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Background: At present, the alterations in molecular markers and signaling
pathways in chronic thromboembolic pulmonary hypertension (CTEPH)
remain unclear. We aimed to compare the difference of molecular markers
and signaling pathways in patients with CTEPH and healthy people with
transcriptome sequencing and bioinformatic analysis.

Methods: We prospectively included 26 patients with CTEPH and 35 sex- and
age-matched healthy volunteers as control. We extracted RNA from whole
blood samples to construct the library. Then, qualified libraries were sequenced
using PE100 strategy on BGlseq platform. Subsequently, the DESeq?2 package
in R was used to screen differentially expressed mRNAs (DEmRNAs) and
differentially expressed long non-coding RNAs (DEIncRNAs) of 7 patients
with CTEPH and 5 healthy volunteers. Afterwards, we performed functional
enrichment and protein—protein interaction analysis of DEmRNAs. We also
performed INCRNA-mMRNA co-expression analysis and IncCRNA-miRNA-mRNA
network construction. In addition, we performed diagnostic analysis on the
GSE130391 dataset. Finally, we performed reverse transcription polymerase
chain reaction (RT-PCR) of genes in 19 patients with CTEPH and 30
healthy volunteers.

Results: Gender and age between patients with CTEPH and healthy
controls, between sequencing group and in vitro validation group,
were comparable. A total of 437 DEmRNAs and 192 DEIncRNAs were
obtained. Subsequently, 205 pairs of interacting DEmMRNAs and 232 pairs
of IncRNA-mRNA relationship were obtained. DEmRNAs were significantly
enriched in chemokine signaling pathway, metabolic pathways, arachidonic
acid metabolism, and MAPK signaling pathway. Only one regulation pathway
of SOBP-hsa-miR-320b-LINC00472 was found through ceRNA network
construction. In diagnostic analysis, the area under curve (AUC) values of
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LINC00472, PIK3R6, SCN3A, and TCL6, respectively, were 0.964, 0.893, 0.750,

and 0.732.

Conclusion: The identification of alterations in molecules and pathways may
provide further research directions on pathogenesis of CTEPH. Additionally,
LINC00472, PIK3R6, SCN3A, and TCL6 may act as the potential gene markers

in CTEPH.

chronic thromboembolic pulmonary hypertension, differentially expressed IncRNAs,
differentially expressed mRNAs, ceRNA network, transcriptome sequencing

Introduction

Chronic  thromboembolic ~ pulmonary  hypertension
(CTEPH) is classified into Group 4 of pulmonary hypertension
(PH) and it is thought to be a severe complication of pulmonary
thromboembolism (1). It is characterized by incomplete or
abnormal resolution of acute pulmonary embolism, chronic
thrombotic mechanical obstruction, pulmonary vascular
remodeling, and then right ventricular dysfunction (2, 3).
At present, the exact epidemiology and precise pathogenesis
of CTEPH are unclear. Therefore, studying the expression
of CTEPH-related genes and their interactions is important
for understanding the molecular mechanism and providing
a potential basis for the further research on pathogenesis of
CTEPH. Previous studies (4) indicated that a variety of genes
were involved in the progress of CTEPH. Forkhead box class
O transcription factor 1 (FoxO1) expression is downregulated
in CTEPH, which promotes endothelial cell proliferation and
leads to vascular remodeling (4). Chemokine CXC ligand 13
(CXCL13) is overexpressed in pulmonary vascular lesions of
patients with CTEPH and has a potential pathogenic role (5).
Moreover, abnormal expression of the long non-coding RNAs
(IncRNAs) plays an essential role in the progression of CTEPH
(6). For example, IncRNA NONHSAT073641 expression is
upregulated in CTEPH, which is associated with endothelial
angiogenesis (7). LncRNA CTEPH-associated 1 can play an
important mediation mechanism in the progress of CTEPH
by regulating related networks (8). In addition, microRNAs
(miRNAs) also play an important role in the development of
CTEPH (9, 10). Such hsa-miR-1226-3p may form competing
endogenous RNA (ceRNA) relationship with hsa-circ-0046159
and ATPase
transporting 2 (ATP2A2) and plays an important regulatory role
in CTEPH (11). The expression of miR-93-5p is downregulated
in CTEPH and correlates with the severity of the disease (12).
The hsa-miR-106b-5p is involved in the development of CTEPH

via targeting matrix metalloproteinase 2 (MMP2) (13). In

sarcoplasmic/endoplasmic ~ reticulum ~ Ca?t

the recent years, molecular studies on CTEPH have gradually
increased; however, its specific pathogenesis remains unclear.
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In addition, the correlation between IncRNAs and mRNAs
and the regulation mechanism of ceRNA on CTEPH have not
been reported.

Thus, in this study, first, we sequenced the IncRNAs
and mRNAs expression profile data of patients with CTEPH
and then screened out differentially expressed IncRNAs
(DEIncRNAs) and differentially expressed mRNAs (DEmRNAs).
Subsequently, we performed the functional enrichment,
IncRNA-mRNA co-expression analysis, and ceRNA (IncRNA-
miRNA-mRNA) network construction. Finally, we identified the
alterations in some molecular markers and signaling pathways
in CTEPH.

Materials and methods

Study design

This study complied with the Declaration of Helsinki and
was approved by the ethics committee (IRB no. 2017-24). The
informed consents were obtained from all the participants. From
January 2020 to May 2022, 26 patients with CTEPH (12 females,
53.4 & 11.2 years) and 35 healthy volunteers (13 females, 48.8 £
9.5 years) were prospectively included in this study. CTEPH was
diagnosed by right heart catheterization (RHC) with pulmonary
ventilation and perfusion scan and computed tomography
pulmonary angiography (CTPA). All healthy volunteers came
from our health examination center with the normal lung
and liver function, routine blood and urine tests, thyroid
hormone levels, and normal electrocardiography. Patients with
CTEPH who underwent pulmonary endarterectomy (PEA)
were included. Patients who underwent balloon pulmonary
angioplasty (BPA) were excluded. Patients without complete
data from RHC or patients who underwent PEA before
obtaining blood samples also were excluded. Participants with
other types of pulmonary hypertension, cigarette-smoking,
chronic obstructive pulmonary disease, obstructive sleep apnea
syndrome, asthma, infection, interstitial lung disease, connective
tissue disease, endocrine diseases, hypertension, diabetes,
coronary heart disease, cardiomyopathy, congenital heart
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disease, malignant tumor, hepatitis and liver cirrhosis, nephritis,
and renal failure were all excluded.

The whole blood samples of patients with CTEPH were
obtained from the right internal jugular vein during RHC
before PEA. The whole blood samples of healthy volunteers
were obtained from the right internal jugular vein. The blood
samples were flash frozen for later testing. All blood samples
were randomly grouped into 2 groups. Group 1, sequencing
group (5 females, 51.9 & 11.2 years) including 7 blood
samples from patients with CTEPH and 5 blood samples from
the healthy volunteers, used transcriptome sequencing and
ceRNA (IncRNA-miRNA-mRNA) network construction. Group
2, validation group (25 females, 50.5 & 10.8 years) including
19 blood samples from patients with CTEPH and 30 blood
samples from the healthy volunteers, used reverse transcription
polymerase chain reaction (RT-PCR) validation of genes.

RNA extraction and library construction

Total RNAs were extracted from whole blood samples of
Group 1 using TRIzol ™ reagent. Nanodrop2000 was used to
detect the concentration and purity of the RNA. The integrity
of RNA was detected by agarose gel electrophoresis. Agilent2100
was used to determine RNA integrity number (RIN) value. The
total amount of RNA required for a single library construction
is 5 ug. In addition, the RNA concentration should be >200
ng/pl, and the optical density (OD) value should be in 1.8-2.0.
DNA fragments in total RNA samples were digested by DNase
I, and the reaction products were purified and recovered by
magnetic beads. The rRNA was removed from the digested total
RNA samples. RNA samples of the previous step were placed
in the polymerase chain reaction (PCR) instrument for thermal
interruption. Then, one-strand ¢cDNA and two-strand cDNA
with dUTP were synthesized in a PCR instrument. Subsequently,
terminal repair and connection of the sequencing connector
were performed. Finally, PCR amplification was performed to
complete the library preparation.

