and DNA replicant pathway were upregulated in miR-20a
high expression group. (D) Correlation of miR-20a with MKI67 expression. Representative photomicrographs and quantifications of (E) clone formation assay and (F)
Edu assay in HT29 and LS174T cells after transfection with miR-20a mimic, miR-20a mimic NC, miR-20a inhibitor, or miR-20a inNC for 14 days. (*P < 0.05; **P <

0.01; ***P < 0.001). (G) K–M curves showed OS and PFS of metabolic CRC patients in miR-20a low and high expression subgroups.

K. Song et al. Heliyon 8 (2022) e09068
washing with PBS, the plate was incubated with serum-free medium for
24 h. Cell migration was observed and photographed by microscopy.

2.9.5. Immunofluorescence analysis
The cells were seeded on poly-lysine-coated coverslips for 24 h, fixed

with 4% paraformaldehyde for 15 min, and permeabilized in 1% Triton
X-100 for 10 min. The cells were then blocked with 5% BSA in PBS for 30
min at room temperature and incubated in antibodies overnight at 4 �C.
The coverslips were washed three times with PBS buffer, and the sec-
ondary antibody was applied for 1 h at 37 �C. The coverslips were then
mounted onto glass slides using an antifade mounting medium (Beyo-
time, China). Cells were then examined under a laser scanning confocal
microscope (Zeiss LSM 510 Meta).
7

2.10. Quantification and statistical analysis

2.10.1. Analysis of RNA-seq data
For RNA-seq data, we used the edgeR algorithm to detect DE genes

from raw count data. The Benjamini–Hochberg procedure for multiple
testing was used to control the false discovery rate.

2.10.2. Survival analysis
The Kaplan–Meier (K-M) analysis and log-rank test were used to

compare survival differences between two groups. We calculated hazard
ratios (HRs) and 95% confidence intervals using the univariate Cox
proportional hazards model. For illustration purposes, continuous



Figure 7. miR-20a promoted migration of metabolic CRC cells. (A–D) Wound healing assay of HT29 and LS174T cells carrying different miRNAs. (E) Transwell assays
of HT29 and LS174T cells carrying different miRNAs. Bar ¼ 100μm. Mean � SD are shown. (*P < 0.05; **P < 0.01; ***P < 0.001).
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expression values were dichotomized based on the maximization of the
log-rank statistic to generate K-M curves using survminer R package.

2.10.3. Statistical analysis
All statistical analyses were performed using R software version 3.6.3

(http://www.r-project.org/).

3. Results

3.1. Multi-omics data defines functional miRNAs in metabolic subtype

To elucidate regulatory mechanisms underlying the metabolic CRC,
we inferred a microRNA regulatory network to identify functional miR-
NAs (Fmirs) linked to activated metabolism by initially defining Mgenes.
Firstly, we summarized metabolism-related genes that were significantly
frequently up- or down-regulated in metabolic CRC from the individual-
8

level genes identified by RankComp algorithm (Cumulative binomial
model, adjusted P < 0.05). Mgenes were defined as the top-ranked 100
metabolism-related genes with highest aggregated multi-omics scores
from genome, epigenome, transcriptome and interactome (Table S2). For
metabolic CRC cell line HT29, Mgenes showed significantly lower de-
pendency scores than other genes using RNAi data (Figure 1A), indi-
cating their critical roles for cancer cell growth. Besides, Mgenes were
significantly enriched with tumor driver genes identified by TUSON ex-
plorer (Davoli et al., 2013) (Figure 1B), and can separate metabolic CRC
from normal samples (Figure 1C). Moreover, each Mgene was signifi-
cantly correlated with at least one metabolite abundance using
CCLE-CRC data (Median ¼ 11 and mean ¼ 13.47; Pearson correlation
analysis, P < 0.05; Figure 1D), indicating Mgenes are likely to alter
cellular metabolism.

We inferred that the miRNAs whose targets were enriched with
Mgenes were essential for activated metabolism in metabolic CRC. Then,

http://www.r-project.org/


Figure 8. Evaluating the effect of FA synthesis on miR-20a expression promoting cell proliferation. (A) Edu assay. (B) Clone-formation assay.
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we identified significantly correlated miRNA-gene interactions in meta-
bolic CRC using paired miRNA and mRNA expression data from TCGA
(Pearson correlation analysis, P < 0.05 and |ρ|>0.3). Taking the signif-
icant interacting genes as a gene set signature for each miRNA, we
applied sigQC version 0.1.20, an R package to evaluate the basic statis-
tical properties of gene set signatures underlying their applicability
across datasets. We ran this package on all combinations of 12 datasets
and 100 signatures, and found that CRC datasets are comparable in
quality for the application of the gene set signature (Figure 1E; taken
miR-20a as an example).

