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Background: Globally, pancreatic adenocarcinoma is a recognized cause of pancreatic
death (PAAD) associated with high mortality. Long non-coding RNAs (lncRNAs) play an
important role in several biological processes in pancreatic cancer.

Methods: The gene expression profile of PAAD patients were obtained from The Cancer
Genome Atlas (TCGA) database. The limma package was used to identify epigenetic
disorders of lncRNAs and PCG. Subsequently, the genomic characteristics and landscape
of lncRNAs were explored. The pancreatic cancer-related lncRNAs gene set from
Lnc2Cancer v3.0 were collected and the difference between cancer samples and
normal samples were analysed. A prognostic model consisting of five epigenetic
lncRNA (epi-lncRNAs) was established by univariate and multivariate Cox proportional
hazards regression analyses and was verified across different data sets. Finally, the
expression of core epi-lncRNAs was identified by PCR experiment.

Results: A total of 2237 epi-lncRNAs, 11855 non-epi-lncRNAs, 13518 epi-PCGs, and
6097 non-epi-PCGs, were identified. The abnormal frequency of lncRNAs in pancreatic
cancer was much lower than that in PCG, and 138 epi-lncRNAs were enriched in human
cancer-related lncRNAs. Epi-lncRNAs had a higher number with longer lengths and a
greater number of transcripts. Epi-lncRNAs associated with epigenetic disorders had a
higher number of exons, gene length, and isomers as compared to non-epi-lncRNAs.
Further, the five pancreatic cancer-specific epi-lncRNA genes (AL161431.1, LINC00663,
LINC00941, SNHG10, and TM4SF1-AS1) were identified. Based on these five pancreatic
cancer-specific epis-lncRNAs, a prognostic model for pancreatic cancer was established.
The RT-PCR result confirmed that AL161431.1, LINC00663, LINC00941, and SNHG10
expressions in pancreatic cancer samples were higher as compared to normal pancreatic
samples; the expression of TM4SF1-AS1 in pancreatic cancer cells was significantly lower
than that in normal pancreatic samples.

Conclusions: Epigenetic abnormalities could promote abnormal lncRNA expression in
pancreatic cancer and may play an important role in its progression.
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INTRODUCTION

Pancreatic cancer is a highly malignant gastrointestinal tumor.
Although its incidence rate is low, it is an important cause of
cancer-related deaths. The prognosis of pancreatic cancer remains
poor. The overall 5-year survival rate is approximately 5–7%, with
an average survival time of 6 months (Rahib et al., 2014; Allemani
et al., 2018; Orth et al., 2019). This can be attributed to the high
invasiveness of pancreatic cancer and insensitivity towards various
chemotherapeutic agents. Additionally, pancreatic cancer patients
do not show any specific symptoms at the early stage; due to the
lack of reliable methods for screening and detection, most patients
are first diagnosed in the advanced stage of the disease (Tesfaye
et al., 2018). Serum carbohydrate antigen (CA19-9) is the most
commonly used tumormarker for pancreatic cancer. However, due
to its low sensitivity and accuracy in clinical settings, many patients
remain undiagnosed in the early stage (O’Brien et al., 2015; Locker
et al., 2006). Unlike other solid tumors, there is no effective gene
target and a clinically relevant biomarker for pancreatic cancer
(Mayerle et al., 2018). Pancreatic cancer has strong genetic
heterogeneity and a complex tumor microenvironment, making
it difficult to study (Krempley and Yu, 2017). To improve its
detection and treatment strategies, effective early diagnostic
biomarkers and therapeutic targets need to be identified to
guide clinical treatment, improve the survival rate, and prolong
the survival time.

Long non-coding RNAs (lncRNAs) are RNA transcripts that
do not encode polypeptides and are usually greater than 200
nucleotides in length (Jathar et al., 2017). Previous studies show
that these play an important role in the occurrence and
development of many diseases, including tumors. lncRNAs are
distributed in the nucleus and cytoplasm of eukaryotic cells; these
interact with several biomolecules, including DNA, RNA, and
proteins, thereby, driving important cancer phenotypes and
promoting tumor progression (Yan et al., 2015; Fu et al., 2016;
Li et al., 2016). In pancreatic cancer, studies show that lncRNAs
promote tumor progression. For example, AFAP1-AS1 can
promote IGF1R oncogene by isolating miR-133a, thereby,
promoting the growth and invasion of pancreatic cancer cells
(Chen et al., 2018). lnc-Sox2ot functions as a competitive
endogenous (ce) RNA in pancreatic cancer and promotes
EMT and stemness (Li et al., 2018). At present, the
mechanism of action on lncRNAs is best explained by the
ceRNA hypothesis, which elucidates the relationship between
coding and noncoding genes in cells and the regulation of mRNA
expression. lncRNAs act as miRNA “sponges” and function as a
microRNA response element (MRE), causing changes in the level
of mRNAs regulated by miRNAs, imbalance in the expression of
oncogenic proteins or tumor suppressor proteins, and promoting
tumor progression (Salmena et al., 2011; Tay et al., 2014; Li et al.,
2020). Although lncRNAs have been used as diagnostic and
prognostic biomarkers in some tumors, such as hepatocellular
carcinoma, gastric cancer, ovarian cancer, and prostate cancer
(Cheng et al., 2014; Gu et al., 2015; Guo et al., 2015; Li et al., 2015),
these studies are limited to the role of dysregulated noncoding
RNAs in the tumor and lack a systematic analysis of the
underlying mechanism of such dysregulation.

In this study, the abnormally expressed genes in pancreatic
cancer were systematically analyzed and found a large number of
epigenetic abnormalities in lncRNAs. I also focused on the
abnormal modification of lncRNA expression. The histone
abnormalities mainly included H3K36me3, H3K27me3,
H3K27ac, H3K9me3, H3K4me1, and H3K4me3. 138 epi-
lncRNAs known to be associated with human cancer were also
identified. These abnormal epi-lncRNAs had longer exons and
higher numbers of exons and transcripts; the epi-lncRNAs in
epigenetic disorders had a higher number of exons, gene lengths,
and isoforms as compared to non-epi-lncRNAs. Based on these
lncRNAs, the prognosis of pancreatic cancer patients was
analyzed and identified five pancreatic cancer-specific epi-
lncRNA genes as prognostic markers. Based on these epi-
lncRNAs, I constructed a prognostic model for pancreatic
cancer. My findings provided a better understanding of the
abnormal epigenetic regulation of lncRNA expression in
pancreatic cancer, and underlying mechanism of non-coding
RNA regulation, and the mechanism of tumor progression in
pancreatic cancer.

METHODS

Expression Profiles and Data
Preprocessing
The gene expression profiles of pancreatic cancer (PAAD) and
the corresponding Fragments per kilo base per million mapped
reads (FPKM) expression profiles along with the clinical
information of normal samples were downloaded from The
Cancer Genome Atlas (TCGA) database. FPKM data were
transformed into Transcript per Million (TPM) format.

The Genotype-Tissue Expression (GTEx)
Data Processing
The expression profile data of GETx normal samples were
downloaded from the University of California Santa Cruz
(UCSC) Xena database. Pancreatic tissue samples were
screened for further processing.

Combination of GETx Data and TCGA Data
The data for PAAD tumor samples from TCGA and the normal
samples from GETx were combined and corrected by the
“normalizebeweenarrays” function of the limma package.
Then, based on the gene annotation file from GENCODE, the
expression profiles were divided into lncRNAs and PCGs and
converted the Ensemble ID of these genes into symbol format.
Based on the combined sample number, the 177 pancreatic
cancer and 166 and normal tissue samples were identified
along with their lncRNAs and PCGs expression profiles.