Sequencing and raw data processing

Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-
Time PCR System were used to detect the quality of library.
Qualified libraries were sequenced using PE100 strategy on
BGIseq platform. The “FASTP” was used for quality control
of sequencing data. Specifically, adapter sequence, 5’ segment,
3’ segment, bases with quality <20, and reads with N >10%
were trimmed. In transcriptome sequencing data, only the data
compared to the reference genome can be used for subsequent
analysis. The high-quality sequencing sequences obtained
after quality control were compared with the designated
reference genome using HISAT?2 (https://ccb.jhu.edu/software/
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hisat2/index.shtml). The reference genome is from Ensembl
database, the genome version is GRCh38, and gene annotation
information is Ensemble 92. Stringtie (http://ccb.jhu.edu/
software/stringtie/) quantifies mRNA and IncRNA expression
and standardizes output. Stringtie calculated fragments per
kilobase of exon model per million mapped reads (FPKM)
value of each gene/transcript in the sample according to the
comparison results of HISAT2 software and took this value as
the expression level of the gene/transcript in the sample.

Difference analysis of mRNAs and
IncRNAs

First, the original read count was standardized (mainly
to correct the sequencing depth). Then, the hypothesis test
probability (p-value) was calculated by statistical model.
Third, multiple hypothesis testing correction (Benjiamini and
Hochberg method) (14) was performed to obtain the corrected
p-value (false discovery rate, FDR). The DESeq2 package in R
was used to screen genes with significant differences between
different samples (15). p < 0.05 and |log2 fold change| (|log2FC]|)
>1 were used to the differential expression screening criteria of
IncRNAs and mRNAs.

Functional analysis and protein-protein
interaction network construction of
DEmRNAs

To investigate the distribution and biological pathways
involved of DEmRNAS, functional analysis was performed. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) functional analyses of DEmRNAs were performed
using GeneCodis4.0 database (https://genecodis.genyo.es/). The
screening criteria were pval_adj < 0.05. To further investigate
the interaction between DEmRNAs, we constructed a protein-
protein interaction (PPI) network. We used string database
(https://string-db.org/) to perform protein interaction network
analysis for DEmRNAs. The screening criteria was combined
score >0.4.

Analysis co-expression of
MRNAs-lncRNA

The functions of IncRNAs are related to their co-expressed
protein-coding genes. When there is a positive or negative
correlation between the expression of IncRNA and some distant
genes, the target gene of IncRNA can be predicted by correlation
analysis. To investigate the correlation between DEmRNAs and
DEIncRNAs, we constructed a co-expression network. In this
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analysis, Pearson correlation coefficient method was used to
analyze the correlation between DEIncRNAs and DEmRNAs.
The screening criteria were |correlation coefficient| (|r]) >0.9,
p < 0.05.

Construction of ceRNA
(lncRNA-miRNA-mRNA) network

MiRWalk
interactions/) was used to predict the miRNAs whose target

(http://mirwalk.umm.uni-heidelberg.de/

gene is DEmRNAs. Then, the relationship pairs were selected
which have been validated in at least two databases (TargetScan,
miRDB, MiRTarBase). NPInter (http://bigdata.ibp.ac.cn/
npinter4) was used to predict the miRNAs whose target gene
is DEIncRNAs. Subsequently, the miRNA dataset GSE56914
was downloaded from the GEO database (16). Then, differential
expression analysis of miRNAs was performed. The rank
sum test was used to analyze the difference in miRNAs
expression between healthy control group and CTEPH group.
Finally, the intersection of differentially expressed miRNAs,
miRNAs targeted by mRNA and miRNAs targeted by IncRNA,
was selected.

RT-PCR validation of IGKV1-8, PMP22,
PIK3R6, KCNMB2-AS1, and TCL6

The total RNAs in Group 2 (49 blood samples from
19 patients with CTEPH and 30 healthy volunteers) were
extracted by RNAliquid Ultra Speed Whole Blood (liquid
sample) Total RNA Extraction Kit. FastQuant cDNA synthesis
kit was used for mRNA/IncRNA reverse transcription. SuperReal
PreMix Plus (SYBR Green) was used for RT-PCR validation
of mRNA/IncRNA. Each experiment was repeated 3 times.
GAPDH and ACTB were used as internal control for RT-
PCR. All primers are shown in Supplementary Table 1. The
2~ AACt method was used to calculate the relative expression of

genes (17).

Diagnostic analysis

To explore the potential diagnostic value of the identified
genes, we performed receiver operating characteristic (ROC)
curve analysis using pROC package in R. The diagnostic
accuracy of identified genes was evaluated by the area under
curve (AUC) values in the ROC curve. If the AUC value is
>0.7, it implies that the gene has good diagnostic accuracy (18).
The sensitivity and specificity at the cutoffs were determined
referring to the previous report (19). ROC diagnostic analysis of
the identified genes was performed using the GSE130391 dataset
(14 cases of CTEPH and 4 controls). The GSE130391 dataset was
obtained from the GEO database.
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Statistical analysis

The DESeq2 package in R was used to screen DEmRNAs and
DEIncRNA, and the screening criteria were p < 0.05, |log2FC|
>1. GeneCodis4.0 database was used for functional analysis. The
screening criteria were pval_adj < 0.05. The Pearson correlation
coefficient method was used to analyze the correlation between
DEIncRNAs and DEmRNAs. The screening criteria were |r]
>0.9, P < 0.05. For the RT-PCR, t-test was used to evaluate
the statistical significance among the patients with CTEPH and
healthy controls.

Results

Clinical information

Table 1 shows the clinical data of patients with CTEPH and
healthy controls. There was no significant difference of gender
(x> = 0.166, P = 0.684) and age (t = 1.638, P = 0.098)
between patients with CTEPH and healthy controls. Gender (2
= 0.003, p = 0.975) and age (¢ = 0.408, p = 0.684) between
Group 1 (sequencing group) and Group 2 (validation group)
were similar. The mean pulmonary artery pressure (mPAP),
pulmonary vascular resistance (PVR), pulmonary arterial wedge
pressure (PAWP), cardiac output (CO), 6-min walk distance,
and N-terminal pro-B type natriuretic peptide (NT-proBNP)
of patients with CTEPH, respectively, were 37.854+9.35 mmHg,
681.7dyn.sec.cm ™ (IQR, 426.8-974 dyn.sec.cm™>), 11.08 +
2.23 mmHg, 3.5 £ 1.06 L/min, 438.59 &+ 102.2m, and 403
pg/ml (IQR,177-764 pg/ml). NT-proBNP of patients with
CTEPH significantly increased in comparison with the healthy
volunteers (median = 35 pg/ml, IQR, 21-53 pg/ml) (U = 60.5, p
< 0.001).

DEmRNAs and DElncRNAs

A total of 437 DEmRNAs were obtained (p < 0.05, |log2FC|
>1). Among them, 233 expression levels were upregulated,
and 204 expression levels were downregulated. Figures 1A,B
demonstrate the volcano map of DEmRNAs and the heat map
of top 50 DEmRNAs. Table 2 shows the top 10 up-DEmRNAs
including WDR90, FAM86B2, CD300LD, MCRIP2, DERPC,
PLXNA4, ELN, IGKV1-8, PGAMI1P7, and SH3RF3. The top
10 down-DEmRNAs were AP000867.4, RNASE3, ARHGAPS,
CEBPE, AC103792.1, TMEM144, SLC29A1, ADGRGS5, PIK3R6,
and PMP22 (Table 2).

