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Abstract

Background
The progression of lymph node metastasis has been elucidated in lung adenocarcinoma (LUAD), whist
which and how transcripts worked in this process remains unclear. We aimed to investigate the markers
and potential mechanism of lymph node metastasis in LUAD.

Methods
The whole-transcriptome sequencing was performed on the whole blood from the non-nodal metastasis
(LUAD_low), lymph node metastasis (LUAD_high) lung adenocarcinoma patients and healthy people
(Control). Subsequently, differential expression analysis among three groups was performed, followed by
functional interaction prediction analysis to investigate gene-regulatory circuits in LUAD development.
Then, following the rigorous selection, the competing endogenous RNAs (ceRNAs) networks mainly
involved in ferroptosis were discovered, and a few of the miRNAs (such as hsa-miR-6509-3p, hsa-miR-
6511a-3p, hsa-miR-6803-3p) and their central target gene (IREB2) were validated in clinical specimens
through qRT-PCR assays.

Results
Our results identi�ed 75 differentially expressed messenger RNAs (dif-mRNAs), 125 differentially
expressed microRNAs (dif-miRNAs), and 880 differentially expressed circular RNAs (dif-circRNAs) in non-
nodal metastasis LUAD samples compared with Control; similarly, 352 dif-mRNAs, 3 dif-miRNAs, and 270
dif-circRNAs were found in advanced-stage LUAD compared with Control samples. Then the most
comprehensive circRNA-associated ceRNA networks were constructed in the pathogenesis and
metastasis of LUAD, respectively. Additionally, ferroptosis-associated miRNAs (such as hsa-miR-6509-3p,
hsa-miR-6511a-3p, hsa-miR-6803-3p) were both signi�cantly upregulated, whilst their central target gene
(IREB2) were obviously downregulated in LUAD tissues.

Conclusion
In summary, this study systematically demonstrated circRNA-associated ceRNA pro�les in the
development of LUAD, which could provide insights that facilitate LUAD diagnosis and therapy in the
future.

Introduction
Lung cancer is the most common cause of cancer-related deaths globally, within over 40% of cases being
lung adenocarcinoma (LUAD). In recent decades, great progress has been made in improving the
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prognosis for non-nodal metastasis LUAD and enhancing the treatment of advanced-stage LUAD [1, 2];
however, the 5-year survival rate of LUAD remains less than 15% [3]. Therefore, increased understanding
of its molecular tumor biology and seeking for potential diagnosis marker or therapy target are urgently
required.

In recent years, advances in high-throughput next-generation sequencing technologies (NGS) allow us to
analyze the progression of cancer based on the characteristics of genome pro�les [4, 5]. For example,
single-cell transcriptome analysis indicated several exosome markers, such as clusterin and insulin like
growth factor binding protein 2 was upregulated in brain metastasis samples compare with primary
LUAD samples [6]. ceRNAs represent a novel layer of gene regulation, such as long non-coding RNAs
(lncRNAs), small non-coding RNAs (miRNAs), and circular RNAs (circRNAs) usually forms complex
ceRNA networks [7–9]. The perturbation of ceRNA crosstalk will disrupt the balance of cellular processes
and functions, leading to development of disease including LUAD [9, 10]. Recently, a study reported that
LINC00986 acts as a ceRNA to consume miR-21-5p, enhancing the accumulation of SMAD7 and
inhibiting cell metastasis [11]; Exosome-derived circRNA_002178 enhanced PD-L1 expression via
sponging miR-34, inducing T-cell exhaustion [12]. Additionally, some studies constructed ceRNA
regulatory networks in LUAD based on bioinformatics analysis; however, few studies utilized whole-
transcriptome sequencing strategies to delineating the transcriptomic landscape of the development of
LUAD, including the pathogenesis and metastasis mechanism.

