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Abstract: Pulmonary arterial hypertension (PAH) is a pulmonary vascular disease characterized by
pulmonary vascular remodeling and right heart enlargement the pathogenesis of PAH is complicated;
no biologic-based therapy is available for the treatment of PAH, but recent studies suggest that
inflammatory response and abnormal proliferation of pulmonary artery smooth muscle cells are the
main pathogenic mechanism, while the role of immune-related long non-coding RNAs (IncRNAs)
remains unclear. The aim of this study was to systematically analyze immune-related IncRNAs in
PAH. Here, we downloaded a publicly available microarray data from PAH and control patients
(GSE113439). A total of 243 up-regulated and 203 down-regulated differentially expressed genes
(DEGs) were screened, and immune-related DEGs were further obtained from ImmPort. The immune-
related IncRNAs were obtained by co-expression analysis of immune-related mRNAs. Then, immune-
related IncRNAs-mRNAs network including 2 IncRNAs and 6 mRNAs was constructed which share
regulatory miRNAs and have significant correlation. Among the IncRNA-mRNA pairs, one pair
(JPX-RABEP1) was verified in the validating dataset GSE53408 and PAH mouse model. Furthermore,
the immune cell infiltration analysis of the GSE113439 dataset revealed that the JPX-RABEP1 pair may
participate in the occurrence and development of PAH through immune cell infiltration. Together, our
findings reveal that the InNcRNA-mRNA pair JPX-RABEP1 may be a novel biomarker and therapeutic
target for PAH.

Keywords: bioinformatics analysis; pulmonary arterial hypertension; non-coding RNAs; immune
cell infiltration

1. Introduction

Pulmonary arterial hypertension (PAH) is a kind of progressive vascular disease
characterized by medial hypertrophy and hyperplasia of the pulmonary artery. Ten percent
of individuals with PAH are over 65, while the prevalence of the disease is estimated
to be 15% worldwide. [1]. An increasing amount of evidence connects immunological
infiltration, including T and B lymphocytes, macrophages, dendritic cells and mast cells,
to PAH pathogenesis, illuminating the complicated pathophysiology [2]. Most patients
with PAH have right heart dysfunction or even sudden death before they are detected [3].
Therefore, early diagnosis, early intervention and prognosis assessment are of great clinical
significance to improve the survival rate, prognosis and precise treatment of PAH patients.
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Long non-coding RNAs (IncRNAs) are a group of non-coding RNAs (ncRNAs) whose
transcripts are more than 200 nucleotides in length [4]. It has been reported that IncRNAs
are involved in the occurrence of almost all biological processes, including epigenetic regu-
lation [5], translational regulation [6], transcriptional regulation [7] and post-transcriptional
regulation [7]. Several studies have shown that IncRNAs can be involved in cardiovascular
disease [8-10], and thus have been proposed as new targets for drug intervention. In recent
years, the mechanism of IncRNAs in PAH has been widely studied [11-13]. However, the
differential expression of immune-related IncRNAs, pathophysiological functions, and
potential interactions of immune-related IncRNAs and mRNAs in PAH are still largely
unknown.

With the development of whole transcriptome analyses, bioinformatics methods can
be used to mine gene chip data to screen out the differentially expressed genes quickly
and effectively. They are widely used in elucidating the pathogenic mechanism of diseases
and the precise diagnosis and screening of drug therapeutic targets [14]. In our study,
we investigated the expression profiles of mRNAs and IncRNAs in the lung tissues by
downloading a publicly available microarray dataset from 11 control and 15 PAH patients
(GSE113439) [15]. We identified immune-related IncRNAs using the competing endogenous
RNA (ceRNA) network and constructed an ceRNA network containing 2 immune-related
IncRNAs and six immune-related mRNAs. Finally, a pair of IncRNA-mRNAs (JPX-RABEPT)
was verified by the validation dataset GSE53408 [16], including 11 control and 12 PAH
patients downloaded from the gene expression omnibus (GEO) dataset and mouse model.
Together, our results showed that JPX may regulate RABEPI through miRNA (miR-145,
miR-146ac, miR-216a, miR-216b, miR-24, miR-33ab, miR-129-5p), affecting CD8" T cells,
NK cells and eosinophils and other immune cells, and finally participating in the immune
process of PAH.

2. Results
2.1. Differentially Expressed Genes (DEGs) between PAH and Control Lung Samples
from GSE113439

The GSE113439 dataset contains lung samples from 11 controls and 15 PAH patients.
The sample distributions were illustrated in PCA plots (Figure 1A). In the PCA plot, it
can be seen that patients in the control and PAH groups are clustered in separate circles.
The differentially expressed genes (DEGs) in the GSE113439 dataset were screened with
p-values < 0.05 and |Log?2 fold change| > 1 as the empirical analysis cutoff, 446 DEGs
were shown by the volcano plot (Figure 1B), of which 243 were upregulated and 203 were
downregulated. The heatmap of 446 DEGs are presented in Figure 1C.
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Figure 1. PCA, volcano plot and heatmap for DEGs identified in the GSE113439 dataset. (A) PCA
plots. Blue dots represent control patients and yellow triangles represent PAH patients. (B) Volcano
plot of DEGs (p-values < 0.05 and |Log2 fold change | > 1) identified through the GSE113439 dataset.
Each dot represents an individual gene. Red dots denote upregulated DEGs, while blue dots represent
downregulated DEGs. (C) Heatmap of all DEGs. Red blocks represent upregulated DEGs and blue
blocks represent downregulated DEGs in those groups. PAH, lung tissues of pulmonary arterial
hypertension patients; Control, normal lung tissue; DEGs, differentially expressed genes.

