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Summary
Background: The presented study aimed to gain insights into the pathogenesis of lung can-
cer (LC) and provide novel biomarkers for LC by building a regulatory circular (circ)RNA‑micro 
(mi)RNA‑mRNA network. Materials and methods: High-throughput sequencing data of 
circRNAs, miRNAs and mRNAs related to LC originated from GEO (Gene Expression Omnibus) 
database, and the differential expressions of circRNAs, miRNAs and mRNAs were screened with 
R language Limma. The circRNA-miRNA and miRNA-mRNA pairs were used to build the ceRNA 
network. The functions of differential expression circRNAs were elucidated by performing the 
functional enrichment analysis on GO and KEGG. Furthermore, the selected LC prognostic 
genes were verified by tissue chips and immunohistochemistry (IHC). Results: On the whole, 
20 downregulated circRNAs, 55 upregulated miRNAs and 243 downregulated mRNAs were 
identified in LC. Lastly, a circRNA-miRNA-mRNA ceRNA network was built, which was composed 
of 2 circRNAs, 2 miRNAs, and 2 mRNAs. As indicated from the analysis based on public da-
tabases and IHC, the differential genes (i.e., FXYD1 and SEMA5A) in this network acted as LC 
prognostic factors. As confirmed by performing IHC and survival analyses, FXYD1 and SEMA5A 
expressions in LC were downregulated, and their expressions displayed a relationship to the 
overall survival (OS) of LC cases. Conclusions: This study presents novel insights into the role 
of circRNAs in the development of LC via the ceRNA mechanism. The identified FXYD1 and 
SEMA5A gene could act as novel and vital LC prognostic indicators.
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Introduction
Lung cancer (LC) refers to one of the 
most common malignancies worldwide, 
and its morbidity and fatality have sur-
ged over the past few decades  [1]. As 
suggested from the latest cancer statis-
tics, the incidence and mortality of LC are 
the highest in malignant tumors glob-
ally [2]. Overall, the histological classifi-
cation of LC can fall to two categories – 
non-small-cell lung cancer (NSCLC) and 
small cell lung cancer (SCLC) [3]. NSCLC 
takes up 80–85% in all LC, which is pri-
marily split into adenocarcinoma and 
squamous cell carcinoma [3]. The prog-
nosis of carcinoma displayed a close re-
lationship to the period of clinical dia
gnosis: the postoperative 5-year survival 
rate after surgery was over 90% for pa-
tients at stage 0, about 70% of those at 
stage I, and patients at stages II–IV de-
creased from (30–40%) to (5–1%) [2–6]. 
However, nearly 75% of the patients with 
NSCLC were already in advanced stages 
at the time of admission, with a very low 
5-year survival rate  [3]. Accordingly, to 
improve the early diagnosis rate of LC 
and the survival rate, the related factors 
and molecular mechanisms of the occur-
rence and development of LC should be 
investigated in depth.

Over the past few years, circular RNA 
(circRNA) has attracted many attentions 
in the field of oncology. circRNA refers 
to a novel class of covalent closed-loop 
coding or non-coding RNAs, which were 
previously considered to be synthesized 
by mistranscription during the splicing 

process [7,8]. The lack of a 5‘ cap struc-
ture and a 3‘ poly A tail results in a long 
half-life and resistance to RNA enzymes 
that are expressed in a  tissue-specific 
and developmental stage-specific man-
ner [9]. circRNA has been confirmed to 
be extensively involved in gene tran-
scription, post-transcription and even 
translation regulation  [10]. It has been 
increasingly evidenced that abnor-
mally expressed circRNAs can regulate 
tumor occurrence and development 
via the ceRNA mechanism: circRNA, 
the „molecular sponges“ of microRNA 
(miRNA), indirectly regulate the expres-
sions of miRNA target genes by com-
petitively binding to miRNA, which re-
sults in the abnormal expression of gene 
products (e. g., abnormal activation of 
proto-oncogenes) [11–13].

As sequencing technologies are ad-
vancing, RNA sequencing based on 
high-throughput platform has been 
adopted a  tool to effectively excavate 
and identify novel transcripts  [14]. Ex-
isting LC research based on ceRNA net-
work remains in the preliminary stage. 
To screen out differentially expressed cir-
cRNAs, miRNAs and mRNAs, the authors 
acquired circRNA (GSE101684), miRNA 
(GSE53882) and mRNA (GSE116959) 
chip data related to LC from GEO data-
base. On this basis, circRNA-microRNA 
and miRNA-mRNA pairs were screened, 
and circRNA-miRNA-mRNA gene net-
works were successfully built. Through 
GO analysis and KEGG function enrich-
ment, in this network, mRNA molecular 

function and the main signaling path-
ways in the LC were analyzed. Further-
more, in TCGA database, the mRNAs as-
sociated with LC survival and prognosis 
were screened, and the differentially ex-
pressed genes were further verified by 
using tissue chips and IHC.

