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Intrahepatic cholangiocarcinoma (ICC) is a heterogeneous hepatobiliary tumor with poor
prognosis, and it lacks reliable prognostic biomarkers and effective therapeutic targets.
Long non-coding RNAs (lncRNAs) have been documented to be involved in the
progression of various cancers. However, the role of lncRNAs in ICC remains largely
unknown. In the present work, we used bioinformatics analysis to identify the differentially
expressed lncRNAs in human ICC tissues, among which lncRNA-PAICC was found to be
an independent prognostic marker in ICC. Moreover, lncRNA-PAICC promoted the
proliferation and invasion of ICC cells. Mechanistically, lncRNA-PAICC acted as a
competitive endogenous RNA (ceRNA) that directly sponged the tumor suppressive
microRNAsmiR-141-3p andmiR-27a-3p. The competitive binding property was essential
for lncRNA-PAICC to promote tumor growth and metastasis through activating the Hippo
pathway. In summary, our results highlighted the important role of the lncRNA-PAICC-
miR-141-3p/27a-3p-Yap1 axis in ICC, which offers a novel perspective on the molecular
pathogenesis and may serve as a potential target for antimetastatic molecular therapies
of ICC.

Keywords: lncRNAs, intrahepatic cholangiocarcinoma, ceRNA, MiR-27a-3p, MiR-141-3p, Hippo pathway
INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is the common liver malignant tumor after hepatocellular
carcinoma (HCC). In the past 40 years, the global morbidity and mortality of ICC have increased
significantly, highlighting the increasing clinical challenge that was once regarded as a rare disease
(1). In recent years, despite advances in ICC standards of care and management options, the
prognosis of this devastating cancer is still poor. The poor prognosis and high recurrence rate of ICC
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is largely due to its high invasiveness and high rate of early stage
metastasis. At present, surgical resection is the sole curative
treatment option to achieve long-term survival. However, only
approximately 30–40% of ICC patients have the opportunity to
receive surgery, and the 5-year survival rate is only 20–40%. For
patients with unresectable and recurring ICC, standard
chemotherapy regimens (gemcitabine and cisplatin) are only
palliative treatments, resulting in limited survival benefits (2, 3).
In contrast to hepatocellular carcinoma, no specific targeted
molecular therapy for ICC has been approved so far, and
limited clinical trials of targeted therapy for ICC have also
ended in failure (4, 5), thereby emphasizing the urgency of
identifying new therapeutic targets for successful intervention.

The Hippo pathway is an important regulator of cell growth,
apoptosis, and tumorigenesis, and this pathway is highly
conserved in mammals (6). The components of the Hippo
pathway include MST1/2, Sav1, LATS1/2, MOB1, and YAP1.
YAP1 is the main downstream effector molecule of the
pathway, and it can be phosphorylated directly by LATS1/2.
Phosphorylated YAP1 binds to proteins in the cytoplasm and is
degraded by ubiquitination, thus inhibiting the growth-promoting
and anti-apoptosis functions of YAP1. The upstream signal
elements in the Hippo pathway are suppressors, while YAP1 is
negatively regulated by the signal cascade and is considered to be
the oncogene in several cancers (7). However, the current research
on the role and mechanism of this signaling pathway in ICC
remains unclear.

Cancer is a genetic disease that interrupts cell homeostasis
and promotes uncontrollable growth by changing the flow of cell
information (8). The discovery of the genetic code of encoding
proteins has brought a major breakthrough in understanding
how gene mutations cause cancer, and it has established scientific
principles for targeted therapies (9, 10). However, aberrations
within non-coding genomes lead to cancer phenotypes. One of
the most striking discoveries of the genome era was the
recognition that RNA is widely transcribed from non-protein
coding regions because the coding genome accounts for less than
2% of all sequence. At first, lncRNA was considered as the
“noise” of genome transcription and had no biological
function. Further research has found that lncRNA is a type of
non-coding RNA that has tissue expression specificity and can
participate in diverse biological and pathological processes (11,
12). Many studies have reported that lncRNAs drive many
important cancer phenotypes (13–19). However, little attention
has been focused on identifying and elucidating the mechanisms
of lncRNAs and their influence on the invasion-metastasis
cascade in ICC.

The advent of the era of high-throughput sequencing and
data mining has provided tremendous insights into the genome
landscape and has greatly facilitated the discovery of new
valuable biomarkers in the field of cancer (20). In this study,
we elucidated the ceRNA network of ICC through data mining.
We iden t ifi ed lncRNA-RP11 -375 I20 . 6 (Gene ID :
ENSG00000260633), which we named as prognostic-associated
ICC lncRNA (lncRNA-PAICC), and more importantly, we
found that it is critical in ICC tumorigenesis. As a ceRNA,
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lncRNA-PAICC competitively binds to miR-141-3p and miR-
27a-3p. The competitive action of lncRNA-PAICC is essential to
activate the Hippo pathway and thus facilitate the invasion-
metastasis cascade. Our research presents new insights for
understanding the mechanism of ICC and exploring potential
therapeutic targets.
MATERIALS AND METHODS

Bioinformatics Analysis of Data Sets
We searched the GEO database and obtained the following two
data sets: GSE107943 and GSE53870. The GEPIA database
(http://gepia.cancer-pku.cn/index.html) is a comprehensive
online tool that integrates TCGA cancer big data and GTEx
normal tissue projects. The database uses bioinformatics
technology to solve important problems in cancer biology,
revealing cancer subtypes, driving genes, differential expression
or carcinogenic factors to explore new cancer targets
and biomarkers.