Thus, we inferred a miRNA regulatory network by integrative anal-
ysis of Mgenes expression and miRNA expression profiles in the TCGA
dataset to identify miRNAs linked to activated metabolism in metabolic
CRC (Figure S1). The target genes of 12 miRNAs were enriched with
Mgenes and these miRNAs were defined as Fmirs linked to activated
metabolism (Eq. (1): Hypergeometric test, P < 0.05), 11 of which were
significantly deregulated in metabolic CRC compared to normal samples.
Besides, targets of several Fmirs such as miR-363, miR-20a and miR-
148a, were significantly overrepresented at the top of gene list in
ascending order in the RNAi and CRISPR screened metabolic CRC cell
line HT29 (GSEA, P < 0.05; Figure 1F), indicating their critical roles for
cancer cell growth. These Fmirs were also significantly enriched with
driver miRNA of CRC collected from miRCancer and OncomiRDB data-
bases (Hypergeometric test, P < 0.05; red in Figure 1G). Hierarchical
clustering analysis found that the 12 Fmirs can separate metabolic CRC
samples from normal samples (Figure 1G). Seven of the 12 Fmirs were
measured by CCLE-CRC miRNA expression profiles. Compared with
metabolite abundance profiles of CRC in CCLE, triacylglycerol (TAG)
which is the storage form of fatty acid, correlated more Fmirs than non-
TAG (Student's T-test, P ¼ 7.45E-04; Figure 1H) and each Fmir was
significantly correlated with at least nine metabolite abundances
9

(Pearson correlation analysis, P < 0.05; Figure 1I). Among these Fmirs,
miR-20a correlated with the most metabolites.
3.2. miR-20a promoted FA synthesis metabolism in metabolic CRC

We also observed an interesting positive association of miR-20a
with TAG (Figure 2A). Metabolic CRC is characterized by prominent
metabolic activation, exhibiting significantly higher enrichment score
(ES) in FA metabolism pathway than the other subtypes (Figure 2B).
Accumulating evidence suggests that alterations in lipid metabolism
represented by FA metabolism, contribute to overall metabolic
reprogramming in cancer cells (Carracedo et al., 2013; Currie et al.,
2013). To identify putative master regulators for the aberrant meta-
bolism in metabolic CRC, we identified FA metabolism subpathway
mediated by Fmirs. The subpathway contained 34 consecutive differ-
ential molecules, including miR-20a (Figure 2C). GSEA revealed that
miR-20a was enriched in hallmark gene set of FA metabolism by inte-
grative analysis of gene expression and miRNA expression profiles in
the TCGA (Figure 2D). What's more, the expression of miR-20a was
significantly correlated with the protein expression of FA synthesis
enzymes FASN and ACAC (Figure 2E-F). Thus, miR-20a may be essen-
tial for FA metabolism in metabolic CRC.

The HT29 and LS174T cells were transfected with miR-20a mimic,
miR-20a inhibitor or NC to analyze multiple FA synthesis related genes,
including FASN, ACAC and ACLY. We observed that transfected miR-20a
mimic into HT29 and LS174T cell lines up-regulated the expression of
miR-20a (Figure 2G). Simultaneously, the expression of FASN, ACAC and
ACLY were increased in response to miR-20a mimic versus NC
(Figure 2H). The subsequent loss-of-function experiments revealed that
HT29 and LS174T cells transfected with miR-20a inhibitor had dimin-
ished miR-20a, FASN, ACAC and ACLY expressions compared with inNC



Figure 9. Evaluating the effect of FA synthesis on miR-20a expression promoting cell migration. (A) Transwell assay. (B) Wound healing assay.
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groups (Figure 2I-J). These results indicated that up-regulation of miR-
20a promoted FA synthesis in metabolic CRC.
3.3. miR-20a promotes FA synthesis via Wnt signaling pathway