In this study, we performed whole-transcriptome sequencing to analyze the differentially expression of
ncRNAs and transcripts among non-nodal metastasis, lymph node metastasis LUAD and healthy cohorts.
Subsequently, differential messenger RNA (mRNA), miRNA and circRNA expression analysis was
performed, followed by functional interaction prediction analysis. Further, the ceRNA networks mainly
involved in ferroptosis was validated in more LUAD samples to con�rm the data from NGS.

Methods

Participants and samples
This study was conducted following the criteria of Declaration of Helsinki and approved by the Ethics
Committee of A�liated Hospital of Nantong University. 5 patients with non-nodal metastasis LUAD, 4
with lymph node metastasis and 8 healthy control patients were recruited as the sequencing cohort. In
the validation experiments, another 16 LUAD patients and 16 healthy cohorts were recruited.

The diagnosis of lung adenocarcinoma was con�rmed following the 2015 World Health Organization
(WHO) classi�cation of lung tumors. The healthy controls were recruited from medical examination
center of A�liated Hospital of Nantong University; all the participants were not diagnosed with chronic
disease or infection in the last 2 weeks. All patients and healthy controls signed the informed consents,
which contained clinical information including age, sex, smoking-history, complications. All the clinical
parameters were shown in in Table S1.
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Five milliliter whole blood from patients or healthy controls was drawn, and mixed with twenty-�ve
milliliter TRIzol reagent (Invitrogen, Waltham, MA, USA). Then the samples were put into liquid nitrogen
for 30 min, and stored at -80℃ until use.

Sequencing process and data analysis
Total RNA from whole blood was exacted according to the protocol of RNAprep Pure Blood Kit (Tiangen
Biotech, Beijing, China).The purity and concentration of total RNA were checked by ratio of absorbance at
260 nm and 280 nm; the quality was accessed using Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA); �nally, the total RNA was veri�ed by electrophoresis on 1% agarose gel.

The preparation of whole transcriptome libraries and deep sequencing were performed by Shanghai
Majorbio Corp., Ltd. (Shanghai, China). Whole transcriptome libraries were divided into longRNA-seq and
smallRNA-seq libraries, respectively. Sequence reads were aligned to the human genome (GRCh38)
(http://asia.ensembl.org/Homo_sapiens/Info/Index) using the Bowiie2
(http://downloads.sourceforge.net/project/bowtie-bio/bowtie2/2.2.9/bowtie2-2.2.9-linux-x86_64.zip),
HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml), TopHat 2.0
(http://ccb.jhu.edu/software/tophat/index.shtml), and STAR 2.0 (http://code.google.com/p/rna-star/)
program. The resulting alignment �les were reconstructed with Cu�inks (http://cole-trapnell-
lab.github.io/cu�inks/) and StringTieb(http://ccb.jhu.edu/software/stringtie/) program.

The RefSeq and Ensembl transcript databases were chosen as the annotation references for the
transcripts annotation. Based on the back splice junction reads, CIRCexplorer [13] was used to predict
circRNAs, and the obtained circRNAs was compared with that from circBase and PlantcircBase database.
A criterion of data analyses was set as |log2FC|≥1 and a p adjust < 0.05 between two groups, so the
genes and transcripts accordance to this criteria was identi�ed as differentially expressed genes.

Function annotation and statistical methods
DE genes between non-nodal metastasis and lymph node metastasis LUAD, healthy control were
identi�ed via Cuffdiff 2.0. |fold-change| ≥ 2, p value < 0.05 and false discovery rate (FDR) ≤ 0.05 was
considered statistically signi�cant. NCBI_NR, Swiss-Prot, Pfam, EggNOG, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were enriched through the Database for
Annotation, Visualization, and Integrated Discovery. Pearson and Spearman algorithm were conducted to
assess the correlation between transcripts and to construct the visual networks.

