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Transcriptomic Profiling Unveils EDN3* Meningeal
Fibroblasts as Key Players in Sturge-Weber Syndrome

Pathogenesis

Daosheng Ai, Tianyue Ming, Xiaoli Li, Shu Wang, Zhanying Bi, Jinyi Zuo, Zizhang Cheng,
Weijin Sun, Mingguo Xie, Fengzhi Li, Xiongfei Wang, Xueling Qi, Guoming Luan,*

Woo-ping Ge,* and Yuguang Guan*

Sturge-Weber syndrome (SWS) is characterized by leptomeningeal vascular
malformation, resulting in significant risks of life-threatening seizures and
strokes. The current absence of specific treatments underscores the need to
define the molecular and cellular mechanisms that drive the progression of
SWS. Here, the transcriptome of 119 446 cells isolated from both malformed
tissues and peri-lesion tissues from the brains of patients with SWS is
examined. This comprehensive analysis finds a complex landscape of cell
heterogeneity and distinct cell substate associated with the evolution of this
disease are revealed. Notably, a unique fibroblast cluster and molecular
mechanism are identified that contribute to the development of SWS. These
findings not only expand the understanding of SWS but also open up

promising avenues for therapeutic interventions.

1. Introduction

The cerebrovasculature, which is densely and precisely dis-
tributed throughout the brain, plays a crucial role in meeting the
substantial energy demands required for neurological function.

This vascular network is vital for main-
taining brain homeostasis and facilitating
the transport of biomolecules.['2] When ab-
normal vascular growth leads to vascular
malformations in the brain or meninges,
they can result in acute complications and
chronic neurological dysfunction.**l Addi-
tionally, cerebrovascular malformations oc-
curring in arteries, veins, or capillaries can
manifest in diverse clinical presentations,
courses, and complication rates.’]
Understanding the human cerebrovas-
culature in various pathological conditions
is a pressing need for both scientific re-
search and clinical applications. SWS, a
non-hereditary neurovascular disorder, is
characterized by leptomeningeal vascular
malformation, facial capillary malformation, and glaucoma.l!
This congenital condition, which occurs sporadically, affects
roughly 1 in 20 000 to 50 000 live births, irrespective of gender.[°!
Individuals with SWS constantly face the risk of seizures, stroke,
and stroke-like episodes, as well as motor and cognitive difficul-
ties, leading to significant morbidity and mortality.l’! Presently,

D. Ai, T. Ming

Academy for Advanced Interdisciplinary Studies (AAIS)
Peking University

Beijing 100871, China

D. Ai, T. Ming, Z. Bi, F. Li, W.-ping Ge

Beijing Institute for Brain Research

Chinese Academy of Medical Sciences & Peking Union Medical College
Beijing 102206, China

E-mail: woopingge@cibr.ac.cn

D.Ai, T. Ming, Z. Bi, F. Li, W.-ping Ge

Chinese Institute for Brain Research (CIBR)

Beijing

Beijing 102206, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202408388
© 2025 The Author(s). Advanced Science published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202408888

Adv. Sci. 2025, 2408888 2408888 (1 of 12)

X. Li

Department of Neurology

Affiliated Zhongda Hospital

Southeast University

Nanjing 210009, China

S. Wang, J. Zuo, Z. Cheng, W. Sun, M. Xie, X. Wang, G. Luan, Y. Guan
Department of Neurosurgery

SanBo Brain Hospital

Capital Medical University

Beijing 100093, China

E-mail: luangm@ccmu.edu.cn; guanyg2020@ccmu.edu.cn
Z.Bi

College of Life Sciences

Nankai University

Tianjin 300071, China

F.Li

State Key Laboratory of Cognitive Neuroscience and Learning
Beijing Normal University

Beijing 100875, China

X. Qi

Department of Pathology

SanBo Brain Hospital

Capital Medical University

Beijing 100093, China

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedscience.com
mailto:woopingge@cibr.ac.cn
https://doi.org/10.1002/advs.202408888
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:luangm@ccmu.edu.cn
mailto:guanyg2020@ccmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202408888&domain=pdf&date_stamp=2025-02-08

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

due to the absence of targeted drug therapies, standard neuro-
logic treatment for SWS focuses on symptom management.!>#!

In 2013, a somatic activating variant (c.548G—A,
p-Argl83Gln) in the G-protein subunit alpha q (GNAQ) was
initially discovered in 88% of SW'S patients using whole-genome
sequencing and amplicon sequencing.®l Subsequently, muta-
tions located in subunit alpha 11 (GNA11)®1% and subunit beta
2 (GNB2)!'! have also been reported with potential associations
with SWS. Moreover, a murine model, achieved by conditionally
expressing a second GNAQ mutant, GNAQ®??*L, in endothelial
cells, has demonstrated the ability to induce vascular abnormali-
ties that mirror the characteristic vascular tufts and coagulopathy
seen in Kasabach-Merritt phenomenon.[*?]