2.2. Identification of Immune-Related mRNAs/IncRNAs and the Construction of Immune-Related
ceRNA Network

ceRNA is a novel molecular regulation mechanism in which non-coding RNAs
and protein-coding genes compete for miRNA binding via miRNA response elements
(MRESs) [17]. IncRNAs can act as miRNA sponges to adsorb miRNAs and play the role
of ceRNAs, affecting the function of miRNAs, thereby regulating the expression of mR-
NAs, and ultimately regulating various biological processes [18]. The expression levels of
IncRNA and mRNA are positively correlated in the ceRNA network. The involvement of
inflammation in the onset of the illness has recently come to light in preclinical and clinical
PAH investigations. It was first noted that several inflammatory disorders, such as connec-
tive tissue illnesses, are linked to an elevated prevalence of PAH. Then, in lung samples
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from PAH patients, nearly all lineages of inflammatory cells—most notably macrophages,
mast cells, T lymphocytes, B lymphocytes, dendritic cells, and neutrophils—were found
close to the altered pulmonary vasculature [19]. Therefore, a list of immune-related genes
was downloaded from the gene list resources in the Inmunology Database and Analysis
Portal (ImmPort) (https://www.immport.org/ (accessed on 1 June 2022)). Since there is
only mRNA in the immune-related gene set, a total of 199 immune-related mRNA were
identified in the DEGs (Supplement S1).

The intersection of the above immune-related gene set and mRNAs of the DEGs
were obtained and defined as immune-related mRNAs. The immune-related IncRNAs
were screened by co-expression analysis of immune-related mRNAs with the | Pearson’s
correlation coefficient | > 0.8. Based on the predicted validated miRNA-mRNA /IncRNA
regulation and its associated levels, we established an immune-related ceRNA network.
In this network, immune-related IncRNAs and mRNAs are predicted by shared miRNAs.
The miRcode database was used to collect predicted and experimentally validated miRNA-
mRNA-interaction data, as well as miRNA-IncRNA-interaction data. The screening criteria
for IncRNA-mRNA pairs used to construct the ceRNA network are as follows: (1) the
IncRNA and mRNA must share at least one miRNA; and (2) IncRNA and mRNA expression
must be positively correlated (| Pearson’s correlation | > 0.8). The IncRNAs-miRNAs pairs
in the co-expression analysis are shown in Supplement S2 for a total of 132 pairs, the
mRNAs-miRNAs pairs in the co-expression analysis are shown in Supplement S3 for total
2404 pairs, and a total of 203 IncRNA-mRNA pairs were obtained (Supplement S4). To
make the obtained results more convincing, we increased the cutoff with |correlation
co-efficiency | > 0.91, and the results were listed in Table 1.

Table 1. The IncRNA-mRNA pairs with |correlation co-efficiency | > 0.91 in the co-expression

analysis.
Immune-Related IncRNA Immune-Related mRNA Correlation Co-Efficiency
JPX RABEP1 0.952570119
MALAT1 CHUK 0.946039227
SND1-IT1 RXRB —0.943270822
MALAT1 MAPK3 —0.937237966
SND1-IT1 MAPK3 —0.933509908
MALAT1 TBK1 0.932978885
JPX ICAM2 —0.931467245
MALAT1 TNFRSF14 —0.931453188
JPX IREB2 0.92261343
JPX GDF10 —0.921912199
SND1-IT1 CTF1 —0.921173014
SND1-IT1 ECD 0.920122958
SND1-1T1 HSPAS5 0.920074041
MALAT1 NR2F1 —0.919527008
MALAT1 TANK 0.916072818
MALAT1 CTF1 —0.91363069
MALAT1 ECD 0.913586674
MALAT1 CMTMS8 —0.910914511

The results showed that two IncRNAs and six mRNAs with shared miRNAs are
included in the network (Figure 2A). Subsequently, we validated the IncRNAs and mRNAs
screened in the ceRNA network in the training dataset GSE113439. The results showed that
6 mRNAs (Figure 2B) and 2 IncRNAs (Figure 2C) were significantly upregulated in PAH
(p value < 0.0001).
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Figure 2. The immune-related ceRNA network and the expression of IncRNA-mRNA pairs in the
training GSE113439 dataset. (A) The immune-related ceRNA network. The blue nodes represent
mRNAs, the pink nodes represent miRNAs and the orange nodes show IncRNAs. The mRNAs and
IncRNA are linked by a common miRNA with a black thread. (B) The expression of mRNAs included
in ceRNA network among the PAH and control samples. (C) Expression of IncRNAs included
in ceRNA network among the PAH and control samples. PAH, pulmonary arterial hypertension;
**** p value < 0.0001.
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2.3. Validation of the Immune-Related IncRNA-mRNA Pairs

To confirm the accuracy of the obtained results, we used another PAH microarray
dataset GSE53408, including 11 control and 12 PAH patients as the validation dataset. First,
two IncRNAs and six mRNAs were detected in the validation dataset GSE53408. Among
these mRNAs (Figure 3A) and IncRNAs (Figure 3B), all IncRNA-mRNA pairs (JPX-RABEP]1,
JPX-IREB2, MALAT1-CHUK, MALAT1-TANK, MALAT1-ECD and MALAT1-TBK1) included
in the ceRNA network were significantly upregulated in PAH.
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Figure 3. The expression of IncRNA-mRNA pairs in the training GSE53408 dataset. (A) Expression
of mRNAs included in the ceRNA network among the PAH and control samples. (B) Expression of
IncRNAs included in the ceRNA network among the PAH and control samples. PAH, pulmonary
arterial hypertension; **** p value < 0.0001.

