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Colorectal cancer (CRC) is one of the most common malig-
nancies and has been a leading cause of cancer-related death
worldwide in recent years. N6-methyladenosine (m6A) methyl-
ation is the most abundant epigenetic modification of various
types of RNAs, and it plays a vital role in promoting cancer
development. Here, we obtained SNV and transcriptome data
of CRC from The Cancer Genome Atlas (TCGA). We demon-
strated that most m6A methylation regulators were aberrantly
expressed in individuals with CRC. The abnormal expression of
m6A regulators was caused by their different copy number
variation (CNV) patterns, and alteration of m6A regulators
was significantly correlated with prognosis and tumor stage.
By using weighted coexpression network analysis (WGCNA),
we identified m6A-related long noncoding RNAs (IncRNAs)
and mRNAs; then we used least absolute shrinkage and selec-
tion operator (LASSO) Cox regression analysis to construct
m6A-related IncRNA and mRNA prognostic signatures in the
TCGA dataset. Furthermore, a nomogram with clinicopatho-
logical features, IncRNA risk scores, and mRNA risk scores
was established, which showed a strong ability to forecast the
overall survival of the individuals with CRC in training and
testing sets. In conclusion, m6A methylation regulators played
avital role in affecting the prognosis of subjects with CRC, and
m6A-related IncRNAs and mRNAs revealed underlying mech-
anisms in CRC tumorigenesis and progression.

INTRODUCTION

In a 2018 global burden of disease study, colorectal cancer (CRC) was
identified as one of the most common types of cancer worldwide and
the third leading cause of cancer-related death." CRC comprises of
rectal adenocarcinoma (READ) and colon adenocarcinoma
(COAD). It has been identified as the third most prevalent cancer
in men and the second in woman globally.” Although tremendous
progress in diagnostic methods and therapeutic strategies has been
made, the clinical prognosis of individuals with CRC is still far
from satisfactory because of advanced stage, rapid progression, and
early metastasis.”* Many risk factors, such as environmental and
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genetic factors, have been found to be significantly associated with
CRC. Approximately 10% of individuals with CRC can be classified
as having hereditary CRC, while because of the accumulation of a
multistep carcinogenic transformation affected by diet and lifestyle,
the cancerization and progression of CRC occur gradually.” Insta-
bility of genomic activation of oncogenes and tumor suppressor genes
mutational inactivation are all related to cancer development.®
Therefore, extensive and in-depth research on the molecular biology
of CRC is indispensable for identification of diagnostic and therapeu-
tic biomarkers and for improvements in prognosis.

Different from the reversible epigenetic modification of DNA and
histone protein to regulate gene expression, RNA methylation
modification represents another layer of gene expression regulation.”
N6-methyladenosine (m6A) modification, which is the most preva-
lent epigenetic methylated modification of mRNAs and noncoding
RNAs (ncRNAs), has a profound impact on RNA translation,
splicing, transportation, and stability.&9 It was found that m6A
modification could exert essential functions in diverse biological
processes, especially carcinogenesis.'™'" In addition, there is over-
whelming evidence that abnormal methylation of m6A is clearly
associated with variety of cancers.'”> m6A regulators, which consist
of methyltransferases (writers), RNA-binding proteins (readers),
and demethylases (erasers), regulate invertible and dynamic RNA
epigenetic modification."> Writers are composed of METTL3,
METTLI14, KIAA1429, RBM15, WTAP, and ZC3H13. Readers are
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composed of YTHDF1/2/3, YTHDC1/2, IGF2BP1/2/3, HNRNPC, and
HNRNPA2BI1. ALKBH3, ALKBH5, and FTO make up erasers to carry
out demethylation activity.'*

A large number of studies have revealed that m6A RNA methyl-
ation had a significant relationship with the development and pro-
gression of multiple malignant tumors, including breast cancer
(BC), hepatocellular carcinoma (HCC), glioma, and CRC."”'®
Hou et al.'” highlighted the profound implication of m6A modifica-
tion in hepatocellular carcinoma. They indicated that HIF-2a-medi-
ated inhibition of YTHDEF2 in HCC plays an important role in hyp-
oxia, adapting the epitranscriptome and cancer progression. With
respect to CRC, Zhu et al.*® demonstrated that METTL3 promotes
CRC proliferation by stabilizing the CCNEI mRNA by means of
methylating the m6A site in the 3’ untranslated region (UTR).
Recently, some investigations have shown that long noncoding
RNAs (IncRNAs) regulate the expression and stabilization of m6A
regulators and the impact of m6A modification on IncRNA tran-
scription in cancer progression. By masking site K139, the IncRNA
LINRIS suppressed the ubiquitination of IGF2BP2 and prevented it
from degrading through the ALP, sustaining MYC-mediated glycol-
ysis and significantly influencing the prognosis of CRC.”' Combined
with IncRNA GAS5, the expression of YAP is degraded via its phos-
phorylation and ubiquitination and thereby downregulated YAP-
mediated YTHDF3 transcription, which reversibly binds m6A-
methylated GAS5, resulting in its attenuation and causing a negative
functional feedback loop.”” Thus, a deeper understanding of how
m6A modifications interact with IncRNAs and mRNAs in CRC pro-
gression may contribute to identifying biomarkers that can be used
as effective therapeutic targets.