In addition to the capillary malformation found in SWS,
GNAQ and GNA1l mutations have been identified in
other vascular malformations or tumors, including con-
genital hemangioma, tufted angioma, and Kaposiform
hemangioendothelioma.l'*!*]  Notably, these conditions are
not closely associated with the central nervous system (CNS).
Given the distinctive lesion locations and the frequent occurrence
of CNS complications in SWS, a comprehensive explanation
cannot be adequately provided solely from the standpoint of
somatic mutations in GNAQ and its resulting hyperactivation of
downstream pathways.

Studying SWS, particularly the development of high-risk lep-
tomeningeal vascular malformations and associated lethal brain
complications, has been challenging due to its rarity and limited
access to patient samples for in-depth investigations. Addition-
ally, there is currently no available animal model that accurately
replicates the CNS symptoms observed in SWS patients. In this
study, our aim was to directly examine the cellular and molec-
ular mechanisms underlying the exacerbation of SWS in brain
vascular malformations.

To achieve this, we obtained samples from malformed SWS
lesions and peri-lesion tissues for comparison during neuro-
surgery procedures on patients diagnosed with SWS. Using
single-cell RNA sequencing (scRNA-seq), we conducted a com-
prehensive analysis of vascular cells, as well as surrounding neu-
rons, glia, and immune cell populations, to gain insights into
the cellular mechanisms of SWS. Further, we identified distinct
perivascular fibroblast clusters and explored the functional roles
of meningeal fibroblasts in the progression of SWS. To uncover
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factors contributing to the aggravation of SWS vascular malfor-
mation and other lethal CNS complications, we constructed a
single-cell atlas of SWS vascular malformation and found differ-
ences in patterns of cellular interactions and in transcriptional
changes throughout the development of SWS. Our study pro-
vides a valuable contribution to understanding the intricate cellu-
lar and molecular dynamics involved in the development of SWS,
shedding light on potential targets for future therapeutic inter-
ventions.

2. Results

2.1. A Large Single-Cell RNA Sequencing Atlas to Study
Transcriptomic Changes of CNS during SWS Progression

To profile cells within SWS brain lesions, we obtained mal-
formed areas (i.e., the SWS sample) and peri-lesion areas (i.e.,
the control sample) from SWS patients who underwent neu-
rosurgery for lesion resection (Table 1). These patients had re-
fractory epilepsy, and anti-seizure medications were not able to
adequately control their seizures. To evaluate the abnormalities
in SWS cerebrovasculature, patients with focal cortical dysplasia
type II (FCD II) were incorporated, which has no reported vascu-
lar malformations.["! The results of hematoxylin and eosin (HE)
staining show a significant increase in leptomeningeal and layer
1-2 vascular diameter and density of SWS compared with FCD
II and peri-SWS, while the peri-SWS samples exhibit no salient
alterations compared to FCD II (Figure 1B-H). We collected 11
samples (6 SWS samples and 5 control samples, Table 1) from
four SWS patients for single-cell RNA sequencing (scRNA-seq)
using the 10x Genomics Chromium platform. Consequently, we
generated a dataset of high-quality transcriptomes from 119 446
cells for further exploration (including 56 698 cells from the con-
trol samples, Figure 1A).

2.2. Global Analysis Identifies the Cell Populations and
Alterations during SWS Progression

Applying graph-based Louvain clustering, we identified 11 ma-
jor cell populations and annotated them based on gene expres-
sion patterns across different cell types (Figures 2A, S1A,B,
Supporting Information). These annotated cell populations can
be categorized into three main cell types: vascular cells, im-
mune cells (note: we included microglia in this group al-
though they are also a glial cell type), and neurons and glial
cells (Figure 2A). Using the expression of well-established
cell type-specific marker genes,'*%"] we identified endothe-
lial cells (TIEI), smooth muscle cells (MYH11), perivascu-
lar fibroblasts (OGN,COL1A1,LUM), macrophages (CD163), T
cells (CD8A), neutrophils (SI00A8), microglia (C1QC), astro-
cytes (AQP4), oligodendrocytes (MAG), oligodendrocyte precur-
sor cells (PDGFRA), and neurons (MYT1L) (Figure 2C and Figure
S3A, Supporting Information).

We then used a MELD analysis/?!! to identify the most rele-
vant cell populations in relation to SWS. Notably, we observed dis-
tinct cell populations with mostly non-overlapping average likeli-
hood values, particularly for smooth muscle cells and astrocytes
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Figure 1. Collection of SWS lesions and peri-lesion brain tissue from SWS patients. A) Schematic representation of specimen isolation and single-cell
RNA sequencing (scRNA-seq) processing. B) Hematoxylin and eosin (HE) staining of meningeal and cortical tissue from non-SWS (FCD Il), peri-SWS,
and SWS samples. The SWS sample shows malformed meningeal vessels. Scale bar: 200 um. C) Comparison of leptomeningeal vascular diameter
among SWS lesion areas, peri-SWS areas, and FCD Il lesion areas (non-SWS). **** p < 0.0001, ordinary one-way ANOVA. Error bars indicate SEM. D)
Comparison of leptomeningeal vascular density (area proportion) among SWS lesion areas, peri-SWS areas, and FCD Il lesion areas (non-SWS). *##%
p < 0.0001, ordinary one-way ANOVA. All error bars indicate SEM. E) Comparison of leptomeningeal vascular diameter distribution among SWS lesion
areas, peri-SWS areas, and FCD Il lesion areas (non-SWS). F) Comparison of layer 1-2 vascular diameter among SWS lesion areas, peri-SWS areas,
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Table 1. Clinical diagnosis and operation information of SWS patients’ samples (Note: 1Y2 M, 1 year 2 months).