These 2 IncRNAs and 6 mRNAs were consistent in both the training dataset GSE113439
and the validation dataset GSE53408. We then verified the correlation of these 6 IncRNAs-
mRNAs pairs in these two datasets separately. The results showed that all pairs are
positively correlated, among the training dataset GSE113439 (Figure 4A-F) and validation
datasets GSE53408 (Figure 4G-L), respectively.
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Figure 4. Validation of the correlation of immune-related IncRNA-mRNA pairs. (A-F) Correlation of
immune-associated IncRNAs-mRNAs pairs in the GSE113439 dataset. (G-L) Validation of correlations
of immune-related InNcRNA-mRNA pairs in the validating GSE53408 dataset.
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2.4. Validation of the Immune-Related IncRNA-mRNA Pairs in an Animal Model

To further verify the reliability of the obtained IncRNA-mRNA pairs in PAH, lung
and heart samples were collected from a mouse model of PAH (gifted by Dr. Tingting Jin).
First, we collected lungs from control and PAH mice for H&E staining (Figure 5A,B). The
experimental results showed that compared with the control group, the alveolar volume
of the PAH group increased, and the alveolar damage was severe. At the same time,
it is accompanied by a thickening of the pulmonary arteriole wall, lumen stenosis, and
proliferation of vascular smooth muscle cells. The arrows indicate the thickening of the
pulmonary arteriole wall, lumen stenosis, and proliferation of vascular smooth muscle cells.
These results indicated that the model of PAH was successfully established.

Control

7 LU

7

IS

%
i

Figure 5. Histopathological sections of mouse lung tissue. (A) control group (B) PAH group. His-
tomorphological and pathological findings showed thickened vessel walls and increased alveolar
fusion in the lungs of PAH mice, with significant lesions in the lung tissue. The arrows indicate the
thickening of the pulmonary arteriole wall, lumen stenosis, and proliferation of vascular smooth
muscle cells.

Since the development of PAH may lead to heart failure in the right ventricle, the lung
tissues (Figure 6A-H) and heart tissues (Figure 6I-P) of mice were collected for qPCR to
verify the expression levels of IncRNA-mRNA pairs. The expression levels of one pair of
JPX-RABEP1 were consistent with the results of the training and validating datasets.
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Figure 6. Expression of InNcRNA-mRNA pairs in animal model. (A-H) Expression of IncRNA-mRNA
pairs in lung tissues. (I-P) Expression of IncRNA-mRNA pairs in heart tissues. PAH, Pulmonary
arterial hypertension; Control, normal tissues; ns, no significance. * p value < 0.05, ** p value < 0.01.

2.5. Immune Cell Infiltration Analysis

To predict the immune cells infiltration between patients with PAH and the control
group, we further performed the CIBERSORT algorithm by using the GSE113439 dataset.
The percentage of each of the 22 types of immune cells in each sample was shown in the
bar plot and heat map (Figure 7A,B). In the histogram, colors indicate the percentage of
different immune cells in each sample, summed to 1. In the heatmap, immune cells in each
sample are shown as normalized absolute abundance. The results indicated that resting
memory CD4* T cells, CD8* T cells, resting mast cells, plasma cells, M2 macrophages,
neutrophils, resting NK cells, monocytes, MO macrophages and activated dendritic cells
were the main infiltrating immune cells. The correlation of 22 types of immune cells in
PAH lung tissues was then evaluated (Figure 7C). For example, activated memory CD4" T
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cells, eosinophils and neutrophils were up-regulated in the PAH group, while CD8* T cells,
activated NK cells and resting mast cells were downregulated.
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Figure 7. Immune cell infiltration in PAH and control lung tissues in the GSE113439 dataset. (A) The
composition of 22 kinds of immune cells in each sample by histogram. (B) The composition of
22 kinds of immune cells in each sample by heatmap. (C) Comparison of 22 immune cell subtypes
between patients in PAH and controls. Blue and red colors on behalf of control and PAH samples,
respectively. * p value < 0.05, ** p value < 0.01, *** p value < 0.0001.



Int. J. Mol. Sci. 2022, 23, 15559

11 of 16

3. Discussion

In this study, we performed an integrated bioinformatics analysis of the clinical PAH
microarray dataset GSE113439. To the best of our knowledge, this study is the first to
identify the immune-related IncRNA-mRNA pair [PX-RABEP1 associated with PAH. It also
highlighted its possible involvement in PAH, which may be mediated in part by ceRNA
interaction.

The 446 DEGs were obtained from GSE113439, a microarray database containing lung
tissues from 11 control and 15 PAH patients. We obtained 199 immune-related DEGs from
446 DEGs by ImmPort analysis. Among them, ITGAL and other genes related to NETs
were identified; moreover, NETs have a determining role in PAH through the activation
of platelets and endothelial cells [20]. The immune-related ceRNA network is based on
prediction-validated miRNA-mRNA /IncRNA regulation and its associated levels. In this
ceRNA network, the IncRNA and mRNA shared at least one miRNA and the expression of
IncRNA and mRNA [Pearson’s correlation | > 0.8. Through the above analysis, we obtained
203 IncRNA-mRNA pairs. Among them, typical immune-related mRNAs including TBK1,
IREB2 and RABEP1 were screened.