Identification of ceRNA Regulatory
Network Involved in Intrahepatic
Cholangiocarcinoma
First, we analyzed the GSE107943 data set to identify
significantly differentially expressed lncRNAs and mRNAs, and
we then performed coexpression and gene function enrichment
analysis to elucidate the main biological processes and signal
pathways involved and further verify and screen the differentially
expressed genes (DEGs) through the GEPIA database. Second,
we analyzed the microRNAs expression profile of GSE53870 to
acquire differentially expressed microRNAs and further
predicted their target genes through online databases
(miRTarBase, TargetScan and DIANA Tools). Finally, based
on the regulatory relationship of the ceRNA network, we
integrated the key regulatory relationship to establish the
eventual ceRNA coexpression network.

The differential expression of lncRNAs and mRNAs in ICC
and adjacent tissues was detected by a t-test. The correlation
between differentially expressed lncRNAs and mRNAs expression
was calculated by Spearman’s correlation test. The final ceRNA
network was screened and determined according to the following
criteria: 1) length of lncRNAs between 200 and 2500 bp; 2) at least
two binding sites between lncRNAs and miRNAs; 3) increase in
lncRNA expression is correlated to poor prognosis; and 4)
decrease of miRNA expression is associated with unfavorable
prognosis. R 3.5.2 (https://www.r-project.org/) was used to
perform all analyses.

Patients and Clinical Samples
From January 2014 to December 2019, 76 pairs of fresh
intrahepatic cholangiocarcinoma and corresponding adjacent
samples were collected from the Third Affiliated Hospital of
Sun Yat-sen University (part of which was from the Clinical
Specimen Bank of the Third Affiliated Hospital of Sun Yat-sen
University). All patients had no preoperative intervention or
January 2021 | Volume 10 | Article 595533
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radiotherapy. All patients in this study signed an informed
consent form and were approved by the Institutional Ethical
Board of Third Affiliated Hospital of Sun Yat-sen University.
Postoperative follow-up of patients was followed by outpatient
clinic and telephone follow-up every 3 months until the patient
had disease-related death or the study was terminated.

Statistical Analysis
Statistical analyses were performed using statistical software R
(version 3.5.2; http://www.r-project.org) and GraphPad Prism
(version 8.0). P <0.05 was defined as statistically significant.
Overall survival (OS) curves were calculated with the Kaplan–
Meier method and were analyzed with the log-rank test.

Other Adopted Methods
Other experiments included cell treatments, RT-PCR, subcellular
localization, construction of cell vectors, transfection of cell
vectors, luciferase reporter assays, RNA immunoprecipitation,
MS2-RIP, western blotting, immunohistochemistry and animal
studies. Please refer to Appendix File 3 for specific details of
these experiments.
RESULTS

Construction and Validation of Yes-
Associated Protein 1-Related ceRNA
Regulatory Networks for Intrahepatic
Cholangiocarcinoma
We retrieved and obtained the relevant data sets of ICC from the
GEO database, and we then analyzed these data sets by
bioinformatics (Figure 1A). In brief, we analyzed the
differentially expressed lncRNAs and mRNAs in GSE107943
and then performed functional enrichment analysis. GO
annotation showed that these DEGs were mainly involved in
cell proliferation and migration (p < 0.01) and other biological
pathways (Figure 1B). KEGG analysis revealed that these DEGs
were mainly involved in signaling pathways regulating cell
proliferation and metastasis (Figure 1C), especially the Hippo
pathway (p < 0.01). Therefore, we further analyzed the
expression of key genes in the Hippo pathway in GSE107943,
and we found that the key effector gene, Yes-associated protein
(YAP1) and its homologous transcriptional coactivator, TAZ,
were significantly elevated in ICC tissues (Figure 1D, a–b). At
the same time, we verified that the expression of YAP1 was also
significantly increased in the GEPIA database compared with
that in normal bile duct tissue (Figure 1D, c). The above analysis
preliminarily confirmed that the Hippo pathway is involved in
the progress of ICC. Subsequently, we analyzed the lncRNAs in
the above data set that were coexpressed with YAP1, and we also
confirmed that the expression level of these lncRNAs was
elevated compared to that in normal bile duct tissue in the
GEPIA data (P < 0.05) (Figure 1D, d–h). By analyzing
the GSE53870 data set and combining with online prediction
tools (miRTarBase, TargetScan and DIANA Tools), we
identified the differentially expressed microRNAs that retarget
Frontiers in Oncology | www.frontiersin.org 3
and regulate YAP1. Finally, by integrating the regulatory
relationship, we obtained a YAP1-related ceRNA regulatory
network (Figure 1E), including five lncRNAs and five
corresponding microRNAs.

