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Moyamoya disease (MMD) is a cerebrovascular disorder characterized by progressive intracranial
arterial stenosis, which can lead to ischemic or hemorrhagic stroke. However, its pathogenesis
remains poorly understood, limiting advances in the diagnosis and treatment of MMD. We perform
data-independent acquisition (DIA) proteomics on serum samples from 40 MMD patients and 20
healthy controls, followed by ELISA validation of an additional 45 cohort. Vascular organoids are
generated from induced pluripotent stem cells (iPSCs) derived from the peripheral blood, and analyzed
using histological staining, transcriptomics, and single-cell RNA sequencing (sScRNA-seq).
Histological examination of the temporal superficial artery (STA) in MMD patients reveals abnormal
accumulation of vascular smooth muscle cells (VSMCs). DIA proteomics identify significant
upregulation of TUBA4A and TUBB4B in MMD serum. In vitro assays demonstrate that these tubulin
proteins promoted VSMC proliferation, migration, and contractile-to-synthetic phenotypic switching
through the GJA1/PI3K/AKT/KLF4 signaling pathway. Single-cell RNA sequencing of MMD vascular
organoids shows an increased proportion of synthetic VSMCs with upregulated TUBA4A and
TUBBA4B expression. Our findings suggest that overexpression of TUBA4A and TUBB4B contributes
to pathological vascular remodeling in MMD through the GJA1/PISK/AKT/KLF4 pathway, as well as
therapeutic targets for intervention in MMD vascular remodeling.

Moyamoya disease (MMD) is a chronic cerebrovascular disorder char-
acterized by the progressive narrowing or occlusion of the terminal seg-
ments of the internal carotid arteries (ICAs) and abnormal
neovascularization at the skull base'. It may cause severe hemorrhagic or
ischemic stroke, cognitive impairment, motor and sensory dysfunction™
The pathogenesis of MMD is not fully understood currently. Due to this, no
drug treatments have been developed to prevent the progression of MMD at
the mechanistic level’. Surgical revascularization is worldwide considered
the only treatment able to reduce the recurrence of ischemic and hemor-
thagic stroke risk’. Therefore, it is essential to further elucidate the patho-
genesis of MMD, to develop non-surgical, pharmacological treatment
strategies and expand therapeutic options beyond revascularization.
Previous studies have demonstrated that the main pathological chan-
ges in MMD vessels are intimal thickening and abnormal abundance of

smooth muscle cells (VSMC) in media; the mechanisms underlying these
changes remain unclear’”. As for causative genes of MMD, the Ring Finger
Protein 213 (RNF213) was described as the first susceptibility gene for
MMD, and has been reported to be associated with vascular defects,
including pathological angiogenesis, endothelial dysfunction, and disrup-
tion of blood-brain barrier integrity""”. These would be associated with
intimal hyperplasia and the initiation of MMD. Several other genes were
also identified as being linked to MMD, for example, Matrix Metallopro-
teinases (MMPs), Vascular Endothelial Growth Factor (VEGF), etc., but it
remains difficult to interpret how the abnormal vessels formed in MMD
through these genes alone'*"”. Previous proteomic studies have also iden-
tified several proteins to be dysregulated in the serum or cerebrospinal fluid
of MMD patients, suggesting their potential involvement in the mechanism
of MMD, such as Cadherin 18 (CDH18), Serum apolipoprotein E (APOE),
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and Angiopoietin-2 (Ang-2)'*"*. However, few studies have systematically
investigated cytoskeletal proteins or used high-resolution methods like data-
independent acquisition (DIA) to identify novel molecular signatures in
MMD-related vascular pathology. This highlights the need for advanced
proteomic profiling strategies to identify novel biomarkers and elucidate the
molecular mechanisms underlying in MMD.

Appropriate in vivo research models can greatly assist in exploring the
unknown etiology of MMD. An ideal in vivo model should reflect multiple
aspects of MMD, including genetic susceptibility, vasculopathy, and features
of chronic cerebral ischemia®. Current models for MMD have involved
three general approaches: surgical, genetic and immunological, but these
models reproduce the disparate aspects of MMD independently'**’. Surgical
hypoperfusion models involving ligation of common carotid artery (CCA)
or internal carotid artery (ICA) can mimic the ischemic environment of
MMD, but it alone does not capture its genetic components, such as
mutations in susceptibility genes like RNF213, MMP, and VEGF'™.
Genetic strategies that knock-out or knock-in susceptibility genes, such as
RNF213, in mice can model the genetic background associated with MMD,
but previous efforts have failed to reproduce the histopathological changes
observed in MMD, such as abnormal abundance of VSMC, abnormal
collateral networks or intimal thickening'>******. In immunological models,
MMD-like features have been induced in rabbits and rats by injecting
heterogeneous serum or Propionibacterium acnes, resulting in intimal
thickening and disruption of the internal elastic lamina. However, these
models fail to reproduce key features of MMD, such as progressive stenosis
of ICA™”. The lack of a stable and ideal model has greatly limited research
on MMD. On the one hand, the lack of a stable and reliable animal model
has significantly hindered mechanistic studies of MMD, as existing models
fail to simultaneously replicate both the characteristic vascular pathology
and the genetic background associated with MMD. On the other hand, the
absence of such a model also limits the development and validation of
potential therapeutic interventions, thereby impeding progress in the
advancement of effective treatment strategies for MMD. Therefore, there is
an urgent need for a reliable disease model to investigate the pathogenesis of
MMD and to facilitate the development of effective therapeutic strategies.