No. Age (Y/M) Gender Diagnose Affected hemisphere Seizure types Operation

Patient 1 1Y2M Female SWS, Right Focal seizure Functional hemispherectomy
Secondary epilepsy

Patient 2 LY Male SWs, Left Focal seizure Functional hemispherectomy
Secondary epilepsy

Patient 3 3Y4M Male SWS, Left Focal seizure Focal resection
Secondary epilepsy

Patient 4 1YIM Female SWS, Right Focal seizure Focal resection

Secondary epilepsy

(Figure 2E). To further validate the results from the MELD anal-
ysis, we conducted immunostaining using antibodies against
aSMA to label smooth muscle cells, and GFAP to label astro-
cytes respectively, in tissue sections from SWS lesions and peri-
lesions. Our findings revealed structurally irregular blood ves-
sels containing SMC components (Figure 2F and Figure S7A,
Supporting Information). Furthermore, a significant increase in
vascular diameters was observed in both the subpial mater and
subarachnoid space in SWS lesions (Figure 2G). These staining
results align with the cell proportion analysis from SWS sam-
ples, which indicated an increase in the number of SMCs in
SWS lesions as compared to peri-lesion areas (Figure 2D). As
for the astrocytes, the results revealed altered morphology, char-
acterized by aggregation toward malformed blood vessels and a
decreased GFAP* area in the SWS region compared to the peri-
SWS region (Figure S7A,B, Supporting Information). Single-cell
RNA sequencing analysis of astrocytes identified differential ex-
pression of activation-associated genes (e.g., GFAP, VIM, and
AQP4) between the SWS and peri-SWS regions. These molecu-
lar changes align with the morphological alterations observed in
the staining results and further indicate a transition of astrocytes
from a resting state to an activated state in response to the SWS
microenvironment (see Figure S7C, Supporting Information).

In summary, this integrated analysis underscores the cellular
alterations associated with the progression of SWS, providing a
comprehensive perspective on the specific contributions of vari-
ous cell populations to the pathology of SWS lesions.

2.3. Vascular Cells Analysis Reveals the Distinct Subsets and
Recognizes the Presence of Meningeal Fibroblasts in SWS

Leptomeningeal vascular malformation stands out as a primary
pathological phenotype in the nervous system of SWS patients.[®!
A comprehensive exploration of cellular-level alterations in SWS
lesions is currently lacking. To provide a systematic understand-
ing of the cellular changes within the SWS vasculature, we ex-
tracted vascular cells (endothelial cells, smooth muscle cells, and
fibroblasts) and identified 12 distinct vascular cell subsets in a
comprehensive analysis (Figure S3B, Supporting Information).
These subsets encompassed endothelial cells, pericytes, two sub-
clusters of smooth muscle cells, fibromyocytes, and two sub-

clusters of fibroblasts. Building upon identified gene markers
(PECAM1 and TIEI) and recognizing the heterogeneity within
endothelial cells, we further subdivided endothelial cells into
six distinct sub-clusters in our study: one arterial subtype, one
venous subtype, and four capillary subtypes at the transcrip-
tional level (Figure 3A,D, Figure S2A,B, Supporting Informa-
tion). Using BMX, ACKR1, and RGCC expression as distinguish-
ing markers,['%! we successfully annotated endothelial cells into
arterial, venous, and capillary subtypes (Figure 3A,D). In terms
of cell proportion, we observed a decline in all four sub-clusters
of capillary endothelial cells, whereas both arterial and venous
endothelial cells showed an increase as compared to peri-lesion
control samples (Figure 3B). These findings suggest a substantial
shift in the vascular composition within SWS malformations.

In addition to endothelial cells, perivascular cells including
smooth muscle cells, pericytes, and fibroblasts play crucial roles
in vascular repair, vascular homeostasis, and angiogenesis.[??]
Drawing on an earlier study,?}! we distinguished pericytes from
smooth muscle cells based on the high expression of PLXDC]I,
SLC6A12, and SLCG6A1 (Figure 3A,C). Within the category of
smooth muscle cells, our results identified three subpopula-
tions characterized by enriched expression of three markers:
TAGLN, MYH11, and ACTA2 (Figure 3A,D), which are estab-
lished markers of smooth muscle cells. Notably, there was a dis-
tinct third cluster in smooth muscle cells with high expression
of FHL2, ECRG4, and PAPPA2, setting it apart from the other
two subclusters (SMC_1 and SMC_2 in Figure 3A,C). Previous
research has indicated the presence of fibromyocytes originat-
ing from smooth muscle cells in vascular-related diseases such
as atheroprotective and arteriovenous malformations.?*] Given
the higher expression of COLIA1 and COL1A2, lower expres-
sion of contractile proteins (TAGLN and MYH11) we annotated
this cell population as fibromyocytes (Figure 3A,D). The more
specific fibromyocyte markers (CCL19, IGFBPS5), identified in
a previous report,[** are more highly expressed in our anno-
tated fibromyocytes compared to smooth muscle cells (SMC_1
and SMC_2). Moreover, the smooth muscle transcription factor
MYOCD!?] was barely expressed, suggesting that fibromyocytes
are distinct from smooth muscle cells (Figure S3C, Supporting
Information). To provide more evidence to define this fibromy-
ocyte cell population, we performed additional analysis of the