A total of 192 DEIncRNAs were obtained (p <
0.05, [log2FC| >1). 108
levels were upregulated, and 84 expression levels were

Among  them, expression

downregulated. Figures 1C,D demonstrate the volcano map
of DEIncRNAs and the heat map of top 50 DEIncRNAs.
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TABLE 1 Clinical information of patients with CTEPH and healthy volunteers.
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Gender Age Group Diagnosis Systolic PAP  Diastolic PAP ~ mean PAP PVR PAWP Cco NT-proBNP 6MWD Treatment
(years) (mmHg) (mmHg) (mmHg) (dyn.sec.cm-5) (mmHg) (L/min) (pg/ml) (m)

Male 36 1 CTEPH 56 16 28 2724 12 5.87 168 618 PEA
Female 61 1 CTEPH 76 16 36 1068.8 4 2.5 1,312 340 PEA
Male 65 1 CTEPH 80 30 47 1420.4 9 2.14 1,099 300 PEA
Male 44 1 CTEPH 94 34 54 1072 12 3.13 1,106 271 PEA
Female 54 1 CTEPH 86 22 43 535.6 14 4.33 615 477 PEA
Male 57 1 CTEPH 48 22 31 674.4 10 2.45 712 450 PEA
Female 39 1 CTEPH 63 27 39 566.6 13 3.67 677 400 PEA
Female 69 2 CTEPH 76 27 45 1072.2 11 2.39 168 450 PEA
Female 31 2 CTEPH 52 12 25 819.9 9 2.44 34 618 PEA
Female 56 2 CTEPH 71 28 42 954.5 12 2.51 554 477 PEA
Male 61 2 CTEPH 82 28 46 1224.8 8 2.57 4,857 245 PEA
Male 61 2 CTEPH 55 20 32 306.4 12 4.44 25 - PEA
Male 37 2 CTEPH 38 14 25 207.1 13 4.25 47 550 PEA
Male 43 2 CTEPH 48 16 27 583.2 12 2.47 921 - PEA
Female 45 2 CTEPH 73 19 37 1032.7 10 2.71 410 450 PEA
Male 60 2 CTEPH 82 19 40 503.4 12 4.45 396 - PEA
Male 58 2 CTEPH 48 16 27 308.5 9 4.67 180 446 PEA
Male 66 2 CTEPH 75 29 44 850.1 13 2.92 248 360 PEA
Female 46 2 CTEPH 74 19 37 747.7 10 2.89 685 - PEA
Female 67 2 CTEPH 96 23 47 829.5 13 3.28 387 488 PEA
Female 61 2 CTEPH 52 19 31 456.6 12 3.33 323 464 PEA
Male 64 2 CTEPH 34 18 26 290.1 13 3.58 1,392 534 PEA
Female 32 2 CTEPH 65 21 45 563.4 14 5.24 360 513 PEA
Female 46 2 CTEPH 95 45 61 810.6 9 5.13 301 406 PEA
Male 67 2 CTEPH 60 18 33 3375 12 4.74 50 310 PEA
Male 63 2 CTEPH 75 16 36 689 10 3.02 605 482 PEA
Female 61 1 normal - - - - - - 10 - -
Female 63 1 Normal - - - - - - 12 - -
Male 62 1 Normal - - - - - - 21 - -
Male 36 1 Normal - - - - - - 17 - -
Male 45 1 Normal - - - - - - 10 - -
Female 38 2 Normal - - - - - - 24 - -
Female 51 2 Normal - - - - - - 33 R R

(Continued)
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TABLE 1 Continued

Gender Age Group Diagnosis Systolic PAP  Diastolic PAP ~ mean PAP PVR PAWP (0[0] NT-proBNP 6MWD Treatment
(years) (mmHg) (mmHg) (mmHg) (dyn.sec.cm-5) (mmHg) (L/min) (pg/ml) (m)
Male 35 2 Normal - - - - - - 53 - _
Male 45 2 Normal - - - - - - 37 - _
Male 58 2 Normal - - - - - - 46 - _
Female 48 2 Normal - - - - - - 57 - _
Female 50 2 Normal - - - - - - 46 - _
Male 58 2 Normal - - - - - - 74 - _
Female 54 2 Normal - - - - - - 45 - _
Male 39 2 Normal - - - - - - 65 - _
Male 37 2 Normal - - - - - - 44 - _
Male 53 2 Normal - - - - - - 53 R R
Male 69 2 Normal - - - - - - 27 - _
Female 59 2 Normal - - - - - - 45 R R
Female 44 2 Normal - - - - - - 62 - _
Male 39 2 Normal - - - - - - 54 - _
Male 47 2 Normal - - - - - - 45 - _
Female 48 2 Normal - - - - - - 32 - _
Female 41 2 Normal - - - - - - 72 - _
Male 50 2 Normal - - - - - - 34 - _
Female 38 2 Normal - - - - - - 52 - _
Male 62 2 Normal - - - - - - 10 - _
Male 52 2 Normal - - - - - - 16 - _
Female 36 2 Normal - - - - - - 22 - _
Female 52 2 Normal - - - - - - 65 R R
Female 39 2 Normal - - - - - - 12 - _
Female 34 2 Normal - - - - - - 24 - -
Male 52 2 Normal - - - - - - 35 R R
Female 56 2 Normal - - - - - - 24 - _
Female 57 2 Normal - - - - - - 16 - _

Group: 1, transcriptome sequencing group; 2, validation group; CTEPH, chronic thromboembolic pulmonary hypertension; PAP, pulmonary arterial pressure; PVR, pulmonary vascular resistance; PAWP, pulmonary arterial wedge pressure; CO, cardiac
output; NT-proBNP, N-terminal pro-B type natriuretic peptide; 6MWD, 6-minute walk test; PEA, Pulmonary endarterectomy.
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FIGURE 1

DEmMRNAs and DEIncRNAs analysis. (A) Volcano map of DEmRNAs. X-axis and Y-axis presents -log10 (p-value) and log2fold change,
respectively. Blue and red colors represent downregulation and upregulation, respectively. (B) Heat map of top 50 DEmRNAs. The clustering is
constructed using the full chain method together with the Euclidean distance. Red indicates above the reference channel (high expression
genes). Green indicates below the reference channel (low expression genes). (C) Volcano map of DEINcRNAs. X-axis and Y-axis presents -log10
(p-value) and log2fold change, respectively. Blue and red colors represent downregulation and upregulation, respectively. (D) Heat map of top
50 DEIncRNAs. The clustering is constructed using the full chain method together with the Euclidean distance. Red indicates above the
reference channel (high expression genes). Green indicates below the reference channel (low expression genes). p-Value < 0.05 and |log2 fold
change| (Jlog2FC|) >1 were used to the differential expression screening criteria of INcRNAs and mRNAs.

Table 3 shows that LINC00544, AC011484.1, AL022341.1, Functional enrichment analysis and PPI

AC010624.3, AL133384.2, AC103831.1, TCL6, AL157895.2, network construction of DEmRNAs
CCDCI144NL-AS1, and AC015912.3 were the top 10

up-DEIncRNAs, ~ whereas ~ AC099521.3,  AP004608.1, In GO analysis, DEmRNAs were involved in a variety of
AC020910.2, AC023480.1, LINC01149, U91324.1, AC020895.2, biological pathways. The biological process, cell composition,
ACO004593.1, Z99774.1, and AL157394.1 were the top and molecular function of the top 15 are shown in Figures 2A-C.
10 down-DEIncRNAs. In KEGG analysis, DEmRNAs were mainly involved in
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TABLE 2 Top 10 up/down-regulated DEmRNAs.