In this study, we performed a comprehensive evaluation to show the
landscape of m6A RNA methylation in CRC and to explore the un-
derlying mechanisms. We obtained RNA expression levels, copy
number variation (CNV), and clinical phenotypes from The Cancer
Genome Atlas (TCGA) database (n = 582). The association between
mo6A regulator expression and clinicopathological parameters was
analyzed in individuals with CRC. Using weighted coexpression
network analysis (WGCNA) and least absolute shrinkage and selec-
tion operator (LASSO) Cox regression analysis, we constructed
mo6A-related IncRNA and mRNA prognostic signatures to predict
overall survival (OS). Furthermore, we internally validated the accu-
racy and efficiency of the m6A-related IncRNA and mRNA signatures
to demonstrate their prognostic significance. Finally, a clinicopatho-
logic-genomic nomogram was developed to predict OS in individuals
with CRC.

RESULTS

Expression landscape of m6A RNA methylation regulators in
CRC

We first compared the expression of 19 m6A RNA methylation
regulators in CRC in the TCGA dataset. The results revealed
that all 19 genes except for YTHDC2 were differentially expressed
in CRC tissues compared with normal tissues (Figure 1A).

METTL3, WTAP, KIAA1429, RBMI5, ZC3H13, YTHDCI,
YTHDFI1, YTHDF2, HNRNPA2B1, HNRNPC, IGF2BP1, IGF2BP2,
IGF2BP3, ALKBH3, and FTO in CRC tissues were significantly up-
regulated compared with in normal tissues, whereas METTLI4,
YTHDEF3, and ALKBH5 were significantly downregulated in CRC
tissues (Figure 1B). We further evaluated relationships between
CNV patterns and the expression of m6A RNA methylation regu-
lators. The results indicated that m6A regulator expression levels
were significantly associated with different CNV patterns. Our
findings revealed that, except for IGF2BP1 and IGF2BP3, CNV
gains correlated remarkably well with higher gene expression,
whereas CNV deletions caused a decrease in gene expression (Fig-
ure S1). Then we identified the correlations among 19 m6A RNA
methylation regulators. The correlations among mé6A RNA
methylation regulators were mostly positive, and KIAAI1429 and
YTHDF3 were the most positively correlated (Cor = 0.81) (Fig-
ure 1C). In addition, we comprehensively displayed the
relationships between m6A RNA methylation regulators and the
clinical features of CRC, including gender, age, tumor stage, T
stage, M stage, N stage, and vital status (Figure 1D).

Associations between m6A RNA methylation regulator
expression and clinicopathological features and OS

We then evaluated associations between m6A RNA methylation
regulator expression levels and clinicopathological features in CRC.
Expression of KIAA1429, ZC3HI13, YTHDCI, YTHDFI1, YTHDEFS3,
and FTO was associated with age, whereby individuals older than
65 years exhibited significantly decreased expression of these genes
(Figure S2A). Expression of WTAP and HNRNPC were significantly
upregulated in men (Figure S2B). For tumor stage, expression of
KIAA1429, ZC3H13, YTHDFI, IGF2BP1, and FTO were significantly
upregulated in individuals with stage III and IV CRC. Conversely,
expression of METTL14, YTHDC2, and YTHDEF?2 exhibited signifi-
cant downregulation in individuals with advanced CRC (Figure 2A).
We further analyzed relationships between m6A regulators and T, N,
and M stages. We found that m6A regulators might have potential as-
sociations with lymphatic and distant metastasis in CRC (Figures 2C
and 2D). Because different mutations, such as KRAS, BRAF, and
PIK3CA mutations, have a significant impact on treatment strategy
and prognosis in individuals with CRC, we further explored the rela-
tionship between these three gene mutations and the expression of
m6A regulators. The results showed that the expression levels of
some m6A regulators were significantly correlated with the mutation
status of KRAS, BRAF, and PIK3CA (Figures S2C-S2E). Next, we
investigated the relationship between CNV of 19 m6A regulators
and clinicopathological features of individuals with CRC. The results
showed that CNV alterations to m6A regulators were significantly
correlated with tumor stage, involving METTLI14, KIAA1429,
ZC3H13, YTHDFI, HNRNPA2B1, IGF2BP3, ALKBH3, and FTO
(Table 1); that is, individuals with advanced-stage tumors had more
CNV events of m6A regulators. High expression of IGF2BPI,
IGF2BP2, and ALKBH5 predicted poor OS, and individuals with
higher expression of METTL14, WTAP, RBM15, YTHDCI, YTHDC2,
YTHDFI1, YTHDF2, ALKBH3, and FTO had better clinical outcomes
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Figure 1. The landscape of m6A RNA methylation regulators in CRC
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(A) Expression of 19 m6A RNA methylation regulators in CRC. (B) Violin plots of the 19 m6A RNA methylation regulators’ differential expression in CRC. (C) Spearman’s
correlation analysis of the 19 m6A RNA modification regulators in CRC. (D) Expression of m6A RNA modification regulators in CRC with different clinicopathological features.