Materials and methods
Data collection
The LC gene chips required for analy-
sis originated from the GEO database, 
including the original gene chips of 
human LC tissues and circRNA, miRNA 
and mRNA paired with non-tumor tis-
sues. The circRNA gene chip data cov-
ered four pairs of LC tissues and their 
paired non-tumor tissues (GSE101684), 
the miRNA one consisted of 397  cases 
of LC tissues, 151  cases of paracan-
cerous tissues (GSE53882), while the 
mRNA one involved 57 cases of LC tis-
sues and 11  cases of normal lung tis-
sues (GSE116959). By complying with 
the platform file of the chip data, the 
original probe matrix file was converted 
into circRNA matrix, miRNA matrix and 
mRNA matrix file, and the circRNA ma-
trix was converted into the standard 
circBase name.

Differential analysis of circRNA, 
miRNA and mRNA and construction 
of ceRNA network
Bioconductor Limma packet of R lan-
guage was adopted to read the initial 
data, and the background was corrected 
and then normalized. The difference 

Souhrn
Východiska: Cílem předkládané studie je získat vhled do patogenéze karcinomu plic (lung cancer – LC) a poskytnout nové biomarkery pro LC, 
a to vytvořením sítě regulačních cirkulárních (circ)RNA‑micro (mi)RNA‑mRNA. Materiál a metody: Pomocí R programovacího jazyku Limma byla 
prověřena data o vysokokapacitním (high-throughput) sekvenování circRNAs, miRNAs a mRNAs souvisejících s LC, která byla vzata z databáze 
Gene Expression Omnibus (GEO) a data o rozdílné expresi circRNAs, miRNAs a mRNAs. K vybudování sítě ceRNA byly použity páry circRNA-miRNA 
a miRNA-mRNA. Funkce rozdílné exprese circRNAs byly objasněny tak, že byla provedena analýza funkčního obohacení genů pomocí databází 
GO a KEGG. Vybrané prognostické geny pro LC byly navíc ověřeny v tkáňových čipech a pomocí imunohistochemie (IHC). Výsledky: V LC bylo 
celkem identifikováno 20 downregulovaných circRNAs, 55 upregulovaných miRNAs a 243 downregulovaných mRNA. Nakonec byla vytvořena síť 
circRNA-miRNA-mRNA ceRNA, která se skládala ze dvou circRNAs, dvou miRNAs a dvou mRNAs. Jak vyplynulo z analýzy založené na veřejných 
databázích a IHC, různé geny (tj. FXYD1 a SEMA5A) v této síti fungovaly jako prognostické faktory při LC. Provedením IHC a analýzami přežití bylo 
potvrzeno, že exprese FXYD1 a SEMA5A při LC byla downregulována a tato exprese odrážela vztah k celkovému přežití pacientů s LC. Závěry: Tato 
studie představuje nové vhledy do role circRNAs při rozvoji LC skrze mechanizmus ceRNA. Identifikace genů FXYD1 a SEMA5A by mohla fungovat 
jako nový a nezbytný prognostický ukazatel LC. 
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Fig. 1. Differentially expressed circRNAs, miRNAs, mRNAs identified from GEO datasets and intersected miRNAs predicted by CSCD 
database. (A) 49 downregulated circRNAs; (B) 8 upregulated miRNAs; (C) 702 downregulated mRNAs achieved the differential 
expressions between hepatocellular carcinoma and matched normal tissues. The intersected miRNAs predicted by (D) CSCD and 
(E) miRDB and miRTarBase.
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LC development were obtained with 
KEGG database. The mRNA expression 
profile and clinical sample data regard-
ing LC originated from the TCGA data-
base, and the survival time and status of 
the patients were extracted, in combina-
tion with the mRNA data in the ceRNA 
network. Moreover, with LOGpc and Ka-
plan-Meier Plotter public databases, the 
value of differential expression genes 
(mRNAs) in the prognosis assessment of 
LC was analyzed. P < 0.05 indicated the 
statistically significant difference.

