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been shown with important roles in pathological process, interactions or cross-talks among different
RNAs are important to understand the detailed molecular mechanisms in cancer development, especially
discussing cross-talks among isomiRs and other RNAs. Herein, to characterize crucial genes in CCA, the
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a b s t r a c t

Cholangiocarcinomas (CCAs) are tumors that arise from the cholangiocytes. Although some genes have

protein expression profile was performed to survey potential crucial mRNAs and related non-coding
RNAs (ncRNAs) in mRNA-ncRNA network, mainly including miRNAs/isomiRs and lncRNAs. Deregulated
mRNAs were firstly obtained if consistent expression patterns were found at protein and mRNA levels,
and related miRNAs/isomiRs were screened according to regulatory relationships. Diverse isomiRs from
a given miRNA locus also contributed to interactions between the small RNAs and target mRNAs, and
miRNAs were further used to survey related lncRNAs to expand the interactions. Thus, several groups
of RNAs were constructed as candidate competitive endogenous RNA (ceRNA) networks. Finally, we
found that RAB11FIP1:miR-101-3p:MIR3142HG may be a potential ceRNA network, and the interactions
among them may be more complex due to variety of isomiRs. Simultaneously, RAB11FIP1 and miR-194-
5p were also detected other related lncRNAs (FBXL19-AS1, SNHG1 and PVT1) that may be crucial in
coding-non-coding RNA regulatory network. Our results show that diverse isomiRs with sequence and
expression heterogeneities contribute to ceRNA regulatory network that may have crucial roles in CCA,
which will expand our understanding of interactions among diverse RNAs and their contributions in can-
cer development.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cholangiocarcinoma (CCA) is a devastating malignancy that is
difficult to diagnose, and its incidence and mortality drastically
increase annually, despite CCA is a kind of rare disease [1]. CCA
may be mainly caused by multiple risk factors as well as contribu-
tions of genetic factors. Currently, surgery and chemotherapy are
main treatment approaches, but they are still not effective treat-
ments for CCA [2,3]. It has been estimated that patients suffer from
less than 10% of 5-year survival due to rapid progression or tumor
metastasis and poor prognosis [4]. It is urgent to explore the poten-
tial novel diagnostic or therapeutic targets in clinical.

Some genes may have crucial roles during the development and
progression of CCA. For example, SIRT3 may act via an anti-
Warburg effect on the downstream pathway HIF1a/PDK1/PDHA1
in the inhibition of CCA progression [5], TRIM59 may inhibit prolif-
eration via the PI3K/AKT/mTOR signalling pathway [6], the long
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non-coding RNA (lncRNA), CASC15, may promote intrahepatic
cholangiocarcinoma through inducing PRDX2/PI3K/AKT axis [7],
and miR-26a can promote cholangiocarcinoma growth by activat-
ing b-catenin [8]. These studies have shown that some genes, espe-
cially for those non-coding RNAs (ncRNAs), mainly including small
microRNAs (miRNAs) and lncRNAs, have potential crucial roles in
pathologic processes of CAA. Indeed, cross-talk among RNAs may
show more implication in relevant biological pathways, which will
provide references for study of cancer progression, prognosis and
future cancer treatment. Some studies have shown the potential
interactions among differentially expressed RNAs [9,10], implying
their contributions to cancer via complex interactions, especially
between mRNAs and ncRNAs. Further, the regulatory pattern of
miRNA:mRNA may be disturbed if lncRNA can also bind to the
same miRNA, which may protect target mRNA from degradation
by acting as a competitive endogenous RNA (ceRNA) [11,12].
CeRNA network has been widely studied in diverse cancer types
[13–15], and identified potential regulatory axes may be potential
promising targets for cancer treatment. However, it is unclear that
whether and how different molecules co-contribute to the complex
process, particularly complex interaction among multiple miRNA
variants (also termed isomiRs) and other RNAs. In recent years,
multiple isomiRs have been found in small RNAs via in-depth anal-
ysis of high-throughput sequencing data [16–20], and these varied
isomiRs may contribute to disturbing coding-non-coding-RNA reg-
ulatory network via obtaining or losing target mRNAs than their
canonical miRNAs [21]. From a given miRNA locus, multiple iso-
miRs may be generated via alternative cleavage or 30 addition
events [18], and the classical single miRNA sequence is only a
specific member in these isomiRs with heterogeneities of length
and sequence. Compared with the canonical miRNAs, some of their
isomiRs also have distinct targets and functions [22], and relevant
studies have been concerned in recent years [23–25]. It is neces-
sary to perform analysis from the isomiR levels to understand
the interactions among different RNAs, which will enrich our
understanding of regulatory networks and their potential contribu-
tions during the development and progression of cancers.