10.3389/fcvm.2022.961305

ID Gene Log2FoldChange P-value Up/down
ENSG00000284625.1 AP000867.4 —3.093661715 1.56E-06 Down
ENSG00000169397.3 RNASE3 —2.699640041 3.07E-06 Down
ENSG00000241484.9 ARHGAPS8 —2.087374614 7.46E-06 Down
ENSG00000092067.5 CEBPE —1.488030552 8.07E-06 Down
ENSG00000271350.1 AC103792.1 —1.963230562 1.20E-05 Down
ENSG00000164124.11 TMEM144 —1.14179294 1.74E-05 Down
ENSG00000112759.19 SLC29A1 —1.76693469 7.89E-05 Down
ENSG00000159618.16 ADGRG5 —1.112153433 9.29E-05 Down
ENSG00000276231.5 PIK3R6 —1.043173531 9.60E-05 Down
ENSG00000109099.15 PMP22 —2.013409978 0.000101403 Down
ENSG00000161996.19 WDR90 8.670989479 1.38E-07 Up
ENSG00000145002.12 FAMS86B2 1.246973302 2.63E-07 Up
ENSG00000204345.1 CD300LD 2711903774 5.15E-06 Up
ENSG00000172366.20 MCRIP2 6.376510103 6.54E-06 Up
ENSG00000286140.1 DERPC 2.76345347 1.89E-05 Up
ENSG00000221866.9 PLXNA4 1.060943242 5.33E-05 Up
ENSG00000049540.17 ELN 4.312537384 7.31E-05 Up
ENSG00000240671.4 IGKV1-8 1.683117657 7.70E-05 Up
ENSG00000213997.3 PGAM1P7 1.097032909 9.12E-05 Up
ENSG00000172985.11 SH3RF3 1.267830035 0.000105253 Up
TABLE 3 Top 10 up/down-regulated DEIncRNAs.

ID Gene Log2FoldChange P-value Up/down
ENSG00000279693.1 AC099521.3 —1.767251736 0.000307162 Down
ENSG00000255545.8 AP004608.1 —1.296864033 0.000374053 Down
ENSG00000268683.1 AC020910.2 —2.100253881 0.000723104 Down
ENSG00000287720.1 AC023480.1 —1.217946334 0.000822968 Down
ENSG00000230174.1 LINCO01149 —1.949650534 0.002010516 Down
ENSG00000229740.3 U91324.1 —1.512600273 0.002093572 Down
ENSG00000280091.1 AC020895.2 —1.22547933 0.00227565 Down
ENSG00000285081.1 AC004593.1 —1.075258675 0.002754953 Down
ENSG00000206028.1 799774.1 —1.033921668 0.002763125 Down
ENSG00000261438.1 AL157394.1 —2.017209437 0.002867163 Down
ENSG00000122043.11 LINC00544 1.316885707 1.99E-07 Up
ENSG00000204850.4 ACO011484.1 1969416643 9.61E-07 Up
ENSG00000228201.1 AL022341.1 5.815310148 1.05E-05 Up
ENSG00000269091.6 AC010624.3 2.090027053 1.60E-05 Up
ENSG00000279796.1 AL133384.2 1.308093881 5.13E-05 Up
ENSG00000253924.2 AC103831.1 1.377436801 0.000330773 Up
ENSG00000187621.14 TCL6 1.35151838 0.00042378 Up
ENSG00000233968.7 AL157895.2 2.849787772 0.000676503 Up
ENSG00000233098.9 CCDC144NL-AS1 1.373207385 0.000819346 Up
ENSG00000274213.1 AC015912.3 1.058484014 0.001099103 Up
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FIGURE 2

criteria were pval_adj < 0.05.

GO and KEGG functional enrichment of DEmRNAs. (A) In GO function enrichment analysis, top 15 significantly enriched biological process of
DEmMRNAs; (B) In GO function enrichment analysis, top 15 significantly enriched cell composition of DEmRNAs; (C) In GO function enrichment
analysis, top 15 significantly enriched molecular function of DEmRNAs; (D) In KEGG function enrichment analysis, top 15 significantly enriched
signaling pathways of DEmRNAs. The bubble on the graph represents the size of the pval_adj, the redder the more significant. The screening

metabolic pathways, arachidonic acid metabolism, and MAPK
signaling pathway (Figure 2D). PPI analysis was performed
on 437 DEmRNAs using string database. According to the
screening criteria combined_score >0.4, 205 pairs of interacting
DEmRNAs were obtained. In the PPI network, 135 nodes and
205 edges were included (Figure 3). Genes with higher degree
were CXCL8 (degree = 22, up), GPR17 (degree = 12, up),
PVALB (degree = 11, up), ADCY6 (degree = 11, up), CNRI1
(degree = 10, up), and CXCL5 (degree = 10, up).

Analysis co-expression of IncRNA-mRNA
The Pearson correlation coefficient method was used to

analyze the co-expression of IncRNA-mRNA. According to
the screening criteria |r[>0.9, p < 0.05, a total of 232
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IncRNA-mRNA relationship pairs were obtained (Figure 4).
After that, we performed functional enrichment of the co-
expressed DEmRNAs. In GO analysis, DEmRNAs were involved
in a variety of biological pathways. The biological process, cell
composition, and molecular function of the top 15 are shown
in Figures 5A-C. In KEGG analysis, DEmRNAs were mainly
involved in metabolic pathways, chemokine signaling pathway,
cytokine-cytokine receptor interaction, and arachidonic acid
metabolism signaling pathways (Figure 5D).

Construction of ceRNA network
We obtained 749 mRNA-miRNA targeting relationship pairs

via miRWalk prediction. Then, 749 IncRNA-miRNA targeting
relationship pairs were obtained via NPInter prediction.
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FIGURE 3

PPI network of DEmRNAs. Red and wathet represent upregulation and downregulation of DEmRNAs. Black borders represent the top 10
up-/downregulated DEmRNASs.

Subsequently, differential expression analysis of miRNAs in in GSE130391 dataset. In ROC curve analysis, only the
GSE56914 dataset was performed. Finally, the intersection AUC values of LINC00472, PIK3R6, SCN3A, and TCL6 were
of differentially expressed miRNAs, miRNAs targeted by >0.7, which, respectively, were 0.964, 0.893, 0.750, and 0.732
mRNA and miRNAs targeted by IncRNA, was selected. (Figure 7). It is indicated that LINC00472, PIK3R6, SCN3A, and

Surprisingly, only one miRNA (hsa-miR-320b) was obtained TCL6 may act as the potential gene markers in CTEPH.
and its expression was downregulated (Figure 6). The regulatory
relationship involved in hsa-miR-320b was SOBP (upregulated)-

hsa-miR-320b (downregulated)-LINC00472 (upregulated). RT-PCR validation

IGKV1-8, PMP22, PIK3R6, KCNMB2-AS1, and TCL6 were

Diagnostic analysis of genes selected for RT-PCR verification (Figure8). In comparison
with the healthy controls, the expression levels of IGKV1-8

We selected the genes that differentially express up- and TCL6 in CTEPH group were upregulated trend and
/downregulation of top 10 or involved in IncRNA-mRNA PMP22, PIK3R6, and KCNMB2-AS1 were downregulated
co-expression/ceRNA network or have been reported to be trend, which was consistent with the analysis results
associated with pulmonary hypertension for diagnostic analysis of transcriptome data. Statistical analysis of RT-PCR
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LncRNA-mRNA co-expression network diagram. Circles and V-shape represent DEmRNAs and DEIncRNAs, respectively. Red and wathet
represent upregulation and downregulation, respectively. Black borders represent the top 10 up-/downregulated DEmRNAs or DEIncRNAs.

results showed that the changes of PMP22, PIK3R6, and
KCNMB2-AS1 expression levels were statistically significant
(p < 0.05).

Furthermore, the expression of IGKV1-8, PMP22,
PIK3R6, KCNMB2-AS1, and TCL6 in male and female
patients with CTEPH was analyzed separately. Compared
with the control group, the expression levels of IGKV1-8
and TCL6 in male and female patients with CTEPH were all
upregulated trend and PMP22, PIK3R6 and KCNMB2-AS1
were all downregulated trend (Supplementary Figure 1).
This indicates that the expression of IGKV1-8, PMP22,
PIK3R6, KCNMB2-AS1 and TCL6 in CTEPH may not
be sex-specific.
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Discussion

Chronic thromboembolic pulmonary hypertension is an
uncommon but severe sequela of venous thromboembolism.
Diagnosis remains challenging due to unspecific early clinical
symptoms and overlap with other cardiopulmonary diseases
(3). Mass spectrometry and bioinformatic analysis of specimens
from thromboembolic material with clear thrombus after PEA
in 5 patients with CTEPH indicated differentially mediated
proteins and abnormal pathways associated with endothelial
dysfunction (20). Therefore, it is of great theoretical and
clinical significance to study the genetic background of CTEPH.
Miao et al. (11) obtained peripheral blood samples from 5
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FIGURE 5
Functional enrichment of co-expressed DEmMRNAs with DEIncRNA. (A) In GO function enrichment analysis, top 15 significantly enriched
biological process of co-expressed DEmRNAs; (B) In GO function enrichment analysis, top 15 significantly enriched cell composition of
co-expressed DEmRNASs; (C) In GO function enrichment analysis, top 15 significantly enriched molecular function of co-expressed DEmRNAs;
(D) In KEGG function enrichment analysis, all enriched signaling pathways of co-expressed DEmRNAs. The bubble on the graph represents the
size of the pval_adj, the more red the more significant. The screening criteria was pval_adj < 0.05.

