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Pancreatic cancer is one of the most lethal malignant tu-
mors in the world. Despite advances in diagnosis and
treatment, the five-year survival rate for pancreatic cancer
patients remains only 9%." Pancreatic adenocarcinoma
(PAAD) belongs to pancreatic cancer, which occupies 85% of
the whole pancreatic cancer.? Reversible modification of
Né-methyladenosine (m®A) has been shown to be involved in
cancer progression, resulting in up-regulation of oncogene
expression or down-regulation of tumor-suppressing genes
and may affect the prognosis of patients with pancreatic
cancer.® In pancreatic cancer, increasing evidence suggests
that aberrant expression of IncRNA is related to tumor cell
proliferation and metastasis.*> Although m°A can regulate
IncRNA formation, the role of m®A-related IncRNAs in PAAD
remains unclear.

In this study, we aim to explore the prognostic value and
the role of m®A-related IncRNAs in the immune response of
patients with PAAD. We established a novel m®A prognostic
model to predict overall survival in PAAD patients. Besides,
we focused on the relationship between mCA-related
(ncRNA and tumor immune microenvironment. M®A RNA
methylation regulator plays a key role in the progression of
malignant tumors. Based on the RNA-seq data and corre-
sponding clinical information of cancer samples and para-
cancer tissue samples from PAAD patients from the TCGA
database, 23 m®A regulating genes were extracted. In order
to identify potential m®A-related IncRNAs, we used the
Pearson correlation coefficient to evaluate the relationship
between m®A methylation regulators and IncRNAs. The re-
sults showed that 87 interactions and 56 mCA-related
IncRNAs were identified (absolute correlation coefficient >
0.6, P < 0.05) (Fig. S1A). Combined with PAAD survival
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information of TCGA, we screened out m®A-related prog-
nostic IncRNAs from 56 m°A-related IncRNAs by univariate
Cox regression analysis (P < 0.05). Further, LASSO regres-
sion analysis found that 11 m®A-associated IncRNAs were
significantly associated with overall survival in PAAD pa-
tients (Fig. S1B and Table S2). We used heatmap analysis to
compare the expression of m®A-associated IncRNAs in
tumor and normal tissues associated with patient survival
(Fig. S1C). Compared with normal tissue samples, the
expression levels of the 11 m®A-related IncRNAs in tumor
tissue samples were significantly decreased (Fig. S1D).
Figure S1E showed the correlation between m®A-related
prognostic IncRNAs.

To comprehensively explain the biological characteris-
tics of the m®A-related prognostic IncRNAs, the Consensu-
sClusterPlus package was used to divide the 177 PAAD
patients into two clusters with higher stability (Fig. S2A—D).
Then, we determined whether there were significant dif-
ferences in clinicopathologic features and immune check-
point PD-L1 (CD274) expression between the two clusters
by using the heatmap package and limma package. The
heatmap shows significant differences between the two
subgroups, mainly in stage and tumor size (Fig. S3A). We
found a significant difference in PD-L1 expression between
the two clusters but no significant difference between
tumor and normal tissues (Fig. S2A—D). Patients in cluster 1
had worse survival probability than patients in cluster 2
(P < 0.001) (Fig. S3D). These results suggest that cluster
subtypes identified by the expression of m®A-related prog-
nostic IncRNAs were closely associated with patient prog-
nosis and PD-L1 expression.

To further explore the role of mPA-related prognostic
INcRNAs in the biological processes and signaling pathways
of PAAD, we conducted KEGG gene enrichment analysis for
mCA-related prognostic IncRNAs. Then, we used GSEA to
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perform functional enrichment analysis on the expression
of méA-related prognostic IncRNAs in the two clusters to
gain insight into the involvement in the biological processes
and signaling pathways underlying PAAD. We integrated the
expression data of m®A-related prognostic IncRNAs with the
KEGG database, calculated the enrichment scores of gene
sets, and evaluated the statistical significance, thereby
elucidating the potential distinct regulatory mechanisms
between the two clusters. Our enrichment analysis results
showed that the m®A-related prognostic IncRNAs in cluster
2 were significantly enriched in the chemokine signaling
pathway, cytokine—cytokine receptor interaction, MAPK
signaling pathway, neuroactive ligand—receptor interac-
tion, regulation of actin cytoskeleton, calcium signaling
pathway, and focal adhesion. Conversely, m°A-related
prognostic IncRNAs in cluster 1 were significantly enriched
in Alzheimer’s disease and Huntington’s disease pathways
(Fig. S4). The top nine pathways we explored can influence
the formation process of PAAD, and the FDP g-value and
FWER P-value were <0.05. These results suggested a sig-
nificant association between mCA-related prognostic
IncRNAs and the development of PAAD. By using GSEA, we
were able to identify specific gene sets that were signifi-
cantly enriched in each cluster, providing insights into the
potential mechanisms underlying differential expression of
mPA-related prognostic INcRNAs in PAAD.