There are seven candidate IncRNAs (HOXA-AS2, [PX, LMNTD2-AS1, MALATI,
MIR99AHG, SND1-IT1 and ZNF22-AS1) for the 203 IncRNA-mRNA pairs in the ceRNA
network that were found to be associated with PAH for the first time. A molecular switch
called JPX renders the X chromosome inactive [21,22]. Relevant investigations have re-
vealed that although the nucleotide sequence and RNA secondary structure of human JPX
and its mouse IncRNA JPX homologue are quite different, both IncRNAs exhibit significant
binding to CTCF, and human JPX can functionally compensate for JPX deletion in mice
embryonic stem cells [23]. JPX has recently been linked to reports of lung cancer. [PX is a
major oncogene that is elevated in NSCLC tissues and is linked to a poor prognosis [24]; JPX
interacts with miR-145-5p to increase cyclin D2 expression in a ceRNA pathway, promoting
the growth and development of NSCLC [25]. Metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), also known as nuclear enriched transcript 2 (NEAT2), is a IncRNA
that has received a lot of interest recently [26-28]. As its name suggests, it increases cancer
cell metastasis and is hence associated with higher overall metastatic potential in various
malignancies [29], although some studies have even suggested its metastasis suppressor
activity [30]. In this study, we chose a higher |Pearson’s correlation coefficient| > 0.91
for the IncRNA-mRNA pairs screening, and such screening conditions ensured the higher
reliability of the results. Through this analysis, we obtained IncRNA-mRNA pairs including
three IncRNAs and 15 mRNAs. Among these IncRNA-mRNA pairs, SND1-IT1 was can-
celled due to the absence of associated IncRNAs, and also because all the IncRNA-mRNAs
we obtained were positively correlated with PAH, only two IncRNAs (JPX and MALAT1)
remained. Notably, in an animal PAH model, there was no significant difference in malat1 in
the lung between the control and PAH group. However, there were significant differences
between the two groups in cardiac tissue, which may be because malat1 is highly expressed
in cardiac tissue, which also indicates that PAH causes heart disease. It has been shown that
MALATT silencing elevated miR-26a-5p to protect against sepsis-induced myocardial injury
by reducing rcan2 [31]. At the same time, Malatl-mediated intramitochondrial homeostasis
enhances cardiac microcirculation resistance to hypoxic injury, thereby improving prog-
nosis in MI mice [32]. These results indicate that MATAT1 is more likely to be a IncRNA
mediating cardiomyopathy. In addition, our co-expression analysis showed that these
IncRNAs were strongly correlated with immune-related genes such as HMGB1, TBK1,
IREB2 and RABEP1. We speculate that these two candidate IncRNAs affect immune-related
genes through miRNAs, thereby affecting immune status, and ultimately affecting the
occurrence and development of PAH.

Many immune-related IncRNA-mRNA pairs were found through co-expression analy-
ses, but only one pair (JPX-RABEP1) was verified by another dataset and experiment, which
showed the accuracy as well as importance of this pair. Rabaptin, RAB GTPase binding
effector protein 1 (RABEP1) also known as Rbpt5, is involved in vesicle-mediated transport
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and located in the endocytic vesicle and endosome [33]. It is a long-established regulator
of early endosome function in targeting the autophagy machinery to early endosomes
damaged by chloroquine [34]. It is meaningful to be the first study identifying the novel
immune-related IncRNA-mRNA pair JPX-RABEP]1 associated with PAH. However, only
JPX-RABEP1 is confirmed in the animal model, despite the fact that all IncRNA-mRNA
pairs achieve consistent results in both the training and validation datasets. First off, the fact
that our training and validation datasets were from several studies shows how general the
IncRNA-mRNA combinations were across diverse ethnic groups. Second, it is acceptable
that not all IncRNA-mRNA pairs could be verified in the mouse PAH model because the
animal model still has certain limitations when it comes to simulating the etiology and
mechanism of human PAH. Meanwhile, there are numerous approaches, including the
subcutaneous injection of monocrotaline, hypoxia and surgical shunt models. We cannot
confirm whether the IncRNA-mRNA pair (JPX-RABEP1) produced from the validation
of various PAH modeling modalities is the same; all we can show is that we were able to
generate the JPX-RABEP]1 pair using the animal model of hypoxia with SU5416 (20 mg/kg).
In fact, these results also support the above trials’ findings that JPX-RABEP1 pairs were
crucial in the emergence of PAH. Because this study only examined the relationship be-
tween the IncRNA and mRNA as well as the IncRNA-mRNA pair and PAH, more research
is required to determine the precise intervention mechanisms.

The results of an immune infiltration analysis showed that the proportion of several
immune cells were dysregulated in PAH. The strong correlation between the expression of
the JPX-RABEP1 pair and the dysregulated immune cells indicated that the JPX-RABEP1
pair may affect the occurrence and development of PAH through immune cell infiltration.