CTEPH and 5 healthy controls for miRNAs and circRNAs
differential expression analysis, and the results showed that
a large number of miRNAs and circRNAs expressions were
abnormal in CTEPH. Although this study laid a foundation for
further research on the molecular mechanism of CTEPH, the
analysis of IncRNAs was lacking. So far, we have not found
relevant literature reports on IncRNAs sequencing of CTEPH.
Therefore, IncRNA and mRNA were analyzed in our study.
In addition, ROC analysis found that LINC00472, PIK3Ré,
SCN3A, and TCL6 may be the potential diagnostic biomarkers
for CTEPH, which may contribute to the early diagnosis and
management of CTEPH.

In this study, we assessed the differences in molecular
markers and signaling pathways of patients with CTEPH, in
comparison with normal healthy people, through transcriptome
sequencing and bioinformatics analysis. However, only one
regulation pathway of SOBP-hsa-miR-320b-LINC00472 was
found through ceRNA network construction. In comparison
with healthy people, sine oculis-binding protein homolog
(SOBP) in patients with CTEPH was upregulated. As far
as we know, this is the first study to show that SOBP is
upregulated express in CTEPH and SOBP may play a potential
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regulatory role in the pathogenesis of CTEPH. Hsa-miR-
320b was found downregulated in CTEPH. Hsa-miR-320b is
positively correlated with the survival of chronic obstructive
pulmonary disease (COPD), and its expression level can be
used to predict the survival of COPD (21). Hsa-miR-320b is
low expressed in carotid atherosclerosis (22). Hsa-miR-320b
also inhibits lung cancer angiogenesis and tumor growth by
inhibiting the hepatocyte nuclear factor 4 gamma (HNF4G) and
insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2)
expression (23). In this study, hsa-miR-320b was the only one
miRNA screened and downregulated in CTEPH. Moreover, we
found that LINC00472 was upregulated and LINC00472 has
better predictive value (AUC = 0.964) in CTEPH. LINC00472
expression level is upregulated in atherosclerotic coronary artery
tissue in comparison with normal coronary artery samples
(24). Moreover, LINC00472 can regulate the migration and
proliferation of vascular smooth muscle cells by regulating miR-
149-3p (24). However, the underlying molecular mechanism of
SOBP-hsa-miR-320b-LINC00472 needs further verification.

In addition to the above 3 genes screened by ceRNA, we
also found PLXNA4, ELN, IGKV1-8, PMP22, CXCL8, SCN3A,
and PIK3R6. They were DEmRNAs that differentially express
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FIGURE 6

Expression of hsa-miR-320b in samples from dataset GSE56914.
The rank sum test was used to analyze the difference of
hsa-miR-320b expression between healthy control group and
CTEPH group. **** represents p < 0.0001. p < 0.05 was
considered statistically significant.

up-/downregulation of top 10 or involved in IncRNA-mRNA
co-expression or have been reported to be associated with
pulmonary hypertension. The expression level of plexin A4
(PLXNA4) increased significantly in rat pulmonary fibrosis
tissue and is highly correlated with the expression level
of MRAKO081523 (25). PLXNA4 promotes
by enhancing vascular endothelial growth factor (VEGF)
and bFGF signaling pathways (26). PLXNA4 is a novel
candidate gene for pulmonary embolism (PE) in patients
with venous thromboembolism (VTE) and plays a role in the

angiogenesis

process/pathway of thrombosis (27). Previous studies have
found that peripheral myelin protein 22 (PMP22) interacts
with transforming growth factor-f (TGF-B) (28). TGF-f
can induce epithelial-mesenchymal transition (EMT), which
had implications for fibrotic lung disease (29). In this study,
PLXNA4 and PMP22 were the genes that differentially express
up-/downregulation of top 10 and were involved in the co-
expression of mRNA-IncRNA. Therefore, we speculated that
PLXNA4 and PMP22 may cause the occurrence of CTEPH by
affecting vascular formation or reconstruction.

In this study, sodium voltage-gated channel alpha subunit
3 (SCN3A) was upregulated in CTEPH. SCN3A is highly
expressed in pulmonary artery smooth muscle cells (PASMC)
and is the main o-subunit that forms functional Na™ channels
in PASMC. Electrical excitability plays an important role
in excitation-contractile coupling of the pulmonary vascular
system, and it is regulated by transmembrane ion flux in
PASMC (30). Therefore, we speculate that SCN3A may play
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an important regulatory role in the occurrence of CTEPH by
regulating the excitation-contraction mechanism of pulmonary
vessels. Moreover, SCN3A was also regulated by multiple
IncRNAs in CTEPH. Conspicuously, ROC analysis found that
the AUC of SCN3A was >0.7. We speculated that SCN3A
might be a potential therapeutic target in CTEPH. Therefore,
the identification of SCN3A provides an important direction for
further research on the molecular mechanism of CTEPH.

In this study, elastin (ELN) was significantly abnormal
in CTEPH. ELN plays a key role in lung development.
The ELN haploinsufficiency may adversely affect pulmonary
vessels. Lacking one elastin allele (EIn*/~) neonatal pulmonary
capillary deficiency may cause pulmonary hypertension in
adulthood (31). In cardiovascular disease, ELN is also associated
with high blood pressure and stiff blood vessels (32). We also
found that immunoglobulin kappa variable 1-8 (IGKV1-8) was
significantly abnormal in CTEPH. IGKV1-8 is highly expressed
in pulmonary light chain deposition disease and is associated
with diffuse cystic patterns (33). Therefore, we speculate that
ELN and IGKV1-8 may play an essential regulatory role in the
pathological mechanism of CTEPH.

Compared with the normal controls, the expression of
C-X-C motif chemokine ligand 8 (CXCL8) in idiopathic
pulmonary arterial hypertension (IPAH) is increased and was
associated with an increased risk of IPAH and unfavorable
clinical features (34). CXCL8 is also involved in the fibroplasia
of canine idiopathic pulmonary fibrosis (35). In this study,
although CXCL8 was not the gene that differentially express up-
/downregulation of top 10, the degree is equal to 22 in PPI. This
indicates that the abnormal expression of CXCL8 in CTEPH
may inhibit or activate the functions of other genes, thus playing
a regulatory mechanism in the development of CTEPH.

Previous studies have found that phosphoinositide-3-kinase
regulatory subunit 6 (PIK3R6) plays an important role in
cardiac fibrosis (36). In this study, functional enrichment
analysis found that PIK3R6 was involved in the chemokine
signaling pathway. Moreover, ROC analysis found that the AUC
value of PIK3R6 was >0.7. The occurrence and development
of pulmonary hypertension were related to the abnormal
expression of a variety of chemokines and chemokine receptors
in pulmonary vessels. In addition, some chemokines are
differentially regulated in the over-stressed right ventricle
(37-40). Therefore, we speculated that PIK3R6 may play an
important role in the regulation of CTEPH through the
regulation of chemokine signaling pathway.