CeRNA network analysis
The expression levels of circRNAs, miRNAs and mRNAs differed signi�cantly separately or both in non-
nodal metastasis LUAD, lymph node metastasis LUAD and healthy controls. We used miRanda,
TargetScan and RNAhybrid to predict miRNA-binding seed-sequence sites, and an overlap of the same
miRNA-binding sites on both circRNAs and mRNAs was indicated as MREs sequence. The whole circRNA-
miRNA-mRNA neworks were constructed and visually displayed using Cystoscope software v.3.5.0 (San
Diego, CA, USA).
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qRT-PCR validation experiments
Whole blood from LUAD patients and healthy controls were exacted using RNAprep Pire Hi-blood Kit
(TIAGEN, Beijing, China) according to the manufacture’s protocol. After puri�ed, total 2 µg RNAs were
reverse-transcribed using EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (TRANS,
Beijing, China) and miRNA First Stand cRNA synthesis kit (Sangon Biotech, Shanghai, China),
respectively. Then, the levels of transcripts were analyzed by using Hieff® qPCR SYBR Green Master Mix
(Low Rox Plus) (Yeasen Biotechnology Co., Ltd, Shanghai, China). GAPDH was used as internal control
for mRNA normalization, while U6 was used for miRNA normalization. Relative expression of target genes
was calculated using the 2−ΔΔCT method.

Statistical Analysis
All the data was described as means ± SD, and analyzed using SPSS version 19.0 software (Chicago, IL,
USA). Two-tailed unpaired Student t tests were used to compare the differences between any two groups,
and two more distributed groups were compared using ANOVA analysis following Tukey’s multiple
comparisons test. p value < 0.05 was considered statically signi�cant.

Results

Differential Expression Analysis
We identi�ed 8,031 signi�cantly dysregulated circRNA transcripts between the LUAD_low and Control
groups (Fig. 1A; Table S2); of which 3,993 and 4,038 transcripts were upregulated and downregulated in
LUAD_low relative to their levels in Control, respectively. Moreover, 7,084 circRNA transcripts were
signi�cantly dysregulated in LUAD_high group compared with that in LUAD_low groups, of which 4,228
transcripts were upregulated and 2,856 transcripts were downregulated (Fig. 1B; Table S3). Cluster
analysis of the circRNAs expression was conducted, and a heatmap was constructed to visualize the
results (Fig. 1C).

Next, based on transcripts per million (TPM) values, 128 signi�cantly dysregulated miRNAs were
identi�ed between the LUAD_low and healthy control patients, within 89 upregulated and 39
downregulated miRNAs (Fig. 1D; Table S4). Also 5 miRNAs were signi�cantly dysregulated in LUAD_high
patients compared with LUAD_low groups, of which 2 was upregulated and 3 was downregulated
(Fig. 1E; Table S5). Cluster analysis of miRNA expression was performed, and a heatmap was generated
(Fig. 1F).

In addition, total 111 mRNA transcripts were signi�cantly dysregulated, with 22 and 89 being respectively
upregulated and downregulated between LUAD_low and healthy control patients (Fig. 1G; Table S6); 388
mRNAs were signi�cantly dysregulated, with 185 and 203 being upregulated and downregulated in
LUAD_high groups (Fig. 1H; Table S7). Once again, cluster analysis was performed on the mRNA
expression, and a heatmap was generated (Fig. 1I).
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Construction of ceRNA Networks
According to the ceRNA hypothesis, RNA transcripts cross-regulate each other by competing for shared
miRNAs. Here, we used our RNA-seq data to construct the ceRNA works in the LUAD development. We
divided the differentially expressed transcripts (circRNAs, miRNAs, and mRNAs) into three groups: (1) E
yes A no, differential expression in LUAD_low but not in LUAD_high groups. (2) E no A yes, differential
expression in LUAD_high patients, but not in LUAD_low groups; and (3) E yes A yes, differential
expression both in LUAD_low and LUAD_high groups. The transcripts of the E yes A no, E no A yes, and E
yes A yes groups were represent the process for LUAD pathogenesis, LUAD metastasis, and LUAD
development, respectively (Figure. 2A).