Organoids, the in vitro 3D tissues obtained by stem cell culture and
differentiation, have the capability to exhibit the anatomical and functional
characteristics of real organs, and can present features relevant to human
diseases, and thus be applied as models in the study of disease
pathogenesis™. So far, a variety of organoid-based disease models have been
developed for genetic diseases, host-pathogen interactions, or cancers,
which appropriately demonstrate known pathological characteristics™™". In
the field of vascular organoids, Wimmer et al. first developed a vascular
organoid model by differentiating pluripotent stem cells (PSCs), which
successfully recapitulated vascular pathological changes under hypergly-
cemic conditions associated with diabetes™. Lan et al. modeled a human
blood-brain barrier assembloid using brain and vascular organoids derived
from human PSCs, and applied it for the study of cerebral cavernous
malformations®. In addition, vascular organoid models have also been
applied to the study of diseases such as Alzheimer’s disease, cerebrovascular
malformations, and acute liver failure . As for MMD research, although
no vascular organoid models have been specifically developed for MMD
currently, the vascular organoid model holds great potential for investi-
gating the structural and functional alterations of affected vessels and
exploring the pathophysiological mechanisms involved. Therefore, vascular
organoid models can serve as a valuable complement to existing MMD
research models.

Despite increasing insights into the genetic and pathological features of
MMD, the molecular mechanisms underlying its vascular abnormalities
remain unclear, and suitable human-based experimental models are still
lacking. In this study, we aimed to establish a patient iPSCs-derived vascular
organoid model recapitulating the pathological features and genetic back-
ground of MMD. In parallel, we aimed to identify novel molecular factors
involved in MMD-associated vascular abnormalities through combining
vascular organoid, single-cell transcriptomic analysis, and DIA-based

proteomics. Finally, we established a vascular organoid model to enable
mechanistic exploration and facilitate future therapeutic discovery.
Through in vitro experiments and the organoid platform, we investigated
how dysregulated cytoskeletal proteins, a-tubulin 4A (TUBA4A) and B-
tubulin 4B (TUBB4B), contribute to VSMC migration, phenotypic
switching, and proliferation in MMD.

Methods

Patient enroliment and subgrouping

Patients examined between January 2022 and June 2024 with MMD were
clinically diagnosed by medical history and Digital Subtraction Angio-
graphy examination following the diagnostic guidelines”. All the patients
had sporadic MMD with no family history of MMD among first-degree
relatives. Clinical information, including age, sex, history of hypertension,
diabetes, coronary artery disease, hyperlipidemia, smoking, alcohol intake,
symptom duration, and Suzuki stage, was collected from electronic medical
records and Picture Archiving and Communication System (PACS) reports.
Medical history was also reviewed to exclude participants with autoimmune
diseases, systemic infections, malignancies, or prior cerebrovascular surgical
interventions that might confound the interpretation of vascular pathology.
Patients diagnosed with MMD were classified into two subgroups: adult
patients with hemorrhagic history (HEM) and adult patients with ischemic
history (IS). Healthy adult volunteers without MMD or any underlying
diseases were enrolled as healthy controls (HC).

Among the enrolled MMD patients, the selection criteria for indivi-
duals used in iPSC generation and vascular organoid construction were as
follows: (1) age around 40 years, corresponding to the second peak in
MMD’s two-peak age distribution (two peaks around age 10 and 40'); (2)
inclusion of both sexes; (3) clinical diversity, including both IS-type and
HEM-typr cases; (4) symptom duration between 6 months and 2 years with
moderate to moderately severe clinical presentations; (5) sporadic MMD
with no family history; (6) Suzuki stage III to V on angiography of the
affected hemisphere; and (7) absence of major comorbidities, including
hypertension, diabetes, coronary artery disease, and hyperlipidemia, as well
as no history of smoking or alcohol intake. These criteria were applied to
ensure clinical representativeness and to avoid the potential influence of
other disease conditions on model construction. All human tissue samples
were obtained with written informed consent from the patients. All ethical
regulations relevant to human research participants were followed. This
study and the involved protocols were approved by the Institutional Ethics
Committee of Beijing Tiantan Hospital, Beijing, China (KY2023-204-02).

Finally, A total of 73 patients diagnosed with MMD between January
2020 and August 2022 were enrolled in this study. Peripheral blood samples
were taken from all 73 patients. Among them, DIA proteomics were per-
formed on the peripheral blood of 40 MMD patients, including 20 ischemic
(IS) and 20 hemorrhagic (HEM) MMD. We enrolled 20 age- and sex-
matched HC as controls. Three MMD patients were selected according to
the inclusion criteria described above, and 3 HC individuals were also
selected whose peripheral blood was used to generate iPSCs and subse-
quently construct vascular organoids. The 3 patients included one male and
two females, with two IS-type and one HEM-type case. All were sporadic
cases without comorbidities, aged 31, 41, and 45 years, with symptom
durations ranging from 6 months to 2 years and Suzuki stage III-IV on the
affected side. Detailed clinical information of the 3 patients is provided in
Supplementary Table 1. The remaining 30 patients (including 15 IS and 15
HEM) were selected as a validation group to validate the protein expression
observed in the DIA discovery cohort via ELISA experiments from their
serum. We also enrolled 15 age- and sex-matched HC as controls in the
validation group. Detailed information on all patients can be found in the
supplementary materials. (Supplementary Table 1).