Our study revealed that the expression of m®A-related
prognostic IncRNAs in PAAD is associated with the immune
response. Therefore, we further analyzed the infiltration
characteristics of tumor microenvironment cells under
different m®A-related IncRNA patterns. To analyze tumor
microenvironment infiltration in two different clustering
patterns, 22 different immune cell types in 177 samples
were evaluated by the CIBERSORT algorithm. We calculated
the median absolute score for each cluster of 22 cell types
given by CIBERSORT (Fig. S5A). The results showed that the
scores of the naive B cells, plasma cells, activated memory
CD4 T cells, regulatory T cells (Tregs), and CD8 T cells in
cluster 2 were significantly higher than those in cluster 1
(Fig. S5B—F). However, memory B cells and M1 and M2
macrophages in cluster 1 were significantly higher than
those in cluster 2 (Fig. S5G—I). Then, we used the ESTIMATE
algorithm to score the immune cell infiltration of patients
in cluster 1 and cluster 2. Results demonstrated that cluster
2 showed higher ESTIMATE scores (P < 0.01), immune scores
(P < 0.01), and stroma scores (P < 0.01) (Fig. S5J). The
tumor microenvironment in cluster 2 significantly increased
the infiltration of immune cells, thus confirming the above
findings.

A total of 177 patient samples were randomly assigned
to a training dataset (n = 89) and a test dataset (n = 88).
Multivariate Cox regression and LASSO regression analysis
were used to analyze the eleven m®A-associated IncRNAs
and establish a risk model with four m®A-related IncRNAs
(Fig. S6A, B). The patient samples in the training dataset
were further divided into high-risk and low-risk groups
based on the median risk score. The risk score distribution
between the low-risk and high-risk groups is shown in
Figure S6C. The survival status and survival time of patients
in the two different risk groups are shown in Figure S6D.
Survival analysis showed that the low-risk group had longer
overall survival than the high-risk group (P < 0.001)

(Fig. S6E). Figure S6F revealed the relative expression
criteria of the four m®A-associated IncRNAs in each patient.
In addition, in the training dataset, the area under the
curve of 5-year overall survival was 0.777, demonstrating
that IncRNA features had good accuracy in predicting the
prognosis of PAAD patients (Fig. S6G).

To test the prognostic ability of this established model,
we calculated a risk score for each patient in the test group
using a uniform formula. Figure 1A—C showed the
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Figure 1  Verification of risk model. (A) The risk score dis-
tribution between the low-risk and high-risk groups of the test
group. (B) The survival status and survival time of patients in
the low-risk and high-risk groups of the test group. (C) Risk-
related heatmap of four m®A-related IncRNAs in the risk model
of the test group. (D) The Kaplan—Meier survival curve of
pancreatic adenocarcinoma samples in the test group. (E) ROC
curve of the test group for evaluating the accuracy of the risk
model.
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distribution of risk scores in the test dataset, the pattern of
survival status and time, and the expression of m®A-related
IncRNAs. The Kaplan—Meier survival analysis of the test
groups showed no difference in outcomes in the training
group (Fig. 1D, E).

Operating system differences were stratified according
to prevailing clinicopathologic characteristics and analyzed
between the low-risk and high-risk groups. Based on sub-
groups classified by sex, age, grade, or tumor stage, the
low-risk group had better outcomes than the high-risk
group, which suggested that our m®A-related prognostic
IncRNA risk model applied to different clinical subgroups
(Fig. S7). Univariate and multivariate Cox analyses showed
that m®A-related IncRNA was the independent predictor of
overall survival in PAAD, while they were uncorrelated with
age, sex, grade, and stage (Fig. S8A, B).

Subgroup analysis of clustering showed that patients in
cluster1 had a significantly higher risk score than patients in
cluster2 (P < 2.22e-16) (Fig. S8C). Figure S8D showed that
there were significant differences in clinical features be-
tween the high-risk group and the low-risk group. To
explore the clinical significance of m®A-related ncRNAs in
PAAD, we compared the differences in risk scores between
different PAAD subgroups. For the subgroup analysis of
immune score, PAAD patients with high immuneScore had
significantly lower risk scores than patients with low
immuneScore (P = 0.0021) (Fig. S8E). Stratification of
tumor size revealed that compared with T1—2 patients with
PAAD, there was a remarkably higher risk score in T3—4
patients (P = 0.0074) (Fig. S8F). These results demon-
strated that cluster, immune score, and primary tumor size
were significantly associated with risk scores, while risk
scores did not correlate with age, sex, grade, metastasis,
lymph node, and stage (Fig. S8G). We found significant
differences in PD-L1 expression between the low-risk and
high-risk groups, revealing that the PAAD m®A-related
INcRNA risk model was closely related to PD-L1 expression
(Fig. S9A).

Since the risk model showed a correlation with immune
response, we further investigated the relationship between
mCA-related IncRNA risk model score and immune-infil-
trating cells. Plasma cells, naive B cells, activated memory
CD4 T cells, CD8 T cells, and Tregs were negatively corre-
lated with risk scores, while MO macrophages, M2 macro-
phages, and activated natural killer cells were positively
correlated with risk scores (Fig. S9B—I). All correlations
were significant with P < 0.05. The baseline data of PAAD
patients had no significant difference (Table S3). We per-
formed additional experimental verification to calculate
the relative expression levels of four types of prognostic-
related IncRNAs in the tumor tissues of stage | and Il pa-
tients by quantitative PCR (Fig. S9J). The results of
experimental verification were basically consistent with
the results of previous data analysis.

In conclusion, our study established a risk model based
on four m®A-related IncRNAs to predict tumor progression in
patients with PAAD, which may become the potential
prognostic factor. Besides, we found a significant

correlation between mPA-related prognostic IncRNAs and
immune responses, which provides a novel insight into the
exploration of biomarkers of immunotherapeutic responses
in PAAD patients.
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