In the E yes and A no groups, differentially expressed 880 circRNAs and 75 mRNAs shared common MRE
binding sites among 125 signi�cantly dysregulated miRNAs (Tables S8). Though a total of 270, 352, and
3 signi�cantly dysregulated circRNAs, mRNAs, and miRNAs were included in the E no A yes group, we
found no nodes interactions among these transcripts; �nally, 1209 circRNAs, 36 mRNAs, and 2 miRNA
were included in the E yes A yes group (Table S9). Figure 2B shows the circRNAs, miRNAs, and mRNAs
that were increased, decreased, and increased in E yes A no groups. And Fig. 2C shows the circRNAs,
miRNAs, and mRNAs that were decreased, increased, and decreased in E yes A yes groups, these RNA
interactions might be critical in LUAD at all stage.

Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes Pathway Analysis
To determine the regulation mechanism of ceRNA networks, Gene Ontology (GO) analyses were
performed on the circRNA-associated mRNA-encoding genes from above three groups. The top terms in
the identi�ed networks from E yes A no group were regulation of cellular process (GO:0050794) and
regulation of biological process (GO: 0050789) (Fig. 3A); at the same time, several cell death-associated
terms were also observed, such as cell cycle arrest (GO:0071157; GO:0071156; GO:0045787), G0 to G1
transition (GO:0045023), cell division (GO:0051302), and intracellular signal transduction (GO:009996) in
E yes A no groups (Table S10).

Additionally, to determine the signaling cascades related to the identi�ed genes, signi�cantly enriched
pathways were identi�ed through KEGG pathway analyses. The results showed that the top pathway in
the identi�ed network from E yes A no groups were Hippo signaling pathway and microRNAs in cancer
(Fig. 3B). In summary, these data suggested that the dysregulation of cell cycle associated genes
triggered the formation of LUAD at the early stage. However, since none or an unique ceRNA networks
found in the E no A yes and E yes A no groups, respectively, no enriched GO term and KEGG pathway were
enriched in this study.

Association study
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We selectively analyzed the expression of circRNAs, miRNAs, and their target genes that showed
signi�cant differential expression among non-nodal metastasis LUAD and healthy cohorts; moreover, we
performed analyses to investigate the most likely relationships between circRNA-associated ceRNA
netwok. For example, three identi�ed circRNA (hsa_circ_0123034, hsa_circ_0119549, hsa_circ_0036471)
and 19 novel circRNA were found to be a ceRNA of hsa-miR-6511a-3p; hsa_circ_0006374,
hsa_circ_0126864, hsa_circ_0036471 were a ceRNA of hsa-miR-6509-3p; hsa_circ_0036471 was a ceRNA
of hsa-miR-6803-3p. In addition, the three miRNAs share the same binding sites with iron-responsive
element binding protein 2 (IREB2), which has been identi�ed as key regulator of iron homeostasis and
could cause cellular proliferation in cancer[14] (Fig. 3; Table S10). Therefore, we predict that the identi�ed
circRNA-associated ceRNA networks are potentially involved in the pathogenesis of LUAD.

Additionally, we identi�ed another exon-skipping circularization novel circRNA was a ceRNA of hsa-miR-
14-3p in the E yes A yes groups; so this data suggested this circRNA-associated ceRNA networks might a
key driving factor in the development of LUAD.

Validation of differentially expression mRNAs and miRNAs
To con�rm the differentially dysregulated transcripts identi�ed in our RNA-seq data, we selected and
analyzed the differentially expression of hsa-miR-6509-3p, hsa-miR-6511a-3p, hsa-miR-6803-3p and their
common target IREB2. The results indicated that IREB2 was signi�cantly downregulated in LUAD patients
compared with healthy controls; meanwhile, the selected miRNAs levels all increased in LUAD patients. In
conclusion, the qPCR results were highly consistent with the RNA-seq data.