Serum sample collection for DIA proteomics and ELISA

Peripheral blood samples for DIA proteomic and ELISA experiments were
collected preoperatively via venipuncture, preferably from the cubital or
forearm vein to minimize the risk of hemolysis. CPT Vacutainer containing
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sodium citrate as an anticoagulant were used for collection. Approximately
5 mL of blood was collected from each participant. After sampling, the blood
was allowed to clot at room temperature for 30 to 60 minutes. The samples
were then centrifuged at 3000 x g for 10 minutes at 4°C, and the upper serum
layer was carefully transferred into new tubes using sterile pipettes, ensuring
that no red blood cells or clot debris were collected. For short-term storage,
serum samples were kept at 4°C and processed within 24 hours. For long-
term storage, serum was aliquoted into nuclease-free cryovials and stored at
—80°C to prevent protein degradation and maintain sample integrity. All
samples were labeled with patient ID, collection time, and processing time,
and hemolyzed samples were excluded to ensure reliable proteomic analysis
and robust experimental results.

Peripheral blood sample collection for vascular organoid
modeling

Peripheral blood samples for vascular organoid construction were collected
via venipuncture, preferably from the cubital or forearm vein to minimize
the risk of hemolysis. CPT Vacutainer containing sodium citrate as an
anticoagulant was used for collection. Approximately 10 mL of blood was
collected from each participant. To maintain the viability of cells in the
blood, the sample should be stored at 37 °C, and iPSC induction must be
initiated within 6 hours.

STA tissue sample collection for immunofluorescence

As for the collection of superficial temporal artery (STA) specimens, this
process was performed by experienced surgeons during bypass surgery for
MMD patients. During surgery for MMD patients, trimming of the
superficial temporal artery (STA) is typically performed to ensure a precise
anastomosis with the middle cerebral artery (MCA). This trimming is a
common surgical measure aimed at improving the patient’s outcome and
poses no harm to the patient. Each time, 1-3 mm segments of the STA are
excised. Control samples of STA are obtained from patients undergoing
craniotomy for conditions such as epilepsy or trauma, without cere-
brovascular disease. These surgeries often require passing through the
region near STA during the surgical approach. To ensure the procedure’s
success, such as achieving adequate surgical exposure, the STA must be
transected. Since the distal segment of the transected STA loses its blood
supply and no longer serves a functional role for the patient, the surgeon
excises a 1-3 mm segment of the vessel during the procedure for use as a
sample. The samples are preserved in liquid nitrogen immediately after
excision to maintain their structural and molecular integrity for subsequent
staining and analysis. All the protocols of sample collection were approved
by the Institutional Ethics Committee of Beijing Tiantan Hospital, Beijing,
China (KY2023-204-02).

DIA proteomic profile sequencing and analysis

Data-independent acquisition (DIA) proteomics was used to quantify
serum protein expression in patients across the HEM, IS, CMD, and HC
groups. The DIA proteomics detecting methods were mentioned in our
previous study®. Briefly, serum proteins were denatured and reduced using
dithiothreitol (DTT), followed by alkylation with iodoacetamide. After
enrichment using SPE C18 columns, samples were redissolved in ammo-
nium bicarbonate buffer, and protein concentrations were determined by
Bradford assay. Protein digestion was performed with trypsin at a 1:20 (w/
w) enzyme-to-protein ratio for 14-16 hours at 37 °C. For high-pH reversed-
phase (RP) separation, equal amounts of peptides were pooled and sepa-
rated using a Shimadzu LC-20AB HPLC system with a Gemini C18 column.
Peptides were then ionized via nanoESI and analyzed using an Orbitrap
Exploris 480 mass spectrometer (Thermo Fisher Scientific) for DIA quan-
tification and spectral library generation.

For bioinformatics analysis, DDA data were processed with MaxQuant
using the Andromeda search engine, and DIA quality control was handled
with the mProphet algorithm. GO, KEGG, and pathway enrichment ana-
lyses were conducted to identify functional annotations. Differential protein
expression was explored using protein-protein interaction maps via

STRING (v3.2.1). Bioinformatics analyses were performed in R (v3.4). DIA
analysis services were provided by the Beijing Genomics Institute (BGI,
Shenzhen, China).

Vascular organoids generation

Peripheral venous blood (8 mL) from MMD patients was collected into
anticoagulant tubes and maintained at 37°C. PBMCs were isolated using
Ficoll density gradient centrifugation. Whole blood was diluted 1:1 with
saline, gently mixed, and layered onto the separation medium (separation
medium: diluted blood = 1:2). After centrifugation at 800g for
20-30 minutes at room temperature, the PBMC layer was carefully aspi-
rated and transferred to a 15 mL centrifuge tube. Cells were resuspended in
10 mL of dilution buffer and centrifuged at 250 g for 10 minutes at room
temperature. This washing step was repeated 1-2 times.