(Figure 3). Furthermore, we explored relationships between CNV
events of m6A regulators and OS and displayed the prognostic value
of CNV events in CRC. We found that CNV events of m6A regula-
tors, such as METTL14, WTAP, KIAA1429, RBM15, YTHDCI,
YTHDF2, IGF2BP2, and ALKBH3, were significantly associated
with OS (Figure S3).

Detection of m6A-related IncRNAs and mRNAs by WGCNA
Using the R package edgeR, we identified 700 IncRNAs and 3,637
mRNAs in the TCGA dataset for further analysis (Figure S4). By
WGCNA, we confirmed six IncRNA co-expression modules and
evaluated their associations with 12 OS-related m6A RNA methyl-
ation regulators (Figures 4A and 4B). We found that blue, brown,
and turquoise modules were significantly correlated with m6A reg-
ulators, including YTHDFI1, ALKBH3, ALKBH5, and FTO (Figures
4C-4H). A total of 544 IncRNAs were involved in the three mod-
ules; we defined those IncRNAs relevant to m6A regulators as
m6A-related IncRNAs. As for mRNAs, 10 modules were identified
for further analysis (Figures 5A and 5B). Moreover, compared
with other modules, the red and turquoise modules were signifi-
cantly associated with m6A RNA regulators (Figures 5C-5H). A to-
tal of 1,292 mRNAs in these two modules were regarded as m6A-
related mRNAs.
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Construction and validation of the prognostic m6A-related
IncRNA signature

Taking advantage of the prognostic information, we applied univari-
ate Cox regression to identify prognostic m6A-related IncRNAs from
the 544 m6A-related IncRNAs in the training TCGA dataset. We
found that 37 m6A-related IncRNAs were significantly related to
the OS of CRC individuals in the training dataset. Then we con-
structed LASSO Cox analysis on the basis of the 37 prognostic
m6A-related IncRNAs, and it generated the m6A-related IncRNA
signature, which contains 24 m6A-related IncRNAs (Table S1; Fig-
ures S5A and S5B). According to the coefficient of each IncRNA, a
risk score was computed for each affected individual. Subjects with
CRC were classified into low-risk and high-risk groups on the basis
of the median of risk scores. Kaplan-Meier (K-M) survival curves
showed that CRC subjects in the low-risk group had better clinical
outcomes than those in the high-risk group: training set (p = 9.5 x
1077) (Figure 6A), testing set (p = 2.44 X 1074 (Figure S6A), and to-
tal TCGA cohort (p = 1.79 x 10~°) (Figure S6E). Also, the receiver
operating characteristic (ROC) curves revealed that the m6A-related
IncRNA signature exhibits strong accuracy to predict OS in the
training set (Figure 6B), testing set (Figure S6B), and total TCGA
cohort (Figure S6F). Risk scores and vital status scattergrams are
also shown in Figures 6 and Sé.
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Figure 2. The 19 m6A RNA modification regulators correlated with clinicopathological features in the TCGA CRC cohort
(A) Correlation between mBA regulators and tumor stage. (B) Correlation between m6A regulators and T stage. (C) Correlation between m6A regulators and N stage. (D)

Correlation between m6A regulators and M stage.

Construction and validation of the prognostic m6A-related
mRNA signature

In the training dataset, 75 mRNAs were identified as prognostic m6A-
related mRNAs by using univariate Cox regression. Furthermore,
LASSO Cox analysis was used to construct a méA-related mRNA
signature, involving 33 prognostic m6A-related mRNAs (Table S2;
Figures S5C and S5D). On the basis of the median risk scores, CRC
subjects were divided into low-risk and high-risk groups. Kaplan-Me-
ier survival curves indicated that CRC subjects with higher risk scores
had worse clinical outcomes (shorter OS time and lower OS rates)
(Figure 6E). The ROC analysis showed that the mé6A-related
mRNA signature harbored a promising ability to predict OS in the
training dataset (1-year area under the curve [AUC] = 0.853, 3-year
AUC = 0.891, 5-year OS = 0.892) (Figure 6F). Risk score and survival
status distributions are plotted in Figures 6G and 6H. We validated
the prognostic ability of m6A-related mRNA signature in the testing
set (Figures S6I-S6L) and total TCGA cohort (Figures S6M-S6P).
These results showed a robust OS-predictive ability of the signature.