IHC and prognosis statistical analysis 
Given the bioinformatics analysis data, 
tissue chip and IHC experiments were 
further performed to verify the expres-
sions of differential genes in LC and the 
correlation with patient prognosis at 

pression genes) identified by two data-
bases were employed to intersect with 
the differentially expressed mRNAs ob-
tained previously. Furthermore, the  
circRNA-miRNA-mRNA network was 
built and then visualized with Cypo
scape software.

Functional enrichment analysis  
and survival analysis
To assess the potential biological func-
tions of mRNA in the ceRNA network 
and the pathways involved, the “cluster 
profiler“ module of R software was ex-
ploited to conduct GO functional enrich-
ment analysis and KEGG signaling path-
way enrichment analysis on mRNA. GO 
analysis included three parts, i.e., mo-
lecular function, biological process and 
cell composition, and key pathways in 

analysis was conducted on the chip 
data. The differential expression RNA 
was screened, and the filtration con-
dition was set as the absolute value of 
LogFold Change (FC) > 2, with the cor-
rected P-value < 0.05. On that basis, dif-
ferential circRNAs, miRNAs and mRNAs 
were obtained. Moreover, R language 
was employed to draw the heat map 
and volcano map of differential expres-
sion RNA for cluster analysis. By using 
the CSCD database, the structures of  
circRNAs and the target miRNAs bound 
by circRNAs were predicted. Next, the 
different mRNA was intersected with the 
target miRNA bound by circRNA, and 
the target mRNAs of the intersection 
of miRNAs were predicted online with 
miRDB and miRTARbase databases. In 
this study, only mRNAs (differential ex-

Fig. 2. Construction of the circRNA-miRNA-mRNA ceRNA network in lung cancer. (A) Structural patterns of predicted two circRNAs in 
the ceRNA network; (B) the built circRNA-miRNA-mRNA ceRNA network.
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brown, medium brown and dark brown, 
respectively. According to the positive 
staining proportion of sections, the score 
reached: < 5% for 0, 5–25% for 1, 25–50% 
for 2, and > 50% for 3, and the final score 
of protein expression is the product of 
score and intensity: 0  for −, 1–2  for +, 
3–5 for ++, and 6–9 for +++, where ±/ + 
indicates low expression, and ++/ +++ ex-
presses high expression  [15]. Given the 

kit, the paraffin embedded tissues/ cells 
fixed with 4 μM formaldehyde were ana-
lyzed by performing immunohistochem-
istry. PBS was used as negative control in-
stead of primary antibody, and the light 
microscope (Olympus) was used to ob-
serve and take images. To verify whether 
the cells in the sections showed color and 
chromogenic degree, the scores included 
0, 1, 2, and 3 for non-immune color, light 

the protein level. Then, the reliability of 
bioinformatics analysis data could be 
verified in depth. This study employed 
high-throughput breast cancer tissue mi-
croarray (HLugS180Su02, each tissue mi-
croarray containing 90 points of lung ad-
enocarcinoma tissue and 90  points of 
corresponding paracancerous tissue) to 
analyze protein expression. By complying 
with the instructions of EnVision DAB test 

Fig. 3. Heatmaps and boxplots of ceRNA interactions. (A) circRNAs; (B) miRNAs; (C) mRNAs.
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Fig. 4. GO functional and KEGG pathways enrichment investigations on the mRNAs with differential expression inside the ceRNA 
network. (A) The biology-related procedures; (B) cellular components; (C) molecular functions under the mediation from the expres
sions of mRNAs with differential expressing states; (D) KEGG pathways under the enrichment inside the target genes. P < 0.05 sho-
wed statistical significance. 
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Fig. 4 – continuing. GO functional and KEGG pathways enrichment investigations on the mRNAs with differential expression inside 
the ceRNA network. (A) The biology-related procedures; (B) cellular components; (C) molecular functions under the mediation from 
the expressions of mRNAs with differential expressing states; (D) KEGG pathways under the enrichment inside the target genes. 
P < 0.05 showed statistical significance. 
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clinical data and follow-up information 
of patients in the tissue chips, the Kaplan-
-Meier survival curve was plotted with 
GraphPad Prism 5.0 software to analyze 
the correlation between differential pro-
tein expression and patient prognosis. 
A cut-off value of P < 0.05 indicated the 
statistically significant difference.