PBMC derived from peripheral blood were reprogrammed into iPSC
lines using the CytoTune 2.0 iPS Sendai Virus Reprogramming Kit
(ThermoFisher). On Day -4, peripheral blood mononuclear cells (PBMCs)
were seeded at a density of 5 x 10° cells/mL in the center of a 24-well plate
with complete PBMC culture medium. From Day —3 to Day —1, half of the
medium was replaced daily with 0.5 mL of fresh PBMC culture medium. On
Day 0, cells were transduced with CytoTune™ 2.0 Sendai reprogramming
vectors and incubated overnight. The following day, the medium was
replaced to remove the vectors. On Day 3, the transduced cells were plated
on thVTN-N coated dishes in StemPro™-34 medium without cytokines.
From Day 4 to Day 6, the medium was replaced every other day. On Day 7,
the transition to iPSC medium began by replacing half of the StemPro™-34
medium with complete iPSC medium. On Day 8, the medium was fully
replaced with iPSC medium, and the cells were cultured on Matrigel-coated
dishes. From Day 9 to Day 28, the medium was replaced daily, and iPSC
colonies were monitored. Once iPSC colonies were ready, live staining was
performed, and undifferentiated iPSCs were picked and transferred to fresh
Matrigel-coated dishes for expansion and purification.

IPSCs were differentiated into vascular organoids following the
methods reported in previous study”’. IPSCs were first cultured in mTeSR1
medium on Matrigel-coated plates until they reached 80-90% confluency.
The cells were then dissociated into single cells using Accutase, resuspended
in aggregation medium, and seeded at a density of 2 x 1075 cells per well in
low-attachment 6-well plates containing 50 uM Y-27632. The cells were
incubated for 1 day to form smooth aggregates. On Day 0, the aggregates
were transferred to a new medium (N2B27 Medium supplemented with
12 uM CHIR99021 and 30 ng/mL BMP-4) and cultured for 3 days to induce
mesoderm differentiation. The medium was gently pipetted daily to prevent
clumping. On Day 3, the aggregates were transferred to N2B27 Medium
supplemented with 100 ng/mL VEGF-A and 2 pM forskolin and cultured
for 2 days. The cell aggregates were then embedded in a two-layer Collagen
I-Matrigel mixture in a 12-well plate (0.5 mL for layer 1 and 0.5 mL for layer
2) and incubated at 37 °C to solidify each layer. After embedding, StemPro-
34 SFM medium with 15% FBS, 100 ng/mL VEGF-A, and 100 ng/mL FGF-
2 was added. The organoids were cultured for 1-3 days, with medium
changes every other day, to induce vascular differentiation and sprouting. At
day 10, the vascular networks were formed and extracted from the Collagen
I-Matrigel to a 96-well ultra-low-attachment plate to form VOs.

Transcriptomics sequencing

Total RNA was extracted from 10 organoids per sample using the RNAprep
Pure Micro Kit (DP420, Tiangen Biotech), following the manufacturer’s
instructions. On-column DNase I digestion was performed to eliminate
residual genomic DNA contamination. The concentration and integrity of
the extracted RNA were assessed using a NanoDrop spectrophotometer
(Thermo Fisher) and Agilent 2100 Bioanalyzer (Agilent Technologies), with
RNA Integrity Number (RIN) values > 7 deemed suitable for library con-
struction. RNA libraries were prepared using the NEBNext Ultra Direc-
tional RNA Library Prep Kit for Illumina, following the standard protocol,
which included mRNA enrichment, RNA fragmentation, cDNA synthesis,
adapter ligation, and PCR amplification. Quality control was performed at
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each step, with the final libraries evaluated using a Qubit fluorometer
(Thermo Fisher) and an Agilent 2100 Bioanalyzer. Sequencing was con-
ducted on the Illumina NovaSeq 6000 platform using a paired-end 150 bp
configuration, generating approximately 20 million reads per sample to
ensure comprehensive transcriptome coverage. After sequencing, raw data
underwent multiple quality control steps: (1) sequencing error rate dis-
tribution checks to assess accuracy, ensuring the average error rate was
below 1%; (2) GC content distribution checks to detect potential biases or
contamination, retaining only samples with normal distributions; and (3)
raw data filtering to remove reads containing adapter sequences, over 10%
unknown bases (N), or more than 50% low-quality bases (Q-score < 20),
yielding high-quality clean reads for downstream analyses. Differentially
expressed genes (DEGs) were identified using thresholds of FDR < 0.01 and
log2FC>1. All bioinformatics analyses, including alignment, normal-
ization, and DEG identification, were conducted by Novogene Bioinfor-
matics Technology Co., Ltd. (Beijing, China).

For bioinformatics analysis, DEGs were analyzed using the cluster-
Profiler package in R (v4.1.2), which performed both GO and KEGG
enrichment analyses with adjusted P-values (FDR < 0.05) to account for
multiple comparisons. Significantly enriched terms and pathways were
visualized using bar plots and bubble plots, highlighting key biological
processes and pathways potentially relevant to the experimental conditions.
For both GO and KEGG analyses, statistical significance was determined
using adjusted P-values (FDR < 0.05) to control for multiple testing. Spe-
cifically, pathways or terms with P < 0.05 after adjustment were considered
significantly enriched.