The m6A-related IncRNA and mRNA signatures are independent
prognostic factors for individuals with CRC

Using the TCGA data after adjusting for clinicopathological parame-
ters such as age, gender, tumor stage, T stage, N stage, and M stage, we
conducted univariate and multivariate Cox regression analyses to
further identify whether the risk scores calculated by the m6A-related
IncRNA and mRNA signatures accurately predicted prognosis of in-
dividuals with CRC. The results showed that the m6A-related
IncRNA and mRNA signatures correlated remarkably well with OS,

and multivariate Cox analysis showed that the signatures were inde-
pendent prognosis factors of OS (Figures 7A and 7B) in the training
dataset. These conclusions were validated in the testing set (Figures
S7A and S7B) and total TCGA cohort (Figures S7C and S7D). More-
over, we attempted to explore whether the risk scores were associated
with clinicopathological features. The results revealed that compared
with the low-risk group, the high-risk group was significantly corre-
lated with a higher death rate and higher tumor stage but was not
associated with age and gender (Figures 7C and 7D). In addition,
we also analyzed the relationship between m6A-related IncRNA
and mRNA signatures and stem cell phenotype and drug sensitivity.
We found that m6A-related IncRNA and mRNA signatures were
significantly associated with CRC stem cell phenotype (Figure S8)
and that the high-risk subjects in both signatures may be more sensi-
tive to drug therapy (Figure S9). These results indicated that our
m6A-related IncRNA and mRNA signatures, as independent
prognostic indicators, might have great clinical application and
significance.

Nomogram construction and validation based on the m6A-
related IncRNA and mRNA signatures

To create an applicable clinical evaluation instrument to enhance the
accuracy of predicting OS among individuals with CRC, we con-
structed a nomogram, including age, gender, T stage, tumor stage,
IncRNA risk scores, and mRNA risk scores, to predict 1-, 3-, and
5-year OS probability in the training dataset (Figure 8A). As demon-
strated by the calibration plots, the performance of the nomogram
was best in forecasting 3-year OS (Figure 8B). As Figure 8C illustrates,
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Table 1. Relationship between tumor stage and m6A regulator CNV
alterations in CRC subjects

Stages I + II Stages ITI + IV

Gene CNV  Wild CNV  Wild Chi-Square Value p Value
METTL3 45 275 46 216 1.08 0.3
METTL14 15 305 34 228 11.79 0.0006
WTAP 17 303 23 239 2.19 0.14
KIAA1429 107 213 114 148 5.79 0.02
RBM15 18 302 26 236 3.22 0.07
ZC3H13 133 187 150 112 13.57 0.0002
YTHDCI 14 306 20 242 222 0.14
YTHDC2 32 288 37 225 1.96 0.16
YTHDF1 197 123 188 74 6.24 0.01
YTHDEF2 34 286 43 219 3.71 0.05
YTHDF3 98 222 101 161 3.68 0.06
HNRNPA2BI 106 214 110 152 447 0.03
HNRNPC 45 275 49 213 1.96 0.16
IGF2BP1 28 292 35 227 271 0.1
IGF2BP2 19 301 20 242 0.42 0.52
IGF2BP3 104 216 108 154 4.36 0.04
ALKBH3 5 315 18 244 9.34 0.002
ALKBHS5 107 213 101 161 1.42 0.23
FTO 17 303 32 230 8.03 0.005

the nomogram exhibited an improved net benefit with a broader
scope of threshold probability in the decision curve analysis (DCA)
for forecasting the corresponding 1-, 3-, and 5-year OS. As the deci-
sion curve analysis verified, Figure 8D depicts the nomogram’s
greater net clinical benefit compared with m6A-related IncRNA
and mRNA signature-based risk scores. The nomogram’s C-index
in the training set was 0.848 (95% confidence interval [CI], 0.792-
0.904). Then time-dependent ROC curves were applied to estimate
the prognostic capacity of the nomogram, and the results showed
that the nomogram had excellent prognostic accuracy regarding 1-,
3-, and 5-year OS (AUC = 0.844, 0.855, and 0.824, respectively) (Fig-
ure 8F). On the basis of the nomogram’s risk score, subjects were
stratified into two groups by the median value. The results suggest
that subjects in the high-risk group had significantly worse outcomes
compared with those in the low-risk group (p < 0.001) (Figure 8E).
Using the testing set and total TCGA cohort for validation, we verified
the same results, as demonstrated in Figure S10.