To further validate the bioinformatics results, the five
candidate lncRNAs (RP11-57A19.2, CTD-2132N18.2, RP11-
774O3.3, RP11-375I20.6 and CRYM-AS1) were detected in 20
pairs of ICC and corresponding normal samples by RT-PCR.
Compared with those in neighboring tissues, the expression
levels of the five lncRNAs were upregulated in ICC tissues, and
lncRNA-RP11-375I20.6 had the highest expression level (Figure
1F). Therefore, we selected this lncRNA for subsequent studies,
and we named it the prognosis-associated intrahepatic
cholangiocarcinoma lncRNA (lncRNA-PAICC).

By utilizing LNCipedia (https://lncipedia.org/), an
online database integrating multiple databases for human
lncRNAs, we obtained the basic annotation information of
lncRNA-PAICC with a complete sequence of 1,946 bp
(Supplementary Figures 1A, D). The coding ability of
lncRNA-PAICC was predicted by the following two online
coding databases: Coding Potential Calculator (http://cpc.cbi.
pku.edu.cn/) and Coding-Potential Assessment Tool (http://
sourceforge.net/projects/rna-cpat). These prediction tools
adopted different algorithms based on the sequence
characteristics of lncRNA-PAICC. Although this lncRNA has
a 306 nt open reading frame (ORF) (Supplementary Figure
1C), both analyses suggested that it had no coding potential
(Supplementary Figures 1B, C) with sensitivity and specificity
of the coding ability prediction being 0.96 and 0.97, respectively
(21). RT–PCR analysis, fluorescence in situ hybridization and
cytoplasmic/nuclear fractionation indicated that lncRNA-
PAICC is mainly located in the cytoplasm (Figures 1G, H).
Thus, the above data indicated the identification of a novel
lncRNA for ICC.

Novel Long Non-Coding RNA Is Closely
Related to Yes-Associated Protein 1
Expression
After confirming that lncRNA-PAICC levels were significantly
increased in ICC tissues, we evaluated 76 pairs of ICC tissues and
corresponding normal tissues for the expression of lncRNA-PAICC
(Figure 2A) and YAP1 (Figure 2B) by RT-PCR. The expression
levels of lncRNA-PAICC and YAP1 in ICC were significantly
higher than those in normal tissues. In addition, all 76 ICC
tissues were included for Spearman’s correlation analysis, which
indicated a significant positive correlation between lncRNA-PAICC
and YAP1 (r = 0.46, p < 0.05; Figure 2C). These data confirmed that
lncRNA-PAICC expression is significantly enhanced in ICC
specimens (2.0-fold, Figure 2A). The 76 recruited ICC patients
were then classified into a high expression group (>2.0) and low
expression group (<2.0) (Figure 1D). Subsequently, we performed
immunohistochemical analysis on ICC paraffin sections in the
lncRNA-PAICC high and low expression groups (Figure 2E).
The results showed that the staining score of YAP1 in the
lncRNA-PAICC high expression group was significantly higher
than that in the low expression group (Figure 2F).
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FIGURE 1 | Construction and validation of YAP1-related ceRNA regulatory networks for ICC. (A) Bioinformatics Analysis flow diagram. (B) GO annotation of
differentially expressed genes. (C) KEGG analysis of differentially expressed genes. (D) (a) The relative expression level of YAP1 in the GSE107943 data set
(comparison between cancer and corresponding normal tissue, *P<0.05); (b) The relative expression level of TAZ in the GSE107943 data set (comparison between
cancer and corresponding normal tissue, *P<0.05); (c) The relative expression level of YAP1 in the GEPIA database (comparison between cancer and corresponding
normal tissue, P < 0.05); c–h show the relative expression of six genes YAP1, lncRNA-RP11-57A19.2, lncRNA-CTD-2132N18.2, lncRNA-RP11-375I20.6, lncRNA-
RP11-774O3.3, and lncRNA-CRYM-AS1 in the GEPIA database, respectively. (E) The schematic diagram of ceRNA network obtained by bioinformatics analysis.
This subnetwork consists of five lncRNA (red) and five corresponding microRNA (green). (F) The differential expression of five candidate lncRNAs in 20 paired ICC
and normal samples was examined by RT–PCR. Data are mean ± SD (n = 20), *P<0.05. (G) RT–PCR analysis of lncRNA-PAICC expression in HUCCT-1 and QBC-
939 cells. b-actin and U6 were used as endogenous controls. Data are mean ± SD (n = 3). *P < 0.05. (H) Subcellular localization of lncRNA-PAICC by RNA-FISH in
HUCCT-1 and QBC-939 cells.
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These data indicated that there is a significant correlation
between YAP1 and lncRNA-PAICC in ICC tissue.

