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Background: N6-methyladenosine-related long non-coding RNAs (m6A-related IncRNAs)
are involved in the occurrence and progression of various cancers. However, it remains
unclear whether m6A-related IncRNAs have potential roles in tumor immune microenviron-
ment (TIME).

Methods: Herein, we investigated correlations of prominent m6A-related IncRNAs with
immune infiltrates and PD-L1 expression and the prognostic value of m6A-related IncRNAs
in colorectal cancer from The Cancer Genome Atlas (TCGA) cohort, systematically.
Results: Firstly, we conducted Pearson correlation analysis to screen the m6A-related
IncRNAs, and then univariate Cox regression analysis was performed to identify 72 prog-
nostic m6A-related IncRNAs in CRC patients. Moreover, two molecular subtypes (cluster 1/
2) were identified by consensus clustering for 72 m6A-related IncRNAs. The cluster 1
preferentially associated with favorable prognosis, upregulated PD-L1 expression, higher
immunoscore, and distinct immune cell infiltration. Furthermore, a prognostic risk score was
calculated using 19 m6A-related IncRNAs based signatures which represented an indepen-
dent prognostic factor for CRC. Patients with low-risk score showed higher PD-L1 expres-
sion than patients with high-risk score. Further analysis revealed that m6A-related IncRNAs
based signatures were associated with tumor-infiltrating immune cells.

Conclusion: Our study indicated the essential roles of m6A-related IncRNAs in TIME of
CRC and provide novel insights in our understanding of m6A-related IncRNAs function in
colorectal cancer.

Keywords: colorectal cancer, N6-methyladenosine, long non-coding RNA, PD-L1, immune

infiltrates

Introduction

Colorectal cancer (CRC) is one of the most common malignancies and remains
the second most common cause of cancer-related death.' Although the treatment of
CRC has been optimized, there is still no effective therapy for advanced CRC
patients.” Recently, with the increased understanding of the complicated role of the
tumor microenvironment composition, which includes cancer cells, stromal cells,
infiltrating immune cells and secreted cytokines, the critical immune cell subsets in
the occurrence and metastasis of several tumors have been recognized gradually.”
Moreover, current immunotherapies represented by specific immune checkpoint
inhibitors (ICIs), such as anti-CTLA-4 and anti-PD-1/L1, have achieved a marked
response in CRC patients.®” Thus, the specific regulatory mechanism of tumor
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immune microenvironment (TIME) should be further
investigated to identify effective biomarkers that predict
prognosis and optimize immunotherapy in colon cancer.

N6-methyladenosine (m6A) modification refers to an
adenosine at the N6 position, is the most abundant epige-
netic methylated modification of messenger RNAs
(mRNAs) and non-coding RNAs (ncRNAs), which plays
crucial role in multiple physiological processes.®® It is
suggested that m6A modification is a kind of dynamic
and reversible process that is regulated by m6A regulators,
including “writers” (methyltransferases), “readers” (signal
transducers) and “erasers” (demethylases).'” Recent sev-
eral studies had revealed that abnormal m6A modification
is associated with malignant tumor progression and immu-
nomodulatory abnormalities. For example, METTL 14 sup-
presses proliferation and metastasis of colorectal cancer;'!
FTO modifies the m6A level of MALAT and promotes
bladder cancer progression;'? and YTHDF?2 restrains cell
proliferation by reducing the mRNA stability of EGFR in
liver cancer.'” In addition, bioinformatic study revealed
that m6A regulator-based methylation modification pat-
terns characterized by distinct tumor microenvironment
immune profiles in colon cancer.'*

Although IncRNAs encode almost no protein, they can
regulate gene expression through RNA interference, gene
co-inhibition, gene silencing, gene imprinting, and DNA
demethylation.'> Aberrant IncRNA expression is strongly
correlated to tumor malignancy. For example, long non-
coding RNA RAMSI1 promotes metastatic colorectal can-
cer progression.'® Long noncoding RNA OCC-I sup-
presses cell growth through destabilizing HuR protein in
colorectal cancer.'” Long noncoding RNA LINC0I578
drives colon cancer metastasis through a positive feedback
loop with the NF-xB/YYI axis.'"® However, the role of
mo6A regulators in the dysregulation of IncRNAs in color-
ectal cancer still remains unclear. Therefore, it is essential
to explore how m6A-related IncRNAs are involved in the
occurrence and progression of CRC which may help to
identify effective biomarkers that can act as useful thera-
peutic targets.