and FCD Il lesion areas (non-SWS). **** p < 0.0001, ordinary one-way ANOVA. Error bars indicate SEM. G) Comparison of layer 1-2 vascular density
(area proportion) among SWS lesion areas, peri-SWS areas, and FCD Il lesion areas (non-SWS). * p < 0.0001, ordinary one-way ANOVA. Error bars
indicate SEM. H) Comparison of layer 1-2 vascular diameter distribution among SWS lesion areas, peri-SWS areas, and FCD Il lesion areas (non-SWS).
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Figure 2. Identification of cell types within SWS lesions and peri-lesion brain tissue from SWS patients. A) UMAP visualization showing 11 major cell
types among the 11 SWS lesion and peri-lesion samples from four SWS patients. Cell type abbreviations are defined in the key. B) The proportion of the
11 cell types derived from each patient based on their SWS and Ctrl samples. C) The top several gene markers for each major cell type. The size of each
circle represents the percentage of cells expressing the target gene, and the color represents the average expression of the target gene. D) The proportion
of each cell type isolated from SWS and control samples (SWS and Ctrl). Abbreviations: NT, neutrophil; SMC, smooth muscle cell; NEU, neuron; MP,
macrophage; T Cell, CD8% T cell; MG, microglial cell; OL, oligodendrocyte; AST, astrocyte; EC, endothelial cell; OPC, oligodendrocyte precursor cell; PFB,
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gene expression profiles. Compared with smooth muscle cells,
fibromyocytes are enriched in extracellular matrix remodeling
and signaling pathways characteristic of fibroblast-like functions,
such as extracellular matrix organization, while downregulating
some smooth muscle-associated traits, such as muscle contrac-
tion (Figure S3D,E, Supporting Information). When compared
to fibroblasts, fibromyocytes are enriched for smooth muscle-
associated functions such as contraction and smooth muscle
cell proliferation (Figure S3F,G, Supporting Information). These
functional features align with the emerging concept of fibromy-
ocytes as hybrid cells contributing to both structural and signal-
ing roles within the vascular environment. In summary, these
results suggest that a subset of cells undergoes a transition from
smooth muscle cells to fibromyocytes in the brains of SWS pa-
tients. The contribution of this transition to the progression of
SWS lesions requires further investigation.

From the analysis of cell proportions, the observed increase
in the relative proportion of smooth muscle cells, fibromyocytes,
and arterial and venous endothelial cells in SWS lesions indicates
that different components of vessels, including arteries, veins,
and capillaries undergo abnormal changes during the progres-
sion of SWS (Figure 3B).

In the CNS, fibroblasts are distributed in the meninges,
perivascular spaces, and choroid plexus. In addition to the struc-
tural support that they provide, they may have specific functions
in both the healthy and diseased human brain, although these
remain largely uncharacterized. In our analysis, we identified
cells characterized by high COLIAT and COL1A2 expression as
fibroblasts (Figure 3A,D). Within this fibroblast group, however,
were two subgroups that exhibited distinct gene expression pro-
files. For instance, the first group (FB_1) expressed high levels of
SFRP4, LUM, and C7, whereas the other fibroblast group (FB_2)
exhibited higher expression of SLC6A20, CRABP1, and SLC13A3
(Figure 3C). Building on known molecular definitions that SLC
influx solute transporters are specifically expressed in meningeal
fibroblasts and ABC efflux pumps are found mainly in perivas-
cular fibroblasts,?®! we identified ABCA8" fibroblasts (FB_1)
as perivascular fibroblasts and SLC13A3* fibroblasts (FB_2) as
meningeal fibroblasts (Figure 3F). These distinct expression pat-
terns indicate potential differences in the metabolic roles of these
fibroblast populations.

To illustrate the alterations and role of meningeal fibrob-
lasts in SWS progression, we identified differentially expressed
genes (DEGs) between SWS lesions and peri-lesions. Among
the upregulated genes, we observed increased CXCLI12 and
ALDH1A1 (Figure 3G), which are involved in angiogenesis,[?’8]
and COL15A1 and VCAN (Figure 3G), which play an important
role in the extracellular matrix and provide support for the vascu-
lar wall.?%3%] These findings suggest that meningeal fibroblasts
are critical players in vascular development and remodeling dur-
ing SWS progression.