Long Non-Coding RNA Expression Level Is
Closely Related to the Prognosis of
Intrahepatic Cholangiocarcinoma Patients
After confirmation of elevated lncRNA-PAICC in ICC
specimens, we further investigated its clinical implication based
on clinical and pathological data. We found that the lncRNA-
PAICC expression was related to tumor number (p = 0.022),
Frontiers in Oncology | www.frontiersin.org 5
tumor size (p = 0.034), and vascular invasion (p = 0.001) for ICC
patients (Table 1). Kaplan–Meier analysis showed that the
overall survival (OS) of ICC patients with high expression of
lncRNA-PAICC was significantly worse than that of ICC
patients with low expression of lncRNA-PAICC (Figure 3A).
More importantly, when ICC patients were stratified according
to TNM stage combined with high and low expression of
lncRNA, the OS of patients with low expression of PAICC was
significantly better than that of patients with high expression of
PAICC (Figure 3B). In summary, the above data indicated that
A B

D

E F

C

FIGURE 2 | The novel lncRNA is closely related to YAP1 expression. (A) The relative expression levels of lncRNA-PAICC in 76 pairs of ICC tumors and
corresponding adjacent normal tissues were detected by RT-PCR. Data are mean ± SD (n = 76), *P<0.05. (B) The relative expression levels of YAP1 in 76 pairs of
ICC tumors and corresponding adjacent normal tissues were detected by RT-PCR. Data are mean ± SD (n = 76), *P<0.05. (C) The correlation between lncRNA-
PAICC transcript level and YAP1 mRNA transcript level was measured in 76 ICC tissues. The 2−△△Ct values were subjected to Spearman’s correlation analysis.
(D) The patients were classified into two groups according to relative lncRNA-PAICC expression level. (E) Staining of paraffin sections of human ICC tissue. (a)
Hematoxylin and eosin-stained images of ICC tissues; (b) CK19 expression in ICC tissue; (c) Weak expression of YAP1 in ICC tissue; (d) High expression of YAP1 in
ICC tissue. (F) In the low or high expression groups of lncRNA-PAICC, the average staining score of YAP1 was evaluated by the scatter plot. Data are mean ± SD.
*P < 0.05.
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the expression level of lncRNA-PAICC is strongly linked to the
prognosis of ICC patients.
Intrahepatic Cholangiocarcinoma-PAICC
Promotes Proliferation, Promotes Invasion
and Regulates Yes-Associated Protein 1
Expression in Intrahepatic
Cholangiocarcinoma Cells In Vitro
To investigate the biological function of lncRNA-PAICC in ICC
cell lines, we detected the expression of lncRNA-PAICC in ICC
cell lines and normal human intrahepatic bile duct epithelial cells
(HIBECs) by RT-PCR, and we confirmed that lncRNA-PAICC
expression in ICC cell lines was significantly higher than that in
HIBECs (Figure 4A). Subsequently, we stably knocked down
Frontiers in Oncology | www.frontiersin.org 6
lncRNA-PAICC in HUCCT-1 cells due to its relatively high
expression and overexpressed lncRNA-PAICC in QBC-939 cells
due to its relatively low expression (Supplementary Figures 2A,
B). Cell-counting kit-8 (CCK-8) assays, colony formation assays,
and wound-healing assays all demonstrated that the proliferation
of HUCCT-1 cells was significantly inhibited when lncRNA-
PAICC was silenced (Figures 4B–D, left panel). In contrast, the
proliferation of QBC-939 cells was significantly increased after
exogenous overexpression of lncRNA-PAICC (Figures 4B–D,
right panel). Transwell assays showed that lncRNA-PAICC
knockdown significantly reduced the migration and invasion
ability of HUCCT-1 cells in vitro (Figure 4E, left panel). In
contrast, the migration and invasion ability of QBC-939 cells was
dramatically improved after exogenous overexpression of
lncRNA-PAICC (Figure 4E, right panel). In view of the
TABLE 1 | Correlation between PAICC expression and clinicopathologic characteristics of ICC patientsa.

Characteristics Cases (%) lncRNA-PAICC expression level

High Low p-value

Total Cases 76 (100.00) 38 38
Gender
Female 32 (42.10) 16 16 1.000
Male 44 (57.90) 22 22
Age
<=55 28 (36.85) 15 13 0.812
>55 48 (62.15) 23 25
Pathological
moderately 46 (60.50) 22 24 0.320
poorly 21 (27.60) 13 8
well 9 (11.90) 3 6
CA-199
<=35 12 (15.80) 4 8 0.208
>35 64 (84.20) 34 30
CA-125
<=35 50 (65.80) 25 25 1.000
>35 26 (34.20) 13 13
Tumor Number
Multiple 11 (14.50) 9 2 0.022*
Single 65 (85.50) 29 36
Tumor Size
<=5 29 (38.15) 10 19 0.034*
>5 47 (61.85) 28 19
Vascular invasion
No 41 (53.95) 13 28 0.001*
Yes 35 (46.05) 25 10
TNM-T-Stage
T1a 18 (23.70) 8 10 0.232
T1b 14 (18.40) 7 7
T2 34 (44.70) 15 19
T3 10 (13.20) 8 2
Lymphatic metastasis
N0 56 (73.70) 26 30 0.297
N1 20 (26.30) 12 8
TNM-Stage (AJCC)b