450K Methylation Chip Data and Data
Preprocessing
The 450K chip data of pancreatic cancer (PAAD) were downloaded
from the TCGA database. The chip data were divided into 184
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pancreatic cancer samples and 10 normal samples based on the
PAAD sample number. The KNN method was used to fill in the
missing value in the data for pancreatic cancer.

Histone Modification Data and Preprocessing
I downloaded hg38 histone modified replicated “narrowPeak”
data from the hg38 versions of the pancreatic cancer cell line,
Panc1, and a normal pancreatic cell line from the Encyclopedia of
DNA Elements (ENCODE) database. The data included
information on six histone modifications, namely, H3K36me3,
H3K27me3, H3K27ac, H3K9me3, H3K4me1, and H3K4me3.

Identification of lncRNAs and Protein
Coding Genes (PCGs) With Epigenetic
Abnormalities
To explore the correlation between epigenetic variation and
pancreatic cancer, first, I transformed the FPKM expression
profile data downloaded from TCGA into TPM format. The log-
base 2 value was calculated for the expression profile data, and the
differentially expressed lncRNAs and PCGs were further identified
using the limma package in R. The lncRNAs or PCGs with false
discovery rate (FDR) < 0.05 were statistically significant. Second, I
screened the specific peaks for pancreatic cancer according to the
physical location of histone modification, and only retained those
with p-value < 0.01 peak as the “differential peak.” The GENCODE
GTF files were combined to obtain differentially histone modified
genes. I downloaded the human enhancer database from

FANTOM5 to identify gene enhancers; Enhancers are located
near structural genes and are a class of non-coding DNA cis-
acting elements that act on promoters by binding transcription
factors, co-factors and chromatin complexes during eukaryotic
development, which can activate or enhance transcription of
genes. In simple terms, enhancers are DNA sequences that
increase the activity of a promoter and thereby increase the
frequency of gene transcription.

The promoter of the gene was defined as being located 2 kb
upstream and 0.5 kb downstream of the transcription initiation site
(TSS). ChIPseeker package in R and human “lincRNAsTranscripts”
database was used to identify the gene promoters. Subsequently, the
Bumphunter method of the CHAMP package in R was used to
identify the DMRs. The regions with BumphunterDMR.p.value
<0.01 were considered as significant DMRs. Finally, I defined
lncRNAs and PCGs as epigenetic abnormal regulatory lncRNAs
or PCGs based on the following criteria: 1) the significant differential
expression of lncRNAs and PCGs in pancreatic cancer tissues as
compared to normal tissue samples; 2) the promoter or enhancer
had at least one overlapping differential histone modification or
differential methylation region (named epi-lncRNA, non-epi-
lncRNA, epi-PCG, or non-epi-PCG).

Genomic Signal Characterization for
Epigenetically Dysregulated lncRNAs
To compare the genomic characteristics of epigenetically
dysregulated and non-dysregulated lncRNAs/PCGs, I compared

FIGURE 1 | (A) Percentage of epi-lncRNAs and epi-PCGs for all lncRNAs and PCGs in the genome; (B–E): Comparison of the genomic characteristics of
epigenetically dysregulated lncRNAs/PCGs and non-epigenetically dysregulated lncRNAs/PCGs.
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the exons, transcripts, numbers, and lengths of the epi-lncRNA, non-
epi-lncRNA, epi-PCG, and non-epi-PCG genes.

Genomic Map of Epigenetically
Dysregulated lncRNAs Modified by
Different Histones
To explore the epigenetic characteristics of lncRNAs influenced
by histone modification, the distributional characteristics of
promoters was analyzed and enhancers of epi-lncRNAs were
modified by different histones throughout the genome.

lncRNA-Based Recognition of Pancreatic
Cancer-specific Epigenetic Aberrations
To understand the relationship between epigenetically dysregulated
lncRNAs and cancer, I analyzed the enrichment of epi-lncRNAs and
known cancer lncRNAs using Lnc2Cancer v3.0. To further explore
the regulation by epi-lncRNAs in pancreatic cancer, I identified epi-
lncRNAs associated with pancreatic cancer. In addition, given that
most of the genes affecting the disease state show dysregulation, the
TPM expression profile data from TCGA in combination was used
to identify the epi-lncRNAs exhibiting significant changes in
pancreatic cancer.

The Relationship Between the Epigenetic
Imbalance in lncRNAs and the Prognosis of
Pancreatic Cancer
To understand the potential prognostic value of epi-lncRNA
imbalance in-depth, based on the above-derived expression
values of epi-lncRNAs in cancer tissues, I divided the samples

into high expression and low expression subgroups and analyzed
the survival time (OS) and survival status for each sample
category. The survival rates and survival times were estimated
using the Kaplan-Meier method, and the significant differences
between subgroups consisting of different samples were
compared based on the log-rank test. I also identified epi-
lncRNA markers for prognostic prediction of pancreatic cancer.

RT-PCR
Total RNAwas extracted from the cells as follows: The cells from each
experimental group were collected and RNAwas extracted according
to the manufacturer’s instructions using the Trizol kit. The RNA
qualitywasmeasured usingNanodrop by estimating its concentration
at 260/280 nm. The RNA concentration was determined as 1000 ng.
One Step PrimeScript® miRNA cDNA Synthesis Kit (Takara, Japan)
was used for reverse transcribing the RNA to cDNA; SYBR® Premix
Ex Taq™ II (Perfect Real Time) (Takara, Japan) was used to detect the
relative expression of mRNA; PCR conditions were as follows: 95°C
for 15 s, 58°C for 34 s; 45 cycles in total. Using threshold cycle and 2-
ΔΔmethods, the relative expression of mRNA was calculated by CT
method (β- Act was used as the internal reference). Primer sequences
for LINC00663: Forward (5′-GGCAGCGATGATGACCGTAA-3′),
Reverse (5′-GGTAGTGCAGGTCCACTGAA-3′); primer sequences
for TM4SF1-AS1: Forward (5′-TGCAAGTCACTCTGATGCCG-
3′), Reverse (5′-AGCTCTGAGCAAACCATCCTC-3′); primer
sequences for AL161431.1: Forward (5′-GGCAGCGATGATGAC
CGTAA-3′), Reverse (5′-AGGTACCACAGGAGGCACAA-3′);
primer sequences for LINC00941: Forward (5′-CAGGTCAGG
TTATGCAACGC-3′), Reverse (5′-GGGTTGGTCTCAGAGGGA
CT-3′), and primer sequences for SNHG10: Forward (5′-GCC
CTCCAGCCTTTTAACCT-3′), Reverse (5′-TTCTCACGATGG
GTCCAAGC-3′).

FIGURE 2 | (A) Genomic landscape of epi-lncRNAs having differential histone modifications and differential methylation regions; (B) Type distribution of epi-
lncRNAs having differential apparent dysregulations.
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FIGURE 3 | Functional analysis for epi-lncRNAs. (A) Differences in 12 kinds of apparent epigenetic dysregulations in lncRNAs between cancerous and adjacent
non-cancerous samples; (B) KEGG pathways most significantly associated with the 12 apparent epigenetically dysregulated lncRNAs.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 8603235

Ke Multi-Omics Signature in Pancreatic Cancer

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


RESULTS

Identification of lncRNAs and PCGs With
Epigenetic Aberrations
My goal was to analyze the relationship between lncRNA expression
and epigenetic alterations in pancreatic cancer. The limma package
was used and identified significantly differentially expressed genes,
including 16805 PCGs (Supplementary Table S1) and 9167
lncRNAs (Supplementary Table S2). Combined with the histone
modification data and 450K methylation microarray data, the
2237 epi-lncRNAs, 11855 non-epi-lncRNAs, 13518 epi-PCGs,

and 6097 non-epi-PCGs (Supplementary Table S3) were
identified and found that these lncRNAs showed abnormally low
frequency in pancreatic cancer than PCGs (Figure 1A).