www.advancedscience.com

2.4. The EDN3* Meningeal Fibroblasts as Potential Regulators
during SWS Progression

Endothelin, which acts as a paracrine factor to regulate blood flow
and vasoconstriction, is implicated in various disease processes
involving the microvasculature, such as vascular hypertrophy.*!!
The endothelin system includes three ligands (EDN1, 2, and
3) and two receptors (EDNRA and EDNRB), highly expressed
by mural and endothelial cells.[*!! We observed a significant in-
crease in EDN3, one of the endothelin ligands, in SWS lesions.
To validate this, we performed immunostaining of EDN3 and
found a significant increase in EDN3 expression in meningeal
fibroblasts (SLC13A3%) in SWS tissue compared to peri-lesion
tissue (Figures 4A,B and S6A, Supporting Information). To pro-
vide additional evidence for the increased EDN3 expression in
meningeal fibroblasts (SLC13A3") in SWS tissue compared to
peri-lesion tissue, we performed further analysis of our single-
cell data. Specifically, we calculated the EDN3 expression in
SLC13A3" cells, comparing its expression between the experi-
mental group (SWS tissue) and the control group (peri-lesion
tissue). The results demonstrate a significant increase in EDN3
expression in the experimental group (Figure S6B, Supporting
Information), consistent with our previous finding. These results
indicate that EDN3* meningeal fibroblasts may be critical to SW'S
progression.

Our data shows that EDN3 is not expressed in all meningeal
fibroblasts (Figure 4C). Considering the potential association be-
tween EDN3 expression in meningeal fibroblasts and SWS pro-
gression, we analyzed meningeal fibroblasts expressing EDN3
(EDN3* FB_2) as SWS-related meningeal fibroblasts and used
EDN3 negative meningeal fibroblasts (EDN3~ FB_2) as con-
trols. Gene set enrichment analysis (GSEA) revealed the enrich-
ment of pathways such as positive regulation of MAP kinase
activity (Figure 4D), regulation of endothelial cell proliferation
(Figure 4E), and regulation of angiogenesis (Figure 4F) in EDN3*
meningeal fibroblasts, which are known to be activated in both
SWS and other vascular malformations.[12:32]

To validate the increased endothelial cell proliferation in the
SWS region, we identified a subset of proliferative endothelial
cells, accounting for 2.4% (Figure S5B,C, Supporting Informa-
tion) which was characterized by the expression of proliferation-
related genes referenced from a previous study.**) The Ki67
(a proliferation marker) immunostaining staining also revealed
Ki67-positive endothelial cells in the SWS region while not in
non-SWS region (Figure S5A, Supporting Information). Then
We quantified endothelial cell density in the SWS region and ob-
served a significant increase compared to the non-SWS region,
suggesting enhanced angiogenesis in the SWS region (Figure
S5D,E, Supporting Information). This analysis suggests that
EDN3* meningeal fibroblasts are closely associated with vascular
malformation during SWS progression.

perivascular fibroblast. E) Jitter plot showing the likelihood of SWS associated with each cell type. The orange values represent the average likelihood
of the cell being isolated from SWS samples, and the blue values represent the average likelihood of the cell being isolated from control samples. F)
Immunostaining results show the expression of a-SMA (labeling smooth muscle cells) in SWS and control (peri-lesion) tissue. Slice thickness, 10 um.
Insets show the representative regions from the lesion and control group. G) Quantification of the diameter of aSMA+ blood vessels in SWS lesion and
peri-lesion tissues. ****p < 0.0001; two-tailed unpaired t-test. All error bars indicate SEM.
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Figure 3. Cellular states of vascular cells during SWS progression. A) UMAP visualization depicting subpopulations of perivascular cells and endothelial
cells. Abbreviations: SMC, smooth muscle cell; FMC, fibromyocyte; PC, pericyte; FB, fibroblast; cEC, capillary endothelial cell; aEC, arterial endothelial
cell; vEC, venous endothelial cell. B) The proportion of vascular cell subtypes isolated from SWS and Ctrl (peri-lesion) samples. C) The top several

markers for each cell subpopulation in vascular cells. The size of the dot represents the percentage of cells expressing the marker gene, and the color

represents the average expression of the marker gene. D) Dot plot presenting expression data for the classical markers of endothelial cells (PECAM1
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Cell—cell communication analysis is crucial for understanding
the impact of disease states and the tissue microenvironment
on intercellular communications and signal transduction. To ex-
plore the specific role of EDN3* FB_2 during SWS progression,
we focused on the overall information flow of a signaling network
among vascular-related subpopulations. Our analysis revealed
that the outgoing interaction strength of EDN3* meningeal fi-
broblasts is significantly enhanced (Figure S3A,B, Supporting In-
formation), particularly in signaling from meningeal fibroblasts
to a subcluster of capillary endothelium (Figure 4G,H).

The EDN3* meningeal fibroblasts, as the subcluster for
outgoing signals, show enriched signaling pathways such as
CCL, ncWNT, L1CAM, and CXCL (Figure S3C, Supporting
Information), which are associated with inflammation and
angiogenesis.[?34%] Notably, in the ncWNT (non-canonical
WNT) signaling pathway, an emerging player in cerebrovascu-
lar diseases, we observed increased ligand WNT5A in EDN3*
meningeal fibroblasts and its receptor FZD3 in a subcluster of
SWS capillary endothelium (Figure 4I). This observation is con-
sistent with the increased signaling strength between these cells
(Figure 4G,H).