The present study aimed to systematically evaluate
the correlations of m6A-related IncRNAs with prognosis,
programmed death ligand 1 (PD-L1), and TIME in CRC.
Here, we identified the prognostic significance of m6A-
related IncRNAs by bioinformatic and statistical analysis
of data from patients with CRC based on The Cancer
Genome Atlas (TCGA) dataset. Moreover, clustering
subtypes and risk models for m6A-related IncRNAs

were conducted to improve prognostic risk stratification.
In addition, the relationships between clustering sub-
groups, risk models, PD-L], immunoscores, and immune
cell infiltration were thoroughly analyzed based on the
mo6A-related IncRNAs signatures to further explore the
effect of mo6A-related IncRNAs on TIME. This study
suggested that mo6A-related IncRNAs play essential
roles in tumor immune microenvironment and may pro-
vide new insights in directing therapeutic strategies for
CRC immunotherapy.

Materials and Methods

Datasets

The RNA-seq transcriptome data and the corresponding
clinical data were downloaded from the TCGA data portal
(https://portal.gdc.cancer.gov/). The RNA-seq data of 473
CRC samples and 41 normal tissues and the corresponding

clinicopathological information, including age, gender,
TNM staging were downloaded for further analysis.

m6A Regulatory Genes and Annotation
of IncRNAs

Based on previous publications, expression matrices of 23
m6A regulatory genes were extracted from the TCGA data-
base, including expression data on writers (METTL3,
METTLI14, METTL16, WTAP, VIRMA, RBM15, RBM15B,
and ZC3HI13), readers (YTHDCI, YTHDC2, YTHDFI,
YTHDF2, YTHDF3, HNRNPC, FMRI, LRPPRC,
HNRNPA2BI1, IGF2BPI1, IGF2BP2, IGF2BP3, and RBMX)
and erasers (F70 and ALKBHS). The long non-coding RNA
annotation file of Genome Reference Consortium Human
Build 38 (GRCh38) was acquired from the GENCODE web-
site 4 for annotation of the IncRNAs in the TCGA dataset.

Bioinformatic Analysis
Pearson correlation analysis was used to screen moOA-
related IncRNAs (with the | Pearson R| >0.4 and p <
0.001). The univariate Cox regression analysis was con-
ducted to filtrate the prognostic m6A-related IncRNAs. To
explore the biological characteristics of the m6A-related
IncRNAs in CRC, “ConsensusClusterPlus” package was
employed to classify the patients into different subtypes.
The “estimate package” was used to calculate the
immunoscore for each patient. The fraction of 22 immune
cell types for each sample was yielded through cell type
identification by estimating relative subsets of RNA tran-
scripts (CIBERSORT; https://cibersort.stanford.edu/). The
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gene set enrichment analysis (GSEA) was conducted in the
Hallmark gene set “h.all.v6.2.symbols. gmt” of MSigDB
by using the JAVA program.

The prognostic risk signatures of m6A-related IncRNAs
were established using the least absolute shrinkage and selec-
tion operator (LASSO) regression analysis in the TCGA
training and validation cohort. The coefficients obtained
from the LASSO regression algorithm were used to yield
the following risk score equation: risk score = sum of coeffi-
cients m6A-related IncRNAs expression level. The risk score
of each patient was separately calculated in the training and
validation cohorts based on the equation. Then, the patients
were divided into high- and low-risk groups, and the median
value of the risk score was set as the cut-off point. The effect
of m6A-related IncRNAs on immune cell infiltration levels
was evaluated by applying the Tumor Immune Estimation
Resource (TIMER, https:/cistrome.shinyapps.io/timer/).

Statistical Analyses

R version 3.4.0 was used for the statistical analyses in this
study. Student’s #-test and one-way ANOVA were used to
perform the group comparisons of two subgroups and
more than two subgroups, separately. Categorical variables
were compared with chi-square tests. Survival curves were
generated using the Kaplan-Meier method, and the differ-
ence between groups was compared with the log rank test.
Subtypes, clinicopathological features, PD-LI, risk scores,
and immune infiltration levels were subjected to correla-
tion analysis by using a Pearson correlation test.
Univariate and multivariate analyses were conducted
using Cox regression models to determine the independent
prognostic value of the risk scores integrated other clinical
features. The receiver operating characteristic (ROC)
curve was used to assess efficiency of the m6A-related
IncRNAs signatures for OS, and the area under the curve
(AUC) were calculated using “timeROC” package (0.3).
p < 0.05 indicated statistical significance.

Results
Identification of m6A-Related IncRNAs in
CRC Patients

To assess the biological function of m6A-related IncRNAs
in the initiation and development of CRC, we downloaded
the expression profiling datasets of 41 normal tissues and
473 CRC tissues from the available The Cancer Genome
Atlas (TCGA) dataset. We then extracted the expression
matrices of 23 m6A regulators from the TCGA dataset.