I compared the numbers and lengths of exons and transcripts
of epi-lncRNAs, non-epi-lncRNAs, epi-PCGs, and non-epi-PCGs
to elucidate the genomic characteristics of epigenetically
dysregulated lncRNAs. The lengths of transcripts of epi-
lncRNAs were lesser than those of non-epi-lncRNAs. Epi-
PCGs had a greater number of transcripts; the lengths of
transcripts were greater as compared to those of the non-epi-
PCGs (Figures 1B,C). The number of exons in epi-lncRNAs was

FIGURE 4 | Correlation between enrichment scores of 12 epi-lncRNAs and m6A-, m5C-, and m1A-related genes.
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low, but the lengths of the exons were high. The number of exons
in epi-PCGs was greater than that in non-epi-PCGs
(Figures 1D,E).

Genomic Landscape of Epigenetically
Dysregulated lncRNAs
The epi-lncRNAs in pancreatic cancer were systematically
analyzed and found epi-lncRNAs landscapes having
differential histone modifications and differential methylation
regions (Figure 2A). I found that the abnormal histone
modifications in these lncRNAs mainly included H3K36me3,
H3K27me3, H3K27ac, H3K9me3, H3K4me1, and H3K4me3.
Most apparently dysregulated lncRNAs were accompanied by
several abnormalities in histone modifications. In addition, I also
observed that the regions with abnormal histone modifications
were mainly concentrated in the promoter regions (Figure 2B).

ssGSEA Analysis of Dysregulated
Epi-lncRNAs
To characterize the potential roles of lncRNA dysfunction induced by
the abnormalities in histonemodifications, the relationship between the
expression of epi-lncRNAs and pathways in pancreatic cancer were
systematically analyzed. Specifically, I extracted the expressionprofiles of
lncRNAs induced by histone modifications and calculated the
enrichment score for each sample using Single-sample GSEA
(ssGSEA). It was observed that the enrichment scores of
H3K4me1_enhancer, H3K4me1_promoter, H3K4me3_enhancer,
H3K4me3_promoter, H3K27ac_enhancer, H3K27ac_promoter, and
H3K27me3_enhancer in tumor samples were significantly higher
than those in the corresponding adjacent samples, while the
enrichment scores for H3K9me3_ enhancer, H3K9me3_
promoter,H3K27me3_promoter, H3K36me3_enhancer, and
H3K36me3_promoter in adjacent samples were significantly higher
than those in tumor samples (Figure 3A). This suggested that
H3K9me3_enhancer, H3K9me3_promoter, H3K27me3_promoter,
H3K36me3_enhancer, and H3K36me3_promoter may exert
protective effects, while H3K4me1_enhancer, H3K4me1_promoter,
H3K4me3_enhancer, H3K4me3_promoter, H3K27ac_enhancer,
H3K27ac_promoter, and H3K27me3_enhancer may have cancer-
promoting effects.

In addition, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway scores for each sample were also evaluated and
calculated the relationship between the enrichment score of each
epi-lncRNA and the corresponding KEGG pathway to obtain the
relevant significant enriched KEGG pathway for each epi-
lncRNA. A total of 36 pathways were most significantly
related to 12 epi-lncRNAs (Figure 3B and Supplementary
Table S4), which suggest that different types of epi-lncRNA-
related pathways were consistent. Among these 36 pathways,
there were tumor-related pathways, including those in
PANCREATIC_CANCER, BLADDER_CANCER, and
metabolism-related pathways, including FATTY_ ACID_
METABOLISM, PYRIMIDINE_METABOLISM, GLYCINE_
SERINE_ AND_ THREONINE_ METABOLISM, CYSTEINE_
AND_ METHIONINE_ METABOLISM, SELENOAMINO_

ACID_ METABOLISM, INOSITOL_ PHOSPHATE_
METABOLISM, GLYCEROPHOSPHOLIPID_ METABOLISM,
and NICOTINATE_ AND_ NICOTINAMIDE_ METABOLISM
pathways. These results implied that epi-lncRNAs were closely
related to the occurrence, development, and metabolism of
tumors.

Relationship Between Apparently
Dysregulated lncRNAs and RNA
Modifications
RNA modifications are important epigenetic features related to
several important biological processes. Thus, I analyzed the
relationship between 20 different epi-lncRNAs, m6A, and m5C
genes. Specifically, the m6A, m5C, and m1A gene expression
profiles for TCGA pancreatic cancer cohort were extracted and
calculated the correlation for the 12 epi-lncRNA enrichment
scores and m6A, m5C, and m6A genes. The enrichment
scores were significantly correlated with m6A-, m5C-, and
m1A-related genes. Among them, H3K36me3, H3K27me3,
H3K27ac, H3K9me3, H3K4me1, and H3K4me3 had both
similar and unique correlations with these genes, which
suggest that there may be different regulatory modes of
lncRNA imbalance caused by histone modifications in
enhancer and promoter regions. These epi-lncRNAs were
closely related to RNA modifications (Figure 4).

Identification of Pancreatic Cancer-specific
Epigenetically Dysregulated lncRNAs
Using Lnc2CancerV3.0 for analysis, 138 epi-lncRNAs knownhuman
cancer-related lncRNAs were obtained (Figure 5A and
Supplementary Table S4). To further confirm the regulatory role
of candidate lncRNAs in pancreatic cancer, I collected a set of
pancreatic cancer-associated lncRNAs genes from Lnc2Cancer
V3.0 and found 22 previously reported epi-lncRNAs directly
associated with pancreatic cancer. These 22 genes are shown in
Supplementary Table S5. Then, the differences between expressions
of the 22 epi-lncRNAs in pancreatic cancer and normal tissue
samples were calculated (Figure 5B). Further, I selected the
histone modification profiles of AL161431.1 and AFAP1-AS1. The
results showed that the expression levels of histones H3K27ac and
H3K4me3 for AL161431.1 and AFAP1-AS1 in tumor samples were
higher as compared to the normal samples (Figure 5C).

Epigenetically Aberrant lncRNAs Are
Associated With the Prognosis of
Pancreatic Cancer
To understand the potential prognostic value of epi-lncRNA
imbalance, the 138 above-mentioned epi-lncRNA genes was used
to analyze the survival of TCGA pancreatic cancer patients. The
results identified significantly (p< 0.001) related genes and found the
following: 1) in univariate Cox analysis, 10 genes were significantly
associated with survival, including AL161431.1, CAHM, DANCR,
LINC00663, LINC00857, LINC00941, LINC01089, SNHG10,
SOCS2-AS1, and TM4SF1-AS1 (Figure 6A); 2) using the
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max_stat package in R software, these 10 genes were truncated to
obtain high and low expression subgroups. It found that the survival
curves for high- and low-expression subgroups for these 10 genes
were significant (Figure 6B).