The CCC analysis suggests that the ncWNT pathway plays an
essential role in SWS development, with WNT5A in meningeal
fibroblasts as a potential target to prevent progression. In sum-
mary, through GSEA and CCC analysis between EDN3* and
EDN3™ meningeal fibroblasts, we demonstrated the contribution
of EDN3* meningeal fibroblasts to SWS progression and identi-
fied WNTS5A as a potential therapeutic target for SWS.

3. Discussion

Our scRNA-seq analysis of lesioned and peri-lesioned areas in
the brains of SWS patients has provided valuable insights into
the major cell populations that are involved, their states, molecu-
lar signals, and predicted cell-to-cell interactions. Notably, abnor-
malities were identified in several SWS-related cell clusters, such
as smooth muscle cells, including alterations in their relative pro-
portions as compared to peri-lesioned control samples.
Leptomeningeal vascular malformation stands out as the pri-
mary brain symptom of SWS.>%¢1 Although SWS is fundamen-
tally a disease of cerebrovascular malformation, it is difficult to
assert that endothelial cells are the sole pathogenic factor. Previ-
ous studies have reported increased fibronectin expression in fi-
broblasts and brain tissue of SW'S patients, which may contribute
to blood vessel proliferation and neuronal degeneration.””) In
our dataset, we identified a specific group of fibroblasts (FB_2)
that express SLC13A3 and are notably present in the meninges
of SWS lesions. Moreover, our DEG analysis revealed the emer-
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gence of EDN3 in meningeal fibroblasts in worsening SWS. To
explicitly reflect the role of EDN3* meningeal fibroblasts in SWS,
we divided the meningeal fibroblasts into EDN3* and EDN3~ cat-
egories. Comparing these two groups, we identified WNT5A as a
ligand located on EDN3* meningeal fibroblasts, which may con-
tribute to SWS progression by sending more signals to a capillary
endothelial subcluster (cEC_4) and activating the ncWNT signal-
ing pathway.

An earlier study suggests that mutated GNAQ, encoding
Gaq, is the candidate pathogenic gene for SWS,[® and vas-
cular G protein-coupled receptor signaling through Gaq in-
cludes endothelin receptors.*®] From this perspective, endothe-
lin may contribute to SWS vascular malformations, consistent
with our results. EDN3, recognized as a cardiovascular pep-
tide with significant implications in normal and pathological
vasculature,®! is considered a therapeutic target. Our analysis
identified EDN3* meningeal fibroblasts as SWS-related fibrob-
lasts and illustrated their role and potential mechanism in SWS
progression.

The WNT signaling pathways, consisting of the p-catenin
canonical pathway and the non-canonical pathway, play a key
role in cardiac development and angiogenesis.**! Previous stud-
ies have shown that WNT5A, the most prominent ligand in the
non-canonical pathway, primarily activates non-canonical WNT
signaling in the cardiovascular system.***1] In our analysis, we
observed the activation of the non-canonical pathway during
SWS development and increased WNT5A expression in EDN3*
meningeal fibroblasts. However, further in vitro or in vivo re-
search is required to validate the contribution of WNT5A and the
ncWNT pathway in SWS progression.

SWS results in severely detrimental vascular malformations
that affect children,®! yet treatment options for SWS have been
lacking because of its poorly understood cellular and molecu-
lar mechanisms. Our study delineates the single-cell transcrip-
tional landscape of SWS, revealing cellular and molecular alter-
ations in the cerebrovascular-related cells during SWS progres-
sion. A more comprehensive understanding of SWS necessitates
thorough investigations into its occurrence and development. We
acknowledge limitations in scRNA-seq technology, such as bi-
ases in cell capture. For instance, we observed fewer neurons in
our samples and unanticipated deviations during cell isolation,
potentially impacting relative cell proportions. Future validation
with single-cell nuclear sequencing technology is warranted. The
high percentage of T-cells observed in patient 1 likely reflects the
heterogeneity among SWS patients, influenced by various fac-
tors such as immune system status, comorbidities, and recent
immune responses. Ethical considerations preclude the availabil-
ity of “normal” brain tissues as controls; instead, we used peri-
SWS lesions as controls. Additionally, more samples from SWS

