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Cells of Pulmonary Arterial Hypertension
at Single-Cell Resolution

Chang Zhi Zhang®®, Qian Yu?, Wei Jia Liu?, Jing Han?

Abstract

Background: Endothelial cell (EC) dysfunction is one of the patho-
geneses of pulmonary arterial hypertension (PAH); autophagy is an
important conserved mechanism for maintaining cellular homeosta-
sis. However, to date, transcriptional signatures of autophagy-related
genes during PAH are not well characterized.

Methods: We analyzed the single-cell RNA sequencing (scRNA-seq)
data and revealed the relationship between autophagy and PAH in
EC from the perspective of differential expression, transcriptional
signature typing, comparative analysis, pseudo-temporal changes of
autophagy genes, and high dimensional weighted gene co-expression
network analysis (1[dWGCNA) networks of autophagy genes. Moreo-
ver, we established an in vitro PAH model and verified the expression
signatures of candidate autophagy-related genes by western blotting.
Student’s ¢-test was used to detect data differences.

Results: Single-cell data showed that ECs had three different sub-
groups, namely Endo-Nor (normal state), Endo-Mid (transition state),
and Endo-PAH (PAH disease group). Functional enrichment analysis
of differentially expressed genes between Endo-PAH and Endo-Nor
showed that autophagy and phosphatidylinositol 3-kinase (PI3K)-
AKT signaling pathways were abnormal. Pseudo-temporal trajectory
analysis showed that eight autophagy-related genes were involved in
regulating PAH progression. Furthermore, the hdWGCNA network re-
vealed six autophagy-related PAH progression genes. By comprehen-
sively comparing different analysis methods, we identified Ddit4 as an
autophagy-related PAH biomarker. Western blot observed that DDIT4
protein was significantly upregulated (P < 0.01) in the PAH model.

Conclusion: This study dissected the expression signature of au-
tophagy genes in PAH at single-cell resolution and identified DDIT4
as a potential biomarker.
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Introduction

Pulmonary arterial hypertension (PAH), characterized by ele-
vated pulmonary artery pressure (mean > 25 mm Hg) and right
ventricular hypertrophy, is a rare disease with an incidence of
only 1 in 20,000 [1, 2]. The pathogenesis of PAH is complex,
such as pulmonary vascular remodeling due to endothelial cell
(EC) dysfunction, inflammation of the vasculature, and ge-
netic factors [3]. Although current treatment options exist for
PAH, its prognosis is poor, ultimately leading to heart failure
and death [4]. Heart-lung transplantation is the last resort for
terminal stage patients, which greatly increases the difficulty
of treatment [1]. Hence, deeper understanding of the patho-
genesis is significant for proposing new therapeutic targets and
improving the prognosis of PAH.

Endothelial injury is common in vascular diseases such as
aortic dissection and atherosclerosis [5, 6]. Of note, ECs par-
ticipate in primary vascular changes leading to PAH [7]. It has
been reported that EC apoptosis is observed in the early stages
of PAH, whereas hyperproliferative apoptosis-resistant EC
may directly contribute to vascular remodeling in later stages
[8]. On the other hand, the regulatory role of autophagy in
PAH has also been reported [9]. Autophagy and apoptosis are
two different physiological phenomena, but they are closely
related in function [10]. Autophagy, whose main function is to
maintain the dynamic balance of nutrition and energy by re-
moving damaged or harmful components through catabolism
and recycling, is a pathway strictly regulated by molecular sig-
nals [11]. Previous in vitro studies have reported a correlation
between the autophagy pathway and PAH pathobiology [12].
In addition, elevated LC3 expression levels have been reported
not only in rodent models of pulmonary hypertension but also
in PAH patients [13, 14].