Single-cell RNA sequencing

For each sample, 20 organoids were collected and washed with cold PBS to
remove any residual culture media. The organoids were dissociated into
single cells using enzymatic digestion with collagenase and trypsin at opti-
mized concentrations, followed by gentle pipetting to achieve a uniform
single-cell suspension. The suspension was passed through a 40 um cell
strainer to remove undigested tissue. Cell viability was assessed using Try-
pan Blue exclusion, and only samples with viability exceeding 85% were
processed further to ensure high-quality data. For each sample, 10,000 viable
single cells were collected and suspended in PBS containing 0.04% BSA to
prevent clumping. The single-cell suspension was then loaded onto the
Chromium Single Cell Controller (10x Genomics) to encapsulate individual
cells into gel bead-in-emulsions (GEMs), with each cell uniquely barcoded
to enable single-cell gene expression tracking. cDNA libraries were prepared
using the Single Cell 3’ Library & Gel Bead Kit v3 (10x Genomics) following
the manufacturer’s instructions, including cell lysis, reverse transcription,
cDNA amplification, and library preparation. Quality control was con-
ducted using a Qubit fluorometer and Agilent 2100 Bioanalyzer to ensure
proper concentration and fragment size distribution. Sequencing was per-
formed on a 10x Genomics platform at Novogene Co., Ltd. (Beijing, China),
generating high-throughput paired-end reads. The raw sequencing data
were processed using the 10x Genomics bioinformatics pipeline, which
included demultiplexing, barcode processing, alignment, and quantification
of gene expression at the single-cell level. Raw sequencing data were pro-
cessed using CellRanger (v6.1.2, 10x Genomics) with the hg38 reference
genome. FASTQ files were demultiplexed and aligned using the default
pipeline. Gene expression matrices were generated based on cell barcodes
and unique molecular identifiers (UMIs).

For bioinformatics analysis, sc-RNAseq data were processed and
analyzed using the Seurat package (v4.3.0) in R (v4.1.2). Cells were first
filtered based on quality control metrics, including the number of detected
genes, total UMI counts, and mitochondrial gene content, to remove low-
quality cells or doublets. Cells were retained if they met all the following
criteria: more than 200 detected genes and fewer than 6000 genes per cell,
mitochondrial gene UMI proportion below 15%, and hemoglobin gene
UMI proportion below 5%. Normalization and scaling were performed,
followed by principal component analysis (PCA) to reduce dimensionality.

Cell clustering was conducted using the Louvain algorithm based on the top
principal components, and clusters were visualized using Uniform Manifold
Approximation and Projection (UMAP). Identified clusters were annotated
according to known marker genes. For differential gene expression analysis
between the same cell type across different sample groups, the FindMarkers
function in Seurat was used with the Wilcoxon rank-sum test. Genes with
adjusted P-values (FDR) < 0.05 and log?2 fold change (log2FC) > 0.25 were
considered significantly differentially expressed. Cell-cell interaction ana-
lysis was conducted using the CellChat package (v1.5.0), which infers
intercellular communication networks based on known ligand-receptor
pairs. Significant interactions were identified with P-values < 0.05. Network
visualization and pathway enrichment analysis provided insights into key
signaling pathways involved in cellular communication across clusters and
conditions. The custom codes used for data analysis are provided in the
Supplementary Materials (Supplementary Data 3).

Plasmid, Small hairpin RNA and lentiviral construction

Specific primers were designed targeting the TUBA4A and TUBB4B
sequences. Based on the multiple cloning sites of the pcDNA3.1 vector, Xho
I (CTCGAG) and Xba I (TCTAGA) restriction sites were added to the
upstream and downstream of the primers, respectively. The PCR product
containing the Xho I and Xba I sites was then purified and recovered. The
CDS sequences of human TUBA4A and TUBB4B were amplified by PCR
using the following primers: TUBA4A forward, 5'- CCGCTCGAGTGA-
GACCTGTCACCCCGACT-3’; TUBA4A reverse, 5- TGCTCTAGA-
TAATGGCACAGCCCCAGCTC  -3; TUBB4B  forward, 5'-
CCGCTCGAGGTTTGCACCTCGCTGCTCCA -3; and TUBB4B reverse,
5- TGCTCTAGAGCTCTTGGGGCGATGTCATC -3'.

As for (Gap junction Al) GJAI Lentivirus, based on the multiple
cloning sites of the pLVX-Puro vector, Xho I (CTCGAG) and BamH I
(GGATCC) restriction sites were added to the upstream and downstream of
the primers, respectively. The PCR product containing the Xho I and BamH
I sites was then purified and recovered. The CDS sequences of human GJAI
were amplified by PCR using the following primers: GJAI forward, 5'-
CCGCTCGAGTTTCATTAGGGGGAAGGCGT-3; GJAI reverse, 5'-
CGCGGATCCCTCCAGAACACATGATCTGATGG -3'. The GJAI
plasmids were transfected into 293 T cells. The supernatants were collected
and concentrated to construct the lentiviruses.

ShRNA plasmids for targeted silencing of TUBA4A (sh-TUBA4A),
TUBB4B (sh-TUBB4B), and GJAI (sh-GJA1), and the control non-targeting
plasmid (sh-NC) were constructed by inserting the following short hairpin
sequences into the PLKO.1-puro vector: 5'- CCGGGCTCTCTGTTGAC-
TATGGCAACTCGAGTTGCCATAGTCAACAGAGAGCTTTTTG - 3/
for sh-TUBA4A, 5- CCGGCGCATCTCTGTGTACTACAATCT CGA-
GATTGTAGTACACAGAGATGCGTTTTTG -3’ for sh-TUBB4B, 5'-
CCGGGCCCAAACTGATGGTGTCAATCTCGAGATTGA-
CACCATCAGTTTGGGCTTTTTG - 3’ for sh-GJAI, and 5'-
CCGGCAACAAGATGAAGAGCACCAAC TCGAGTTGGTGCTCTT-
CATCTTGTTGTTTTTG -3’ for sh-NC.

All recombinant plasmids were confirmed by Sanger sequencing, and
only plasmids with completely verified sequences were used in downstream
transfection experiments.