DISCUSSION

Aberrant expression of m6A RNA methylation regulators is related to
carcinogenesis of various cancers. However, different méA regulators
may lead to distinct functions in diverse tumors.”’ In our research, we
aim to estimate the feasibility of m6A regulators to predict CRC prog-
nosis. We found that, except for YTHDC2, expression levels of all 19
m6A regulator were significantly different between tumor and normal
samples. With respect to CNV, the results showed that CNV gains
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were associated with higher expression of m6A regulators and vice
versa, indicating that mRNA expression was significantly correlated
with various CNV mutation patterns. In addition, alteration of
m6A regulator expression and CNV events were significantly corre-
lated with clinicopathological features and OS. To some extent, our
findings suggest that m6A regulation disorder, initiated by CNV
events, might have a significant impact on the development and pro-
gression of CRC. Consider the “writer” gene METTL14, for example.
CNV deletion was the main mutation pattern of METTL14; hence the
expression level of METTL14 was decreased in tumor samples, and
more CNV events were detected in subjects with advanced-stage tu-
mors. Moreover, individuals with CRC with METTLI14 CNV events
and lower gene expression exhibited poor clinical outcomes. Recently,
Chen et al. demonstrated that the progression of CRC can be in-
hibited by METTLI4 through the SOX4-mediated EMT process
and PI3K/Akt signals.”* It has also been demonstrated that METTL14
inhibits the CRC malignant process via the miR-375/YAPI pathway
and suppresses CRC cell migration and invasion through the miR-
375/SP1 pathway.”> With respect to the “reader” gene IGF2BP2,
CNV gain was the major mutation pattern, so the expression level
of IGF2BP2 was significantly upregulated in CRC, and it was posi-
tively correlated with tumor stage and OS. Xu et al. revealed that
IGF2BP2 overexpression is partially caused by genomic amplification,
and the oncogenic role of IGF2BP2 in pancreatic cancer contributed
to the miR-141-mediated PI3K/Akt signaling pathway.”® In CRC,
HK2 and SLC2A1, stabilized by the m6A reader IGF2BP2, might acti-
vate the glycolysis pathway and induce tumorigenesis.”” Thus, these
m6A regulators have an essential function in the emergence and
development of CRC.

Moreover, m6A RNA methylation regulators’ mRNA expression
levels and their post-transcriptional regulations were also affected
by a variety of factors. Yang et al.*® found that YTHDF2 was signifi-
cantly associated with hepatocellular carcinoma, that miR-145 could
target the 3’ UTR of YTHDF2 mRNA, and that miR-145 was nega-
tively correlated with the expression level of YTHDF2 mRNA in
HCQC tissues. In non-small cell lung cancer (NSCLC), miR-33a down-
regulates the expression of METTL3, then decreases expression of the
downstream genes EGFR, DNMT3A, and TAZ and inhibits NSCLC
cell proliferation.”” Du et al.>° discovered that SUMOylation of
METTL3 significantly reduces its m6A methyltransferase activity,
leading to decreases of m6A levels in mRNAs, which directly
enhanced tumorigenesis in lung cancer. Other investigations have
also shown that m6A mRNA expressions and m6A enzyme activity
are regulated by a variety of molecular mechanisms, and these specific
mechanisms need further study.

Numerous studies have shown that m6A modification regulators
might play a role in cancer pathogenesis, but how they interact
with IncRNAs during CRC progression is still unclear. IncRNAs,
which were extensively modified by m6A regulators, controlled
gene expression and cellular biology at both transcriptional and
post-transcriptional levels.”' IGF2BP2 serves as a reader for stabiliz-
ing DANCR RNA and regulating the expression of IncRNA DANCR;
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Figure 3. Correlation between the expression levels of individual m6A RNA modification regulators and overall survival (OS) of CRC subjects in the TCGA

database

Kaplan-Meier survival plots show OS of CRC subjects with high (red lines) and low (blue lines) expression of the 12 m6A regulators. Kaplan-Meier survival curves for
(A) METTL14, (B) WTAP, (C) RBM15, (D) YTHDCH1, (E) YTHDC2, (F) YTHDF1, (G) YTHDF2, (H) IGF2BP1, () IGF2BP2, (J) ALKBH3, (K) ALKBHS5, and (L) FTO. p < 0.05 by log

rank test.