A IncRNA whose expression value was correlated with
one or more of the 23 m6A regulators (] Pearson R| >0.4
and p < 0.001) was defined as a m6A-related IncRNA.
Pearson correlation analysis was performed and 1625
IncRNAs were obtained which were significantly corre-
lated with m6A regulators. Combined with the clinical
prognostic data downloaded from TCGA dataset, univari-
ate Cox regression was then used to screen m6A-related
prognostic IncRNAs from the 1625 m6A-related IncRNAs
(p < 0.05). Finally, we found that 72 mo6A-related
IncRNAs were correlated with the OS of CRC patients,
significantly. The expression levels of the 72 m6A-related
prognostic IncRNAs in CRC and normal tissues were
evident (Figure 1A and B). The results of univariate Cox
analysis of the 72 m6A-related IncRNAs and the network
between the 72 IncRNAs and the m6A regulators are
shown in Figure 1C and D. These results indicated that
mo6A-related IncRNAs play important roles in the CRC
patients.

Consensus Clustering for méA-Related
IncRNAs Correlated with the

Clinicopathological Features, Survival and
PD-L1 Level of CRC Patients

The k = 2 was identified with optimal clustering stability
based on the similarity displayed by the expression levels
of m6A-related IncRNAs and the proportion of ambiguous
clustering measure. A total of 446 patients with CRC were
clustered into two subtypes, namely, cluster 1 (n = 347)
and cluster 2 (n =99), based on the expression levels of the
mo6A-related IncRNAs (Figure 2A). The expression of
individual m6A-related IncRNAs was lower in the cluster
1 than in the cluster 2. The clinicopathological features
then
(Figure 2B). The cluster 1 was preferentially associated
with a low TNM stage (p < 0.05). The overall survival
(OS, p =0.002) of the cluster 1 was longer than those of
the cluster 2 (Figure 2C). In order to investigate the
involvement of PD-LI with m6A-related IncRNAs, we
assessed differential PD-L] expression in two subtypes
and the correlation of PD-L1 with m6A-related IncRNAs.
The expression level of PD-LI in the cluster 1 was dis-
tinctly higher than that in the cluster 2 (p < 0.001;
Figure 2D). In the TCGA cohort, the expression of PD-
L1 had a significantly positive association with
AL512306.3, LINC00861 and SNHG26 expression levels,
whereas a significantly negative correlation was noted

between the two subtypes were compared
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Figure | Identification of méA-related IncRNAs in CRC in TCGA Cohort.
Notes: Heatmap (A) and expression levels (B) of 72 méA-related prognostic IncRNAs in 4| normal tissues and 473 CRC tissues. (C) Univariate Cox regression results of
72 mé6A-related prognostic IncRNAs. (D) The network between méA regulators and the 72 prognostic mé6A-related IncRNAs.

with 4C005229.4, AC074117.1 and AC069281.2 expres-
sion levels (Figure S1).

Consensus Clustering for méA-Related
IncRNAs Associated with Significant

Immune Cell Infiltration
To further explore the effect of m6A-related IncRNAs on
the TIME of CRC, we evaluated the immunoscore and

immune infiltrate level between the cluster 1 and cluster 2.

Hazard ratio

* m6A

.
HNRNPC  HNRNPA2DI
.

i

The cluster 1 demonstrated a higher immunoscore than
that of the cluster 2 (Figure 3A; p < 0.001). In addition,
the fraction of 22 immune cell types between the two

subgroups was analyzed. The two clusters showed

a significant difference in immune cell infiltration.

Cluster 1 showed significant higher infiltration levels of

macrophages M1, macrophages M2, Dendritic cells resting

and Neutrophils, whereas cluster 2 was more correlated

with Eosinophils

and B memory cells

infiltration
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(Figure 3B—H). Moreover, GSEA was performed to inves-
tigate the potential regulatory mechanisms resulting in
differences in the TIME between the two subgroups. The
results showed that Citrate cycle TCA cycle signaling
(NES = 2.22, normalized p < 0.001), Glycolysis signaling
(NES = 2.21, normalized p < 0.001), Arginine and proline
metabolism (NES = 2.12, normalized p < 0.001) and
Antigen processing and presentation (NES =0.69, normal-
ized p < 0.01) were dynamically correlated with the cluster
1 (Figure 31-L). Hence, these metabolism and immune
regulating signaling pathways might be implicated in the
distinct TIME of cluster 1/2.