Immunofluorescence staining

Immunofluorescence (IF) staining was performed on vascular organoids
following the protocol previously described in the literature™. As for STA
tissue samples, STA tissue samples were fixed in 4% paraformaldehyde at
room temperature for 24 hours, followed by embedding in paraffin and
sectioning into 4 um thick slices. Sections were deparaffinized in xylene and
rehydrated through graded alcohols. Antigen retrieval was performed by
heating the sections in citrate buffer (pH 6.0) at 95 °C for 20 minutes. After
cooling to room temperature, sections were blocked with 5% bovine serum
albumin (BSA) in PBS for 1 hour to prevent non-specific binding. The tissue
sections were then incubated with fluorophore-conjugated primary
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antibodies at 4 °C overnight. The following day, sections were washed three
times with PBS. After washing, nuclei were counterstained with DAPI, and
the sections were mounted with antifade mounting medium. Fluorescent
images were captured using a confocal microscope at appropriate magni-
fications. The antibodies and their concentration used were listed in the
supplementary materials (Table S2).

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISA) were used to measure
human TUBA4A and TUBB4B protein in serum samples using Human
Tubulin Alpha-4A ELISA Kit (EKL61314, Biomatik, Canada) and Human
Tubulin Beta-4B Chain ELISA Kit (Human) (abx548829, Abbexa, USA).
The human VEGF, Ang-2, ApoE proteins in in serum samples were mea-
sured using Human VEGF ELISA Kit (DVE00, R&D Systems, USA),
Human Ang-2 ELISA Kit (DANG20, R&D Systems, USA), Human ApoE
ELISA Kit (HUES01675, AssayGenie, Ireland).

Cell culture and treatment

The human brain vascular smooth muscle cells (HBVSMCs) were pur-
chased from ScienCell Research Laboratories (Hubei, China). The culture
conditions for HBVSMCs were SMCM medium containing 2% FBS, 1% P/S
double antibody and 1% smooth muscle cell growth supplement (SMCGS).
The HBVSMC cells were incubated in DMEM containing 2% FBS for 24 h,
followed by incubation in DMEM medium containing 2.5% heat-
inactivated human serum from MMD patients and HC for an
additional 24 h.

Plasmid, Small hairpin RNA and Lentiviral Construction

Plasmids encoding TUBA4A, TUBB4B and GJA1 were purchased from the
Boen Company (Guangzhou, China). ShRNAs against TUBA4A, TUBB4B
and GJAI and the corresponding controls were obtained from Boen
Company (Guangzhou, China). HBVSMCs cells were transfected with
various types of lentiviruses at a multiplicity of infection of 10, and 5 ug/ml
puromycin was used for selection for 2 weeks to obtain stably transfected cell
lines. PCR and western blotting assays were used to verify the transfection
efficiency of the lentiviruses. The detailed procedures for plasmid, shRNA,
and lentivirus construction can be found in the supplementary materials.

Cell proliferation assay

Cell proliferation abilities of HBVSMCs were evaluated using a Click-iT™
EdU imaging kit (C0085L, Beyotime biotechnology) according to the pro-
tocols of the manufacturer. The cells were observed and imaged under a
fluorescence microscope using red (Ex/Em = 495/519 nm) filters.

Wound-healing assay

The Wound-Healing Assay was used to analyze the migration ability of
HBVSMCs. The treated HBVSMC cells were seeded into 6-well plates
(5% 107 cells per well) in DMEM containing 10% FBS and maintained at
37°C in 5% CO, overnight. Subsequently, a 200 pl pipette tip was used to
create scratches across the cell monolayer, followed by washing the cells
three times with PBS. Each well was then supplemented with 2 ml of DMEM
and incubated for 48h. Microscopic images were captured at 200x
magnification.

Western blot

The treated cells were resuspended and seeded in 6-well culture plates (5 x
10° cells per well). After the cells were attached to the wall, whole-cell lysates
were prepared using RIPA buffer. The protein concentration was deter-
mined using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific).
After electrophoresis, electrotransfer, and incubation with the primary and
secondary antibodies, signals were detected using Novex ECL HRP che-
miluminescent substrate reagent kit (WP20005, Thermo Fisher Scientific).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
loading control. The primary antibodies and their concentration used were
listed in the supplementary materials (Table S2).

Flow cytometric cell cycle analysis

The treated HBVSMC cells were seeded into 6-well plates (5 x 10° cells per
well) in DMEM containing 10% FBS and maintained at 37 °C in 5% CO,
overnight. The cells were collected, washed with PBS, and the concentration
was adjusted to 1 x 10° cells/ml. Single-cell suspensions of cells were fixed in
70% ethanol at 4 °C overnight. The cell cycle stage of HBVSMC cells was
determined using a cell cycle assay kit (KGA512, KeyGEN Biotech, NanJing,
China). The samples were then analyzed using a flow cytometer (Beckman
DxFlex, Beckman) at 488 nm excitation. The flow cytometry gating strategy
is shown in Supplementary Fig. 9. Intact cells were first selected based on
FSC-A vs. SSC-A parameters (R1), followed by exclusion of doublets using
FSC-A vs. FSC-H (R2). Viable cells were then defined as PI-negative in the
FL7-A channel, with the threshold set using unstained controls. The same
gating strategy was applied to all samples. The data were analyzed using
Flow]Jo software (Flow]Jo, LLC, Ashland, OR, USA). The percentages of cells
in the GI, S, and G2 phases were calculated, respectively.