Previous studies have mainly used microarrays and bulk
RNA sequencing (RNA-seq); however, these methods may
hinder the discovery of new targets for identification of thera-
peutics due to the problem of cellular heterogeneity [15, 16].
Furthermore, the whole-lung approach does not allow for the
study of EC heterogeneity at a high resolution. Here, this study
analyzed the transcriptional characteristics of EC at the single-
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cell level and highlighted the relationship between PAH and
autophagy. Through the comprehensive comparative analysis
of cell subtypes, pseudo-time trajectories, and high dimen-
sional weighted gene co-expression network analysis (hdW-
GCNA), we emphasize that DDIT4 may be a new biomarker
for autophagy-related PAH gene. Autophagy may become a
prospective option for PAH treatment, and DDIT4 is expected
to be a potential target.

Materials and Methods

Data collection

All single-cell RNA sequencing (scRNA-seq) data of ECs from
SUS5416/hypoxia-induced PAH model mice were downloaded
from the Gene Expression Omnibus (GEO) database, and the
accession number was GSE154959 [15]. The data included
control and PAH groups, with three replicates for each group.

Quality control and integrated analysis

To obtain a high-quality scRNA-seq data, we used Seurat
(v4.3.0, R package) to perform data filtering on the upstream
data generated by Cellranger (v7.0.0) [17]. We filtered out
cells with gene < 200, count < 500, and mitochondrial gene
content > 10%. Next, we integrated different single-cell data-
sets using the canonical correlation analysis (CCA) algorithm
from Seurat package, specifically executed by the FindInte-
grationAnchors() function and the IntegrateData() function.
The integrated data were subjected to uniform manifold ap-
proximation and projection (UMAP) dimensionality reduction
using the first 15 dimensions, and resolution = 0.3 was used to
divide the cell clusters.

Identification of cell types

Canonical marker genes of individual cell types are used to
classify cell types. For all cells, we identified four main cell
types, ECs (Kdr, Pecaml), macrophages and monocyte cells
(Csflr, Cdl14), fibroblast cells (Col3al, Collal), and B cells
(Cd79a, Cd79b) [15, 18-20]. For the division of EC subpopu-
lations, we first extracted the ECs, then re-clustered them using
the first 20 dimensions and used a resolution of 0.3 for cluster
division. Then, we annotated the subpopulations according to
the cell states in different clusters.

Different gene expression analysis

For scRNA-seq data, to identify differentially expressed genes
(DEGs) in different cell types, we used the findmarkers() func-
tion of Seurat software for differential expression analysis
[17]. We set the threshold as log2FC > 0.1, min.pct > 0.1. Un-
less otherwise mentioned, other parameters used the default
settings. For bulk RNA-seq data, limma (v3.54.2, R package)

was used to identify the DEGs, and the threshold as log2FC >
0.05, P <0.05.

Functional enrichment analysis

Functional enrichment analysis was used to determine the
functional expression network of DEGs. We used clusterPro-
filer (v4.6.2, R package) for the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis [21]. The input was
a DEGs list. First, the bitr function was used to convert the
gene symbol to an ID, and then enrichKEGG was used for
functional enrichment analysis, with P value cutoff of 0.05 and
other parameters as default. Protein-protein interaction (PPI)
analysis was performed by Metascape, and the input was the
DEGs. Moreover, the Metascape was used to build the func-
tional enrichment network. Both the functional enrichment
network and the PPI network were calculated and plotted by
Metascape’s built-in integration software [22].

Gene set acquisition of autophagy-related genes

Autophagy-related genes are from the KEGG database, ac-
cession number: mmu04140. The gene set includes 142 genes
participating in regulating autophagy process [23].

Constructing pseudo-time developmental trajectories of
ECs

Monocle (v2.28.0, R package) is a well-established and widely
used tool for constructing pseudo-chronological developmen-
tal trajectories [24]. We used the seurat object of ECs as the
input of monocle. Next, we used the newCellDataSet func-
tion to construct a monocle object. We used genes with a cer-
tain expression level as the input for unsupervised clustering.
When determining the trajectory, the parameters were set to
max_components = 2, reduction_method = 'DDRTree'. Then,
we used the orderCells function to sort cells and determine
the trajectory direction. We used the BAEM function to screen
genes for fate trajectory branches and visualize autophagy-
related genes.