Construction and Validation of Prognostic

Signatures for mé6A-Related IncRNAs

We explored the prognostic role of m6A-related IncRNAs
in CRC patients. The 446 patients were divided into the
TCGA training cohort (224 patients) and validation cohort
(222 patients) randomly. To further predict the clinical
outcome of mo6A-related IncRNAs in CRC patients,
LASSO regression analysis based on the expression values
of mo6A-related IncRNAs was performed. Finally, 19
mo6A-related IncRNAs were identified. The risk scores
were calculated based on the coefficient for each
IncRNA. Then, patients were divided into high- and low-
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risk groups based on the median value of risk scores. The
distribution of the risk scores, expression profiles, OS and
OS status of the m6A-related IncRNAs based signatures in
TCGA training and validation cohorts was demonstrated
in Figure 4A and B. The OS of the low-risk group was
longer than that of the high-risk group in both the TCGA
training and validation cohorts (Figure 4C and D). ROC
curve analysis was further conducted to compare the
respective AUC values. The AUC values for the 19 risk
signatures were 0.827 and 0.678 in the TCGA training and
validation cohort, respectively (Figure 4E and F). The
AUC values showed that the signatures of the 19 m6A-
related IncRNAs harbored a potential ability to predict the
prognosis of patients with CRC. The prognostic value for

mo6A-related IncRNAs were also verified in distinct clin-
ical subgroups such as age (<65, or >65), gender (Male or
Female) and stage (I-1I or III-IV) (Figure S2).

Prognostic Risk Scores Correlated with
Clustering Subtypes, Histological Stage
and PD-LI Expression in CRC Patients

The relationship between risk scores and clinical features
was further evaluated. The heatmap demonstrated the
expression levels of 19 mo6A-related IncRNAs in the
high- TCGA cohort
(Figure 5A). The difference in terms of clustering sub-
types (p < 0.001), stage (p <0.001) between the high- and
low-risk groups was significant, while the immunoscore

and low-risk groups in the
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Figure 4 Construction and validation of prognostic signatures of méA-related IncRNAs in TCGA Cohort.

Notes: (A and B) Distribution of risk score, OS, and OS status and heatmap of the prognostic méA-related IncRNAs in the TCGA training and validation cohort. (C and D)
Kaplan-Meier curves of OS for patients with CRC based on the risk score in the TCGA training and validation cohort. (E and F) AUC for patients with CRC based on the
risk score in the TCGA training and validation cohort.

showed no significance between the high- and low-risk  Figure 5B). The risk score increased along with the his-
groups (Figure 5D). The risk score of the cluster 1 was tological stage increased (p < 0.001, Figure 5C). These
distinctly lower than that of the cluster 2 (p < 0.001, findings revealed that the risk score was significantly
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Notes: (A) Heatmap and clinicopathologic features of high- and low-risk groups. (B—E) Distribution of risk scores stratified by cluster 1/2 (B), stage (C), immunoscore (D),
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associated with clustering subtype and stage in CRC  TNM stage (p < 0.001) and risk score (p < 0.001) were
patients. Moreover, we found that patients with high- considerably associated with the OS in the TCGA train-
risk score had downregulated PD-L1 expression level ing cohort (Figure 6A). In the TCGA validation cohort,
than patients with low-risk score (Figure SE). Univariate  univariate Cox analysis revealed that TNM stage (p
and multivariate Cox regression analysis showed that =0.001) and risk score (p < 0.05) were highly related to
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the OS, while multivariate Cox analysis indicated that
TNM stage (p < 0.001) was still significantly associated
with OS (Figure 6B), risk score showed no significance
with OS.

Effect of m6A-Related IncRNAs on

Immune Cell Infiltration

The relationship between the risk score and infiltration of
immune cells was analyzed to forecast the effect of 19
mo6A-related IncRNAs based signatures on the CRC
immune microenvironment. A significantly negative cor-
relation was observed between the risk score and infiltra-
tion levels of the T cells CD4 memory resting (p < 0.05)
and Neutrophils (p < 0.05, Figure 7A and B). The risk
score was positively correlated with the infiltration levels
of Macrophages MO (p < 0.01, Figure 7C). The result
confirmed that m6A-related IncRNAs based risk signatures

were implicated in the CRC immune microenvironment.

These results indicated that m6A-related IncRNAs had
essential regulatory effects on the TIME for CRC patients.