Herein, to understand the potential interactions among RNAs,
mainly including mRNAs, miRNAs especially for their multiple
isomiRs, and lncRNAs, we firstly screened abnormally expressed
genes from protein profiling and mRNA profiling, respectively,
and then to search potential interactions among mRNAs and
ncRNAs. We aim to discuss the complex interactions of mRNAs
and their small flexible regulators, including levels of miRNAs and
isomiRs, and further screen potential mRNA:isomiR interactions.
Then, miRNAs were used to screen related lncRNAs to explore the
potential cross-talks among RNAs as ceRNA networks, which will
provide implications to understand their potential roles in the
occurrence and development of CCA. This study may contribute to
understanding of the potential regulatory roles of multiple isomiRs
with their targeted mRNAs and lncRNAs as a ceRNA network, espe-
cially in the pathological and physiological processes of cancer,
which will provide candidate targets for precision medicine.
2. Materials and methods

2.1. Protein profiling

A total of 16 pairs of tumor and normal (adjacent-to-tumor
samples) tissues from 16 male patients (all of these patients had
similar ages and disease processes) diagnosed with CCA were
collected from the First Affiliated Hospital of Nanjing Medical
University, Nanjing, Jiangsu, China. Of these, 11 pairs were
performed protein profiling, and another 5 pairs were used to
experimental validation. This study was conducted in accordance
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with the declaration of Helsinki and approval from the Ethics Com-
mittee of Nanjing Medical University, and written informed con-
sent was obtained from each participant.

Expression profiles of protein were measured with Triple
TOF5600 System (AB SCIEX, Concord, ON) fitted with a Nanospray
III source (AB SCIEX, Concord, ON) at LC-BIO Technologies (Hang-
zhou) CO., LTD. Proteins were removed if they were not detected
in more than 12 samples (n = 22). Differentially expressed proteins
were firstly analyzed for the paired data, and only those proteins
with both p < 0.05 (corrected p value) and FC (fold change)
value > 1.20 or < 0.83 were primarily obtained as candidate abnor-
mal proteins. These proteins were further performed in-depth
analysis to discuss their potential biological function in cancer.

2.2. Data resource for further analysis

Based on the screened differentially expressed proteins, further
knowledge for these proteins at RNA levels would contribute to
understanding their potential correlations with pathophysiological
process of cancer. Moreover, the detailed knowledge in diverse
cancer types may provide references for revealing the potential
associations with cancer. Therefore, we obtained sequencing data

in The Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.-

gov/tcga/) using the ‘‘TCGAbiolinks” package [26] (https://doi.org/
10.1093/nar/gkv1507) to perform a comprehensive analysis from
multiple molecular levels, mainly including RNA sequencing data
(mRNA and miRNA levels) and clinical data. Differentially
expressed genes from sequencing data, mainly including mRNAs,
miRNAs/isomiRs and lncRNAs, were obtained using DESeq2 [27].
Genes were identified as abnormally expressed if |log2FC| > 1.5
and padj < 0.05. Candidate mRNAs were collected if they had con-
sistent expression patterns at protein and mRNA levels.

2.3. Function enrichment analysis

In order to understand the potential biological roles of the
screened deregulated mRNAs via protein profiling, functional
enrichment analysis was performed using The Database for Anno-
tation, Visualization and Integrated Discovery (DAVID) version 6.8
[28]. Simultaneously, they were also investigated distributions of
genes associated with hallmarks of cancer [29] (http://software.
broadinstitute.org/gsea/msigdb/) to estimate the potential gene
features. The similar method was used to evaluate the potential
roles in multiple biological processes according to screened gene
sets.

2.4. miRNA:mRNA interactions at miRNA and isomiR levels

Screened differentially expressed genes were used to search
potential interacted small ncRNAs that are important regulatory
molecules. Firstly, the experimentally validated miRNA-mRNA
interactions were collected from the miRNet [30], and involved
miRNAs were further queried for their expression patterns based
on the most dominant isomiR in each miRNA locus. The multiple
isomiRs from gene locus were mainly identified according to the
location annotations of mature miRNA in the miRBase database
[31]. If interacted miRNA and mRNA had opposite dyregulated
expressions, the detailed isomiR expression levels were analyzed.
Co-expression analysis was also used to validate the expression
correlation, which would contribute to validation of interaction
between isomiR and target mRNA.

Moreover, to understand the difference of target mRNAs
between the canonical seed and novel shifted seed from the speci-
fic miRNA locus, their target mRNAs were also predicted using Tar-
getScan 7.0 [32].
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2.5. Sequence analysis

For relevant homologous miRNAs that were interacted with
candidate mRNAs, we also performed sequence analysis to under-
stand their sequence relationships among classical miRNAs and
multiple isomiRs, especially for the potential correlations with
their biological function. First, sequences of miRNAs, mainly
including pre-miRNAs (precursor miRNAs) and mature miRNAs,
were collected from the miRBase database [31]. Second, Homolo-
gous sequences and multiple isomiRs were firstly aligned with
ClustalX 2.1 [33]. A phylogenetic tree of miRNA genes were recon-
structed using Neighbor-Net method in SplitsTree 4.14 [34], and
phylogenetic networks for the mature miRNAs and isomiRs were
obtained using Network 10.2.00 (Copyright Fluxus Technology
Ltd., 2004–2020, https://www.fluxus-engineering.com) based on
the median-joining (MJ) method [35]. Finally, sequence logos were
estimated using WebLogo [36] to assess the potential sequence
features among multiple isomiRs from homologous miRNA loci.
2.6. Interactions with lncRNAs based on screened miRNAs