Statistics and reproducibility

All experiments were performed with three independent biological repli-
cates for each group (n=3) unless otherwise stated. For ELISA assays,
fifteen independent biological replicates were performed for each group
(n = 15). Experimental values are presented as means * standard deviations
(SDs). Statistical significance was assessed using two-tailed non-parametric
tests: the independent sample Student’s t-test for two-group comparisons
and the one-way analysis of variance (ANOV A) followed by Tukey’s test for
three or more groups. A P-value <0.05 was considered statistically sig-
nificant. All analyses were conducted using GraphPad Prism 9 (Version
9.4.0) and organized with Adobe Hlustrator 2022 (Version 2022).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

DIA proteomic analysis reveals the upregulation of TUBA4A and
TUBB4B proteins in the serum of MMD

We systematically analyzed the DIA proteomics data of the serum from 40
MMD patients and 20 HC reported in our previous study™. Differential
protein analysis revealed 5 members of the tubulin protein family upregu-
lated in the MMD serum proteome, including TUBAIA (Log,FC (MMD/
HC)=1.71, p=0.011), TUBA4A (Log,FC (MMD/HC) =2.70, p =0.001),
TUBBS (Log,FC (MMD/HC) = 1.16, p = 0.021), TUBBI (Log,FC (MMD/
HC)=1.96, p=0.006), and TUBB4B (Log,FC (MMD/HC)=2.10,
p=0.003) (Supplementary Fig. 1A, B). The chordal graph shows that these
proteins have a strong correlation with cytoskeleton-associated pathways,
including cytoskeletal organization and cadherin binding (Supplementary
Fig. 1C). Given the known relevance of cytoskeletal abnormalities in the
pathogenesis of MMD, we selected the two most prominently upregulated
tubulin proteins with the highest Log2FC values, TUBA4A and TUBB4B,
for further validation and mechanistic investigation. To validate these
proteomic findings, ELISA was performed on an independent validation
cohort comprising 45 individuals (30 MMD and 15 HC), which confirmed
the significant upregulation of proteins TUBA4A and TUBB4B in the serum
of MMD patients (Fig. 1A-C). Meanwhile, several proteins associated with
MMD mentioned in previous studies have also been detected in our pro-
teomics database*, including CDH18 (Log,FC (MMD/HC)=2.33,
p=0.001), MMP8 (Log,FC (MMD/HC) = 1.53, p=0.001), and MMP9
(Log,FC (MMD/HC) =-2.70, p = 0.001). The Supplementary Data 1 listed
all differently expressed proteins from the DIA proteomics database. In
addition, we randomly selected serum from 3 MMD and 3 HC samples from
the DIA cohort and performed ELISA for VEGF, ANG-2, and APOE as
referenced in prior studies'*'*"”. Compared to HC, the expression levels of
VEGF, ANG-2, and APOE proteins in MMD serum were all elevated
(Supplementary Fig. 1D-F). Quantitative results and source data for all
experiments are provided in Supplementary Data 2.
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VSMCs exhibit enhanced migration and proliferation, and a ten-
dency of contractile-to-synthetic phenotypic switching after
MMD-serum treatment

Immunofluorescence (IF) staining was performed on the superficial tem-
poral artery (STA) from MMD patients and non-MMD controls. The walls
of the STA in MMD patients exhibit a significant intimal thickening, in which
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an abundant presence of VSMCs was observed (Fig. 2A, B). It demonstrates
the overproliferation and migration of VSMCs in the vessel wall of MMD.
Serum collected from patients in the MMD and HC groups was utilized
to incubate HBVSMC:s to explore the effect of MMD patient (IS and HEM
patients) serum on VSMC (Supplementary Fig. 2A). After 24 hours of
serum incubation, the MMD serum-treated VSMCs exhibited significantly
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Fig. 1 | TUBA4A and TUBB4B promote the abilities of migration and pro-
liferation, and a tendency of contractile-to-synthetic phenotypic switching

in MMD. A ELISA validation of differentially expressed proteins identified in serum
proteomics. B The bar chart showing the expression levels of TUBA4A in the serum
validation cohort (mean + SD, n = 15 biologically independent samples). C The bar
chart showing the expression levels of TUBB4B in the serum validation cohort
(mean + SD, n = 15 biologically independent samples). D Schematic diagram of the
cell model construction for TUBA4A/TUBB4B overexpression and GJA1 knock-
down in HBVSMCs, and the co-culture of smooth muscle cell (SMC) and endo-
thelial cell (EC). E 5-Ethynyl-2’-deoxyuridine (EDU) staining of the

TUBA4A/TUBB4B overexpression HBVSMC. Colors: EDU (red), 4/,6-diamidino-2-
phenylindole (DAPI) (blue). Scale = 20 um. The bar chart of H shows the proportion
of proliferation HBVSMC (mean * SD, # = 3 biologically independent samples).

F Scratch assay showing the migration ability of GJA I knockdown HBVSMC. Scale =
200 um. The bar chart of I shows the proportion of migration HBVSMC (mean +
SD, n = 3 biologically independent samples). G Flow cytometric cell cycle analysis
for the TUBA4B/TUBB4B overexpression HBVSMC after GJAI knockdown. The
bar chart of J shows the proportion of HBVSMC in G0/G1, S, and G2/M cell cycle
phases (mean * SD, n = 3 biologically independent samples).
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Fig. 2 | Inmunofluorescence staining of intimal thickening in MMD vessels
and the underlying mechanism. A Schematic diagram illustrating the collection
of STA specimens during surgery and the intimal thickening in MMD arteries.
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B Immunofluorescence staining of the STA in control subjects and MMD patients.
Scale = 200 um. aSMA, green; DAPI, blue. C Schematic diagram of the underlying
mechanism for intimal thickening in MMD. STA = Superficial Temporal Artery.