and TIET), smooth muscle cells (TAGLN, MYH11, and ACTA2), pericytes (PDGFRB), fibromyocyte (CCL19), and fibroblasts (COLTAT and COL1A2)
among each cell subpopulation in vascular cells. The size of the dot represents the percentage of cells expressing the marker gene, and the color
represents the average expression of the marker gene. E) UMAP visualization depicting the expression of CLDN5 (pan-endothelial cell marker), BMX
(arterial endothelial marker), ACKR1 (venous endothelial marker), and SRARP (capillary endothelial marker). Darker colors mean the higher expression.
F) UMAP visualization illustrating the cell states of perivascular fibroblasts (FB_1 and FB_2) and the expression of ABCA8 and SLC13A3. Darker colors
mean the higher expression. G) Volcano plot presenting the differentially expressed genes in FB_2 of SWS compared to the control group. Significance
cutoff: |Log2 (Fold change)| > 1 and adj. p-value < 0.05. Upregulated genes highlighted: CXCL12, ALDH1AT, EDN3, COL15A1, and VCAN; downregulated
genes highlighted: EFEMP1, LMNA, SPSB1, and COCH.
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Figure 4. The alteration of EDN3* meningeal perivascular fibroblasts during SWS disease progression. A) Immunostaining showing the expression
of SLC13A3 and EDN3 in pial matter and layer 1 of the cerebral cortex from peri-lesion (Ctrl) and SWS tissue. Laminin (red), vimentin (green), and
EDN3/SLC13A3 (gray). Nuclei are stained with DAPI. The dashed lines indicate pial surface. Slice thickness, 50 um. Scale bar, 50 um. B) Quantification
of EDN3™ fibroblasts in SWS and peri-lesion tissue in different brain regions. **¥*¥p < 0.0001; N.S., not significant. Two-tailed unpaired t-test. Error bars
indicate SEM. C) UMAP visualization depicting the expression of EDN3 in FB_2. Darker colors mean the higher expression. D) Gene set enrichment
analysis (GSEA) indicating the enrichment of positive regulation of MAP kinase activity in EDN3* cells from FB_2. E) Gene set enrichment analysis
(GSEA) indicating the enrichment of Regulation of endothelial cell proliferation in EDN3* cells from FB_2. F) Gene set enrichment analysis (GSEA)
indicating the enrichment of regulation of angiogenesis in EDN3* cells from FB_2. G) Circle plot presenting the signaling strength sent from EDN3~
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patients and reliable animal models are essential for further in-
vestigations.

4. Experimental Section

Ethics Statement: Human brain tissue specimens and clinical data
were collected from SanBo Brain Hospital (Capital Medical University, Bei-
jing, China), with approval from the institutional ethics committee. En-
rolled patients, who had been previously diagnosed with SWS and epilepsy,
provided written informed consent for surgery and the use of anonymized
data for scientific purposes. Experienced neurologists and neurosurgeons
conducted routine assessments upon the patients’ admission, collecting
baseline characteristics and clinical information, including seizure history,
angiomas, glaucoma, and other symptoms. Seizure types were classified
according to the 2017 International League Against Epilepsy (ILAE) Clas-
sification. A multidisciplinary team consisting of neurosurgeons, neurolo-
gists, radiologists, electrophysiologists, and psychologists determined the
surgical plan, including the type of surgery and the resection area. The
diagnosis and surgical information for all human brain SWS tissues are
summarized in Table 1.

Isolation of Fresh Specimens:  Isolation of fresh specimens involved the
separation and excision of brain tissue, specifically the SWS lesion and
peri-SWS-lesion brain tissue, into two approximately equal pieces (0.3—
0.5 cm3, ~#300-500 mg). Each resulting brain tissue specimen was rinsed
with pre-cooled 4 °C saline, cut into six to eight small pieces, and trans-
ferred to a 1.5 mL tube with preservation solution (MACS Tissue Stor-
age Solution, Miltenyi). The tubes were then placed in a cooler with ice
for transportation. For vascular specimens, thicker vessels were visualized
under a 5x magnification microscope. The vessels were gently held using
forceps or vascular forceps while a scalpel and pair of forceps were used to
peel away surrounding adherent tissue. The stripped vessels were stored
in 1.5 mL tubes filled with 4 °C preservation solution before being sent out
for scRNA-seq.

Single-cell RNA sequencing:  After harvesting, tissues were washed in
ice-cold RPM11640 (Millipore, Sigma) and were dissociated using the
Multi-tissue dissociation kit 2 (Miltenyi Biotec). DNase treatment was car-
ried out only for excessively viscous homogenates. Cell counts and via-
bility were estimated using a fluorescence Cell Analyzer (Countstar Rigel
S2) with acridine orange/propidium iodide (AO/PI) reagent (Miltenyi) af-
ter removing erythrocytes, and the decision to perform debris and dead
cell removal (Miltenyi) was based on the results. Finally, fresh cells were
washed twice in RPM11640 and then resuspended at 1 x 10° cells mL~!
in PBS and 0.04% bovine serum albumin.

Single-cell RNA-Seq libraries were prepared using single cell 3" library
preparation kit (SeekGene). Briefly, the appropriate number of cells was
loaded into the flow channel of the chip. After removing the unsettled
cells, a sufficient number of Cell Barcoded Magnetic Beads (CBBs) were
pipetted into the flow channel. Next, cells in the MM chip were lysed to
release RNA. Then, all CBBs were collected, and reverse transcription was
performed at 37 °C for 30 min to label cDNA with the cell barcode on
the beads. Further, Exonuclease | treatment was performed. Subsequently,
barcoded cDNA on the CBBs was hybridized with a random primer. The
resulting second strand DNA was denatured off the CBBs, purified, and
amplified in a PCR reaction. The amplified cDNA product was then added
to the sequencing adapter and sample index by indexed PCR. The indexed
sequencing libraries were sequenced on the lllumina NovaSeq 6000.