Construction of WGCNA in high dimensional data

WGCNA is widely used in screening key genes in different
fields [25], including the cardiovascular field [26]. hdWGC-
NA (v2.28.0, R package) was used to perform WGCNA in
ECs at a single-cell level [27]. The MetacellsByGroups func-
tion was used to aggregate the expression levels of multiple
cells, and then the SetDatExpr function was used to select
ECs for matrix selection, and the default parameters were
used to determine the soft threshold. Further, the hdWGCNA
network was constructed using the ConstructNetwork func-
tion, and finally, the autophagy-related genes were displayed
in the gene network.
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Cell culture

Human pulmonary artery endothelial cells (HPAECs) were
cultured in DMEM medium (Gibco, Beijing, China) supple-
mented with 10% fetal bovine serum (FBS; Excell Bio, Shang-
hai, China). When the cells were 90% confluent, they were
washed with phosphate-buffered saline (PBS) and digested
into single cells by trypsinization (Gibco, Thermo Fisher Sci-
entific, USA).

To establish a hypoxia-induced PAH model, HPAECs
were treated with different oxygen concentrations. HPAECs
were divided into two groups: normoxic group (Ctrl group)
and hypoxic group (PAH group). The incubator environment
of the normoxic group was set to 37 °C, 21% O,, 5% CO,, and
74% N,, while that of the hypoxic group was set to 37 °C, 5%
CO,, 2% O,, and 90% N,, which were based on previous stud-
ies [28, 29]. After 24 h of culture, samples were collected for
protein immunoblotting experiments.

Western blot analysis

Western blotting steps were conducted as described by Yu et al
with a slight modification [30]. After HPAECs were enzymati-
cally digested and collected, they were lysed using radioimmu-
noprecipitation assay (RIPA) to obtain proteins. Proteins were
first denatured at high temperature and then subjected to so-
dium dodecyl sulfate (SDS) gel electrophoresis. Subsequently,
protein transfer and antibody incubation were performed, fol-
lowed by color development and photography. Antibody in-
formation is detailed in Supplementary Table 1 (cr.elmerpub.
com).

Statistical analysis

All experiments were performed in at least three independent
replicates and data were shown using mean + standard devia-
tion (SD). Student’s #-test was used to determine differences
between samples by Graphpad Prism 8.0 software, compared
to the Ctrl group (*P < 0.05 and **P < 0.01).

Ethical compliance

This study does not involve the study of any human tissue sam-
ples, and the study protocol was approved by the Ethics Com-
mittee of Guizhou Provincial People’s Hospital (No. 2022041,
data: 2022.05.06).

Results

scRNA-seq profiles of PAH models

We first observed whether different single-cell datasets have
batch effects. The UMAP plot showed that different clusters

have different dataset data distribution, indicating that there
is no obvious batch effect between different datasets (Fig.
la). Next, we identified four different major cell types, in-
cluding ECs, macrophages and monocyte cells, fibroblast
cells, and B cells (Fig. 1b). The distribution of cell types in
different cell pools is shown in Supplementary Figure 1A (cr.
elmerpub.com). We used feature plot and violin plot to show
the distribution of major marker genes in different cell types.
Different cell types showed a clear degree of discrimination,
which shows that our classification of cell types is accurate
(Supplementary Figure 1B, C, cr.elmerpub.com). We further
analyzed the ECs and found that these cells were distributed
in 12 clusters in the integrated dataset (Fig. 1c). Then, we
marked the distribution of ECs in different datasets and found
a clear distribution among them (Supplementary Figure 1D,
cr.elmerpub.com). Subsequently, we divided ECs into three
subtypes, namely PAH type (Endo-PAH), intermediate type
(Endo-Mid), and normal type (Endo-Nor), according to dif-
ferent cell states (Fig. 1d). Heatmap shows that different EC
subtypes have distinct gene transcription and expression sig-
natures (Fig. le).