then IGF2BP2 and DANCR work together to stimulate stem cell prop-
erties and carcinogenesis in pancreatic cancer.”” METTL3-mediated
modification led to LINC00958 upregulation by stabilizing its RNA
transcript, and LINC00958 sponged miR-3619-5p to upregulate hep-
atoma-derived growth factor (HDGF) expression, thereby facilitating
HCC lipogenesis and progression.”” Yang et al. identified that low
expression of METTLI4 substantially abolished the m6A level of
XIST, and increased XIST expression caused proliferation and metas-
tasis of CRC. Furthermore, they found that m6A reader YTHDF2
could recognize m6A-methylated XIST to mediate the degradation
of that IncRNA.** IncRNA FOXMI-AS could enhance the coaction
of ALKBH5 and FOXM1 and lead to the sustainability of glioblastoma
cell stemness.”> We demonstrated that m6A modification of IncRNAs
could affect the occurrence and progression of cancers, and IncRNAs
might act as competing endogenous RNA (ceRNAs), targeting m6A
regulators to influence tumor invasiveness. Therefore, we believe

that IncRNA is one of the important targets of m6 A modification reg-
ulators, and close attention should be paid to the interactions of m6A
modifications and IncRNAs so that potential prognostic markers or
therapeutic targets of cancers may be identified.

We explored m6A-related IncRNAs by WGCNA and LASSO Cox
analysis; 37 prognostic m6A-related IncRNAs were identified from
CRC subjects in the training dataset, and 24 of them were selected
to generate the m6A-related IncRNA signature.

The expression of LINC00702 was decreased in CRC and promoted
cell proliferation, migration, and invasion by enhancing the PI3K/
AKT pathway via inhibition of PTEN expression.” It has been re-
ported that IncRNA SNHG3 increases the malignancy of CRC by
regulating the miR-539/RUNX2 axis’’ and promotes stem cell-like
properties of gastric cancer by regulating the miR-3619-5p/ARL2
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Figure 4. Identification of m6A-related IncRNAs of CRC in the TCGA dataset through WGCNA
(A) Dendrogram of all DEIncRNAs clustered on the basis of a dissimilarity measure. (B) Heatmap of the correlation between module eigengenes and 12 OS-related m6A
regulators of CRC. Each cell contains the correlation coefficient and p value. (C-H) Scatterplots of module eigengenes in the selected modules.

axis.”® Vishnubalaji et al. demonstrated that LINC01614 was an un- in this study might have potential associations with m6A regulators,
favorable prognostic marker in breast cancer, which was associated  thereby providing insights into their underlying mechanisms in CRC
with the HR'/HER2" BC molecular subtype and regulation by  tumorigenesis and progression.

TGFB and FAK signaling.®® Except for the above IncRNAs, reports

on how the 21 residual m6A-related IncRNAs are associated with can- ~ Similar to IncRNAs, m6A modification was also significant for fate
cer progression and how the IncRNAs interact with m6A regulators  decision of regulation of mRNAs.** However, the m6A modification
are rare. Thus, we expect that the prognostic IncRNAs we identified ~ of mRNA under various circumstances was largely unknown. We
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Figure 5. Identification of m6A-related mRNAs of CRC in the TCGA dataset through WGCNA
(A) Dendrogram of all DEmRNAs clustered on the basis of a dissimilarity measure. (B) Heatmap of the correlation between module eigengenes and 12 OS-related m6A
regulators of CRC. Each cell contains the correlation coefficient and p value. (C—H) Scatterplots of module eigengenes in the selected modules.

report here that 33 mRNAs correlated with m6A regulators, and we
constructed a powerful prediction model to assess OS among individ-
uals with CRC. SOSTDC1, a potential therapeutic target in metastatic
colorectal cancer, promotes invasion and liver metastasis by inhibit-
ing BMP4-specific antimetastatic signals and inducing ALCAM-
mediated Src and PI3K/AKT activation."' Wang et al. demonstrated
that POLRID-induced promotion of G1-S cell-cycle transition was
mediated by activation of wnt-B-catenin signaling and inactivation

of p53 signaling."” In addition, POLRID, as a subunit of RNA poly-
merases I and III, plays an important role in the oncogenesis of
CRC by affecting VEGFA and EREG expression.*”” In cooperation
with WipI, KPNA2 could modulate CRC cell proliferation and migra-
tion through the downstream AKT/GSK-38 pathway, in a p53-depen-
dent manner.** SEZ6L2 was significantly upregulated in tumor tissues
and correlated with poor prognosis in individuals with CRC, and
downregulation of SEZ6L2 impairs the growth of the CRC cells by
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Figure 6. Construction and validation of the m6A-related IncRNA and mRNA signatures in the TCGA training dataset

(A) Kaplan-Meier survival curves show OS of high- and low-risk CRC subjects in the training dataset on the basis of the m6A-related INcRNA signature. (B) Time-dependent
ROC curves show the accuracy of OS prediction for the training dataset on the basis of the m6A-related INcRNA signature. (C) Distribution of risk scores for the CRC subjects
in the training dataset on the basis of the m6A-related IncRNA signature. (D) The survival status of 393 CRC subjects in the training dataset belonging to the high- and low-risk
groups on the basis of the m6A-related INcRNA signature. (E) Kaplan-Meier survival curves show OS of high- and low-risk CRC subjects in the training dataset on the basis of
the m6A-related mRNA signature. (F) Time-dependent ROC curves show the accuracy of OS prediction for the training dataset on the basis of the m6A-related mMRNA
signature. (G) Distribution of risk scores for the CRC subjects in the training dataset on the basis of the m6A-related mMRNA signature. (H) Survival status of 393 CRC subjects
in the training dataset belonging to the high- and low-risk groups on the basis of the m6A-related mRNA signature.