We also found AC099521.3, LINC01149, KCNMB2-ASI,
and TCL6. They were DEIncRNAs that differentially express
up-/downregulation of top 10 or involved in IncRNA-mRNA
co-expression. LINCO01149 is significantly associated with
childhood asthma, but asthma is a risk factor for COPD
(41). Therefore, we speculated that LINC01149 was also a
risk factor for CTEPH and plays an important regulatory role
in the progression of CTEPH. So far, we have not found
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FIGURE 7
Diagnostic analysis of LINC00472 (A), PIK3R6 (B), SCN3A (C) and TCL6 (D). In ROC curve analysis, the AUC value of LINC00472, PIK3R6, SCN3A,
and TCL6 was >0.7. It is indicated that LINC00472, PIK3R6, SCN3A, and TCL6 may act as the potential gene markers in CTEPH.

any research on TCL6, KCNMB2-AS1, and AC099521.3 in
pulmonary hypertension. In this article, it may be the first
discovery that TCL6, KCNMB2-ASI, and AC099521.3 are
abnormally expressed in CTEPH. In addition, we found that
TCL6 has better predictive value (AUC = 0.732) in CTEPH. The
discoveries of TCL6, KCNMB2-AS1, and AC099521.3 provide
new ideas for future studies of CTEPH research.

In this study, except chemokine signaling pathway, we found
that the DEmRNAs were also significantly enriched in metabolic
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pathways, arachidonic acid metabolism, and MAPK signaling
pathway. The metabolic pathway determines the formation of
vessels (42, 43). Inhibition of mitochondrial glucose oxidation
and enhanced glycolysis is an important feature of pulmonary
arterial hypertension metabolic dysfunction that may drive
the proliferative phenotype of pulmonary vascular cells (44).
Arachidonic acid metabolites play an important role in
regulating PH in neonates’ pigs with chronic hypoxia (45).
Cyclooxygenase-2 (COX-2) is a key enzyme in arachidonic acid
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FIGURE 8
RT-PCR validation of IGKV1-8 (A), PMP22 (B), PIK3R6 (C), KCNMB2-AS1 (D), and TCL6 (E) in blood samples. In comparison with the healthy
controls, the expression levels of IGKV1-8 and TCL6 in CTEPH group were upregulated trend and PMP22, PIK3R6, and KCNMB2-AS1 were
downregulated trend in CTEPH group. Statistical analysis of RT-PCR results showed that the changes in PMP22, PIK3R6, and KCNMB2-AS1
expression levels were statistically significant (p < 0.05). The t-test was used to evaluate the statistical significance among the patients with
CTEPH and healthy controls. * represents p < 0.05; ** represents p < 0.01. p < 0.05 was considered statistically significant

metabolism pathway, and its deficiency can lead to severe PH
under hypoxic conditions (46). MAPK signaling pathway plays
an important role in PH due to left heart disease (47). Previous
studies have found that activation of the MAPK signal can
regulate pulmonary vascular tension and plays an important
role in hypoxia-induced PH development (48, 49). Therefore, we
speculate that metabolic pathways, arachidonic acid metabolism,
and MAPK signaling pathway play the important roles during
the development of CTEPH (50). The identification of metabolic
pathways, arachidonic acid metabolism, and MAPK signaling
pathway provides regulatory mechanisms research direction for
the future.

Although the above findings open new avenues of molecular
research about CTEPH, there are some limitations in this study.
First, the sample size is relatively small, so it is necessary
to expand the sample for further validation study. Second,
the specific molecular mechanism of the genes identified
in CTEPH is not yet clear, especially the only SOBP-hsa-
miR-320b-LINC00472 regulatory pathway. Therefore, a lot of
further work is definitely necessary before they are applied
routinely to the clinical practice for the evaluation of CTPEH.
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Moreover, although the expression of IGKVI1-8, PMP22,
PIK3R6, KCNMB2-AS1, and TCL6 in CTEPH may not be sex-
specific, whether patients with CTEPH have specific profile in
gender needs to be further studied by expanding the sample.

Conclusion

Our study is the first study to screen DEmRNAs
and DEIncRNAs of patients with CTEPH. The research
not only significantly enriched in chemokine signaling
pathway, metabolic pathways, arachidonic acid metabolism,
and MAPK signaling pathway, but also indicated that
LINC00472, PIK3R6, SCN3A, and TCL6 may act as the
potential gene markers in CTEPH. The alteration in genes
and signaling pathways was found through transcriptome
sequencing and bioinformatic analysis, which provides
a potential direction for future studies on the molecular
mechanism of CTEPH. In the future, it might be possible
to find potential basis for the prediction and assessment
of CTEPH.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.961305
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Xu et al.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found at: Gene Expression
Omnibus, accession no. GSE188938.

Ethics statement

The studies involving human participants were reviewed
and approved by the Ethics Committee of China-Japan
Friendship Hospital. The patients/participants provided their
written informed consent to participate in this study. This study
complied with the Declaration of Helsinki and was approved by
the Ethics Committee of China-Japan Friendship Hospital (IRB
no. 2022-KY-0438).

Author contributions

Conceptualization: ML and YZ. Data curation: WX, MD,
XM, XS, DW, and XL. Formal analysis: WX, MD, and DW.
Funding acquisition: ML. Investigation: WX, MD, XT, DW, SZ,
YZ, and XL. Methodology: XT and SZ. Supervision: ML and
DW. Writing—original draft: WX and MD. Writing—review
and editing: All authors. All authors contributed to the article
and approved the submitted version.

Funding

This work was supported by Chinese Academy of Medical
Sciences Innovation Fund for Medical Sciences (2021-12M-
1-049), National High Level Hospital Clinical Research
Funding and Elite Medical Professionals Project of China-

Japan Friendship Hospital (2022-NHLHCRF-LX-01 and

References

1. Simonneau G, Torbicki A, Dorfmiiller P, Kim N. The pathophysiology
of chronic thromboembolic pulmonary hypertension. Eur Respirat Rev. (2017)
26:143. doi: 10.1183/16000617.0112-2016

2. Mullin CJ, Klinger JR. Chronic thromboembolic pulmonary hypertension.
Heart Fail Clin. (2018) 14:339-51. doi: 10.1016/j.hfc.2018.02.009

3. Ranka S, Mohananey D, Agarwal N, Verma BR, Villablanca P, Mewhort
HE, et al. Chronic thromboembolic pulmonary hypertension-management
strategies and outcomes. ] Cardiothoracic Vasc Anesthesia. (2020) 34:2513-
23. doi: 10.1053/j.jvca.2019.11.019

4. Deng C, Zhong Z, Wu D, Chen Y, Lian N, Ding H, et al. Role of
FoxOl and apoptosis in pulmonary vascular remolding in a rat model
of chronic thromboembolic pulmonary hypertension. Sci Rep. (2017)
7:2270. doi: 10.1038/s41598-017-02007-5

5. Olsson KM, Olle S, Fuge J, Welte T, Hoeper MM, Lerch C,
et al. CXCL13 in idiopathic pulmonary arterial hypertension and
chronic thromboembolic pulmonary hypertension. Respirat Res. (2016)
17:21. doi: 10.1186/s12931-016-0336-5

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2022.961305

ZRJY2021-BJ02), and the National Natural Science Foundation
of China (Grant No. 81871328).

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.961305/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Expression of IGKV1-8 (A), PMP22 (B), PIK3R6 (C), KCNMB2-AS1 (D), and
TCL6 (E) in male and female patients with CTEPH. Expression of
IGKV1-8 and TCL6 in male and female patients with CTEPH were
upregulated trend and PMP22, PIK3R6, and KCNMB2-AS1 were
downregulated trend in comparison with healthy controls. * represents
p < 0.05; ** represents p < 0.01; *** represents p < 0.001.

SUPPLEMENTARY TABLE 1
Primer sequence in the RT-PCR.