As a class of ncRNA, lncRNA have been widely concerned
because of its potential regulatory role in coding-non-coding RNA
network. To further understand the potential cross-talks among
different RNAs, associated lncRNAs were collected according to
the screened related miRNAs using starbase database [37,38]. Fur-
ther, we also queried for the related lncRNAs from the protein
level. Then, according to the correlations among different RNAs,
ceRNA network was constructed using ‘‘networkD3” package
(https://CRAN.R-project.org/package = networkD3).
2.7. Quantitative real-time PCR (qRT-PCR) validates mRNA expression
patterns

In order to validate expression patterns of screened genes, qPCR
was performed in another 5 paired normal and tumor tissues. We
selected down-regualted ADH1B and APOC2, and up-regulated
VCAN to validate whether there were consistent expression trends
at mRNA and protein levels. Total RNA was extracted from tumor
and normal tissues using TRIzol reagent (Invitrogen, Carlsbad,
CA), and cDNA was then generated from total RNA using a reverse
transcription kit (Takara, Dalian, China). Gene expression was mea-
sured by qPCR (Lightcycler96, Roche, Basel, Switzerland) using a
SYBR green kit (Yeasen, Shanghai, China). Used primers were
shown in supplemental Table S1. GAPDH was used to as a control
to normalize mRNA levels, and each gene was detected six times in
each tissue.
2.8. Statistical analysis and network visualization

Paired t-test and the Wilcoxon rank sum test were used to esti-
mate differentially expressed proteins and genes based on paired
samples, and unpaired t test and the Wilcoxon rank-sum test were
used for the unpaired samples. A trend test was used to perform
hypothesis testing to understand expression patterns among
diverse isomiRs from the specific miRNA locus. For interactions
between related genes, especially for among different RNAs, fur-
ther network visualization was presented using Cytoscape 3.6.0
[39]. A Pearson or spearman correlation coefficient was estimated
to assess expression relationship. All of these statistical analyses
were analyzed using R programming language (version 3.4.3),
and venn distributions were performed with a publicly available

tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).
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3. Results

3.1. Overview of protein profiling

A total of 70 candidate proteins with abnormal expression
levels were firstly collected from protein profiling, including 40
up-regulated and 30 down-regulated proteins (Table S2). These
proteins were matched 68 genes (both PKM and VCAN were
matched with 2 proteins), and these genes were mainly signifi-
cantly enriched some gene ontology (GO) terms (Fig. S1A), includ-
ing haptoglobin binding, cell adhesion, hemoglobin complex, and
etc. The results showed that these screened proteins were involved
in multiple biological processes, implying their potential roles in
CCA.
3.2. Integrative analysis of protein and mRNA expression

In order to understand expression trends at mRNA levels, candi-
date 70 abnormal proteins were further queried for their expres-
sion patterns at mRNA levels using sequencing data in
cholangiocarcinoma obtained from The Cancer Genome Atlas
(TCGA) database (cholangiocarcinoma was named CHOL). A total
of 25 genes (matched to 27 proteins), including 6 significant
down-regulated and 19 up-regulated genes, were collected from
both protein and mRNA expression levels (Table S3 and Fig. S1B),
and all of these were dominantly and abnormally expressed. Com-
pared with expression distributions at mRNA levels, expression
patterns of proteins were more concentrate (Fig. S1C). These
involved genes were dominantly expressed in bile duct tissue,
implying their potential roles in pathophysiological process of
cholangiocarcinoma. To validate whether there were consistent
expression patterns at mRNA and protein levels, several genes,
including down-regulated ADH1B and APOC2, and up-regulated
VCAN, were performed qRT-PCR experiment (Fig. 1A). Compared
with the detailed protein expression patterns via protein profiling,
mRNA expression showed consistent patterns. These results indi-
cated that protein profiling were consistent with the mRNA
expression levels in CCA patients.