IA 16 (21.05) 6 10 0.647
IB 14 (18.40) 6 8
II 16 (21.05) 8 8
IIIA 10 (13.15) 6 4
IIIB 20 (26.35) 12 8
January 2021 | Volume 10 | A
N of cases, number of cases; T stage, tumor stage; TNM, tumor node metastasis.
aChi-square test, *p < 0.05.
bAmerican Joint Committee on Cancer (AJCC), patients were staged in accordance with the 8th Edition of the AJCC Cancer’s TNM Classification.
The bold values indicate statistically significant differences (P < 0.05).
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significant positive correlation between the expression of YAP1
and lncRNA-PAICC, we also showed that silencing of lncRNA-
PAICC in HUCCT-1 cells resulted in decreased YAP1 in mRNA
and protein levels (Figure 4F, left panel), and when lncRNA was
overexpressed in QBC-939 cells, the trend was reversed (Figure
4F, right panel).

Intrahepatic Cholangiocarcinoma-PAICC
Regulates Intrahepatic
Cholangiocarcinoma Tumor Growth
In Vivo
To investigate whether lncRNA-PAICC has an effect on ICC
growth in vivo, we conducted a subcutaneous tumor formation
experiment in nude mice. The in vivo results showed that the
growth of tumors derived from xenografts lacking lncRNA-
PAICC was significantly inhibited compared with tumors
developed from mock-infected HUCCT-1 cells (Figure 5A
upper panel). In contrast, the tumors derived from the control
xenografts were significantly smaller than those in the QBC-939
cells with exogenous overexpression of lncRNA-PAICC (Figure
5B lower panel). In summary, these results suggested that
lncRNA-PAICC promotes ICC cell invasion and tumor growth
both in vitro and in vivo.

Intrahepatic Cholangiocarcinoma-PAICC
Exerts Its Competitive Endogenous RNA
Function by Directly Sponging microRNAs
Currently, many lncRNAs and pseudogene RNAs have been
hypothesized to be competitive endogenous RNAs (ceRNAs) or
“RNA sponges” that interact with microRNAs and sequester
these molecules to impair their regulation of target mRNAs (22).
Thus, we investigated whether lncRNA-PAICC may function as
a ceRNA. According to the results of our previous bioinformatics
analysis, miR-141-3p and miR-27a-3p are likely to be sponged by
lncRNA-PAICC. The binding schematic and sites of lncRNA-
Frontiers in Oncology | www.frontiersin.org 7
PAICC with these two microRNAs are shown in Figure 6A
(upper panel). According to the assumption of ceRNA, lncRNA
and microRNA should be negatively correlated at the expression
level. Therefore, we further analyzed the correlation between the
expression levels of lncRNA-PAICC and the two microRNAs in
76 human ICC specimens by RT-PCR. As shown in Figure 6B,
Spearman’s correlation analysis suggested that the transcript
level of lncRNA-PAICC was significantly negatively correlated
with that of miR-141-3p (r = −0.53, p < 0.01; Figure 6B upper
panel and miR-27a-3p (r = −0.40, p < 0.05; Figure 6B, lower
panel). More importantly, RT-PCR showed that after lncRNA-
PAICC was silenced, the expression of miR-141-3p and miR-
27a-3p in HUCCT-1 cells significantly increased. After lncRNA-
PAICC was overexpressed in QBC-939 cells, however, the
expression of miR-141-3p and miR-27a-3p was dramatically
reduced (Figure 6C). Using the full sequence of lncRNA-
PAICC, we performed a luciferase reporter assay to verify the
combination of these two miRNAs and lncRNA-PAICC in 293T
cells. LncRNA-PAICC has three and two potential binding sites
with miR-141-3p and miR-27a-3p, respectively, as shown in
Figure 6A (lower panel). To verify the specificity and
comprehensiveness of these binding sites, we designed
luciferase reporter genes containing mutant lncRNA-PAICC
sequences for each of the potential binding sites. Figure 6D
shows that both miR-141-3p and miR-27a-3p reduced the
luciferase activity of the lncRNA-PAICC reporter vector but
did not reduce the luciferase activity of the empty vector. In
addition, miR-150 did not reduce the luciferase activity. When
the three potential binding sites of lncRNA-PAICC for miR-141-
3p were mutated, the luciferase activity decreased to varying
degrees. When all three potential sites in the lncRNA-PAICC
sequence were mutated, miR-141-3p did not reduce the
luciferase activity of the reporter vector. When both potential
binding sites in the lncRNA-PAICC sequence were mutated,
miR-27a-3p did not reduce the luciferase activity of the
reporter vector.
A B