The following limitations exist in this study: (1) increasing the sample size and improv-
ing the genetic information may improve the accuracy of disease assessment and prediction;
(2) the expression of rabep1 should be detected by overexpressing or knocking down JPX in
cell lines, and then exploring the molecular mechanism; (3) the PAH model in mice cannot
fully imitate the human PAH process, and human lung and heart clinical samples need
further study to verify the relationship between immune-related IncRNA-mRNA pairs and
PAH.

4. Materials and Methods
4.1. Data Source
The microarray datasets GSE113439 and GSE53408 were sourced from the GEO

database (http:/ /www.ncbinlm.nih.gov/geo/ (accessed on 26 October 2021)). The work-
flow for bioinformatics analysis in our study is illustrated (Figure 8).
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4.2. Data Preprocessing and DEGs Screening

A pipeline of HISAT? [35], Samtools [36] and featureCounts [37] was used for aligning
the trimmed reads to the human reference genome (GRCh38) and quantifying gene expres-
sion. Only uniquely mapped reads were used for expression quantification. According
to the workflow, the GSE113439 dataset served as a training dataset to identify important
genes while the GSE53408 dataset was used for validation. All data were statistically ana-
lyzed and visualized using R software 4.1.2 and relevant packages. DEGs in the GSE113439
dataset were screened with p value < 0.05 and | Log? fold change| > 1 as the empirical
analysis cutoff by the ‘DESeq2’ package.

4.3. Identification of Immune-Related IncRNAs

A list of immune-related genes was downloaded from the gene list resources in
the Immunology Database and Analysis Portal (ImmPort) (https://www.immport.org/
(accessed on 1 June 2022)). The intersection of the above immune-related genes and genes
of DEGs was obtained and defined as immune-related mRNAs. Immune-related IncRNAs
were screened by the co-expression analysis of immune-related mRNAs as described above.

4.4. Construction and Analysis of an Immune-Related IncRNA-Associated Competing Endogenous
RNA Network

Immune-related IncRNAs and mRNAs were used to construct a competing endoge-
nous RNA (ceRNA) network. The miRcode database was used to collect predicted and
experimentally validated microRNA (miRNA)-mRNA-interaction data, as well as miRNA-
IncRNA-interaction data. Competing IncRNA-mRNA pairs were identified using the
following criteria: (1) the IncRNA and mRNA must share miRNAs; and (2) the expression
of IncRNA and mRNA must be positively correlated (| Pearson’s correlation | > 0.8). These
identified IncRNA-mRNA pairs were used to construct the ceRNA network and were
visualized using Cytoscape 3.9.1 software.
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4.5. Immune Cell Infiltration Analysis

To quantify the relative proportions of infiltrating immune cells in PAH, CIBERSORT,
a method of analysis of the different immune cell types to tissues, was adopted to analyze
the merged expression data and calculate immune cell infiltrations. A p value < 0.05 was
used to filter the samples. The percentage of each immune cell type in the samples was
calculated and displayed in a bar plot. The heat map of the 22 immune cells was made
using the ‘pheatmap’ package. The ‘vioplot” package was used to compare and visualize
the levels of 22 immune cells between the PAH and control samples.

4.6. Animal-PAH Model and Samples

The PAH mouse model was constructed by Dr. Jin Tingting of Run Run Shaw Hospital.
The lung and heart mouse PAH samples were also provided by her. Briefly, male mice aged
6-8 weeks were selected as animal models, and the PAH model was induced by hypoxia
combined with the subcutaneous injection of SU5416 (20 mg/kg) once a week for a total of
four weeks. The normal group was placed in the same room and raised for 4 weeks in a
normal pressure and normal oxygen environment, and the feeding conditions remained
basically the same.

4.7. Histopathologic Evaluation of Lung Tissues

For histological analysis, the lung tissues were fixed in a fresh 4% formaldehyde
solution for 24 h and were then dehydrated, transparent, dipped in wax, and embedded in
paraffin. Finally, 5-um sections were cut and stained with hematoxylin-eosin. The tissue
sections were observed under a light microscope to examine the lung histopathology.

4.8. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted as previously described [38]. In short, total RNA of the
cultured tissues was extracted using TRIZol reagent (Tsingke, Beijing, China). The HiScript
III RT SuperMix for qPCR (Vazyme, Nanjing, China) was performed to synthesize the
c¢DNA with 1 pg of RNA. Next, each 96-well plate well was mixed with 6.5 uL. of cDNA
(diluted at 1:20), 7.5 uL of gPCR SYBR Master Mix (Vazyme, Nanjing, China) and 1 pL of
primers (10 mM). The primers used in the study are listed in Supplement S5.

4.9. Statistical Analysis

R software was used to evaluate the correlation between the IncRNAs and mRNAs.
A T-test was used to analyze the difference of RNA expression levels between the control
group and PAH group. A Kruskal-test was used to analyze the difference of gene expression
levels as well as the immune cell composition in the microarray dataset between the control
group and the PAH group. The statistical significance was set at a p value < 0.05.