For these 25 genes, paired analysis (n = 9) in cholangiocar-
cinoma was performed to understand the detailed expression
patterns. We found that 21 of them were also identified as
significantly up-regulated or down-regulated genes (Fig. 1B),
which were consistent with above analysis. In order to understand
the potential roles of them in different cancers, they were further
queried for the detailed expression distributions across diverse
cancer types. Many genes were dominantly expressed and showed
consistent expression patterns in diverse tissues (Fig. 1C and
Fig. S1D), especially for ADH1B (significantly down-regulated in
most cancer types) and COL10A1 (significantly up-regulated in
many cancers). These abnormal genes implicated their potential
roles in pathophysiological process. For example, ADH1B may be
involved in multiple biological pathways and contribute to alcohol
abuse and carcinogenesis [40], and COL10A1 might play a crucial
role in gastric cancer progression [41]. Some genes were
specifically abnormally expressed in cholangiocarcinoma, such as
RAB11FIP1 (up-regulated) and APOC2 (down-regulated), indicating
their potential specific biological roles in CCA.
3.3. Functional enrichment analysis shows potential roles of screened
genes

To understand the potential biological roles of the screened 21
deregulated genes, they were further queried for their potential
roles in the hallmarks of cancer and pathways. We found that 11
of them were involved in hallmarks of cancer, and 5 of them were
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Fig. 1. Expression and functional analysis of screened genes. Consistent results of protein profiling and qPCR validation (n = 5). Each gene is detected 6 times in each sample.
Paired analysis in CHOL (n = 9). The log2FC and p values are also presented for each gene based on paired t-test. T: tumor samples; N: paired normal samples. C. Expression
patterns of 21 genes across diverse cancer types. Freq indicates frequency. D. Distribution of involved hallmark of cancer. The above picture shows involved hallmark of
cancer based on 21 screened genes, and the below picture shows distributions for each gene. Tissue Invasion: Tissue invasion and metastasis; Self-sufficiency: Self-sufficiency
in growth signals; Insensitivity: Insensitivity to antigrowth signals; Evading: Evading apoptosis; Reprogramming: Reprogramming energy metabolism.
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involved in self-sufficiency in growth signals and tissue invasion
and metastasis (Fig. 1D), indicating the role in hallmarks of cancer.
Similarly, 9 of themwere involved in 21 KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways, especially for ECM receptor
interaction, focal adhesion and PPAR signaling pathway, and some
genes (such as ADH1B contributed to 6 pathways, and CD36 and
LAMA3 contributed to 4 pathways) were involved in multiple
pathways (Fig. S2A). These results indicated that screened
abnormal genes may contribute to important biological processes.
Moreover, ASNS and PKM were identified as core essential genes
according to the common data of Hart et al. [42], Blomen et al.
[43] and Wang et al. [44], implying their roles in basic biological
processes. Indeed, dual covalent inhibition of PKM and IMPDH
targets metabolism in cutaneous metastatic melanoma [45],
modulation of PKM alternative splicing by PTBP1 can promote
gemcitabine resistance in pancreatic cancer cells [46], and anti-
cancer fatty-acid derivative can induce autophagic cell death via
modulation of PKM isoform expression profile mediated by
bcr-abl in chronic myeloid leukemia [47]. These studies showed
an important role of PKM in cancer.

3.4. miRNA:mRNA interactions from both miRNA and isomiR levels

Based on experimentally validated miRNA:mRNA interactions,
the most dominant isomiR from each miRNA locus was considered
as canonical miRNA to query for its expression patterns (Fig. S2B).
These interactions showed the potential regulatory relationship
between the small RNAs and mRNAs, and some pairs were
screened based on the opposite expression patterns (Fig. S2B).
The screened interactions included 4 mRNAs and 8 miRNAs from
9 interactions, and all of these involved miRNAs or mRNAs were
dominantly expressed in cholangiocarcinoma. These 8 miRNAs
were dynamically expressed across diverse cancer types (Fig. 2A),
and most of them were found with inconsistent expression pat-
terns across different tissues. For example, miR-101-3p was up-
regulated in COAD, but down-regulated in CHOL, LUSC, UCEC and
HNSC, while miR-122-5p was not detected in some cancer types
(Fig. 2A). These various expression patterns showed that the small
RNAs were spatiotemporal expressed, and the flexible expression
patterns may contribute to complex regulatory patterns. Except
for miR-122-5p, other miRNAs were abundantly enriched, espe-
cially in cholangiocarcinoma (Fig. 2B and 2C), implicating that
these abnormal miRNAs may directly or indirectly contribute to
pathophysiological process. SP1-induced upregulation of lncRNA
SPRY4-IT1 could exert oncogenic properties by scaffolding EZH2/
LSD1/DNMT1 and sponging miR-101-3p in cholangiocarcinoma
[48], SNHG6 promoted proliferation and angiogenesis of cholan-
giocarcinoma cells through sponging miR-101-3p and activation
of E2F8 [49], and these studies indicated that the potential role
of miRNA in cancer, especially cross-talks with lncRNAs and
mRNAs.