FIGURE 3 | LncRNA-PAICC expression level is closely related to the prognosis of ICC patients. (A) The overall survival rates of 76 ICC patients with high and low
expression of lncRNA-PAICC were compared. P<0.05, P-value was calculated by log-rank test. (B) Kaplan–Meier survival curve analysis of ICC patients with different
expression levels of lncRNA-PAICC stratified by ICC TNM stage. P<0.05. P-value was calculated by log-rank test.
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FIGURE 4 | The lncRNA-PAICC promotes proliferation, promotes invasion and regulates YAP1 expression in ICC cells in vitro. (A) Relative expression of lncRNA-
PAICC in ICC cell lines by RT-PCR. (B) CCK-8 assays were used to examine cell viability of HuCCT-1 and QBC-939 cells after transfection. (C) Colony formation
assays were used to detect the clone ability of HuCCT-1 and QBC-939 cells after transfection. (D) Wound healing assays were shown in HuCCT-1 and QBC-939
cells after transfection. (E) Transwell assays were used to detect cell migration and invasion capacities of HuCCT-1 and QBC-939 cells after transfection. (F) RT-
PCR and western blotting were used to detect mRNA and protein expression levels of YAP1 in HUCCT-1 and QBC-939 after knockdown and overexpression of
lncRNA-PAICC, respectively. (A–F) The data were Data are mean ± SD. Data between two groups were tested using independent sample t-test. *P < 0.05. All the
experiments were repeated three times.
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To verify the binding of these two miRNAs to lncRNA-PAICC
at the endogenous level, MS2-RNA immunoprecipitation (MS2-
RIP) was performed to pull down the endogenous miRNAs related
to lncRNA-PAICC. We engineered the following sequences: the
empty vector (MS2); the vector containing the complete sequence of
lncRNA-PAICC (MS2-PAICC); the vector targeting lncRNA-
PAICC with all sites mutated in the miR-141-3p-binding site
[designated PAICC-mut all sites (miR-141-3p)]; and the vector
containing lncRNA-PAICC with all sites mutated in the miR-27a-
3p-binding site [designated PAICC-mut all sites (miR-27a-3p)].
Subsequent RT-PCR results showed that compared with MS2 and
the corresponding mutant vectors, lncRNA-PAICC-RIP was
enriched for miR-141-3p and miR-27a-3p in HUCCT-1 cells
(Figure 6E).

Thus, these results suggested that lncRNA-PAICC plays a
regulatory role as a ceRNA through directly sponging miR-141-
3p and miR-27a-3p.

Intrahepatic Cholangiocarcinoma-PAICC
Requires miR-141-3p and miR-27a-3p to
Facilitate Proliferation, Facilitate Invasion,
and Activate the Hippo Pathway in
Intrahepatic Cholangiocarcinoma Cells
The GO annotation and KEGG pathway analyses (Figures 1B,
C) indicated that many target genes are involved in a variety of
cellular pathways, among which, the Hippo pathway is involved
in the progress of ICC, and the expression of the main effector
molecule, YAP1, in ICC is significantly elevated compared to
corresponding para-tumor tissue. It is well known that YAP1
regulates cell proliferation and differentiation in a variety of cell
lineages (23). In addition, we predicted through three online
databases that YAP1 is the common downstream target gene of
miR-141-3p and miR-27a-3p. The YAP1 3′UTR sequence
containing miR-141-3p- and miR-27a-3p-binding sites is
Frontiers in Oncology | www.frontiersin.org 9
shown in Supplementary Figure 3A, and the complementary
regions between these different species are also highly conserved.

To validate the role of miR-141-3p and miR-27a-3p in
tumorigenesis by targeting YAP1, a luciferase reporter vector
of the YAP1 3’UTR sequence containing the target sites of miR-
141-3p and miR-27a-3p was constructed in 293T cells. The
results showed that the luciferase activity of the YAP1 reporter
gene vector was reduced after the miR-141-3p and miR-27a-3p
mimics were transfected without affecting the luciferase activity
of the mutant vector (Supplementary Figure 3B). After
overexpression and knockdown of these two miRNAs
(Supplementary Figure 3C), western blotting showed that
miR-141-3p and miR-27a-3p reduced YAP1 protein levels, and
it also showed that anti-miR-141-3p and anti-miR-27a-3p
increased YAP1 protein levels (Supplementary Figure 3D).
The above results indicated that YAP1 is a common
downstream target gene of miR-141-3p and miR-27a-3p.

Based on the theory of ceRNA proposed by Pandolfi (24),
lncRNA-PAICC may share the regulatory miRNAs with their
targets. As expected, our previous data confirmed that lncRNA-
PAICC regulated the expression level of YAP1 both at the
mRNA and protein levels.