Immunostaining:  Frozen human brain tissue from individuals with
SWS was used for immunostaining. Tissue samples were sectioned at a
thickness of 50 um (Leica CM3050 S) and mounted on glass slides. The
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sections were then fixed with 4% paraformaldehyde in PBS at 4 °C for
30 min before being dehydrated through an ethanol series or air drying.
Afterward, sections were blocked in a solution containing 3% BSA (Bey-
otime), 2% donkey serum (Jackson ImmunoResearch), and 0.3% Triton
X-100 (Aladdin) for 1.5 h at room temperature. Primary antibodies anti-
aSMA (1:300; ab5694, Abcam), anti-GFAP (1:300; G3893, Merck), anti-
laminin-2 (alpha-2 chain, 1:300; ZRB1023, Merck), anti-vimentin (1:300;
AB10609472, Thermo Scientific), anti-SLC13A3(1:300; 26184-1-AP, Pro-
teintech) and anti-endothelin 3 (1:300; AB2913459, Thermo Scientific) di-
luted in PBS were applied to the sections and incubated at 4 °C for 48 h.
Detection of primary antibodies was achieved using the appropriate Alexa
Fluor 488-conjugated donkey anti-rat 1IgG (1:1000; A21208, Thermo Sci-
entific), Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:1000; A32740,
Thermo Scientific), and Alexa Fluor 647-conjugated goat anti-mouse 1gG
(1:1000, A32728, Thermo Scientific) secondary antibodies. The sections
were then washed, and the nuclei were stained with DAPI. Co-staining for
anti-SLC13A3 and anti-EDN3 was performed using a multiple immunoflu-
orescence kit (AFIHC023, Hunan Aifang Biological Technology, China)
according to the manufacturer’s protocol. Tyramide signal amplification
technology was applied to enhance detection sensitivity. Imaging was car-
ried out on a Leica TCS SP8 X confocal microscope with a 40x objective
(Leica Microsystems).

Image Processing and Quantification:  Vessel diameter measurements
were conducted on brain sections from SWS and peri-region tissues
stained with anti-laminin-2. For each sample, ~200 blood vessel cross-
sections were analyzed from a total of five to seven areas of the cerebral
cortex. Z-stacks were captured using a Leica TCS SP8 confocal microscope
(Leica Microsystems). Vessel diameter and length were manually mea-
sured using Image] software. For astrocyte morphological analysis, quan-
tification was performed on 8-bit confocal images obtained from sam-
ples visualized by immunostaining. The ROI manager in the Image) soft-
ware was used to mark and measure the mean gray values of the GFAP*
segments of interest. The sum of all mean gray values per field was set
as 100%, and the percentage of mean gray values per GFAP* segment
was calculated for each image. The results were graphed using GraphPad
Prism (version 9.0) software.

Single-cell RNA-sequencing Data Analysis:  Raw scRNA-seq reads un-
derwent preprocessing using Cell Ranger (version 3.1.0) and were then
aligned to the human reference genome (GRCh38 from UCSC) using
the gene annotation file from GENCODE (human v32). The raw gene-
by-barcode matrices generated by Cell Ranger were merged using Ann-
data, following instructions in the SCANPY tutorial.l[*?] In the quality con-
trol step, cells with a minimum gene count of 300 and a minimum cell
count of 50 with the expression of the gene of interest were retained.
Subsequently, the count matrix was log-transformed. After these prepro-
cessing steps, a total of 119 446 cells were obtained for downstream
analysis.

The MELD algorithm was used to estimate the differences in each
cell under “normal” (i.e., control, or peri-lesion region) and SWS
conditions.?'l Harmony,[*3] with default parameters, was used for batch
removal, and Louvain clustering was performed with a resolution pa-
rameter set to 1.0. For annotation of major cell types, manual evalua-
tion of classic marker genes was used (endothelial cell, PECAMT and
CLDNS5; astrocyte, AQP4 and SLC1A2; macrophage, CD83 and CD163;
CD8* T cell, CD8A; neutrophil, ST00A8 and FCGR3B; oligodendrocyte pre-
cursor cell, PDGFRA; neuron, GAP43 and SYN2; perivascular fibroblast,
DCN and COL1A2; smooth muscle cell, ACTA2 and MYH11; microglia,
TMEM119 and GPR43; oligodendrocyte, MBP and MOBP). A Wilcoxon
test with tie correction was used to obtain ranked marker genes. Gene
set enrichment analysis was performed using GSEAPY. Cell Chatl*4l was

cells from FB_2 to other vascular-related subclusters. The width of the edge is proportional to communication strength. H) Circle plot presenting the
signaling strength sent from EDN3* cells from FB_2 to other vascular-related subclusters. The width of the edge is proportional to communication
strength. I) Violin plot presenting the expression level of WNT5A and FZD3 (the ligand and receptor of ncWNT pathway) in each subgroup of SWS and
Ctrl. The FB_2 in Ctrl is the EDN3~ cells from FB_2, while FB_2 in SWS is the EDN 3™ cells.
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used for cell-cell communication analyses, following their recommended
tutorials.

Statistical Analysis:  All quantified data were analyzed using GraphPad
Prism (9.0). The difference between two groups was evaluated with a two-
tailed unpaired Student’s t-test, the difference between three groups was
evaluated with ordinary one-way ANOVA and the mean + SEM along with
individual data points are shown. Statistical significance was assessed by
p-values.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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