Then, the detailed isomiR repertoires for the screened 8 miRNAs
were queried to understand the expression patterns of miRNA iso-
forms. Several miRNAs, including miR-101-3p, miR-194-5p, miR-
181a-5p and miR-181b-5p, were found that they could be yielded
from 2 multicopy pre-miRNAs (precursor miRNAs). In order to
understand the detailed expression patterns, we firstly screened
abundant miRNA variants (reads per million mapped reads
(RPM) > 50) to perform expression analysis. Homologous pre-
miRNAs usually had similar expression patterns (Fig. S3A and
S3B), indicating that these multiple miRNA variants could be fur-
ther analyzed based on each pre-miRNA. Indeed, it is difficult to
determine the detailed productions from these multicopy pre-
miRNAs, and we selected the miRNA loci that could generate more
kinds of isomiR types with higher enrichment levels than other
homologous miRNA loci (isomiRs in miR-101-3p was estimated
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from mir-101–2 locus, isomiRs in miR-181a-5p was estimated
from mir-181a-2 locus, isomiRs in miR-181b-5p was estimated
from mir-181b-2, and isomiRs in miR-194-5p was estimated from
mir-194–2 locus). If the cutoff values of expression levels were
reduced, more variants were involved (Fig. S3C and S3D).

3.5. IsomiR expression profiles and sequence relationships

For every miRNA locus, we found that multiple isomiRs could be
detected, but only several of them were highly enriched and many
did not possess higher expression percentages (Fig. 3A). For exam-
ple, isomiRs in miR-10b-5p locus, one isomiR had absolute expres-
sion advantage (p < 0.05 based on trend test), and similar result
could be found in other gene loci, while two dominant isomiRs
with higher expression patterns were detected in miR-181a-5p
locus (p < 0.05) (Fig. 3A). Generally, among the 8 miRNA loci, 1–2
isomiRs could possess>30% total expression (based on variants
with RPM > 20), and the most dominant isomiR showed diverse
expression percentage across different miRNA loci (Fig. 3B). Except
for miR-181b-5p locus, the most dominant isomiRs in other loci
possessed more than 50%, and even more than 80% in miR-625-
3p locus. Further analysis based on tumor and normal samples
showed that the most dominant isomiRs from many gene loci
had consistent sequences (Fig. 3C). These results indicated that iso-
miR expression profiles were always stable, and the most domi-
nant isomiR may have absolute expression advantage. However,
other isomiRs, should be not ignored because they may also have
unexpectedly expression levels, especially those isomiRs with
abnormal expression in tumor samples. In order to understand
the detailed expression patterns, a pan-cancer expression analysis
was performed. IsomiRs showed dynamic expression across
diverse cancers as well as their canonical miRNAs, and different
isomiRs also had inconsistent expression patterns (Fig. 4A).

Although multiple isomiRs could be detected, most of them
were not involved in varied seeds (nucleotides 2–8) (Fig. 4A). Gen-
erally, only 1–2 seeds were detected in these miRNA loci based on
dominantly expressed isomiRs, indicating that the stable seed
sequences could ensure the miRNA:mRNA interactions. Seed from
miR-181-5p (including homologous miRNAs in miR-181 gene fam-
ily) was even derived from 16 different isomiRs. Among domi-
nantly expressed seeds, only 11 novel seeds were involved in
‘‘seed shifting” events, and others were annotated canonical seeds.
To understand the expression patterns of isomiRs with novel seeds,
we further screened several novel seeds and found their dominant
expression patterns (Fig. S4B). Compared with canonical seeds, iso-
miRs with novel seeds generated from seed shifting (shifting to 5’
or 3’ terminus) might gain the new mRNA targets or lose some
mRNA targets via the new 5’ terminus. Thus, consistent seeds from
multiple isomiRs with sequence and expression heterogeneities
can contribute to interactions between small RNAs and target
mRNAs, which maybe not perturb coding-non-coding RNA regula-
tory network although it is unclear whether length variations
affect regulation efficiency, while novel seeds may perturb regula-
tory network by gaining or losing target mRNAs.

Interestingly, we found that 3 miRNAs were derived from
homologous miRNA loci, including miR-181a-5p, miR-181b-5p
and miR-181c-5p. Indeed, there are 4 members in miR-181 gene
family (miR-181a, miR-181b, miR-181c and miR-181d), while
miR-181d was not identified as candidate interacted miRNAs with
screened mRNAs. Among the 4 homologous miRNA genes, two
clades were clustered (Fig. 4B), indicating the close phylogenetic
relationships among mir-181a (including 2 multicopy genes) and
mir-181c loci, and mir-181b (including 2 multicopy genes) and
mir-181d loci, respectively. The mature miRNAs, mainly including
miR-181-5p and miR-181-3p, showed different phylogenetic rela-
tionships (Fig. 4C). Network of miR-181-3p showed the larger