6. Gu S, Li G, Zhang X, Yan J, Gao J, An X, et al. Aberrant expression
of long noncoding RNAs in chronic thromboembolic pulmonary
hypertension. Mol Med Rep. (2015) 11:2631-43. doi: 10.3892/mmr.2014.
3102

7. Josipovic 1, Fork C, Preussner ], Prior KK, Iloska D, Vasconez AE, et al.
PAFAH1B1 and the IncRNA NONHSAT073641 maintain an angiogenic phenotype
in human endothelial cells. Acta Physiol. (2016) 218:13-27. doi: 10.1111/apha.
12700

8. Wang M, Gu S, Liu Y, Yang Y, Yan J, Zhang X, et al. miRNA-PDGFRB/HIF1A-
IncRNA CTEPHA1 network plays important roles in the mechanism of
chronic thromboembolic pulmonary hypertension. Int Heart ]. (2019) 60:924-
37. doi: 10.1536/ih;j.18-479

9. Miao R, Dong XB, Gong JN, Li JE Pang WY, Liu YY, et al.
[Analysis of significant microRNA associated with chronic thromboembolic
pulmonary hypertension]. Zhonghua yi xue za zhi. (2018) 98:1397—402.
doi: 10.3760/cma.j.issn.0376-2491.2018.18.006

frontiersin.org


https://doi.org/10.3389/fcvm.2022.961305
https://www.frontiersin.org/articles/10.3389/fcvm.2022.961305/full#supplementary-material
https://doi.org/10.1183/16000617.0112-2016
https://doi.org/10.1016/j.hfc.2018.02.009
https://doi.org/10.1053/j.jvca.2019.11.019
https://doi.org/10.1038/s41598-017-02007-5
https://doi.org/10.1186/s12931-016-0336-5
https://doi.org/10.3892/mmr.2014.3102
https://doi.org/10.1111/apha.12700
https://doi.org/10.1536/ihj.18-479
https://doi.org/10.3760/cma.j.issn.0376-2491.2018.18.006
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Xu et al.

10. Miao R, Wang Y, Wan ], Leng D, Gong J, Li J, et al. Microarray analysis
and detection of MicroRNAs associated with chronic thromboembolic pulmonary
hypertension. BioMed Res Int. (2017) 2017:8529796. doi: 10.1155/2017/8529796

11. Miao R, Gong J, Zhang C, Wang Y, Guo X, Li ], et al. Hsa_circ_0046159 is
involved in the development of chronic thromboembolic pulmonary hypertension.
J Thrombosis Thrombol. (2020) 49:386-94. doi: 10.1007/s11239-019-01998-4

12. Gong ], Yang Y, Wang J, Li Y, Guo X, Huang Q, et al. Expression of miR-93-
5p as a potential predictor of the severity of chronic thromboembolic pulmonary
hypertension. BioMed Res Int. (2021). 2021:6634417. doi: 10.1155/2021/6634417

13. Miao R, Dong X, Gong J, Wang Y, Guo X, Li Y, et al. hsa-miR-106b-
5p participates in the development of chronic thromboembolic pulmonary
hypertension via targeting matrix metalloproteinase 2. Pulm Circ. (2020)
10:2045894020928300. doi: 10.1177/2045894020928300

14. Deblasio D, Kim K, Kingsford C. More accurate transcript assembly via
parameter advising. ] Comput Biol. (2020) 27:1181-9. doi: 10.1089/cmb.2019.0286

15. Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014)
15:550. doi: 10.1186/s13059-014-0550-8

16. Edgar R, Domrachev M, Lash AE. Gene expression omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res. (2002)
30:207-10. doi: 10.1093/nar/30.1.207

17. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. (2001)
25:402-8. doi: 10.1006/meth.2001.1262

18. Obuchowski NA, Bullen JA. Receiver operating characteristic (ROC) curves:
review of methods with applications in diagnostic medicine. Phys Med Biol. (2018)
63:07trl. doi: 10.1088/1361-6560/aab4b1

19. Simundi¢ AM. Measures of diagnostic accuracy: Basic definitions. Ejifcc.
(2009) 19:203-11.

20. Nukala SB, Tura-Ceide O, Aldini G, Smolders V, Blanco I, Peinado
VI, et al. Protein network analyses of pulmonary endothelial cells
in chronic thromboembolic pulmonary hypertension. Sci Rep. (2021)
11:5583. doi: 10.1038/541598-021-85004-z

21. Keller A, Ludwig N, Fehlmann T, Kahraman M, Backes C, Kern F, et al. Low
miR-150-5p and miR-320b expression predicts reduced survival of COPD patients.
Cells. (2019) 8:1162. doi: 10.3390/cells8101162

22. Zhang R, Qin Y, Zhu G, Li Y, Xue J. Low serum miR-320b expression
as a novel indicator of carotid atherosclerosis. J Clin Neurosci. (2016) 33:252—
8. doi: 10.1016/.jocn.2016.03.034

23. Ma YS, Shi BW, Guo JH, Liu JB, Yang XL, Xin R, et al
microRNA-320b suppresses HNF4G and IGF2BP2 expression to inhibit
angiogenesis and tumor growth of lung cancer. Carcinogenesis. (2021)
42:762-71. doi: 10.1093/carcin/bgab023

24. Jing R, Pan W, Long T, Li Z, Li C. LINC00472 regulates vascular smooth
muscle cell migration and proliferation via regulating miR-149-3p. Environ Sci
Pollut Res Int. (2021) 28:12960-7. doi: 10.1007/s11356-020-10761-9

25. Song X, Cao G, Jing L, Lin S, Wang X, Zhang J, et al. Analysing
the relationship between IncRNA and protein-coding gene and the role of
IncRNA as ceRNA in pulmonary fibrosis. J Cell Mol Med. (2014) 18:991-
1003. doi: 10.1111/jcmm.12243

26. Kigel B, Rabinowicz N, Varshavsky A, Kessler O, Neufeld G.
Plexin-A4 promotes tumor progression and tumor angiogenesis by
enhancement of VEGF and bFGF signaling. Blood. (2011) 118:4285-
96. doi: 10.1182/blood-2011-03-341388

27. Razzaq M, Iglesias MJ, Ibrahim-Kosta M, Goumidi L, Soukarieh O, Proust
C, et al. An artificial neural network approach integrating plasma proteomics
and genetic data identifies PLXNA4 as a new susceptibility locus for pulmonary
embolism. Sci Rep. (2021) 11:14015. doi: 10.1038/s41598-021-93390-7

28. Hagedorn L, Suter U, Sommer L. PO and PMP22 mark a multipotent neural
crest-derived cell type that displays community effects in response to TGF-beta
family factors. Development. (1999) 126:3781-94. doi: 10.1242/dev.126.17.3781

29. Willis BC, Borok Z. TGF-beta-induced EMT: mechanisms and implications
for fibrotic lung disease. Am J Physiol Lung Cell Mol Physiol. (2007) 293:L525-
34. doi: 10.1152/ajplung.00163.2007

30. Platoshyn O, Remillard CV, Fantozzi I, Sison T, Yuan JX. Identification
of functional voltage-gated Na(+) channels in cultured human pulmonary
artery smooth muscle cells. Pflugers Archiv: Eur ] Physiol. (2005) 451:380-
7. doi: 10.1007/s00424-005-1478-3

31. Hilgendorff A, Parai K, Ertsey R, Navarro E, Jain N, Carandang F
et al. Lung matrix and vascular remodeling in mechanically ventilated elastin

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2022.961305

haploinsufficient newborn mice. Am J Physiol Lung Cell Mol Physiol. (2015)
308:L464-78. doi: 10.1152/ajplung.00278.2014

32. Troia A, Knutsen RH. Inhibition of NOX1 mitigates blood pressure increases
in elastin insufficiency. Function. (2021). 2:2qab015. doi: 10.1093/function/zqab015

33. Camus M, Hirschi S, Prevot G, Chenard MP, Mal H, Stern M. Proteomic
evidence of specific IGKV1-8 association with cystic lung light chain deposition
disease. Blood. (2019) 133:2741-4. doi: 10.1182/blood.2019898577

34. Li Z, Jiang ], Gao S. Potential of C-X-C motif chemokine ligand 1/8/10/12
as diagnostic and prognostic biomarkers in idiopathic pulmonary arterial
hypertension. Clin Respir J. (2021) 15:1302-9. doi: 10.1111/crj.13421