inducing caspase-dependent apoptosis, which was mediated by
mitochondria-related proteins.*’ Several of the 33 mRNAs were
found to be associated with oncogenesis and development, but there
have been few studies involving CRC, and investigations of how
the mRNAs interact with m6A regulators rarely have been seen.
Therefore, our results might help identify the m6A regulators that
target prognostic mRNAs, consequently providing a deep under-
standing of their underlying mechanisms in CRC tumorigenesis
and progression.

Furthermore, we constructed and validated prognostic m6A-related
IncRNA and mRNA signatures in CRC. In K-M survival plots,
ROC curve analyses, and univariate and multivariate Cox regression
analyses, our signatures exhibited great capability in predicting OS
among individuals with CRC. We observed that high-risk groups
were correlated with more deaths, higher tumor stage, and lymph
node and distant metastasis of CRC. These clinicopathological fea-
tures are considered determinants of OS and especially contribute
to the deterioration of individuals with CRC. We also established a
nomogram on the basis of the m6A-related signatures and clinico-
pathological features, which are integrated into a single numerical
algorithm to predict the prognosis of every individual with CRC.
These results were validated in testing and total TCGA cohorts to
ensure the accuracy. The prognostic m6A-related RNA signatures

606 Molecular Therapy: Nucleic Acids Vol. 27 March 2022

should be validated independently in more CRC cohorts. However,
because of the different types and numbers of RNAs annotated by
different microarray chip platforms and because inclusion criteria
vary among different datasets, it is difficult to validate the same
RNA signature across different datasets. In the process of establishing
a signature, one should fully consider the heterogeneity among
different datasets, optimize the process and algorithm of data process-
ing, and improve the predictive efficiency and application value of the
signature. In addition, the mechanisms of the RNAs and their inter-
actions with mé6A-related regulators should be verified by experi-
ments both in vitro and in vivo. Our results may open a path for
further investigation, concentrating on the mechanism underlying
m6A modification of RNAs.

In this study, we conducted a comprehensive analysis of the landscape
of 19 m6A RNA methylation regulators by evaluating the RNA
expression, CNVs, and clinicopathological features in CRC. The
expression and CNV patterns of m6A RNA methylation regulators
were closely related to the malignant clinicopathological features of
CRC. The prognostic m6A-related IncRNA and mRNA signatures
might contribute to the personalized prediction of CRC prognosis,
and these RNAs are capable of serving as potential biomarkers of
CRC that specifically target m6A. Finally, further research is
necessary to provide solid confirmation of how m6A methylation
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Figure 7. Association of the m6A-related IncRNA and mRNA signatures with OS of CRC subjects

(A) Univariate Cox regression analysis shows the clinicopathological parameters associated with OS among CRC subjects in the training dataset. (B) Multivariate Cox
regression analysis shows clinicopathological parameters associated with OS among CRC subjects in the training dataset. (C) Correlation analysis results show the rela-
tionship between the m6A-related INcRNA signature and the clinicopathological parameters in the training dataset. (D) Correlation analysis results show the relationship

between the m6A-related mRNA signature and the clinicopathological parameters in

regulators affect RNAs and subsequently are associated with CRC
prognosis.

MATERIALS AND METHODS

Datasets acquisition

The CRC FPKM (fragments per kilobase of transcript per million
mapped reads) normalized mRNA expression files, somatic mutation
data, and corresponding clinicopathological data were downloaded
from the TCGA dataset (https:/portal.gdc.cancer.gov/) in 2020.*°
For CNV data, we obtained "Masked Copy Number Segment" subtype
of copy number data from TCGA. Stem-like phenotype data,
including DNAs and RNAs, were downloaded from the UCSC (Uni-

the training dataset.

versity of California, Santa Cruz) database (http://xena.ucsc.edu/) for
each CRC subject. Our study was in accordance with the TCGA
publication guidelines (https://cancergenome.nih.Gov/publications/
publicationguidelines). All of those data in the study were retrieved
from TCGA; therefore, informed consent and ethics approval were
not needed.