Five Epi-lncRNA Signatures as Prognostic
Markers for Pancreatic Cancer
To establish a prognostic model based on epi-lncRNA
maladjustment, I prioritized the 138 pancreatic cancer-related
epi-lncRNAs genes to a final 10 using the single factor COX
analysis. Survival analysis was performed for the 10 genes. To
further prioritize the most relevant genes, a stepwise regression

using the AIC Akaike information criterion based on the
statistical fit of the model and the number of parameters used
for fitting was performed. The stepAIC method of the MASS
package starts from the most complex model and successively
deletes a variable each time to reduce the AIC. The smaller the
value, the better the model as it was indicative of the model
obtaining sufficient fit with fewer parameters. Using this
algorithm, the five pancreatic cancer-specific epi-lncRNAs,
including, AL161431.1, LINC00663, LINC00941, SNHG10,
and TM4SF1-AS1 genes were finally obtained. These were selected
as prognostic markers. Calculation was as follows: RiskScore =
0.1479814*AL161431.1– 0.6410330*LINC00663+0.2429150*
LINC00941–0.6692016*SNHG10+0.2734249*TM4SF1-AS1.

FIGURE 5 | (A) Intersection of disease-related lncRNAs with pancreatic cancer-specific epi-lncRNAs. (B) The expression differences between epi-lncRNAs related
to pancreatic cancer in tumor and normal samples. (C) Histone modification profiles for AL161431.1 and AFAP1-AS1.
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In the TCGA dataset, Receiver operating characteristic curve
(ROC) analysis showed that the AUC for the five-epi-lncRNA score
at 1-, 2- and 3-year was 0.74, 0.74, and 0.78, respectively, which

indicated good prognostic prediction performance (Figure 7A). The
prognosis of patients in the high five-epi-lncRNA RiskScore
subgroup was significantly worse than those in the low five-epi-

FIGURE 6 | (A) Single-factor analysis of 10 epi-lncRNA genes related to pancreatic cancer. (B–K) Survival curve analyses for the 10 genes.
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lncRNARiskScore subgroup (Figure 7B). To evaluate the stability of
five-epi-lncRNA RiskScore, the ICGC-AU data set along with
prognostic information was obtained and the same method to
evaluate the ROC for five-epi-lncRNA RiskScore was used. The
results showed that the AUC of RiskScore was 0.74 in 1-year, 0.78 in
2-year, and 0.62 in 3-year, which indicated good prognostic
prediction performance (Figure 7C). The prognosis of patients in
the high five-epi-lncRNA subgroup was significantly worse than
those in the low five-epi-lncRNA RiskScore subgroup (Figure 7D),
consistent with the previous results.

Risk Model and Prognostic Analysis of
Clinical Characteristics

The clinical subgroup survival analysis based on five-epi-
lncRNA scores showed that the prognostic signature
could significantly distinguish between age, gender, T
stage, N0 stage, M0 stage, and stage I + II subgroups
(Figures 8A–I, p < 0.05); this further showed that my
model had good prediction ability across different clinical
parameters.

FIGURE 7 | (A) ROC analysis of five-epi-lncRNA scores in TCGA dataset; (B) Prognostic differences between patients in high- and low-five-epi-lncRNA subgroups
in the TCGA dataset; (C) ROC analysis of five-epi-lncRNA scores in ICGC-AU dataset; (D) Prognostic differences between patients in high- and low-five-epi-lncRNA
subgroups in the ICGC dataset.
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Performance of Risk Score for Different
Clinical Characteristics
To evaluate the relationship between the risk scores for different
samples and biological functions, the gene expression profiles
corresponding to these samples were selected and the GSVA
package in R software was used for ssGSEA analysis, I calculated
the score for each sample for different functions, and finally
selected the functions with correlation >0.5 (Figure 9A). A total
of 18 pathways were positively correlated with the sample risk
scores. Cluster analysis was performed according to their

enrichment scores (Figure 9B). Tumor-related pathways
KEGG_CELL_CYCLE, KEGG_BASAL_CELL_CARCINOMA,
and KEGG_P53_SIGNALING_PATHWAY among the 18
pathways were upregulated with the increase in RiskScore.

Univariate and Multivariate Analysis of
Five-Epi-lncRNA Signature
To identify the independence of the 5-epi-lncRNA signature model
in clinical settings, the univariate and multivariate Cox regression

FIGURE 8 | Performance of the prognostic risk model for different clinical characteristics.
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analyses were used. The results demonstrated that the RiskScore was
significantly correlated with prognosis in univariate andmultivariate
cox analysis (Figures 10A,B). Therefore, the 5-epi-lncRNA
characteristic model is an independent risk factor for predicting
prognosis of PAAD patients.

Construction of Nomogram Based on
RiskScore
Nomogram helps to display the results of the risk model
intuitively and effectively. It uses the length of the straight line
to represent the impact of different variables on the outcome. I
combined RiskScore and N stage to build a nomogram model
(Figure 11A). It showed that the RiskScore had a significantly
high impact on the prognosis of patients. The calibration plot
showed that my nomogram model had high accuracy
(Figure 11B). The Decision Curve Analysis (DCA) curve
showed that the nomogram had higher net benefit and better
clinical applicability (Figure 11C).

Expression Verification of lncRNA
The expressions of lncRNAs in normal pancreatic and pancreatic
cancer samples were detected by RT-PCR. The results showed
that AL161431.1, LINC00663, LINC00941, and SNHG10 were

highly expressed in pancreatic cancers samples; in particular,
AL161431.1 and LINC00663 had significantly higher levels.
However, the expression of TM4SF1-AS1 was lower in normal
cells (Figure 12).

DISCUSSION

As pancreatic cancer patients do not exhibit any clinical
symptoms at the early stages, detection inability and lack of
early treatment lead to a low 5-year survival rate among them
(Luo et al., 2019). Thus, it is important to identify potential
molecular markers and therapeutic targets for pancreatic
cancer.

To date, studies have reported abnormal expression of
lncRNAs in several diseases. With the deepening of my
understanding of their functions, their role in tumors has
also been gradually uncovered. Abnormally expressed
lncRNAs are key regulators of important biological
functions in cancer cells (Harries, 2012). For example,
linc01207 regulates ARHGAP11A and promotes the
progression of non-small cell lung cancer by secreting mir-
525-5p (Zhang et al., 2022); long noncoding RNA, SNHG10,
promotes the malignant progression of colorectal cancer cells

FIGURE 9 | (A) Clustering correlation coefficients for KEGG pathways and RiskScores >0.5; (B) For KEGG pathways with risk score correlations >0.5, the change
in the relationship of ssGSEA score for each sample with the increase in risk score was calculated. The horizontal axis represents the sample, and the risk score increases
from left to right.
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by targeting mir-3690 (Zhang et al., 2021a). The important
functions of lncRNAs are also described in pancreatic cancer.
Different lncRNAs can either inhibit or promote cancer
progression. For example, lncRNA-ZNFTR inhibits
pancreatic cancer cells by regulating the ATF3/ZNF24/
VEGFA pathway (Li et al., 2021a). lncRNA LINC00857 acts
as a competitive endogenous RNA of miR-340-5p and
upregulates the expression of TGFA, thereby, enhancing
the malignant behavior of pancreatic cancer cells (Li et al.,
2021b). However, most of these current studies focus on the
function of a particular lncRNA. There is no systematic
analysis of lncRNAs and PCGs aberrations in pancreatic
cancer. In this study, the 2237 epi-lncRNAs, 11855 non-
epi-lncRNAs, 13518 epi-PCGs, and 6097 non-epi-PCGs
differentially expressed genes in pancreatic cancer were
identified by differential analysis. The abnormal frequency
of lncRNAs in pancreatic cancer was much lower than that of
PCGs. Further analysis of these specific epigenetically
dysfunctional lncRNAs in pancreatic cancer showed that
138 epi-lncRNAs were related to known human cancers;
among them, 22 were directly related to pancreatic cancer.
There were significant differences in the expression of the
22 epi-lncRNAs between normal and tumor tissue samples. To
further understand the potential prognostic value of
imbalance in epi-lncRNAs, I analyzed the survival of 138
differentially expressed epi-lncRNAs genes; among them,
10 genes were related to survival, including AL161431.1,
CAHM, DANCR, LINC00663, LINC00857, LINC00941,
LINC01089, SNHG10, SOCS2-AS1, and TM4SF1-AS1.
Further, AL161431.1, LINC00663, LINC00941, SNHG10,
and TM4SF1-AS1 were selected as prognostic markers, and
they had good prognostic prediction performance. Subgroup
analysis for different clinical characteristics also showed good
prognostic prediction performance, which indicated that the
constructed prognostic model had good clinical applicability.