In a corresponding rescue experiment, we inhibited the
expression of miR-141-3p and miR-27a-3p in lncRNA-PAICC-
silenced HUCCT-1 cells. The decreased expression of YAP1 was
reversed after inhibition of miR-27a-3p and miR-141-3p in
lncRNA-PAICC-silenced HUCCT-1 cells (Figures 7A, left
panel; B, left panel). In contrast, the increase in YAP1
expression was abrogated after overexpression of miR-27a-3p
and miR-141-3p in lncRNA-PAICC-overexpressing QBC-939
cells (Figures 7A, right panel; B, right panel). We also inhibited
miR-141-3p and miR-27a-3p in lncRNA-PAICC-silenced
HUCCT-1 cells, and we found that inhibition of these
miRNAs partially offset the migration and invasion damage
A

B

FIGURE 5 | lncRNA-PAICC can regulate ICC growth in vivo. (A) Subcutaneous transplanted tumors in the nude mice were established using HUCCT-1 cells.
The three figures in the upper panel represented xenograft tumors, quantitative analysis of tumor volume and weight in nude mice, respectively. (upper panel).
(B) Subcutaneous transplanted tumors ware established using QBC-939 cells. The three figures in upper panel represented xenograft tumors, quantitative analysis
of tumor volume and weight in nude mice, respectively. (lower panel). Data are mean ± SD (n = 6). Data between two groups were tested using independent sample
t-test. *P < 0.05.
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A B

D

E

C

FIGURE 6 | lncRNA-PAICC exerts its competitive endogenous RNA function by directly sponging microRNAs. (A) The top image shows the predicted binding sites
for miR-141-3p and miR-27a-3p in lncRNA-PAICC. The following image shows miR-141-3p and miR-27a-3p binding sites predicted in the transcripts of lncRNA-
PAICC. Target mutation underlined. (B) The correlation between lncRNA-PAICC transcript level with miR-141-3p (upper panel) and miR-27a-3p (low panel) transcript
level was detected in 76 ICC tissues, respectively. The 2−△△Ct values were subjected to Spearman’s correlation analysis. (C) These two microRNAs relative
expression levels in HuCCT-1 and QBC-939 cells after transfection via RT–PCR. Data are mean ± SD. *P < 0.05. The experiment was repeated three times.
(D) Luciferase activity in 293T cells co-transfected with miR-141-3p and miR-27a-3p and luciferase reporters that were empty or contained lncRNA-PAICC or the
indicated mutant transcript. Data are mean ± SD. *P < 0.05. The experiment was repeated three times. (E) The schematic diagram of the MS2-RIP experiment is
shown. After MS2-RIP, RT-PCR was used to detect miRNAs that can endogenously bind to lncRNA-PAICC, and the negative control was miR-150.
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caused by lncRNA-PAICC knockdown in Transwell assays
(Figure 7C).

Thus, the above results suggested that lncRNA-PAICC plays a
crucial role in regulating the expression of the YAP1 oncogene by
competitively binding miR-141-3p and miR-27A-3p. More
importantly, the interaction with miR-141-3P and miR-27a-3p
is critical for lncRNA-PAICC to activate the Hippo pathway and
thus promote the development of ICC (Figure 8).
DISCUSSION

Intrahepatic cholangiocarcinoma (ICC) is a highly heterogeneous
devastating malignancy with a variety of causes and early
metastasis and recurrence. Despite recent advances in ICC
diagnostic standards and management, the prognosis for this
highly lethal form of cancer remains poor (25, 26). A
comprehensive and in-depth exploration of the underlying
mechanisms of ICC tumorigenesis is beneficial to identify
valuable diagnostic or therapeutic targets.

In this work, we identified that the expression of the novel
lncRNA, lncRNA-PAICC, was upregulated in human ICC
specimens through data mining. More importantly, we found
that lncRNA-PAICC is a key regulator of YAP1 and facilitates
Frontiers in Oncology | www.frontiersin.org 11
the ICC proliferative invasion and metastasis cascade by
multilevel in vitro and in vivo studies. Furthermore, the
present study found that lncRNA-PAICC is significantly
associated with advanced tumor stage and more unfavorable
prognosis in patients with ICC. These results indicated that
lncRNA-PAICC acts as an oncogenic lncRNA to promote
oncogenesis in ICC.

The concept of competitive endogenous RNA (ceRNA) was
first proposed by Pandolfi. CeRNA is considered a new type of
gene expression regulation mode, that is, transcripts such as
mRNAs, pseudogene and lncRNAs compete with the same
microRNA through microRNA response elements (MREs),
thereby diluting the concentration of free microRNAs in the
cell and reducing the inhibition of microRNAs on mRNAs, in
turn, increasing the expression of target genes to regulate cell
function and phenotype (24). This model of ceRNA regulation
has been shown to play a key role in tumor formation and
development. LncRNA-ATB has been reported to be an
endogenous “sponge” that upregulates ZEB1 and ZEB2 by
competitively binding to the miR-200 family, thereby inducing
EMT and liver cancer invasion (27). LncRNA SNHG7 sponges
miR-216b to promote proliferation and liver metastasis of
colorectal cancer through upregulating GALNT1 (16).
Similarly, lncRNA-LINC01133 promotes the evolution of
gallbladder tumor by sponging miRNAs (14). In our study, we
A B