5. Conclusions

Through the use of a microarray dataset, the expression profiles of mRNA and IncRNA
in lung tissues from PAH patients were examined in our study. We discovered a pair
of immune-related IncRNAs and mRNAs that shared regulatory miRNAs and had a
strong association, consisting of two IncRNAs and six mRNAs. Additionally, one IncRNA-
mRNA pair (JPX-RABEP1) was validated using an animal model and validating dataset.
Additionally, findings from an investigation into immune cell infiltration suggested that
JPX-RABEP1 may have a role in the emergence and progression of PAH via immune cell
infiltration. The IncRNA-mRNA pair JPX-RABEP1 may be a new biomarker and therapeutic
target for PAH, according to the study’s findings.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/1jms232415559/5s1.


https://www.mdpi.com/article/10.3390/ijms232415559/s1
https://www.mdpi.com/article/10.3390/ijms232415559/s1

Int. . Mol. Sci. 2022, 23, 15559 150f 16

Author Contributions: Study design, L.Z., HW., Q.G. and Z.H.; data collection, Z.H. and HW.; data
analysis, Z.H., Q.J. and J.H.; writing Q.G., Z.H., Y.Y. and Y.L.; funding acquisition, L.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This study is financially supported by the National Natural Science Foundation of China
(81941003 and 32270884), the National Key Research and Development Program of China (2021 YFA(0805902
and 2019YFE0117400), the Key Research and Development Program of Zhejiang Province (No.
2021C02060).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Zhejiang University (Approval
number ZJU2015-445-12).

Informed Consent Statement: No applicable.

Data Availability Statement: All figures and data used to support to this study are induced within
this article.

Acknowledgments: Thanks to Tingting Jin of Run Run Shaw Hospital for providing lung and
heart samples from mice. Several experiments were done under the help from Xueqiu Chen of
the Experimental Teaching Center, College of Animal Sciences, Zhejiang University. We also thank
Fushan Shi of the Department of Veterinary Medicine for the pathological assistance. Thanks to Yifan
Yu and Liang Li for checking and correcting spelling mistakes.

Conflicts of Interest: The authors have no financial conflict of interest to declare.

References

1.  Hoeper, M.M.; Humbert, M.; Souza, R.; Idrees, M.; Kawut, S.M.; Sliwa-Hahnle, K.; Jing, Z.C.; Gibbs, J.S. A global view of
pulmonary hypertension. Lancet Respir. Med. 2016, 4, 306-322. [CrossRef] [PubMed]

2. Gladwin, M.T. Translational Advances in the Field of Pulmonary Hypertension Bench to Bedside: How Fundamental Discoveries
in Science Are Advancing Our Understanding and Therapy of Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care Med.
2017, 195, 1-3. [CrossRef] [PubMed]

3. Klinke, A.; Schubert, T.; Muller, M.; Legchenko, E.; Zelt, ].G.E.; Shimauchi, T.; Napp, L.C.; Rothman, A.M.K,; Bonnet, S.; Stewart,
D.J.; et al. Emerging therapies for right ventricular dysfunction and failure. Cardiovasc. Diagn Ther. 2020, 10, 1735-1767. [CrossRef]

4. Batista, PJ.; Chang, H.Y. Long noncoding RNAs: Cellular address codes in development and disease. Cell 2013, 152, 1298-1307.
[CrossRef] [PubMed]

5. Zhou, Y,; Sun, W.; Qin, Z.; Guo, S.; Kang, Y.; Zeng, S.; Yu, L. LncRNA regulation: New frontiers in epigenetic solutions to drug
chemoresistance. Biochem. Pharmacol. 2021, 189, 114228. [CrossRef] [PubMed]

6. Peng, WX,; Koirala, P; Mo, Y.Y. LncRNA-mediated regulation of cell signaling in cancer. Oncogene 2017, 36, 5661-5667. [CrossRef]
[PubMed]

7. Dykes, LM.; Emanueli, C. Transcriptional and Post-transcriptional Gene Regulation by Long Non-coding RNA. Genomics Proteom.
Bioinform. 2017, 15, 177-186. [CrossRef]

8. Yan, Y.; Song, D.; Song, X.; Song, C. The role of IncRNA MALATT1 in cardiovascular disease. IUBMB Life 2020, 72, 334-342.
[CrossRef]

9. Lu, D, Thum, T. RNA-based diagnostic and therapeutic strategies for cardiovascular disease. Nat. Rev. Cardiol. 2019, 16, 661-674.
[CrossRef]

10. Huang, Y. The novel regulatory role of IncRNA-miRNA-mRNA axis in cardiovascular diseases. ]. Cell Mol. Med. 2018, 22,
5768-5775. [CrossRef]

11. Omura, J.; Habbout, K.; Shimauchi, T.; Wu, W.H.; Breuils-Bonnet, S.; Tremblay, E.; Martineau, S.; Nadeau, V.; Gagnon, K.; Mazoyer,
F.; et al. Identification of Long Noncoding RNA H19 as a New Biomarker and Therapeutic Target in Right Ventricular Failure in
Pulmonary Arterial Hypertension. Circulation 2020, 142, 1464-1484. [CrossRef] [PubMed]

12. Song, R.; Lei, S.; Yang, S.; Wu, S.J. LncRNA PAXIP1-AS1 fosters the pathogenesis of pulmonary arterial hypertension via
ETS1/WIPF1/RhoA axis. J. Cell Mol. Med. 2021, 25, 7321-7334. [CrossRef] [PubMed]

13.  Wang, H.; Qin, R.; Cheng, Y. LncRNA-Ang362 Promotes Pulmonary Arterial Hypertension by Regulating miR-221 and miR-222.
Shock 2020, 53, 723-729. [CrossRef] [PubMed]

14. Li, K; Du, Y;; Li, L.; Wei, D.Q. Bioinformatics Approaches for Anti-cancer Drug Discovery. Curr. Drug Targets 2020, 21, 3-17.
[CrossRef]