Fig. 2. Screened interacted miRNAs. A. Expression patterns of screened interacted validated miRNAs across diverse cancer types based on the most dominant isomiR. The
detailed baseMean values are also presented in CHOL to show the relative expression distributions. In miR-10b-5p, 29–48 indicates hg38:chr2:176150329–176150348:+; in
miR-101-3p, 45–69 indicates hg38:chr9:4850345–4850369:+; in miR-122-5p, 89–109 indicates hg38:chr18:58451089–58451109:+; in miR-181a-5p, 480–498 indicates
hg38:chr9:124692480–124692498:+; in miR-181b-5p, 26–47 indicates hg38:chr9:124693726–124693747:+; in miR-181c-5p, 25–46 indicates hg38:chr19:13874725–
13874746:+; in miR-194-5p, 404–427 indicates hg38:chr11:64891404–64891427:-; in miR-625-5p, 53–74 indicates hg38:chr14:65471153–65471174:+. B. Expression
levels for each involved miRNA across different cancers. C. Expression levels for each cancer type based on all involved miRNAs.
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genetic distances, and more median vectors were involved in con-
structing the phylogenetic network. miR-181-3p was ever consid-
ered as star miRNA, and it was not well-conserved among different
homologous miRNAs. For the well-conserved miR-181-5p, relevant
isomiRs showed complex network than their canonical miRNA
sequences (Fig. 4C and D). Herein, no varied nucleotides were con-
sidered and only variations in 50 or 30 ends were involved to search
and identify isomiRs, and thus the varied nucleotides were mainly
derived from variation among homologous miRNAs.
5727
3.6. Validation of target mRNAs for isomiRs with novel seeds

To understand the potential change of regulatory pattern when
more isomiRs were involved in analysis, according to dominant
expression patterns, we selected down-regulated isomiRs from
miR-101-3p and miR-194-5p loci to predict their target mRNAs.
Except for the 2 canonical miRNA seeds, there were 2 novel seeds
in miR-194-5p and 1 novel seed in miR-101-3p, and they showed
significant difference in gaining or losing of target mRNAs



Fig. 3. IsomiR expression patterns across different miRNA loci in CHOL. A. The detailed expression distribution for miRNA variants based on involved miRNA loci (all of these
variants with RPM > 20), and number of variants are also presented. For the expression distributions in the specific miRNA locus, p value based on trend test is presented. The
canonical miRNA sequence is highlighted with red. Note: the canonical miR-194-5p is not detected. B. Distribution of dominantly expressed isomiRs on the left (if isomiR
possesses>30% total expression for the specific miRNA locus), and distribution of the most dominant isomiR is presented on the right based on individual sample. The mean
expression percentage and standard deviation are also presented. C. Distribution of the most dominant isomiR in tumor and normal samples, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 5A and B). Although isomiRs with shifted seeds were only
involved in one-nucleotide difference, they might remain the same
targets with their canonical miRNAs, lose targets, or even gain
novel target mRNAs (Fig. 5B). The dynamic fluctuation of isomiR:
mRNA interactions perturbed and complicated the original
miRNA:mRNA interactions [21], especially for those new interac-
tions, showing the potential roles in relevant biological processes.

Here, based on the dynamic target mRNAs between the canon-
ical seed and novel seed, we mainly focused on whether they could
simultaneously bind to the same target RAB11FIP1 that was
5728
screened via protein profiling. According to interaction between
small RNA and RAB11FIP1, both the shifted isomiR and its canoni-
cal miRNA could bind to the same target RAB11FIP1 (Fig. 5C). They
showed opposite expression patterns: RAB11FIP1 was significantly
up-regulated, while both canonical miR-101-3p and its isomiR
with the novel seed were significantly down-regulated (Fig. 5D).
The opposite expression implied interactions between the small
RNAs and RAB11FIP1. IsomiR with novel seed showed binding of
the whole seed and RAB11FIP1, while canonical miRNA showed
only interaction between part of seed (nucleotides 2–7) and



Fig. 4. Expression patterns across diverse cancer types and sequence analysis. A. Expression patterns of involved isomiRs across diverse cancer types, and distributions of
seeds are also presented below the image. Although multiple isomiRs are detected from miRNA loci, only 1–2 seeds are found. The distribution for the total seeds is also
presented on the right. B. A phylogenetic tree of homologous miRNA genes in mir-181 gene family. mir-181d is also simultaneously analyzed despite it is not involved in
validated interactions with candidate mRNAs. C. Phylogenetic networks for miR-181-5p and miR-181-3p, respectively. Red circle indicates median vector. D. Sequence
features for involved isomiRs in homologous miR-181 loci and phylogenetic network of these isomiRs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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RAB11FIP1. Shifted seed led to the stable binding of isomiR and tar-
get mRNA, strongly indicating the potential regulatory roles of
multiple isomiRs. Simultaneously, the significant negative correla-
tions could be found between isomiRs and RAB11FIP1 (Fig. 5E), and
the similar correlations were also detected via all dominant iso-
miRs from miR-101-3p gene locus (Fig. S4C). Further experimental
validation showed that isomiRs with novel seeds in miR-101-3p
locus could inhibit RAB11FIP1 than its canonical miRNA [50]. These
results indicated that isomiR with shifted seed also had biological
role as well as the canonical miRNA, but the varied expression pat-
5729
tern and sequence, especially for the varied seed, would complicate
the interactions between the small RNA and their target mRNA.