Discussion

Recently, several studies have indicated that m6A regula-
tors play essential roles in the progression of kinds of
tumors by modulating specific IncRNAs. For example,
ALKBH) promotes colon cancer progression by decreasing
methylation of the IncRNA NEAT1 and inhibits pancreatic
cancer motility by decreasing IncRNA KCNKI5-AS1
methylation.'”?® METTLI14 suppresses proliferation and
metastasis of colorectal cancer by down-regulating onco-
genic long non-coding RNA XIST."' ALKBHS5-mediated
mo6A demethylation of IncRNA PVTI plays an oncogenic
role in osteosarcoma.”’ Negatively regulated by the m6A
reader YTHDF3, IncRNA GASS5 inhibits progression of
colorectal cancer by interacting with and triggering YAP
phosphorylation and degradation.?? These studies had indi-
cated that m6A modification of IncRNAs could influence
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the occurrence and progression of several tumors.
However, at present the role of m6A-related IncRNAs in
the TIME of CRC has yet to be fully explored.

A total of 41 normal tissues and 473 CRC tissues from
the TCGA dataset were included in our study and 72 m6A-
related IncRNAs were found to be associated with the OS
of CRC patients. In addition, the expression patterns and
effect on the TIME of m6A-related IncRNAs in CRC were
demonstrated. We identified two subtypes of CRC, cluster 1
and cluster 2, by consensus clustering for m6A-related
IncRNAs. The patients in the cluster 1 showed a low histo-
logical stage; similarly, the cluster 1 had a preferred survi-
val, compared with that of the cluster 2. The PD-LI
expression level and immunoscore of the cluster 1 were
significantly higher than that of the cluster 2. There is
a significant survival difference between the two clusters,
which may be associated with the higher immunoscore and
PD-L1 expression level in cluster 1. This finding was con-
sistent with a previous study, which indicated that the
prognosis of patients with high immunoscore and PD-L1
level is better than that of patients with low immunoscore
and PD-L1 level."* Further analysis showed that the infil-
tration levels of macrophages M1, macrophages M2,
Dendritic cells resting, and Neutrophils in the cluster 1
were higher than those in the cluster 2. Conversely, the
infiltration levels of Eosinophils and B memory cells in
the cluster 2 were higher than those in the cluster 1. The
GSEA results indicated that the Citrate cycle TCA cycle
signaling, Glycolysis signaling, Arginine and proline meta-
bolism were significantly enriched in the cluster 1. It is
reported that IncRNA LINRIS promotes the aerobic glyco-
lysis in colorectal cancer;”®> ALKBHS5 regulates anti—PD-1
therapy response by modulating lactate and suppressive
immune cell accumulation in tumor microenvironment.**

These studies suggested that metabolism signaling pathway
molecules may serve as targets for m6A-related IncRNAs.

The prognostic value of the m6A-related IncRNAs was
further evaluated in patients with CRC. The risk score
obtained from 19 m6A-related IncRNAs effectively strati-
fied the CRC patients into high- and low-risk groups. The
OS of the patients in high-risk group was shorter than that
of the patients in low-risk group in the TCGA training and
validation cohorts. The risk score of the cluster 2 was
significantly higher than those of the cluster 1. Moreover,
patients in low-risk group had higher PD-L1 expression
level than in high-risk group. Consequently, the identifica-
tion of m6A-related IncRNAs can predict the prognosis of
patients with CRC, thereby providing novel insights into
the immunotherapy of CRC patients.

Tumor microenvironment plays an essential regulatory
role in tumorigenesis, and its heterogeneity can lead to
multiple dimensions, including the prognosis and thera-
peutic response in patients.”>*® In the present study, the
risk score based on the 19 risk signatures of m6A-related
IncRNAs was significantly correlated with the PD-LI
expression level and immune cell infiltration. Risk scores
were negatively correlated with the infiltration levels of
T cells CD4 memory resting (p < 0.05) and Neutrophils
but were positively correlated with the infiltration levels of
Macrophages M0. These findings indicated that mo6A-
related IncRNAs are involved in TIME regulation of
CRC to some extent.

However, there are still several limitations in our study.
Firstly, our results were substantiated in TCGA cohorts,
and further external validation in the multicenter cohorts is
needed to be carried out. Additionally, the specific
mechanism of m6A-related IncRNAs in TIME of CRC
need to be further explored.
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In conclusion, this study explored the correlation of PD-
L1, role in the TIME, prognostic value and potential reg-
ulatory mechanisms of m6A-related IncRNAs in CRC. Two
CRC subtypes (cluster 1/2) were determined via the con-
sensus clustering for m6A-related IncRNAs that stratified
the prognosis of patients with CRC and presented the sig-
nificantly different TIME. The risk score developed from 19
mo6A-related IncRNAs based signatures was an independent
prognostic indicator of patients with CRC and the mo6A-
related IncRNAs based risk signatures were associated with
the immune cell infiltration levels of patients with CRC.
Therefore, m6A-related IncRNAs may provide some new
clues for further researches in the immunotherapy of CRC.
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