Data processing

A total of 618 samples were gathered in this study, including 582 pri-
mary tumor tissues and 36 normal tissues. Using the annotation data-
base of the Ensembl Genome Browser 99 (GRCh38.p13)," 14,176
IncRNAs and 19,645 mRNAs were identified on the basis of the
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Figure 8. Establishment and validation of the nomogram for predicting OS of CRC subjects in the TCGA training dataset

(A) Nomogram with age, gender, T stage, tumor stage, INcCRNA risk scores, and mRNA risk scores for predicting 1-year, 3-year, and 5-year OS among CRC patients. (B)
Calibration plot shows the comparison between nomogram-predicted and actual 3-year OS. (C) Decision curve analysis shows predicted 1-year, 3-year, and 5-year OS
among CRC subjects on the basis of the nomogram. (D) Decision curve analysis shows predicted 3-year OS among CRC subjects on the basis of the nomogram, IncRNA risk
scores, and MRNA risk scores. (E) Kaplan-Meier survival curves show OS of CRC subjects on the basis of the nomogram. (F) Time-dependent ROC curves show the

accuracy of OS prediction on the basis of the nomogram.

gene symbols in the TCGA dataset. We used the R package edgeR to
analyze differentially expressed IncRNAs (DEIncRNAs) and differen-
tially expressed mRNAs (DEmRNAs) between tumor and normal tis-
sues for further analysis. The thresholds were set as |log, fold change
(FC)| > 1 and adjusted p < 0.05. In addition, 19 m6A regulators’
expression values were extracted from the TCGA mRNA matrix ac-
cording to previous publications. For CNV analysis of the 19 m6A
regulators, we applied segmentation analysis and GISTIC2.0 algo-
rithm to identify the gain and loss of copy number of each sample.

Bioinformatics analysis

To compare the expression of 19 m6A RNA methylation regulators
between CRC and normal tissues, we used the R package limma.
Next, vioplot and pheatmap were used to visualize the expression
of the 19 regulators in 582 tumor tissues and 36 normal tissues.
Then the expression data profile of DEIncRNAs and DEmRNAs
was extracted from differential expression analysis to conduct
WGCNA using the R package WGCNA.*® At first, sample clustering
of all DEIncRNAs and DEmRNAs was applied to test whether they
were good samples and good RNAs. Next, we selected soft threshold
power B values of 4 (IncRNAs) and 3 (mRNAs) (scale-free R%=0.95)
to determine the scale-free topology model. The adjacency matrix was
transformed into topological overlap matrix (TOM). On the basis of
the TOM-based dissimilarity measure, IncRNAs and mRNAs were
classified into different modules. Here, we define minimal module
size as 30 and cut height as 0.25 to confirm key modules. The module

608 Molecular Therapy: Nucleic Acids Vol. 27 March 2022

eigengene (ME) was considered as the major principal component of
a given RNA module. It could be known as a specific gene expression
pattern of a module; the ME can summarize the gene expression pro-
files, and the correlation between ME and m6A regulators’ expression
levels was calculated to identify the m6A-related IncRNA and mRNA
modules.

Afterward, we divided the subjects with CRC from TCGA randomly
into a training set (n = 393) and a testing set (n = 189). Then univar-
iate Cox regression analysis was performed to select the prognostic
m6A-related IncRNAs and mRNAs in the training dataset (with
p < 0.05), among all IncRNAs and mRNAs in the m6A-related mod-
ules. Using the least absolute shrinkage and selection operator Cox
regression analysis, we constructed prognostic méA-related IncRNA
and mRNA signatures for the CRC subjects. Risk scores were calcu-
lated by sum of the coefficients and products of each RNA expression
level for each patient involved in our study. On the basis of the me-
dian risk scores, subjects were divided into high-risk and low-risk
groups. To evaluate the distinguishing and prognostic capacities of
the risk score classifier, we performed the Kaplan-Meier survival anal-
ysis and time-dependent ROC analysis. The R package pRRophetic
was used to evaluate the sensitivity of chemotherapy and targeted
drugs in high- and low-risk groups of m6A-related IncRNA and
mRNA signatures. Furthermore, we used the R package rms to
generate a nomogram by including factors of multivariate Cox regres-
sion results to evaluate the OS probability of each CRC subject.
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Decision curve analysis and calibration plots were applied to measure
the predictive performance of the nomogram.

Statistical analysis

All statistical analyses were conducted using R (version 4.0.2). We
used Wilcoxon’s test to compare the expression levels of m6A RNA
methylation regulators between CRC and normal tissues. The corre-
lation between m6A RNA methylation regulators and the clinical fac-
tors and CNV of CRC subjects was analyzed using the Kruskal-Wallis
test. Kaplan-Meier survival analysis and the log rank test were used to
analyze the prognosis of m6A regulators. The optimal cutoff value of
each gene was determined using X-tile.*” Univariate and multivariate
Cox analyses were performed to identify the prognostic determinants
from clinicopathological features and m6A-related IncRNA and
mRNA signatures. The association between m6A regulators and
mo6A-related IncRNAs and mRNAs was evaluated using Spearman’s
correlation coefficients.
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