To identify the key pathways by which miR-20a promotes FA syn-
thesis, we screened potential FA synthesis related pathways using in-
hibitors/activators, including PI3K/AKT/mTOR, Wnt, Myc and AMPK
pathway. We co-treated HT29 and LS174T with miR-20a and these in-
hibitors/activators and found that the effect of miR-20a on FA synthesis
was rescued only after inhibiting Wnt signaling pathway (Figure 3). The
target Mgene FOXQ1 of miR-20a, which can regulate liver metabolism
(Cui et al., 2016), is a marker for activation of Wnt signaling in solid
tumors (Christensen et al., 2013). Activation of the Wnt signaling
pathway led to lipid accumulation in cells (Terrand et al., 2009). Thus,
we inferred that miR-20a promoted FA synthesis via Wnt signaling
pathway in metabolic CRC. Using ssGSEA, we calculated the enrichment
score of Wnt gene sets listed in MSigDB. The expression of miR-20a was
significantly positively correlated with canonical Wnt signaling pathway
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(Pearson correlation analysis, P ¼ 0.0108, ρ ¼ 0.2766), but negatively
correlated with non-canonical Wnt signaling pathway (Pearson correla-
tion analysis, P ¼ 0.0176, ρ ¼ -0.2585). The canonical Wnt signaling
pathway causes an accumulation of β-catenin in the cytoplasm and
induce a cellular response. Therefore, we sought to determine whether
Wnt participated in miR-20a induced FA synthesis through exploring the
effects on β-catenin expression.

After transfecting miR-20a mimic, inhibitor, and paired NC, the
expression of β-catenin was detected by western blotting (WB) and
immunofluorescence (IF) in HT29 and LS174T cell lines. As expected,WB
analysis showed that miR-20a mimic-treated cells expressed higher
β-catenin compared with NC groups (Figure 4A), whereas lower β-cat-
enin was detected in miR-20a inhibitor-treated cells (Figure 4B). miR-
20a mimic-treated HT29 cells also showed significantly higher β-cat-
enin positive staining counts than the NC group (Figure 4C). In contrast,
miR-20a inhibitor-treated HT29 cells showed a reversed phenotype. We
obtained similar results in LS174T cell line (Figure S2). The results sug-
gest that miR-20a promotes Wnt/β-catenin level in metabolic CRC cell
lines. Previous studies have reported that the activated Wnt signaling
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pathway can up-regulate the activity of FA synthesis in tumor. Therefore,
we used LiCl (10 mmol/L) to treat HT29 and LS174T cells to activate Wnt
signaling pathway and analyze the expression of FA-related genes. The
results showed that activating the Wnt signaling pathway can signifi-
cantly promote the up-regulation of FA metabolism genes (FASN, ACAC
and ACLY) in metabolic CRC cell lines (Figure 4D).

Then, we performed a rescue experiment to test the necessity of the
Wnt signaling pathway in miR-20a promoting FA synthesis. In short, we
treated the HT29 and LS174T with Wnt inhibitor (MSAB) after over-
expressing the level of miR-20. Next, we analyzed the expression of FA
metabolic genes. After inhibiting the Wnt signaling pathway, miR-20a
could not upregulate the expression of FA metabolism genes. And we
found that the Wnt signaling pathway is essential for miR-20a to promote
the expression of FA synthesis related genes (Figure 5).

3.4. Elevated miR-20a promoted proliferation and migration of metabolic
CRC

Importantly, miR-20a is minimally expressed in normal colorectal
tissues, suggesting the potential of targeting miR-20a for therapeutic
purposes (Figure 6A). Compared with colon epithelial cell line NCM460
and other non-metabolic CRC cell lines, we further observed significantly
up-regulated expressions of miR-20a in metabolic CRC cell lines HT29
and LS174T by RT-qPCR assays (Figure 6B). GSEA was run to explore the
potential role of miR-20a in CMS3 and showed that miR-20a played an
important role in promoting cell cycle and DNA replicant (adjusted P <

0.05; Figure 6C). Besides, expression of miR-20a was significantly
correlated with the proliferation marker MKI67 (Pearson correlation
analysis, P ¼ 1.72E-03, ρ ¼ 0.34; Figure 6D). Then, we took on experi-
ments to investigate miR-20a function during CRC tumorigenesis. The
effects of miR-20a on cell proliferation of HT29 and LS174T cells were
examined using clone-formation assay. The assay showed that elevated
miR-20a expression promoted the clone formation ability of HT29 cells
compared with NC groups. In contrast, miR-20a inhibitor-treated HT29
cells showed a reversed phenotype. We repeated these experiments in
LS174T cells and received coherent outcomes (Figure 6E). EdU assay
showed that miR-20a promoted proliferation of HT29 and LS174T cells
compared to NC groups (Figure 4F). While inhibition of miR-20a will
reduce cell proliferation, suggesting that miR-20a had a critical role in
metabolic CRC tumor proliferation.