15.  Mura, M.; Cecchini, M.].; Joseph, M.; Granton, J.T. Osteopontin lung gene expression is a marker of disease severity in pulmonary
arterial hypertension. Respirology 2019, 24, 1104-1110. [CrossRef] [PubMed]

16.  Zhao, Y;; Peng, J.; Lu, C.; Hsin, M.; Mura, M.; Wu, L.; Chu, L.; Zamel, R.; Machuca, T.; Waddell, T.; et al. Metabolomic heterogeneity

of pulmonary arterial hypertension. PLoS ONE 2014, 9, e88727. [CrossRef]


http://doi.org/10.1016/S2213-2600(15)00543-3
http://www.ncbi.nlm.nih.gov/pubmed/26975810
http://doi.org/10.1164/rccm.201608-1637ED
http://www.ncbi.nlm.nih.gov/pubmed/28035850
http://doi.org/10.21037/cdt-20-592
http://doi.org/10.1016/j.cell.2013.02.012
http://www.ncbi.nlm.nih.gov/pubmed/23498938
http://doi.org/10.1016/j.bcp.2020.114228
http://www.ncbi.nlm.nih.gov/pubmed/32976832
http://doi.org/10.1038/onc.2017.184
http://www.ncbi.nlm.nih.gov/pubmed/28604750
http://doi.org/10.1016/j.gpb.2016.12.005
http://doi.org/10.1002/iub.2210
http://doi.org/10.1038/s41569-019-0218-x
http://doi.org/10.1111/jcmm.13866
http://doi.org/10.1161/CIRCULATIONAHA.120.047626
http://www.ncbi.nlm.nih.gov/pubmed/32698630
http://doi.org/10.1111/jcmm.16761
http://www.ncbi.nlm.nih.gov/pubmed/34245091
http://doi.org/10.1097/SHK.0000000000001410
http://www.ncbi.nlm.nih.gov/pubmed/31313741
http://doi.org/10.2174/1389450120666190923162203
http://doi.org/10.1111/resp.13557
http://www.ncbi.nlm.nih.gov/pubmed/30963672
http://doi.org/10.1371/journal.pone.0088727

Int. . Mol. Sci. 2022, 23, 15559 16 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Salmena, L.; Poliseno, L.; Tay, Y.; Kats, L.; Pandolfi, PP. A ceRNA hypothesis: The Rosetta Stone of a hidden RNA language? Cell
2011, 146, 353-358. [CrossRef]

Tay, Y.,; Rinn, J.; Pandolfi, P.P. The multilayered complexity of ceRNA crosstalk and competition. Nature 2014, 505, 344-352.
[CrossRef]

Hu, Y,; Chi, L.; Kuebler, WM.; Goldenberg, N.M. Perivascular Inflammation in Pulmonary Arterial Hypertension. Cells 2020, 9,
2338. [CrossRef]

Baptista de Barros Ribeiro Dourado, L.P.; Santos, M.; Moreira-Goncalves, D. Nets, pulmonary arterial hypertension, and
thrombo-inflammation. J. Mol. Med. 2022, 100, 713-722. [CrossRef]

Tian, D.; Sun, S.; Lee, ].T. The long noncoding RNA, JpXx, is a molecular switch for X chromosome inactivation. Cell 2010, 143,
390-403. [CrossRef] [PubMed]

Sun, S.; Del Rosario, B.C.; Szanto, A.; Ogawa, Y.; Jeon, Y.; Lee, ].T. Jpx RNA activates Xist by evicting CTCF. Cell 2013, 153,
1537-1551. [CrossRef] [PubMed]

Ma, X.; Yuan, T,; Yang, C.; Wang, Z.; Zang, Y.; Wu, L.; Zhuang, L. X-inactive-specific transcript of peripheral blood cells is
regulated by exosomal Jpx and acts as a biomarker for female patients with hepatocellular carcinoma. Ther. Adv. Med. Oncol.
2017, 9, 665-677. [CrossRef] [PubMed]

Pan, J.; Fang, S.; Tian, H.; Zhou, C.; Zhao, X,; Tian, H.; He, J.; Shen, W.; Meng, X,; Jin, X; et al. IncRNA JPX/miR-33a-5p / Twist1
axis regulates tumorigenesis and metastasis of lung cancer by activating Wnt/beta-catenin signaling. Mol. Cancer 2020, 19, 9.
[CrossRef]

Oh, H.J.; Lee, ].T. Long Noncoding RNA Functionality Beyond Sequence: The Jpx Model: Commentary on “Functional Con-
servation of IncRNA JPX Despite Sequence and Structural Divergence” by Karner et al. (2019). . Mol. Biol. 2020, 432, 301-304.
[CrossRef]

Vimalraj, S.; Subramanian, R.; Dhanasekaran, A. LncRNA MALAT1 Promotes Tumor Angiogenesis by Regulating MicroRNA-
150-5p / VEGFA Signaling in Osteosarcoma: In-Vitro and In-Vivo Analyses. Front. Oncol. 2021, 11, 742789. [CrossRef]