Previous studies reported that AL161431.1 is highly expressed
in pancreatic cancer cells and tissues and enhances tumor
progression by promoting the cell cycle (Ma et al., 2021).
AL161431.1 also promotes cell proliferation and migration in
endometrial cancer by targeting mir-1252-5p and MAPK
signaling pathways (Gu and Liu, 2020). The expression of
LINC00663 in glioma tissues and cell lines is higher as
compared to the normal brain tissues and human
astrocytes. LINC0066312 may play a cancer-promoting role
by accelerating the development and progression of glioma
through the regulation of the Akt/mTOR pathway. Its high
expression is associated with a low overall survival rate in
glioma patients (Pan et al., 2021). Additionally, LINC00663
expression is low in DU-145 and PC3 prostate cancer, HGC-
27 stomach carcinoma, CRL-1469 pancreatic carcinoma,
A549 lung cancer, MCF7 breast cancer, and BCPAP thyroid
cancer cell lines (Bozgeyik et al., 2016). LINC00941 promotes
the progression of pancreatic cancer by regulating the Hippo
pathway and promoting glycolysis in pancreatic cancer cells
(Xu et al., 2021). LINC00941 promotes the progression of
esophageal squamous cell carcinoma by regulating PMEPA1
expression as a competitive endogenous RNA of mir-877-3p
(Zhang et al., 2021b). LINC00941 regulates VEGFA
expression by adsorbing mir-877-3p and promotes the
progression of non-small cell lung cancer (Ren et al., 2021).
SNHG10 can promote tumor progression in colorectal cancer
(Zhang et al., 2021a) and acute myoid leukemia (AML)
through microRNA interaction (Xiao et al., 2021).
However, as compared to non-tumor tissues, the expression
of SNHG10 in non-small cell lung cancer (NSCLC) is down-
regulated, and its underlying mechanism could be the
regulation of miR-21 gene methylation to enhance NSCLC
cell proliferation (Liang et al., 2020). TM4SF1-AS1 promotes
the progression of gastric cancer (He et al., 2021) and lung
cancer (Zhou et al., 2020) by activating the PI3K-Akt signaling

FIGURE 10 | (A) Univariate analysis in TCGA data set; (B) Multivariate analysis in TCGA data set.
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pathway. The expression of these five lncRNAs in pancreatic
cancer cells and normal pancreatic cells were obtained by RT-
PCR. AL161431.1, LINC00663, LINC00941, and SNHG10
expressions in pancreatic cancer cells were relatively higher
as compared to the normal cells. This was consistent with the
findings of previous reports; however, the specific

mechanisms promoting pancreatic cancer need further
investigation.

Regarding the mode and mechanism of lncRNAs in the
tumor, the current research provided theoretical support for
the hypothesis that the dysregulated lncRNAs, miRNAs, and
mRNAs form a regulatory ceRNA network to promote or

FIGURE 11 | (A) The nomogram model based on RiskScore and N stage; (B) The calibration plot of the nomogram; (C) The decision curve analysis of the
nomogram model.
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inhibit cancer; such a mechanism also exists in pancreatic
cancer (Song et al., 2016; Zhou et al., 2016; Fu et al., 2017).
However, previous studies are limited to genes that are
abnormally expressed, and the mechanism of their actions
remains unclear. In this study, I not only detected the
abnormally expressed genes in pancreatic cancer but also
combined histone methylation and acetylation abnormalities
in tumors, the most common modifications, for my analyses.
DNA methylation is mediated by methyltransferases and plays
an important role in the occurrence and development of
tumors (Jaenisch and Bird, 2003; Pfeifer, 2018). Common
methylation is methylation at different sites on gene
promoters, while hypermethylation can inhibit gene
expression (Gujar et al., 2019). Gene methylation is an
important factor in tumorigenesis, but its specific
underlying mechanism remains unclear (Pfeifer, 2018).
Acetylation occurs on the specific lysine residues of the four
histones and usually promotes gene transcription (Bauer et al.,
2021; Gen et al., 2021).

In this study, I identified the differentially expressed genes
and further found that the abnormal histone modifications in
the lncRNAs mainly included H3K36me3, H3K27me3,
H3K27ac, H3K9me3, H3K4me1, and H3K4me3. The
expression of these modifications at promoter sites was
significantly different between tumors and normal tissues,
and these participated in several tumor-related pathways,
such as in “PANCREATIC_CANCER” and
“BLADDER_CANCER.” These modifications not only
regulated gene expression, but also were related to RNA
modifications, including m6A, m5C, and m1A RNA-related
modifications. This showed that abnormal epigenetic
modifications may be the initial factors of gene expression
imbalance which could potentially run through multiple steps
of gene expression regulation.

I further refined my knowledge of the mechanism of abnormal
methylation and acetylation. Enhancer is a cis-acting element that
binds to transcription factor (TF) and activates gene transcription
even at long distances (Calo and Wysocka, 2013; Shlyueva et al.,
2014; Nizovtseva et al., 2017). Abnormal histones modifications
at gene enhancers and transcription factors (TF) can lead to

abnormal gene expression. For example, if H3K27ac exists at this
site, the gene is easier to be transcribed and the expression
increases. However, if H3K27me3 replaces H3K27ac in this
region, the gene is in a state of transcriptional inhibition and
the expression is downregulated (Kemmeren et al., 2014;
McDaniel et al., 2017). My results showed that
for H3K4me1_enhancer,H3K4me1_promoter, H3K4me3_
enhancer, H3K4me3_promoter, H3K27ac_enhancer,
H3K27ac_promoter, and H3K27me3_enhancer, the
enrichment scores at enhancer in tumor samples were
significantly higher as compared to the adjacent
normal samples. For H3KH3K9me3_enhancer,
H3KH3K9me3_promoter, H3K27me3_promoter,H3K36me3_
enhancer, and H3K36me3_promoter, the enrichment scores at
promoters in adjacent samples were significantly higher as
compared to the tumor samples. On the one hand, it implied
that the abnormal methylation and acetylation of these enhancers
and TFs were cancer-promoting or tumor-inhibiting. On the
other hand, I also found that there are characteristic abnormal
modification sites in tumors and normal tissues, which made us
propose the above-mentioned hypothesis. Whether these
modification sites can be used as therapeutic targets or site-
specific modification inhibitors can be used simultaneously,
needs further basic experiments and clinical data for validation.

In this study, the target lncRNA is mainly identified
through bioinformatic data analysis combined with the
validation of cell lines. However, given the limited
laboratory conditions, it is hard for us to conduct more in-
depth experiments. I will conduct a more in-depth mechanism
study once the conditions are in place.