Discussion
Although surgical resection and target therapy can improve the prognosis of some LUAD patients, LUAD
is still the most mortality disease worldwide. And the small number of useful biomarker makes it
challenging to the diagnose and treatment of LUAD at early stage and predict therapeutic effects.
Therefore, exploring the novel biomarkers and understanding the mechanism of metastasis of LUADA
may provide new tools to treat the disease.

Recently, dysregulated expression of ncRNAs (circRNAs, lncRNAs, miRNAs) was found to be correlated
with tumorigenesis and the progression of cancers, whilst the functions of most of these ncRNAs are still
a mystery due to the limitation of detection technique and useful databases. Over the traditional
sequencing technology, NGS allows us to �nd novel ncRNAs and to identify tumor driver genes in several
types of cancer [15, 16]. In this study, it is the �rst comprehensive NGS analysis of transcripts pro�les
including ncRNAs and mRNAS of the development of LUAD, including the non-nodal metastasis LUAD
samples, lymph node metastasis LUAD samples, and healthy cohorts. Through comprehensively
selected, we found that 75 dif-mRNAs, 880 dif-circRNAs, 125 dif-miRNAs in non-nodal metastasis LUAD
samples compared with controls, which supposed to be associated with the pathogenesis of LUAD.
Further, the enriched genes in the ceRNA networks that is relevant to the pathological process of LUAD,
included regulation of biological process, regulation of cellular process, as well as various pathways,
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such as Hippo signaling pathway and microRNAs in cancer. One of these networks involves the gene
IREB2, a master regulator of iron metabolism that mediates iron uptake, metabolism and storage.

Ferroptosis, a novel form of iron dysregulation induced cell death, is crucial in regulating growth of
tumors, such as colorectal cancer, hepatocellular carcinoma, pancreatic cancer, and NSCLC [17–19].
Previous research has suggested that ncRNAs and endogenous ceRNA network mediated ferroptosis
drives the lung carcinogenesis. For example, LINC00336 functions as an oncogene to facilitate tumor cell
proliferation, inhibit ferroptosis in an ELAVL1-dependent manner in lung cancer [20]; lncRNA P53RRA acts
as a potential tumor suppressor by dissociating p53 from a cytosolic Ras GTPase-activating protein-
binding protein 1 (G3BP1) complex, inducing cell-cycle arrest and ferroptosis [21]; moreover, lncRNA-
MT1DP enhanced the sensitivity NSCLC cells to eartin-induced ferroptosis by regulating the miR-365a-
3p/NRF2 signaling pathways[22]. In mammals, iron regulatory proteins (IRPs) post-transcriptionally
regulate iron levels by binding to iron responsive elements (IREs). As the iron sensor, IREB2 directly binds
to the RNA stem-loop structures in the 3’-untranslated region (UTR) of mRNA and stabilizes transcripts of
iron transporters, such as transferrin receptor protein 1 (TFRC), thereby increasing intracellular iron
concentration[23, 24]. Song et. al suggested that activation of IREB2-TFRC pathway increases
intracellular iron concentration and enhances cell sensitivity to ferroptosis and reinforces host antitumor
immunity[25]. In this study, NGS data indicated the expression of IREB2 was signi�cantly downregulated
in non-nodal metastasis LUAD samples compared with controls; similarity, the same lower levels of this
gene was validated in 16 more LUAD specimens. Thereby, we hold the hypothesis that the dysregulation
of IREB2-associated ferroptosis might one of the occurrence factors of LUAD; however, whether it is
connected with the metastasis and poor survival needs further study.