3.7. Associated lncRNAs based on screened miRNAs

According to the screened 8 miRNAs, a total of 207 related
lncRNAs were firstly collected. miR-194-5p loci was detected 88
related lncRNAs (Fig. S4D), and some lncRNAs were prone to locate
on several chromosomes, such as chr17 (8.43%) and chr11 (8.43%).
Of these, the same numbers of related lncRNAs (57) were detected



Fig. 5. IsomiR:mRNA interaction and expression patterns. A. Expression distributions of screened predicted target mRNAs and prediction scores using TargetScan algorithm
for canonical seeds and novel seeds from miR-101-3p and miR-194-5p loci. A scatter plot shows screened significantly up-regulated target mRNAs, and distribution of
baseMean values and predicted miRNA:mRNA scores are also presented. B. The interaction network among target mRNAs of canonical seeds and novel seeds showing gain or
loss of target mRNAs. The specific target mRNAs are circled and their numbers are also presented. C. The binding sites of isomiRs in miR-101-3p and target RAB11FIP1
according to TargetScan (http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi?rs=ENST00000287263.4&taxid=9606&members=miR-194-5p&showcnc=0&
shownc=0&shownc_nc=&showncf1=&showncf2=&subset=1#miR-101-3p.1). D. The consistent expression pattern in CHOL based on sequencing data for the isomiR and
mRNA levels. For isomiRs, the Y-axis is log2RPM; for mRNA, the Y-axis is log2FPKM. E. The significant negative correlations between isomiRs in miR-101-3p and RAB11FIP1.
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in homologous miR-181-5p loci, indicating these homologous miR-
NAs could interact with the same lncRNAs, which mainly derived
from similar miRNA sequences.

Based on relative enrichment levels and interactions among dif-
ferent RNAs (if miRNA was significantly up-regulated, its related
lncRNA was significantly down-regulated), 9 significantly deregu-
5730
lated lncRNAs were finally obtained (CASC2, FBXL19-AS1, FENDRR,
LINC00265, LINC02015, LINC02027, MIR3142HG, PVT1, and
SNHG1) (Fig. 6A). Three of them were significantly down-
regulated, while other 6 genes were significantly up-regulated.
Many of these lncRNAs showed association with other RNAs.
CASC2 acts as a tumor suppressor and potentially as a competing

http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi?rs=ENST00000287263.4%26taxid=9606%26members=miR-194-5p%26showcnc=0%26shownc=0%26shownc_nc=%26showncf1=%26showncf2=%26subset=1%23miR-101-3p.1
http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi?rs=ENST00000287263.4%26taxid=9606%26members=miR-194-5p%26showcnc=0%26shownc=0%26shownc_nc=%26showncf1=%26showncf2=%26subset=1%23miR-101-3p.1
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endogenous RNA for miR-21, and plays important role in IDH1 wild
type glioma pathogenesis and patients’ outcomes [51], LINC00265
can promote colorectal tumorigenesis via ZMIZ2 and USP7-
mediated stabilization of beta-catenin [52], and PVT1 exon 9 regu-
lates claudin 4 expression and migration in CL TNBC cells, and may
have clinical implications in CL TNBC [53]. A pan-cancer analysis
showed that some were also deregulated in other cancer types
Fig. 6. Screening of related lncRNAs and potential interactions among different RNAs. A.
and adjust p-values are also presented. B. Expression patterns of lncRNAs in diverse
log2FC < -1.5 and padj < 0.05. C. Paired analysis of screened lncRNAs based on paired samp
3p locus. Red column shows up-regulated expression, blue column shows down-regul
Interactions among different RNAs based on multiple isomiRs from miR-194-5p locus.
expression, and link indicates the absolute value of correlation coefficient. The right inte
PVT1 are significant). (For interpretation of the references to colour in this figure legend
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(Fig. 6B), indicating that they might be correlated with the patho-
logical processes. Of these, LINC02015 was significantly down-
regulated in CHOL and KICH, but it was up-regulated in other can-
cer types. Fewer studies focused on this gene, but the diverged
expression pattern may implicate its role in diverse tissues. Fur-
thermore, we attempted to obtain related lncRNAs with screened
proteins, but no related lncRNAs were found.
The expression distributions of related lncRNAs in tumor samples, and fold change
cancer types. * sig indicates abnormal expression, log2FC > 1.5 and padj < 0.05, or
les. D. Interactions among different RNAs based on multiple isomiRs from miR-101-
ated expression, and link indicates the absolute value of correlation coefficient. E.
Red column shows up-regulated expression, blue column shows down-regulated
raction shows negative correlation (only negative correlations between isomiRs and
, the reader is referred to the web version of this article.)
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3.8. The cross-talks among diverse RNAs

To further understand the detailed expression distributions of
screened lncRNAs, a paired analysis was then performed. We found
that FENDRR and LINC02015 were not significantly deregulated
(Fig. 6C), and thus 7 lncRNAs were finally obtained that were
related with miR-101-3p, miR-194-5p, or miR-625-3p. There were
potential interactions between deregulated mRNAs, miRNAs and
lncRNAs (Fig. S4F), and miRNAs were crucial RNAs that interacted
mRNAs and lncRNAs as regulatory molecules.