The gene expression characteristics of ECs

To investigate the gene expression characteristics of ECs dur-
ing PAH process, we first globally compared the transcription-
al dynamics of ECs under different conditions, and as a result,
2,176 DEGs were obtained, of which 1,539 were upregulated
and 637 were downregulated (Fig. 2a). Functional enrichment
analysis showed that the PI3K-AKT signaling pathway was
significantly enriched, and autophagy, apoptosis, necroptosis,
and ferroptosis signals were also enriched (Fig. 2b). Next, the
different expression analysis of ECs between Endo-PAH sub-
types and Endo-Nor subtypes was performed. The volcano
map shows that we identified a total of 1,676 DEGs (Fig. 2c¢).
The KEGG pathway analysis indicated that the PI3K-AKT
signaling pathway was the top 1 pathway (Fig. 2d).

Autophagy-related gene expression characteristics in ECs

To explore the expression characteristics of autophagy-related
genes in ECs, we performed comparative analysis. The Venn
diagram showed that a total of 29 autophagy-related genes
were differentially expressed in ECs during PAH (Fig. 3a). The
functional network analysis of 29 genes showed that they were
highly associated with autophagy, macroautophagy, apoptosis,
etc. (Fig. 3b). Next, the PPI network analysis showed that they
were related to endocrine resistance, thyroid hormone signal-
ing pathway, insulin signaling pathway, etc. (Fig. 3c¢).

Expression characteristics of autophagy-related genes in
pseudo-time trajectories

Pseudo-time developmental trajectories can reveal the charac-
teristics of cell fate regulation. First, we constructed a pseudo-
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Figure 1. The single-cell landscape in this study. (a) The UMAP plot showing the merged data in this study. (b) The UMAP plot
showing the main cell types. (c) The UMAP plot showing the different clusters of endothelial cells. (d) Display of sub-cell types of
endothelial cell. (e) The heatmap showing the top five genes in different sub- cell types. UMAP: uniform manifold approximation

and projection.

time developmental trajectory of ECs, and the results showed
that ECs went through two fate-determining branches and
formed five different cell fate states (Fig. 4a, b). Furthermore,
we visualized the distribution of cells in cell trajectories un-
der different conditions and found that the proportion of cells
in PAH samples was higher in stage 3, which was consistent
with the cell distribution statistics (Fig. 4c, d). The above re-
sults suggest that during cell differentiation 1, the transcrip-
tional program driving PAH changes, resulting in two differ-
ent cell fates, one developing toward PAH (cell fatel) and
the other being a normal program (cell fate2) (Fig. 4c). In
order to explore the dynamics, we used the BEAM algorithm
for analysis, and the results suggested that autophagy-related
genes play a role in it. In the PAH fate, Ddit4 expression is
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gradually upregulated, while Mapk3 is gradually downregu-
lated (Fig. 4e).

Construction of ECs autophagy-related gene network by
hdWGCNA

We used hdWGCNA to construct the regulatory network of
autophagy-related genes in ECs. First, in order to meet the
construction of a scale-free network, we selected a threshold
of 4 for network construction (Fig. 5a). Under this threshold,
genes were divided into different modules (Fig. 5b). A total of
nine modules were obtained, of which the turquoise module
had the most genes, 610, and Plppl, H2-DI, and Srgn were
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Figure 2. The atlas of molecular features of ECs. (a) Volcano plots showing DEGs in the PAH group compared to the normal
group. (b) The KEGG pathways of DEGs in (a). (d) Volcano plots showing DEGs in the Endo-PAH group compared to the Endo-
Nor group. (d) The KEGG pathways of DEGs in (c). DEGs: differentially expressed genes; ECs: endothelial cells; Endo-PAH:
PAH disease group; Endo-Nor: normal state; KEGG: Kyoto Encyclopedia of Genes and Genomes; PAH: pulmonary arterial

hypertension.

the top genes in this module (Fig. 5c, d). Furthermore, we
observed the distribution characteristics of different modules
within the samples, and we found that turquoise was highly
expressed in the PAH group (Fig. 5e¢). Finally, we constructed
a scale-free network of autophagy-related genes and the results
showed that there were six core genes, including Ddit4, Mras,
Ctsl, Lampl, Sqstml, and Map1lc3a (Fig. 5%).