Results
Screening of differentially expressed 
circRNAs, miRNAs and mRNAs
A total of 7 320 circRNAs, 1 842 miRNAs 
and 32 075 mRNAs related to LC were ob-
tained in total from the GEO database. 
After threshold screening was conducted, 
this study found 24 differential circRNAs 
(20  downregulated), 108  differential 
miRNAs (55  upregulated), and 329  dif-
ferential mRNAs (243  downregulated). 
Fig. 1  illustrates the basic information of 
circRNA (GSE101684), miRNA (GSE53882) 
and mRNA (GSE116959) in LC tissues and 
their pairing non-tumor tissues.

Visualization results of the ceRNA 
network
The basic information of the 24 differen-
tial circRNAs screened in the CSCD data 
was searched, and 16 circRNAs were iden-
tified. According to the prediction of this 
study, there might be 791 target miRNAs 
among the mentioned 16  circRNAs, 
and 20  intersection miRNAs were ob-
tained by intersecting with differential 
miRNAs. Construction of the circRNA-
-miRNA-mRNA ceRNA network in LC has 
been shown in Fig. 2. Overall, 499  po-
tential target genes were predicted with  
miTarbase and miRDB, and 10 intersect-
ing mRNAs were obtained by intersect-
ing them with a range of mRNAs. Lastly,  
Cytoscape software was employed to 
map a visual network of circRNA-miRNA-
-mRNA that was composed of two down-
regulated circRNAs, two upregulated 
miRNAs, as well as two downregulated 
mRNAs. Fig. 3  illustrates the heatmaps 
and boxplots of such circRNAs miRNAs 
and mRNAs involved in the network.

Enrichment analysis of functional 
and signaling pathway
As revealed from the results of GO anal-
ysis, the identified mRNAs showed the 
main enrichments in cellular response to 

Fig. 5. Expressions of FXYD1 and SEMA5A in lung cancer and the prognostic significan-
ces. (A,B) Expressions of FXYD1 and SEMA5A mRNAs in LUAD and LUSC; (C,D) survival 
analysis by the Kaplan-Meier plotter.
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extracellular stimulus, cellular response 
to external stimulus, and sulfur com-
pound metabolic process for BP item 
(top 3), and caveola, plasma membrane 
raft and membrane raft for CC item 
(top  3), and MAP kinase activity, RNA 
polymerase II CTD heptapeptide repeat 
kinase activity, as well as mitogen−ac-
tivated protein kinase binding. Accord-
ing to KEGG pathway analysis, the target 
gene showed a  significant enrichment 
effect with the cAMP signaling path-
way, terpenoid backbone biosynthesis 
as well as aldosterone−regulated so-
dium reabsorption (top 3), the graphical 
presentation of which has been demon-
strated in Fig. 4.

Survival analysis and IHC validation
On the whole, 1,145 LC mRNA microarray 
expressing data and clinical sample data 
originated from the TCGA database. Two 
mRNAs (FXYD1, SEMA5A) in the built  
circRNA-miRNA-mRNA network were an-
alyzed in depth. As manifested by GEPIA 
database, the expression of FXYD1  in 
both LUAD and LUSC LC subtypes was 
lower than that in the control. SEMA5A 
exhibited the consistent expression 
state with that of FXYD1. Moreover, as 
indicated from the prognostic analysis 
based on public databases, LC patients 
achieving high FXYD1  expression had 
longer overall survival time, which was 
suggested as a protective factor of pa-
tients’ prognosis. However, SEMA5A was 
not prognosis-significant in LOGpc data-
base, whereas it was reported as a prog-
nosis factor based on the analysis of Ka-
plan-Meier Plotter. As suggested by the 
IHC data, the expressions of FXYD1 and 
SEMA5A proteins in LC were downreg-
ulated (Fig. 5), and LC patients achiev-
ing a  high expression of FXYD1  or  
SEMA5A were more likely to benefit from 
prognosis and overall survival (Fig. 6).

Discussion
CeRNA refers to a general term for a class 
of RNA molecules (e. g., mRNA, pseudo-
genes, lncRNA and circRNA) [16]. ceRNA 
reduces its inhibitory effect on mRNA 
translation by competitively binding to 
common miRNAs  [11–13,17]. As con-
firmed by existing studies, dysregulation 
of ceRNA shows a tight relationship to 

Fig. 5 – continuing. Expressions of FXYD1 and SEMA5A in lung cancer and the prognos-
tic significances. (A,B) Expressions of FXYD1 and SEMA5A mRNAs in LUAD and LUSC; 
(C,D) survival analysis by the Kaplan-Meier plotter.