We performed wound healing assay and transwell assay to determine
the effect of miR-20a on the migration ability of metabolic CRC cell lines.
In the wound healing assay, cell motility was monitored at designated
time points after scratches. The miR-20a overexpressed cells migrated
toward the wound more quickly than the NC groups (Figure 7A). In
contrast, miR-20a inhibitor-treated HT29 cells showed a reversed
phenotype (Figure 7B). We repeated these experiments in LS174T cells
and received coherent outcomes, suggesting that miR-20a had a unani-
mous pivotal role in metabolic CRC oncogenesis, that is, inducing tumor
migration in vitro (Figure 7C-D). A cell migration assay in a transwell
system was performed to further assess the effect of miR-20a on HT29
cell migration. Our results showed that transfection with miR-20a mimic
in HT29 cells effectively increased the migratory abilities (Figure 7E). In
contrast, the migratory abilities exerted reversed trend in miR-20a in-
hibitor-treated HT29 cells. Moreover, miR-20a expression is prognostic
of both overall survival (OS) and progression-free survival (PFS) of
metabolic CRC in TCGA data (Figure 6G).

3.5. FA synthesis is essential for miR-20a to promote CMS3-CRC
proliferation and migration

We have test that miR-20a promotes FAmetabolism viaWnt signaling
pathway in metabolic CRC cell lines. Then, we performed rescue exper-
iments to prove the contribution of FA synthesis in miR-20a promoting
CMS3-CRC proliferation and migration. Briefly, we overexpressed miR-
20a and treated with FASN inhibitor (C75) in HT29 and LS174T cells,
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respectively. Next, we performed Edu assay (Figure 8A) and clone-
formation assay (Figure 8B). The assays showed that elevated miR-20a
expression promoted cell proliferation, and blocking FA synthesis by
C75 can inhibited this effect. In addition, we performed transwell assay
(Figure 9A) and wound healing assay (Figure 9B) to observe cell
migration ability. Intriguingly, inhibiting FA synthesis can impair the
wound-healing ability and cell migration of CMS-CRC cells, and partially
rescue the effect of miR-20a to promote cell migration. These results
suggest that miR-20a promotes CMS3-CRC cell migration and prolifera-
tion through FA synthesis.

4. Discussion

In recent years, the CMSs, which are emerging as critical factor for
prognosis and treatment of CRC, have attracted wide attention. We have
identified a core set of functional gene regulators for each CMS by inte-
grating multi-omics data. FGRs played critical roles in regulating immune
microenvironment of CMSs. miRNAs are also gene regulators serving an
important role in tumorigenic processes. Thus, we identified 12 Fmirs
associated with metabolic CRC based on Mgenes integrating from multi-
omics features. Fmirs played a critical role in metabolic CRC cell growth
and FA metabolism pathway.

Consistent with our finding, the Fmir miR-20a has been documented
to be highly expressed in CRC tissues versus normal mucosal tissues (Xu
et al., 2015), and this up-regulation in CRC has also been confirmed in
serum and plasma (Yau et al., 2016). Beyond these findings, we
demonstrated that miR-20a promoted FA synthesis in metabolic CRC.
Activation of the Wnt signaling pathway led to lipid accumulation in cells
(Terrand et al., 2009). We further found that miR-20a up-regulated
Wnt/β-catenin signaling by systematically coupling bioinformatics ana-
lyses and in vitro experiments. β-catenin is a major component of cell-cell
adhesion structures and functions as a controller of cell migration, colony
formation and stem cell properties through translocation into nucleus
(Dobrosotskaya and James, 2000; Wang et al., 2017). Aberrant β-catenin
accumulation in the cytoplasm usually translocates to the nucleus and
was associated with tumor relapse and metastasis in breast cancer pa-
tients (Bui et al., 2017). The underlying mechanism needs to be further
explored. Finally, we found that proliferation and migration abilities of
the miR-20a overexpressed cells were significantly promoted, whereas
the proliferation and migration abilities were lower in the miR-20a in-
hibitor groups. Inhibition of miR-20a serve as a potential therapy for
metabolic CRC, which need to be further explored.

In conclusion, miR-20a could promote the proliferative andmigration
in metabolic CRC via regulating fatty acid metabolism and Wnt signaling
pathway, highlighting novel mechanisms associated with metabolic CRC
cancerogenesis.

5. Limitations of study

Our study has distinct limitations. We revealed miR-20a as the most
powerful determinant that regulates a cascade of dysregulated events in
metabolic CRC, including Wnt signaling pathway and core enzymes
involved in FA metabolism program by bioinformatics analyses and in
vitro assays. We also showed the relevance of miR-20a with tri-
acylglycerol abundances. However, we did not directly test the regula-
tion of miR-20a in the metabolite abundances of FA metabolism. These
experiments should be done in the future. The tumor microenvironment,
which lacks in cell lines models, plays a significant role in cancer. Future
in vivo assays should assess miR-20a function in metabolic CRC.
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