DDIT4 as an autophagy-related PAH biomarker

Next, we sought to identify PAH-associated autophagy genes
to characterize candidate therapeutic targets. We comprehen-
sively analyzed the results of different algorithms and found a
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common gene, Ddit4, which was obtained in differential com-
parative analysis, pseudo-sequential analysis, and hdWGCNA
network construction (Fig. 6a). Therefore, we identified it as
a candidate gene. Subsequently, we constructed an in vitro
hypoxia-induced PAH model and found that the PAH group
had increased autophagy levels, as reflected by a significant
increase in the LC3B-II/I ratio, which was consistent with pre-
vious findings. In addition, we found that the protein level of
DDIT4 was also significantly increased (Fig. 6b-d).

Discussion

Autophagy plays a regulatory role in a variety of diseases [31,

| https://cr.elmerpub.com
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32]. Indeed, the results of several in vitro studies suggest a cor- the expression of LC3B and its activated form LC3B-II is sig-
relation between the autophagy pathway and the pathobiology nificantly increased in the lungs of PAH patients [13]. Hypoxia
of PAH [12]. However, reports on the role of autophagy in the is an important initiating factor of PAH. Previous reports have
development of PAH are often contradictory [33]. In humans, shown increased autophagy in mouse hypoxia models [34],
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which is consistent with the results in humans and our in vitro
model. Conversely, decreased autophagy was observed in rats
[35]. In another classic rat model, it was found that the inges-
tion of monocrotaline led to the development of PAH through

direct endothelial damage, thus inducing pulmonary vasculitis.
Mechanistically, P62 expression was reduced and the LC3B-
II/ I ratio was significantly increased, leading to the activation
of autophagy in rat lung tissue [36]. To date, the expression
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Figure 5. Construction of a regulatory network of autophagy-related genes. (a) Distribution of scale-free networks under different
thresholds. (b) Hierarchical clustering shows the module divisions to which different genes belong. (c) The bar graph shows the
number of genes in different modules. (d) Top 10 genes in different modules. (e) Expression characteristics of different modules
in different groups. (f) The regulatory network of autophagy-related genes.

signature of autophagy-related genes in PAH has not been well re-analyzed the scRNA data of ECs from SU5416/hypoxia-

resolved at the single-cell level, particularly in EC. To inves- induced PAH model. Of note, by comparing different bioinfor-
tigate the relationship between autophagy in EC molecular matics approaches, we identified a potential autophagy-related
changes during PAH process at the single-cell resolution, we PAH marker gene and validated it using an in vitro hypoxia-
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LC3B-Il. (¢, d) The histogram shows the expression of autophagy-related proteins, followed by DDIT4, LC3B-II/LC3B-I. N = 3.
Student’s t-test was used to identify difference. Compared to the control group, **P < 0.01.

induced PAH model, which broadens the understanding of the
pathogenesis of PAH and may serve as a candidate therapeutic
target.

In a previous study [15], five main EC clusters, includ-
ing Artery, Vein, CapillaryA, CapillaryB, and Lymphatic, were
obtained. Interestingly, in this study, we first identified ECs
by classical marker, like Kdr and Pecaml. Kdr, serving as a
vascular EC growth factor, is a receptor of vascular endothelial
growth factor (VEGF) [18, 37]. Pecam 1, also known as CD31,
is a regulator of endothelial junctional integrity [38]. Except
for the vast majority of ECs detected, a small number of cells
were annotated to immune cell types, such as B cells, with
Cd79a as a marker [19]. Moreover, we obtained other two cell
types, including fibroblast and monocyte cells. Csflr was used

as the marker for identification of fibroblast [39].