C

FIGURE 7 | lncRNA-PAICC requires miR-141-3p and miR-27a-3p to promote proliferation and metastasis and activate the Hippo-YAP pathway in ICC cells.
(A) YAP1 mRNA (upper panel) and corresponding protein (lower panel) levels in stable HUCCT-1 and QBC-939 cell lines after transfection of the indicated miR-27a-
3p inhibitors or mimics. Data are mean ± SD. (B) YAP1 mRNA (upper panel) and corresponding protein (lower panel) levels in stable HUCCT-1 and QBC-939 cell
lines after transfection of the indicated miR-141-3p inhibitors or mimics. Data are mean ± SD. (C) Transwell migration and invasion assays of lncRNA-PAICC-silenced
HUCCT-1 cells treated with the indicated microRNA inhibitors. Data are mean ± SD. *P < 0.05. All the experiments were repeated three times.
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sought to investigate whether lncRNA-PAICC functions as a
ceRNA in ICC. First, we identified the target binding sites of
miR-141-3p and miR-27a-3p in lncRNA-PAICC by
bioinformatics software, and we further confirmed the binding
sites using a dual luciferase reporter assay and a MS2-RIP
experiment. The results demonstrated that lncRNA-PAICC
competed with these two miRNAs. We also confirmed that
lncRNA-PAICC competitively combined these two miRNAs
and downregulated their expression levels in ICC cells.
Furthermore, in human ICC samples, miR-141-3p and miR-
27a-3p were negatively correlated with lncRNA-PAICC
expression. Based on these results, we hypothesized that miR-
141-3p and miR-27a-3p are required for at least part of the
carcinogenesis of lncRNA-PAICC. To confirm this hypothesis,
we designed rescue experiments and ectopically expressed
lncRNA-PAICC mutations. As expected, this competition was
essential for lncRNA-PAICC to display its regulatory function in
facilitating the ICC progress.

Relevant studies have shown that the Hippo pathway
regulates the size of organs by regulating cell proliferation,
apoptosis and stem cell self-renewal in both drosophila and
mammals. Anomalies in this pathway can lead to excessive tissue
growth. In addition, many studies have confirmed that the Hippo
pathway plays an important role in cancer occurrence, tissue
regeneration and the regulation of stem cell functions (6, 28, 29).
Frontiers in Oncology | www.frontiersin.org 12
Currently, several studies have investigated the role of the Hippo
pathway in various malignancies, including the potential
involvement of YAP1 (30–32). However, the role and
mechanism of YAP1 in intrahepatic cholangiocarcinoma
remains unclear. In this research, our focus was to explore the
role of the Hippo pathway in ICC mediated by the molecular
sponge effect of lncRNA. Therefore, our hypothesis suggested
that YAP1 is a downstream target gene of the ceRNA regulatory
axis. Importantly, YAP1, as a direct downstream effector of the
Hippo pathway, has been confirmed to exist as an oncogene with
increased expression in a variety of tumors (30, 33).
Bioinformatics prediction and dual luciferase reporter assays
further confirmed that YAP1 is a common downstream target
gene of miR-141-3p and miR-27a-3p, which are positively
regulated by lncRNA-PAICC. As expected, our experiments
indicated that this positive relationship depended, at least in
part, on the competitive effects of both miRNAs. The present
study indicated that lncRNA-lncRNA-PAICC activates the
Hippo pathway in ICC cells by relying on miR-141-3p and
miR-27a-3p.

Although these studies have revealed important findings, they
also have limitations. First, we still lack a comprehensive
understanding of the regulation of a single lncRNA because
the mechanism of ceRNA is only one of its many modes of action
(11, 34). Most tumors occur due to the cumulative mutation of
FIGURE 8 | Schematic summary of the functions of lncRNA-PAICC in ICC cells. lncRNA-PAICC promotes ICC cell proliferation and tumor growth through the
lncRNA-PAICC-miR-141-3p/27a-3p-Yap1 axis.
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multiple genes and complex processes involving many signal
transduction pathways (35, 36). Second, further research on the
Hippo pathway is required to understand its interaction with
other signaling pathways (37–39). We also need to further
explore other mechanisms, such as evolution, drug resistance
and targeted metastasis, for the heterogeneous and highly
aggressive tumor.

Through mining of a large database, we discovered and
identified lncRNA-PAICC as a marker of poor prognosis that
plays an important role as a carcinogenic lncRNA in ICC.
Importantly, lncRNA-PAICC attenuates miR-141-3p- and
miR-27a-3p-dependent downregulation of YAP1 by acting as a
molecular sponge, thereby promoting tumorigenesis of ICC cells
and activating the Hippo pathway. Our results suggested a new
perspective and insight for further elucidating the molecular
pathogenesis of ICC, and they presented a potential new target
for future ICC therapies.
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