In conclusion, the pancreatic cancer-specific epi-lncRNAs
through a systematic analysis of 100s of candidates lncRNAs
from the TCGA database were identified. I examined the
abnormal expression profiles of cancer-specific lncRNAs
related to prognosis and clinicopathological parameters.
Importantly, I constructed a five-epi-lncRNA signature
based on the representative lncRNAs to evaluate the
prognostic prediction in pancreatic cancer patients. It found
that it could be used as an independent prognostic marker for
PAAD. In addition, the aberrant modification methods and

FIGURE 12 | RT-PCR was used to detect the expression levels of AL161431.1, LINC00663, LINC00941, SNHG10, and TM4SF1-AS1 in normal pancreatic and
pancreatic cancer samples (*p < 0.05, **p < 0.01, ***p < 0.001).
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loci of pancreatic cancer were systematically analyzed, which
indicated aberrant epigenetic modifications between tumors
and normal tissues. The findings may have implications for
identifying effective therapeutic targets for clinical
applicability.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

MK contributed to the literature investigation, data collection, writing
the manuscript, providing useful discussion of its content, and
undertaking reviews or revising the manuscript before submission.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.860323/
full#supplementary-material

REFERENCES

Allemani, C., Matsuda, T., Di Carlo, V., Harewood, R., Matz, M., Nikšić, M., et al.
(2018). Global Surveillance of Trends in Cancer Survival 2000-14 (CONCORD-
3): Analysis of Individual Records for 37 513 025 Patients Diagnosed with One
of 18 Cancers from 322 Population-Based Registries in 71 Countries. Lancet 391
(10125), 1023–1075. doi:10.1016/S0140-6736(17)33326-3

Bauer, T. L., Collmar, K., Kaltofen, T., Loeffler, A. K., Decker, L., Mueller, J.,
et al. (2021). Functional Analysis of Non-genetic Resistance to Platinum in
Epithelial Ovarian Cancer Reveals a Role for the MBD3-NuRD Complex in
Resistance Development. Cancers (Basel) 13 (15). doi:10.3390/
cancers13153801

Bozgeyik, E., Igci, Y. Z., Sami Jacksi, M. F., Arman, K., Gurses, S. A., Bozgeyik, I.,
et al. (2016). A Novel Variable Exonic Region and Differential Expression of
LINC00663 Non-coding RNA in Various Cancer Cell Lines and Normal
Human Tissue Samples. Tumor Biol. 37 (7), 8791–8798. doi:10.1007/s13277-
015-4782-3

Calo, E., andWysocka, J. (2013). Modification of Enhancer Chromatin: what, How,
and Why? Mol. cell 49 (5), 825–837. doi:10.1016/j.molcel.2013.01.038

Chen, B., Li, Q., Zhou, Y., Wang, X., Zhang, Q., Wang, Y., et al. (2018). The Long
Coding RNA AFAP1-AS1 Promotes Tumor Cell Growth and Invasion in
Pancreatic Cancer through Upregulating the IGF1R Oncogene via
Sequestration of miR-133a. Cell Cycle 17 (16), 1949–1966. doi:10.1080/
15384101.2018.1496741

Cheng,W. S., Tao,H.,Hu, E. P., Liu, S., Cai, H. R., Tao, X. L., et al. (2014). BothGenes and
lncRNAs can be Used as Biomarkers of Prostate Cancer by Using High Throughput
Sequencing Data. Eur. Rev. Med. Pharmacol. Sci. 18 (22), 3504–3510.

Fu, X.-L., Liu, D.-J., Yan, T.-T., Yang, J.-Y., Yang, M.-W., Li, J., et al. (2016).
Analysis of Long Non-coding RNA Expression Profiles in Pancreatic Ductal
Adenocarcinoma. Sci. Rep. 6, 33535. doi:10.1038/srep33535

Fu, Z., Li, G., Li, Z., Wang, Y., Zhao, Y., Zheng, S., et al. (2017). Endogenous
miRNA Sponge LincRNA-ROR Promotes Proliferation, Invasion and Stem
Cell-like Phenotype of Pancreatic Cancer Cells. Cell Death Discov. 3, 17004.
doi:10.1038/cddiscovery.2017.4

Gen, Y., Muramatsu, T., Inoue, J., and Inazawa, J. (2021). miR-766-5p Targets
Super-enhancers by Downregulating CBP and BRD4. Cancer Res. 81 (20),
5190–5201. doi:10.1158/0008-5472.CAN-21-0649

Gu, Y., Chen, T., Li, G., Yu, X., Lu, Y., Wang, H., et al. (2015). LncRNAs: Emerging
Biomarkers in Gastric Cancer. Future Oncol. 11 (17), 2427–2441. doi:10.2217/
fon.15.175

Gu, Z. R., and Liu, W. (2020). The LncRNA AL161431.1 Targets miR-1252-5p and
Facilitates Cellular Proliferation and Migration via MAPK Signaling in
Endometrial Carcinoma. Eur. Rev. Med. Pharmacol. Sci. 24 (5), 2294–2302.
doi:10.26355/eurrev_202003_20495

Gujar, H., Weisenberger, D. J., and Liang, G. (2019). The Roles of Human DNA
Methyltransferases and Their Isoforms in Shaping the Epigenome. Genes
(Basel) 10 (2). doi:10.3390/genes10020172

Guo, Q., Cheng, Y., Liang, T., He, Y., Ren, C., Sun, L., et al. (2015).
Comprehensive Analysis of lncRNA-mRNA Co-expression Patterns
Identifies Immune-Associated lncRNA Biomarkers in Ovarian Cancer
Malignant Progression. Sci. Rep. 5, 17683. doi:10.1038/srep17683

Harries, L. W. (2012). Long Non-coding RNAs and Human Disease. Biochem. Soc.
Trans. 40 (4), 902–906. doi:10.1042/bst20120020

He, C., Qi, W., andWang, Z. (2021). Effect and Mechanism of Downregulating the
Long-Chain Noncoding RNA TM4SF1-AS1 on the Proliferation, Apoptosis
and Invasion of Gastric Cancer Cells. World J. Surg. Onc 19 (1), 226. doi:10.
1186/s12957-021-02334-y

Jaenisch, R., and Bird, A. (2003). Epigenetic Regulation of Gene Expression: How
the Genome Integrates Intrinsic and Environmental Signals. Nat. Genet. 33
(Suppl. l), 245–254. doi:10.1038/ng1089

Jathar, S., Kumar, V., Srivastava, J., and Tripathi, V. (2017). Technological
Developments in lncRNA Biology. Adv. Exp. Med. Biol. 1008, 283–323.
doi:10.1007/978-981-10-5203-3_10

Kemmeren, P., Sameith, K., van de Pasch, L. A. L., Benschop, J. J., Lenstra, T. L.,
Margaritis, T., et al. (2014). Large-scale Genetic Perturbations Reveal
Regulatory Networks and an Abundance of Gene-specific Repressors. Cell
157 (3), 740–752. doi:10.1016/j.cell.2014.02.054

Krempley, B. D., and Yu, K. H. (2017). Preclinical Models of Pancreatic Ductal
Adenocarcinoma. Chin. Clin. Oncol. 6 (3), 25. doi:10.21037/cco.2017.06.15

Li, C., Zhou, L., He, J., Fang, X.-Q., Zhu, S.-W., and Xiong, M.-M. (2016). Increased
Long Noncoding RNA SNHG20 Predicts Poor Prognosis in Colorectal Cancer.
BMC cancer 16, 655. doi:10.1186/s12885-016-2719-x

Li, H.,Wang,M., Zhou, H., Lu, S., and Zhang, B. (2020). LongNoncoding RNAEBLN3P
Promotes the Progression of Liver Cancer via Alteration of microRNA-144-3p/
DOCK4 Signal. Cmar Vol. 12, 9339–9349. doi:10.2147/cmar.s261976