35. Roels E, Krafft E, Farnir F, Holopainen S, Laurila HP, Rajaméki MM, et al.
Assessment of CCL2 and CXCL8 chemokines in serum, bronchoalveolar lavage
fluid and lung tissue samples from dogs affected with canine idiopathic pulmonary
fibrosis. Vet J. (2015) 206:75-82. doi: 10.1016/j.tvj1.2015.06.001

36. Ye Y, Birnbaum Y. Acupuncture reduces hypertrophy and cardiac fibrosis,
and improves heart function in mice with diabetic cardiomyopathy. Cardiovasc
Drugs Ther. (2020) 34:835-48. doi: 10.1007/s10557-020-07043-4

37. Omori A, Goshima M, Kakuda C, Kodama T, Otani K, Okada M,
et al. Chemerin-9-induced contraction was enhanced through the upregulation
of smooth muscle chemokine-like receptor 1 in isolated pulmonary artery of
pulmonary arterial hypertensive rats. Pflugers Archiv: Eur ] Physiol. (2020)
472:335-42. doi: 10.1007/s00424-019-02345-5

38. Muifioz-Esquerre M, Aliagas E, Lopez-Sanchez M, Escobar I, Huertas D,
Penin R, et al. Vascular disease in COPD: Systemic and pulmonary expression
of PARC (Pulmonary and Activation-Regulated Chemokine). PLoS ONE. (2017)
12:e0177218. doi: 10.1371/journal.pone.0177218

39. Mamazhakypov A, Viswanathan G. The role of chemokines and chemokine
receptors in pulmonary arterial hypertension. Br ] Pharmacol. (2021). 178:72-
89. doi: 10.1111/bph.14826

40. Oliveira AC, Fu C, Lu Y, Williams MA, Pi L, Brantly ML, et al.
Chemokine signaling axis between endothelial and myeloid cells regulates
development of pulmonary hypertension associated with pulmonary
fibrosis and hypoxia. Am ] Physiol Lung Cell Mol Physiol. (2019)
317:1434-144. doi: 10.1152/ajplung.00156.2019

41. Hayden LP, Cho MH, Raby BA, Beaty TH, Silverman EK, Hersh CP.
Childhood asthma is associated with COPD and known asthma variants

in COPDGene: a genome-wide association study. Respirat Res. (2018)
19:209. doi: 10.1186/s12931-018-0890-0

42. Li X, Kumar A, Carmeliet P. Metabolic pathways fueling
the  endothelial cell ~drivee Ann Rev  Physiol.  (2019)  81:483-

503. doi: 10.1146/annurev-physiol-020518-114731

43. Culley MK, Chan SY. Mitochondrial metabolism in pulmonary hypertension:
beyond mountains there are mountains. J Clin Investig. (2018) 128:3704—
15. doi: 10.1172/JCI120847

44. Maron BA, Leopold JA, Hemnes AR. Metabolic syndrome, neurohumoral
modulation, and pulmonary arterial hypertension. Br ] Pharmacol. (2020)
177:1457-71. doi: 10.1111/bph.14968

45. Fike CD, Kaplowitz MR, Pfister SL. Arachidonic acid metabolites
and an early stage of pulmonary hypertension in chronically hypoxic
newborn pigs. Am ] Physiol Lung Cell Mol Physiol. (2003) 284:L316-
23. doi: 10.1152/ajplung.00228.2002

46. Fredenburgh LE, Ma ], Perrella MA. Cyclooxygenase-2 inhibition
and hypoxia-induced pulmonary hypertension: effects on pulmonary
vascular remodeling and contractility. Trends Cardiovasc Med. (2009)
19:31-7. doi: 10.1016/j.tcm.2009.04.003

47. Zhang H, Huang W, Liu H, Zheng Y, Liao L. Mechanical stretching of
pulmonary vein stimulates matrix metalloproteinase-9 and transforming growth
factor-B1 through stretch-activated channel/MAPK pathways in pulmonary
hypertension due to left heart disease model rats. PLoS ONE. (2020)
15:€0235824. doi: 10.1371/journal.pone.0235824

48. Rieg AD, Suleiman S, Anker C, Verjans E, Rossaint R, Uhlig S, et al. PDGF-
BB regulates the pulmonary vascular tone: impact of prostaglandins, calcium,
MAPK- and PI3K/AKT/mTOR signalling and actin polymerisation in pulmonary
veins of guinea pigs. Respirat Res. (2018) 19:120. doi: 10.1186/s12931-018-0829-5

49. Kong CC, Dai AG. [Mitogen-activated protein kinase regulated
hypoxia-inducible =~ factor ~ lalpha  in  hypoxia-induced  pulmonary
hypertension in rats]. Zhonghua jie he he hu xi za zhi. (2005) 28:328-32.
doi: 10.3760/j:issn:1001-0939.2005.05.010

50. Gopalan D, Delcroix M, Held M. Diagnosis of
thromboembolic  pulmonary hypertension. Eur Respirat Rev.
26:143. doi: 10.1183/16000617.0108-2016

chronic
(2017)

frontiersin.org


https://doi.org/10.3389/fcvm.2022.961305
https://doi.org/10.1155/2017/8529796
https://doi.org/10.1007/s11239-019-01998-4
https://doi.org/10.1155/2021/6634417
https://doi.org/10.1177/2045894020928300
https://doi.org/10.1089/cmb.2019.0286
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1088/1361-6560/aab4b1
https://doi.org/10.1038/s41598-021-85004-z
https://doi.org/10.3390/cells8101162
https://doi.org/10.1016/j.jocn.2016.03.034
https://doi.org/10.1093/carcin/bgab023
https://doi.org/10.1007/s11356-020-10761-9
https://doi.org/10.1111/jcmm.12243
https://doi.org/10.1182/blood-2011-03-341388
https://doi.org/10.1038/s41598-021-93390-7
https://doi.org/10.1242/dev.126.17.3781
https://doi.org/10.1152/ajplung.00163.2007
https://doi.org/10.1007/s00424-005-1478-3
https://doi.org/10.1152/ajplung.00278.2014
https://doi.org/10.1093/function/zqab015
https://doi.org/10.1182/blood.2019898577
https://doi.org/10.1111/crj.13421
https://doi.org/10.1016/j.tvjl.2015.06.001
https://doi.org/10.1007/s10557-020-07043-4
https://doi.org/10.1007/s00424-019-02345-5
https://doi.org/10.1371/journal.pone.0177218
https://doi.org/10.1111/bph.14826
https://doi.org/10.1152/ajplung.00156.2019
https://doi.org/10.1186/s12931-018-0890-0
https://doi.org/10.1146/annurev-physiol-020518-114731
https://doi.org/10.1172/JCI120847
https://doi.org/10.1111/bph.14968
https://doi.org/10.1152/ajplung.00228.2002
https://doi.org/10.1016/j.tcm.2009.04.003
https://doi.org/10.1371/journal.pone.0235824
https://doi.org/10.1186/s12931-018-0829-5
https://doi.org/10.3760/j:issn:1001-0939.2005.05.010
https://doi.org/10.1183/16000617.0108-2016
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	The alterations in molecular markers and signaling pathways in chronic thromboembolic pulmonary hypertension, a study with transcriptome sequencing and bioinformatic analysis
	Introduction
	Materials and methods
	Study design
	RNA extraction and library construction
	Sequencing and raw data processing
	Difference analysis of mRNAs and lncRNAs
	Functional analysis and protein-protein interaction network construction of DEmRNAs
	Analysis co-expression of mRNAs-lncRNA
	Construction of ceRNA (lncRNA-miRNA-mRNA) network
	RT-PCR validation of IGKV1-8, PMP22, PIK3R6, KCNMB2-AS1, and TCL6
	Diagnostic analysis
	Statistical analysis

	Results
	Clinical information
	DEmRNAs and DElncRNAs
	Functional enrichment analysis and PPI network construction of DEmRNAs
	Analysis co-expression of lncRNA-mRNA
	Construction of ceRNA network
	Diagnostic analysis of genes
	RT-PCR validation

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