Based on the potential roles of multiple isomiRs in miRNA locus,
dominantly expressed isomiRs were queried for correlations with
other RNAs. Due to the lower enrichment level of LINC02027, fur-
ther analysis would focus on other gene loci. In miR-101-3p locus,
5 isomiRs containing 2 seeds were involved, and the interactions
indicated a potential ceRNA network between diverse RNAs
(Fig. 6D). Similar to classical miRNA, isomiR with the shifted seed
also could bind to mRNAs and lncRNAs (Fig. S5), indicating the
potential biological roles of isomiRs with sequence and expression
diversity. Similarly, multiple isomiRs in the miR-194-5p locus also
indicated their biological interactions with other mRNAs and
lncRNAs (Fig. 6E). Of these, due to the small sample size, the corre-
lation coefficient may be not significant, but the interactions still
provided the potential cross-talk among different RNAs, especially
between mRNAs and ncRNAs. These interactions may contribute to
the pathological process, and further complicate the coding-non-
coding RNA interaction network.
4. Discussion

miRNAs have been widely studied as a class of important inhi-
bitory regulators at the post-transcriptional level via interactions
with specific target mRNAs. Increasing evidences have shown that
miRNAs contribute to diagnosis, prognosis and stratification of
cancer treatment in CCA [54–57], and complex interactions with
other molecules are also widely studied [58,59], especially interac-
tions contribute to cancer pathology via ceRNA regulatory network
[9,60–62]. However, many studies only focus on the classical anno-
tated miRNA despite miRNA is not a single sequence, but it is a ser-
ies of multiple isomiRs with expression and sequence diversity
[16–20]. Interactions among different RNAs are more complex than
we thought, because these multiple isomiRs generated from a
given miRNA locus extremely complicate the coding-non-coding
RNA regulatory network. These isomiRs with heterogeneities of
sequence and expression are not random events in miRNA matura-
tion process, which may be a strategy to select dominant sequence
in specific species [16]. Varied isomiRs involved in ‘‘seed shifting”
events may lead to gain or loss of target mRNAs [50], which will
perturb the coding-non-coding RNA interactions that might be cru-
cial in the occurrence and development of cancers. Current related
studies always ignore these varied miRNA isoforms, although these
multiple isomiRs are not random and they also have potential con-
tributions to cancer. Therefore, it is necessary to explore the inter-
actions among different RNAs from the isomiR level, which will
help understanding of the detailed regulatory pattern in vivo.

Herein, based on protein profiling and biological interactions
among RNAs, especially the intermediate link of small ncRNAs
(at miRNA and isomiR levels), we obtained two groups of potential
ceRNA networks (Fig. 6D and E). IsomiRs from the miR-101-3p
locus are involved in the shifted seeds, but these deregulated iso-
miRs may also contribute to abnormal expression patterns of their
target mRNAs. Experimental validation indicates the regulating
role of isomiR with shifted seed [50], and varied seeds expand
and complicate the miRNA repression process [63]. The isomiR-
associated ceRNA network could be used to predict interactions
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among different RNAs, and lncRNAs may perturb isomiR:
mRNA network that further control mRNA expression. If the
expression balance is disturbed, further abnormal expression
patterns may directly or indirectly contribute to further perturbing
of biological pathways. Previous studies have shown that lncRNA
SPRY4-IT1 can positively regulate the expression of EZH2 through
sponging miR-101-3p in cholangiocarcinoma [48], and lncRNA
SOX2OT contributes to gastric cancer progression by sponging
miR-194-5p from AKT2 [64]. RAB11FIP1, also known as RCP, is a
RAB-coupling protein. It may be a human breast cancer-
promoting gene with Ras-activating function [65], and can mediate
epithelial-mesenchymal transition and invasion in esophageal
cancer [66]. Some lncRNAs are also concerned due to their crucial
roles in cancer. For example, PVT1 can promote cell proliferation
and migration by silencing ANGPTL4 expression [67], and SNHG1
may promote malignancy of CCA by regulating the transcription
of CDKN1A [68]. Most screened genes have been verified with
crucial roles in multiple biological processes, and further studies
should be focus on their correlations using experimental
validation.

Taken together, based on protein profiling, we firstly screened
potential crucial proteins to search consistent mRNAs, then to sur-
vey related miRNAs and lncRNAs. Interactions between deregu-
lated RNAs are further queried at the isomiR levels, indicating
that isomiRs with shifted seeds also contribute to the coding-
non-coding RNA regulatory network. We finally obtained several
potential ceRNA networks associated with RAB11FIP1, and these
interactions imply complex cross-talks among different RNAs,
especially interactions at the isomiR level. Further experimental
validation should be focus on their biological function and poten-
tial roles in the occurrence and development of cancer, particularly
the potential values in cancer diagnosis and prognosis, and preci-
sion medicine.
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