Li, J., Wang, X., Tang, J., Jiang, R., Zhang, W., Ji, J., et al. (2015). HULC and
Linc00152 Act as Novel Biomarkers in Predicting Diagnosis of
Hepatocellular Carcinoma. Cell Physiol. Biochem. 37 (2), 687–696.
doi:10.1159/000430387

Li, T., Zhao, H., Zhou, H., and Geng, T. (2021a). LncRNA LINC00857 Strengthens
the Malignancy Behaviors of Pancreatic Adenocarcinoma Cells by Serving as a
Competing Endogenous RNA for miR-340-5p to Upregulate TGFA Expression.
PloS one 16 (3), e0247817. doi:10.1371/journal.pone.0247817

Li, W., Han, S., Hu, P., Chen, D., Zeng, Z., Hu, Y., et al. (2021b). LncRNA ZNFTR
Functions as an Inhibitor in Pancreatic Cancer by Modulating ATF3/ZNF24/
VEGFA Pathway. Cell Death Dis. 12 (9), 830. doi:10.1038/s41419-021-04119-3

Li, Z., Jiang, P., Li, J., Peng, M., Zhao, X., Zhang, X., et al. (2018). Tumor-derived
Exosomal Lnc-Sox2ot Promotes EMT and Stemness by Acting as a ceRNA in
Pancreatic Ductal Adenocarcinoma. Oncogene 37 (28), 3822–3838. doi:10.
1038/s41388-018-0237-9

Liang, M., Wang, L., Cao, C., Song, S., and Wu, F. (2020). LncRNA SNHG10 Is
Downregulated in Non-small Cell Lung Cancer and Predicts Poor Survival.
BMC Pulm. Med. 20 (1), 273. doi:10.1186/s12890-020-01281-w

Locker, G. Y., Hamilton, S., Harris, J., Jessup, J. M., Kemeny, N., Macdonald, J. S.,
et al. (2006). ASCO 2006 Update of Recommendations for the Use of Tumor
Markers in Gastrointestinal Cancer. Jco 24 (33), 5313–5327. doi:10.1200/jco.
2006.08.2644

Luo, G., Zhang, Y., Guo, P., Ji, H., Xiao, Y., and Li, K. (2019). Global Patterns and
Trends in Pancreatic Cancer Incidence. Pancreas 48 (2), 199–208. doi:10.1097/
mpa.0000000000001230

Ma, G., Li, G., Fan, W., Xu, Y., Song, S., Guo, K., et al. (2021). The Role of Long
Noncoding RNA AL161431.1 in the Development and Progression of
Pancreatic Cancer. Front. Oncol. 11, 666313. doi:10.3389/fonc.2021.666313

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 86032316

Ke Multi-Omics Signature in Pancreatic Cancer

https://www.frontiersin.org/articles/10.3389/fmolb.2022.860323/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.860323/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)33326-3
https://doi.org/10.3390/cancers13153801
https://doi.org/10.3390/cancers13153801
https://doi.org/10.1007/s13277-015-4782-3
https://doi.org/10.1007/s13277-015-4782-3
https://doi.org/10.1016/j.molcel.2013.01.038
https://doi.org/10.1080/15384101.2018.1496741
https://doi.org/10.1080/15384101.2018.1496741
https://doi.org/10.1038/srep33535
https://doi.org/10.1038/cddiscovery.2017.4
https://doi.org/10.1158/0008-5472.CAN-21-0649
https://doi.org/10.2217/fon.15.175
https://doi.org/10.2217/fon.15.175
https://doi.org/10.26355/eurrev_202003_20495
https://doi.org/10.3390/genes10020172
https://doi.org/10.1038/srep17683
https://doi.org/10.1042/bst20120020
https://doi.org/10.1186/s12957-021-02334-y
https://doi.org/10.1186/s12957-021-02334-y
https://doi.org/10.1038/ng1089
https://doi.org/10.1007/978-981-10-5203-3_10
https://doi.org/10.1016/j.cell.2014.02.054
https://doi.org/10.21037/cco.2017.06.15
https://doi.org/10.1186/s12885-016-2719-x
https://doi.org/10.2147/cmar.s261976
https://doi.org/10.1159/000430387
https://doi.org/10.1371/journal.pone.0247817
https://doi.org/10.1038/s41419-021-04119-3
https://doi.org/10.1038/s41388-018-0237-9
https://doi.org/10.1038/s41388-018-0237-9
https://doi.org/10.1186/s12890-020-01281-w
https://doi.org/10.1200/jco.2006.08.2644
https://doi.org/10.1200/jco.2006.08.2644
https://doi.org/10.1097/mpa.0000000000001230
https://doi.org/10.1097/mpa.0000000000001230
https://doi.org/10.3389/fonc.2021.666313
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Mayerle, J., Kalthoff, H., Reszka, R., Kamlage, B., Peter, E., Schniewind, B., et al.
(2018). Metabolic Biomarker Signature to Differentiate Pancreatic Ductal
Adenocarcinoma from Chronic Pancreatitis. Gut 67 (1), 128–137. doi:10.
1136/gutjnl-2016-312432

McDaniel, S. L., Hepperla, A. J., Huang, J., Dronamraju, R., Adams, A. T., Kulkarni,
V. G., et al. (2017). H3K36 Methylation Regulates Nutrient Stress Response in
Saccharomyces cerevisiae by Enforcing Transcriptional Fidelity. Cell Rep. 19
(11), 2371–2382. doi:10.1016/j.celrep.2017.05.057

Nizovtseva, E. V., Todolli, S., Olson, W. K., and Studitsky, V. M. (2017). Towards
Quantitative Analysis of Gene Regulation by Enhancers. Epigenomics 9 (9),
1219–1231. doi:10.2217/epi-2017-0061

O’Brien, D. P., Sandanayake, N. S., Jenkinson, C., Gentry-Maharaj, A.,
Apostolidou, S., Fourkala, E.-O., et al. (2015). Serum CA19-9 Is Significantly
Upregulated up to 2 Years before Diagnosis with Pancreatic Cancer:
Implications for Early Disease Detection. Clin. Cancer Res. 21 (3), 622–631.
doi:10.1158/1078-0432.ccr-14-0365

Orth, M., Metzger, P., Gerum, S., Mayerle, J., Schneider, G., Belka, C., et al. (2019).
Pancreatic Ductal Adenocarcinoma: Biological Hallmarks, Current Status, and
Future Perspectives of Combined Modality Treatment Approaches. Radiat.
Oncol. 14 (1), 141. doi:10.1186/s13014-019-1345-6

Pan, M., Shi, J., Yin, S., Meng, H., He, C., and Wang, Y. (2021). The Effect and
Mechanism of LINC00663 on the Biological Behavior of Glioma. Neurochem.
Res. 46 (7), 1737–1746. doi:10.1007/s11064-021-03311-3

Pfeifer, G. P. (2018). Defining Driver DNA Methylation Changes in Human
Cancer. Int. J. Mol. Sci. 19 (4). doi:10.3390/ijms19041166

Rahib, L., Smith, B. D., Aizenberg, R., Rosenzweig, A. B., Fleshman, J. M., andMatrisian,
L. M. (2014). Projecting Cancer Incidence and Deaths to 2030: the Unexpected
Burden of Thyroid, Liver, and Pancreas Cancers in the United States.Cancer Res. 74
(11), 2913–2921. doi:10.1158/0008-5472.can-14-0155

Ren, M.-H., Chen, S., Wang, L.-G., Rui, W.-X., and Li, P. (2021). LINC00941
Promotes Progression of Non-small Cell Lung Cancer by Sponging miR-877-3p
to Regulate VEGFA Expression. Front. Oncol. 11, 650037. doi:10.3389/fonc.
2021.650037

Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA
Hypothesis: the Rosetta Stone of a Hidden RNA Language? Cell 146 (3),
353–358. doi:10.1016/j.cell.2011.07.014

Shlyueva, D., Stampfel, G., and Stark, A. (2014). Transcriptional Enhancers: from
Properties to Genome-wide Predictions. Nat. Rev. Genet. 15 (4), 272–286.
doi:10.1038/nrg3682

Song, C., Zhang, J., Liu, Y., Pan, H., Qi, H.-p., Cao, Y.-g., et al. (2016). Construction
and Analysis of Cardiac Hypertrophy-Associated lncRNA-mRNA Network
Based on Competitive Endogenous RNA Reveal Functional lncRNAs in
Cardiac Hypertrophy. Oncotarget 7 (10), 10827–10840. doi:10.18632/
oncotarget.7312

Tay, Y., Rinn, J., and Pandolfi, P. P. (2014). TheMultilayered Complexity of ceRNA
Crosstalk and Competition. Nature 505 (7483), 344–352. doi:10.1038/
nature12986

Tesfaye, A. A., Kamgar, M., Azmi, A., and Philip, P. A. (2018). The Evolution into
Personalized Therapies in Pancreatic Ductal Adenocarcinoma: Challenges and

Opportunities. Expert Rev. anticancer Ther. 18 (2), 131–148. doi:10.1080/
14737140.2018.1417844

Xiao, S., Zha, Y., and Zhu, H. (2021). miR-621 May Suppress Cell Proliferation via
Targeting lncRNA SNHG10 in Acute Myeloid Leukemia. Cmar 13, 2117–2123.
doi:10.2147/cmar.s269528

Xu, M., Cui, R., Ye, L., Wang, Y., Wang, X., Zhang, Q., et al. (2021). LINC00941
Promotes Glycolysis in Pancreatic Cancer by Modulating the Hippo
Pathway. Mol. Ther. - Nucleic Acids 26, 280–294. doi:10.1016/j.omtn.
2021.07.004

Yan, X., Hu, Z., Feng, Y., Hu, X., Yuan, J., Zhao, S. D., et al. (2015). Comprehensive
Genomic Characterization of Long Non-coding RNAs across Human Cancers.
Cancer cell 28 (4), 529–540. doi:10.1016/j.ccell.2015.09.006

Zhang, B., Jin, Z., and Zhang, H. (2022). LINC01207 Promotes the Progression of
Non-small Cell Lung Cancer via Regulating ARHGAP11A by Sponging miR-
525-5p. Cancer Biomark. 33, 401–414. doi:10.3233/CBM-203197

Zhang, H., Fang, Z., Guo, Y., and Wang, D. (2021). Long Noncoding RNA
SNHG10 Promotes Colorectal Cancer Cells Malignant Progression by
Targeting miR-3690. Bioengineered 12 (1), 6010–6020. doi:10.1080/
21655979.2021.1972199

Zhang, Y., Zhu, H., Sun, N., Zhang, X., Liang, G., Zhu, J., et al. (2021). Linc00941
Regulates Esophageal Squamous Cell Carcinoma via Functioning as a
Competing Endogenous RNA for miR-877-3p to Modulate PMEPA1
Expression. Aging 13 (13), 17830–17846. doi:10.18632/aging.203286

Zhou, F., Wang, J., Chi, X., Zhou, X., and Wang, Z. (2020). lncRNA TM4SF1-
AS1 Activates the PI3K/AKT Signaling Pathway and Promotes the
Migration and Invasion of Lung Cancer Cells. Cmar 12, 5527–5536.
doi:10.2147/cmar.s254072

Zhou, M., Diao, Z., Yue, X., Chen, Y., Zhao, H., Cheng, L., et al. (2016).
Construction and Analysis of Dysregulated lncRNA-Associated ceRNA
Network Identified Novel lncRNA Biomarkers for Early Diagnosis of
Human Pancreatic Cancer. Oncotarget 7 (35), 56383–56394. doi:10.18632/
oncotarget.10891

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ke. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 86032317

Ke Multi-Omics Signature in Pancreatic Cancer

https://doi.org/10.1136/gutjnl-2016-312432
https://doi.org/10.1136/gutjnl-2016-312432
https://doi.org/10.1016/j.celrep.2017.05.057
https://doi.org/10.2217/epi-2017-0061
https://doi.org/10.1158/1078-0432.ccr-14-0365
https://doi.org/10.1186/s13014-019-1345-6
https://doi.org/10.1007/s11064-021-03311-3
https://doi.org/10.3390/ijms19041166
https://doi.org/10.1158/0008-5472.can-14-0155
https://doi.org/10.3389/fonc.2021.650037
https://doi.org/10.3389/fonc.2021.650037
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1038/nrg3682
https://doi.org/10.18632/oncotarget.7312
https://doi.org/10.18632/oncotarget.7312
https://doi.org/10.1038/nature12986
https://doi.org/10.1038/nature12986
https://doi.org/10.1080/14737140.2018.1417844
https://doi.org/10.1080/14737140.2018.1417844
https://doi.org/10.2147/cmar.s269528
https://doi.org/10.1016/j.omtn.2021.07.004
https://doi.org/10.1016/j.omtn.2021.07.004
https://doi.org/10.1016/j.ccell.2015.09.006
https://doi.org/10.3233/CBM-203197
https://doi.org/10.1080/21655979.2021.1972199
https://doi.org/10.1080/21655979.2021.1972199
https://doi.org/10.18632/aging.203286
https://doi.org/10.2147/cmar.s254072
https://doi.org/10.18632/oncotarget.10891
https://doi.org/10.18632/oncotarget.10891
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Identification and Validation of Apparent Imbalanced Epi-lncRNAs Prognostic Model Based on Multi-Omics Data in Pancreatic C ...
	Introduction
	Methods
	Expression Profiles and Data Preprocessing
	The Genotype-Tissue Expression (GTEx) Data Processing
	Combination of GETx Data and TCGA Data
	450K Methylation Chip Data and Data Preprocessing
	Histone Modification Data and Preprocessing

	Identification of lncRNAs and Protein Coding Genes (PCGs) With Epigenetic Abnormalities
	Genomic Signal Characterization for Epigenetically Dysregulated lncRNAs
	Genomic Map of Epigenetically Dysregulated lncRNAs Modified by Different Histones
	lncRNA-Based Recognition of Pancreatic Cancer-specific Epigenetic Aberrations
	The Relationship Between the Epigenetic Imbalance in lncRNAs and the Prognosis of Pancreatic Cancer
	RT-PCR

	Results
	Identification of lncRNAs and PCGs With Epigenetic Aberrations
	Genomic Landscape of Epigenetically Dysregulated lncRNAs
	ssGSEA Analysis of Dysregulated Epi-lncRNAs
	Relationship Between Apparently Dysregulated lncRNAs and RNA Modifications
	Identification of Pancreatic Cancer-specific Epigenetically Dysregulated lncRNAs
	Epigenetically Aberrant lncRNAs Are Associated With the Prognosis of Pancreatic Cancer
	Five Epi-lncRNA Signatures as Prognostic Markers for Pancreatic Cancer
	Risk Model and Prognostic Analysis of Clinical Characteristics
	Performance of Risk Score for Different Clinical Characteristics
	Univariate and Multivariate Analysis of Five-Epi-lncRNA Signature
	Construction of Nomogram Based on RiskScore
	Expression Verification of lncRNA

	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material
	References