Based on the cell types we identified, we further per-
formed an in-depth analysis of ECs. Interestingly, in this study,
we found that during PAH progression, ECs undergo a distinct
switch based on transcription state at a single-cell resolution.
Hence, we classified EC into three distinct subtypes, includ-
ing normal (EC-Nor), transitional (EC-Mid), and pathogenic
(EC-PAH). Topl marker gene in EC-PAH is Cd74. CD74 is an
integral membrane protein that was thought to function mainly
as a major histocompatibility complex (MHC) class II chap-
erone [40]. Previous studies suggested that CD74 was highly
expressed in PAH patients and is associated with EC inflam-
mation in PAH [15, 41, 42]. In second place is Cyplal. It was
reported that Cyplal was related to PAH [43]. In normal ECs,
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Plvap and Hilpda were high expression. A study of Plvap-de-
ficient mice revealed that Plvap is critical for the development
of EC and is specifically expressed in EC [44].

Different expression analysis showed that during PAH,
the gene expression changed a lot in EC. The function enrich-
ment showed that DEGs were related to PI3K-AKT signaling
pathway. The PI3K-AKT signaling pathway plays an impor-
tant role in regulating a variety of cellular functions, including
autophagy, metabolism, growth, proliferation, survival, tran-
scription, and protein synthesis [45]. In PAH, the PI3K-AKT
signaling pathway is considered a potential therapeutic target
[46, 47], which is consistent with our finding. Currently, stud-
ies have reported that abnormalities in the autophagy-related
PI3K-AKT signaling pathway were observed in PAH [48].

The above work emphasizes the role of autophagy in
PAH. In order to characterize the transcriptional dynamics of
autophagy-related genes in PAH, we performed pseudo-time
analysis because it can well present the dynamic changes along
the developmental trajectory [24]. For one example, the data
suggest that Ddit4 may be involved in regulating PAH, which
is consistent with a previous report suggesting that Ddit4 may
be a potential biomarker [49]. WGCNA is a widely used meth-
od for selecting key candidate genes in bulk RNA-seq [25],
but it cannot be applied due to the sparsity of single-cell data.
Fortunately, the emergence of hdWGCNA has made it possible
[27]. We used hdWGCNA to construct a regulatory network
of autophagy-related genes and found six candidate genes. In-
terestingly, we again obtained Ddit4 [49]. DDIT4 has been re-
ported as an inhibitor of mMTORC], and reducing the activity of
mTOR can induce autophagy [50, 51]. In our work, our model
showed that DDIT4 expression increased, and the results of
LC3B indicated an increase in autophagy levels. Based on the
above, we speculate that this is related to the abnormal expres-
sion of DDIT4.

Although this study explored the heterogeneity of ECs in
PAH in detail at the single-cell level, this study has certain
limitations. All data are from mouse models, lacking explora-
tion of human samples. Rodor et al have demonstrated the reli-
ability of the SU5416/hypoxia-induced PAH model, manifest-
ed by a marked increase in right ventricular hypertrophy and
vascular remodeling [15], which is consistent with the typical
clinical symptoms of PAH. Moreover, HPAECs in vitro cell
model is also used to verify the mechanism of PAH. Although
it cannot model the pathological characteristics in vivo, it can
also be reported as a damage model [28]. This study found that
the expression of DDIT4 in HPAECs is consistent with that
in vivo. However, the function of DDIT4 in PAH needs to be
further clarified.

Conclusion

In summary, this study explored the molecular characteristics
of ECs in PAH at the single-cell level and identified DDIT4 as
a biomarker for autophagy-related PAH through comparative
analysis of different bioinformatics analysis methods, which
expands the understanding of the pathogenesis of PAH and
may serve as a potential therapeutic target.
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