Goyal, B.; Yadav, S.R.M.; Awasthee, N.; Gupta, S.; Kunnumakkara, A.B.; Gupta, S.C. Diagnostic, prognostic, and therapeutic
significance of long non-coding RNA MALAT1 in cancer. Biochim. Biophys. Acta Rev. Cancer 2021, 1875, 188502. [CrossRef]
Zhou, Q.; Liu, L.; Zhou, J.; Chen, Y.; Xie, D.; Yao, Y.; Cui, D. Novel Insights Into MALAT1 Function as a MicroRNA Sponge in
NSCLC. Front. Oncol. 2021, 11, 758653. [CrossRef]

Sun, Y,; Ma, L. New Insights into Long Non-Coding RNA MALAT1 in Cancer and Metastasis. Cancers 2019, 11, 216. [CrossRef]
Kim, J.; Piao, H.L.; Kim, B.J.; Yao, F; Han, Z.; Wang, Y.; Xiao, Z.; Siverly, A.N.; Lawhon, S.E.; Ton, B.N.; et al. Long noncoding
RNA MALATT1 suppresses breast cancer metastasis. Nat. Genet. 2018, 50, 1705-1715. [CrossRef]

Luo, Y.; Xu, H; Yang, Z.; Lin, X,; Zhao, F; Huang, Y.; Wang, Y.; Yang, X.; Li, H.; Wang, L.; et al. Long non-coding RNA MALAT1
silencing elevates microRNA-26a-5p to ameliorate myocardial injury in sepsis by reducing regulator of calcineurin 2. Arch.
Biochem. Biophys. 2022, 715, 109047. [CrossRef] [PubMed]

Chen, Y,; Li, S.; Zhang, Y.; Wang, M.; Li, X,; Liu, S.; Xu, D.; Bao, Y; Jia, P.; Wu, N.; et al. The IncRNA Malat1 regulates microvascular
function after myocardial infarction in mice via miR-26b-5p /Mfn1 axis-mediated mitochondrial dynamics. Redox Biol. 2021, 41,
101910. [CrossRef] [PubMed]

Yao, W.; Luo, D.; Lv, Z.; Yang, Y.; Wang, L.; Ma, B.; Xue, D.; Hao, C.; Zhang, Y. The Rabep1-Mediated Endocytosis and Activation
of Trypsinogen to Promote Pancreatic Stellate Cell Activation. Biomolecules 2022, 12, 1063. [CrossRef]

Millarte, V.; Spiess, M. RABEP1/Rabaptin5: A link between autophagy and early endosome homeostasis. Autophagy 2022, 18,
698-699. [CrossRef] [PubMed]

Kim, D.; Paggi, ]. M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol. 2019, 37, 907-915. [CrossRef]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, ].; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project Data
Processing Subgroup. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [CrossRef]
Liao, Y.; Smyth, G.K,; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923-930. [CrossRef]

Zhuang, L.; Jang, Y.; Park, YK, Lee, J.E.; Jain, S.; Froimchuk, E.; Broun, A.; Liu, C.; Gavrilova, O.; Ge, K. Depletion of
Nsd2-mediated histone H3K36 methylation impairs adipose tissue development and function. Nat. Commun. 2018, 9, 1796.
[CrossRef]


http://doi.org/10.1016/j.cell.2011.07.014
http://doi.org/10.1038/nature12986
http://doi.org/10.3390/cells9112338
http://doi.org/10.1007/s00109-022-02197-0
http://doi.org/10.1016/j.cell.2010.09.049
http://www.ncbi.nlm.nih.gov/pubmed/21029862
http://doi.org/10.1016/j.cell.2013.05.028
http://www.ncbi.nlm.nih.gov/pubmed/23791181
http://doi.org/10.1177/1758834017731052
http://www.ncbi.nlm.nih.gov/pubmed/29344104
http://doi.org/10.1186/s12943-020-1133-9
http://doi.org/10.1016/j.jmb.2019.11.011
http://doi.org/10.3389/fonc.2021.742789
http://doi.org/10.1016/j.bbcan.2021.188502
http://doi.org/10.3389/fonc.2021.758653
http://doi.org/10.3390/cancers11020216
http://doi.org/10.1038/s41588-018-0252-3
http://doi.org/10.1016/j.abb.2021.109047
http://www.ncbi.nlm.nih.gov/pubmed/34619102
http://doi.org/10.1016/j.redox.2021.101910
http://www.ncbi.nlm.nih.gov/pubmed/33667993
http://doi.org/10.3390/biom12081063
http://doi.org/10.1080/15548627.2021.2021497
http://www.ncbi.nlm.nih.gov/pubmed/35000547
http://doi.org/10.1038/s41587-019-0201-4
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1038/s41467-018-04127-6

	Introduction 
	Results 
	Differentially Expressed Genes (DEGs) between PAH and Control Lung Samples from GSE113439 
	Identification of Immune-Related mRNAs/lncRNAs and the Construction of Immune-Related ceRNA Network 
	Validation of the Immune-Related lncRNA-mRNA Pairs 
	Validation of the Immune-Related lncRNA-mRNA Pairs in an Animal Model 
	Immune Cell Infiltration Analysis 

	Discussion 
	Materials and Methods 
	Data Source 
	Data Preprocessing and DEGs Screening 
	Identification of Immune-Related lncRNAs 
	Construction and Analysis of an Immune-Related lncRNA-Associated Competing Endogenous RNA Network 
	Immune Cell Infiltration Analysis 
	Animal-PAH Model and Samples 
	Histopathologic Evaluation of Lung Tissues 
	Quantitative Real-Time PCR (qRT-PCR) 
	Statistical Analysis 

	Conclusions 
	References