C

D



470

Reconstruction and analysis of circRNA-miRNA-mRNA network in the pathology of lung cancer  

Klin Onkol 2022; 35(6): 461– 472

the occurrence of a wide range of malig-
nant tumors [17,18]. Based on the chip 
data of GEO database, this study identi-
fied the differential expression circRNAs, 
miRNAs and mRNAs, which have pro-
vided the foundation for the success-
ful construction of a gene network. The 
mRNA molecular function and the main 
signaling pathways in the LC were an-
alyzed by conducting GO and KEGG 
function enrichment analyses in this 
network. Furthermore, the mRNA asso-
ciated with LC survival and prognosis 
was screened in TCGA database, and the 
prognostic significance of differential 
expression genes were verified in depth.

Based on the GEO database, this study 
selected microarray data of circRNA, 
miRNA and mRNA of LC and screened out 
24 differential circRNAs, 108 differential 
miRNAs and 329 differential mRNAs. To 
more specifically study which circRNAs 
and their target genes (mRNAs) regu-
lated via the ceRNA network are related 
to the prognosis of LC, this study built 
the circRNA-miRNA-mRNA regulatory 
network, and screened out the ceRNA 
regulatory axis that may be mediated by 
has_circ_0001806-miR-3178-FXYD1 and 
has_circ_0031968-miR-4270-SEMA5A. 
As proved by GO enrichment analysis, 
this network gene was involved in nu-
merous important biological functions 
and metabolic pathways of LC (e. g., MAP 
kinase activity, cAMP signaling pathway 
and VEGF signaling pathway), which 
were closely related to the progression 
of LC.

Based on the TCGA database, ten dif-
ferential mRNAs that were intersected 
were analyzed, and by using R language, 
a total of two mRNAs (FXYD1, SEMA5A) 
in this network were found to be asso-
ciated with the prognosis of LC patients. 
GEPIA showed that FXYD1 and SEMA5A 
were downregulated in LC tissues. In ad-
dition, the expressions of FXYD1 and SE-
MA5A was positively correlated with the 
survival time of patients. There are few 
studies on the correlation of FXYD1 and 
a tumor. Reports like FXYD1 may be the 
important factors involved in the occur-
rence and development of gastric can-
cer [19]. This study initially reported that 
FXYD1 can achieve a low expression in 
both lung adenocarcinoma and squa-

Fig. 6. The forest plots of (A) FXYD1 and (B) SEMA5A in predicting the survival of lung 
cancer analyzed based on LOGpc database.
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confirm the reliability of the predictive  
analysis.

In this study, the LC expression pro-
file gene chip of GEO database was em-
ployed to screen the differentially ex-
pressed circRNAs, miRNAs and mRNAs, 
the circRNA-miRNA-mRNA network was 
built, and the enrichment analysis of the 
functions and signaling pathways was 
conducted. The identified FXYD1  and 
SEMA5A genes can act as vital molecu-
lar markers for the prognosis of LC, the 
result of which has been demonstrated 
in Fig. 7. This study was also subject to 
many limitations (e. g., insufficient sam-

H1299 lung adenocarcinoma cells, and 
hypermethylation of SEMA5A and the 
cleavage of the extracellular domain of 
SEMA5A contributed to the downregu-
lation of the SEMA5A levels in such cell 
lines [20]. The expression and prognos-
tic significance of FXYD1  and SEMA5A 
in LC by tissue microarray combined 
with IHC was further verified by our 
group, and FXYD1  and SEMA5A were 
found to achieve low expressions in LC. 
The expressions of FXYD1 and SEMA5A 
were the protective factors to conduct 
the prognosis of LC patients. Further-
more, the validation results here can 

mous cell carcinoma, and a high expres-
sion of FXYD1  can act as a  protective 
factor for the prognosis of LC patients. 
The study of SEMA5A in LC has been re-
ported in some recent studies  [20–22]. 
As reported by Lu TP et al, the down-
regulation of SEMA5A in tumor tissue 
at the transcriptional and translational 
levels was associated with poor sur-
vival among nonsmoking women with 
NSCLC  [21]. Likewise, as further con-
firmed by a newly published study, the 
upregulation of SEMA5A significantly in-
hibited the proliferation, colony forma-
tion and migratory ability in A549 and 

Fig. 7. Expressions of FXYD1 and SEMA5A in lung cancer by immunohistochemistry. (A) Expressions and cellular localization of 
FXYD1 and SEMA5A in lung cancer tissue; (B) survival analysis of FXYD1 and SEMA5A in lung cancer based on the follow-up infor-
mation of the chip tissue.
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