Additionally, we found the signi�cant role of upregulated hsa-miR-6509-3p, has-miR-6511a-3p, and has-
miR-6803-3p in the mentioned sixteen LUAD samples. Evidence has shown that miR-6509 serves as
tumor-suppressive miRNA in cancer. Fan et al. reported that lncRNA SNHG6 acted as a ceRNA of miR-
6509 for promoting cell proliferation in hepatocellular carcinoma [26]. In this study, miR-6509-3p was
found to be in the center of the ceRNA network in the pathogenesis of LUAD and the target miRNA of
IREB2. Hence, miR-6803-3p and miR-6511a-3p were both upregulated in LUAD and shared the binding
sites with IREB2, which was consent with the results of miR-6509-3p; however, the role of these two
miRNAs was still unclear. Plausibly, miR-6509-3p, miR-6511a-3p, miR-6803-3p may play an important role
in the pathogenesis of LUAD. Further mechanistic studies are warranted to determine the miRNA-IREB2
axis in LUAD.

Conclusions
In conclusion, this study explored the molecular mechanism of development of LUAD using whole-
transcriptome sequencing and through validation by in vitro experiments. The genes, such as IREB2,
involved in ferroptosis, may play an important role in the pathogenesis of LUAD. Additionally, IREB2 was
the center of ceRNA of three novel miRNAs in LUAD. These �ndings shed light on the genomic complexity
of LUAD and also suggest potential new targets in LUAD characterization. However, this study is limited
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by small sample size, so some signi�cantly valuable ceRNA networks were not found between non-nodal
metastasis and lymph node metastasis LUAD samples; moreover, the role and the characteristics of
dysregulated circRNAs were not validated in the study. Further, in vivo validation using an animal model
and functional characterization are needed to delineate the exact mechanistic details.
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Figures

Figure 1

Expression pro�les of distinct transcripts

(A-C) Expression pro�les of circRNAs. (A and B) In the volcano plots, green, red and gray points represent
circRNAs that were downregulated, upregulated, and no signi�cantly different. x axis: log2 ratio of
circRNA expression levels. y axis: false discovery rate values (log10 transformed) of circRNAs. (C) Cluster
analysis of expression of circRNAs. Red and blue: increased and decreased expression, respectively. (D-F)
Expression pro�les of miRNAs. (D and E) In the volcano plots, green, red and gray points represent
miRNAs that were downregulated, upregulated, and no signi�cantly different. (F) Cluster analysis of
expression of miRNAs. Red and blue: increased and decreased expression, respectively. (G-I) Expression
pro�les of mRNAs. (G and H) In the volcano plots, green, red and gray points represent mRNAs that were
downregulated, upregulated, and no signi�cantly different. x axis: log2 ratio of mRNA expression levels. y
axis: false discovery rate values (log10 transformed) of mRNAs. (I) Cluster analysis of expression of
mRNAs. Red and blue: increased and decreased expression, respectively. C1-C8 represent Control; T10,
T9, T7, T5 represent lymph node metastasis LUAD (LUAD_high); T5, T4, T3, T2, T1 represent non-nodal
metastasis LUAD (LUAD_low )

Figure 2

circRNA-associated ceRNA networks in LUAD samples.
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The comparative groups were divided into three groups: E yes A no, E no A yes, and E yes A yes groups
(A). Further, differentially identi�ed circRNA-miRNA and miRNA-mRNA interactions were used to construct
ceRNA networks among E yes A no groups (B) and E yes A yes groups (C). 

Figure 3

GO enrichment annotation and KEGG pathway analyses.

The top terms of GO enrichment annotation (A) and signi�cantly enriched KEGG pathways (B) of
pathological progression of LUAD in E yes A yes groups. All pathways featured p values < 0.05, and the
analysis was conducted using the DAVID database.

Figure 4

Validation of miRNA and mRNA expression by qPCR.

Levels of miR-6803-3p (A), miR-6511a-3p (B), and miR-6509-3p (C) and IREB2 (D) LUAD_low and control
samples. The miRNAs and mRNA expression were quanti�ed relative to U6 expression level and β-actin,



Page 14/14

respectively. Data was shown as means ± SD (n=16; *p<0.05, **p<0.01, compared with Control).
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