Communications Biology | (2026)9:198


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09476-9

Article

promoted abilities of proliferation (Supplementary Fig. 2B, G). The scratch
assay showed that VSMCs incubated with MMD serum had an enhanced
migration capacity compared to those incubated with HC serum (Supple-
mentary Fig. 2C, H). The western blot showed that the contractile pheno-
type biomarkers in MMD serum-treated VSMCs, CNN1, and SM22a, were
downregulated compared to HC-serum-treated VSMCs, while the synthetic
phenotype biomarkers, S100A4 and ZO-2, were upregulated (Supplemen-
tary Fig. 2D, I). It showed that the contractile-to-synthetic phenotypic
switching occurred in VSMCs, followed by MMD serum treatment. Taken
together, these findings demonstrated that factors present in MMD patient
serum can induce increased migration, phenotypic switching, and pro-
liferation of VSMCs under in vitro conditions. Considering our previous
proteomic data identifying elevated levels of TUBA4A and TUBB4B in
MMD serum, we next sought to determine whether these proteins may
functionally contribute to the observed cellular changes of VSMCs.

TUBA4A and TUBB4B promote the abilities of migration and
proliferation, and induce contractile-to-synthetic phenotypic
switching of VSMCs in MMD

Consistent with the results of the DIA proteomic sequencing, increased
expression of TUBA4A and TUBB4B was also observed in the MMD
serum-treated HBVSMC (Supplementary Fig. 2E, ]). To investigate their
direct role in MMD-associated VSMC abnormalities, overexpression and
knockdown for the two genes were performed using an overexpressing
plasmid and small hairpin RNAs (shRNA) in VSMCs, respectively (Sup-
plementary Fig. 3A, 4A, 4K, L). VSMCs overexpressing TUBA4A or
TUBB4B showed significantly increased EdU incorporation rates and a
higher proportion of S-phase cells compared to control vector-transfected
cells, indicating enhanced proliferative capacity (Fig. 1E, Supplementary
Fig. 3D-F, Supplementary Fig. 4B, C). Scratch assays demonstrated greater
closure rates in VSMCs overexpressing the two genes, reflecting an
enhanced migratory activity (Supplementary Fig. 3C). Western blot analysis
revealed that overexpression of TUBA4A or TUBB4B resulted in decreased
levels of contractile phenotype markers (CNN1, SM22a) and increased
levels of synthetic markers (S100A4, ZO-2) (Supplementary Fig. 3B, 3H).
Conversely, knockdown of either two gene reversed these effects in the
MMD serum-treated VSMCs (Supplementary Fig. 3B-D, 3G, 31, 4D, E).
These results demonstrated that TUBA4A and TUBB4B contribute to key
changes in VSMCs under MMD-related conditions, including migration,
contractile-to-synthetic phenotypic switching and proliferation.

TUBA4A and TUBB4B induce VSMC changes via GJA1-related
pathway

In HBVSMC:s treated with MMD serum and overexpressing TUBA4A or
TUBBA4B, elevated expression of GJA1 was observed, suggesting potential
involvement of this gene in the downstream signaling cascade (Supple-
mentary Fig. 2F, 2K, 3E, 3]). To determine the functional role of GJAl in
mediating these cellular changes, we utilized overexpression plasmids and
shRNA to upregulate or downregulate the level of GJAI, respectively
(Supplementary Fig. 5A, 4F-G, 4M, N). Overexpression of GJAI in VSMCs
led to enhanced migration ability, increased proportion of proliferating cells,
and promotion of the contractile-to-synthetic phenotypic switching (Sup-
plementary Fig. 5C-F). Conversely, knockdown of GJA1 in VSMCs over-
expressing TUBA4A or TUBB4B attenuated these phenotypic changes,
including reversal of the elevated migration, proliferation, and contractile-
to-synthetic phenotypic switching (Fig. 1D, F-J, Supplementary Fig. 4H, I,
Supplementary Fig. 40, P, Supplementary Fig. 4], Supplementary Fig. 4Q).
Collectively, these results demonstrated that TUBA4A and TUBB4B pro-
mote the migration, contractile-to-synthetic phenotypic switching, and
proliferation of VSMCs in MMD through activation of GJA1.

MMD-derived vascular organoids exhibit an extensive and den-
sely branched vascular network
We collected the peripheral blood from 3 MMD patients and 3 HC to

generate a vascular organoid model, according to the previous protocols™*'.

The overview of the process for developing the vascular organoids was
shown in Fig. 3A. Figure 3B shows the morphological progression of the
various stages from iPSC aggregates to vascular organoids under light
microscopy. To evaluate the vascular morphology, immunofluorescence
(IF) staining was performed on the differentiated vascular network at day 10
and the vascular organoid at day 25. Vascular networks at day 10 exhibit a
highly branched vascular network (Fig. 3C). The 3D reconstruction of the
vascular organoids demonstrates the spatial morphology of the vascular
organoids, and an interweaving of ECs (CD31+) and SMCs (aSMA + )
within the organoids (Figs. 4A, 5A). Comparison of organoids from MMD
patients and HCs showed that MMD-derived vascular organoids exhibited a
denser and more extensive vascular network (Fig. 4A, Supplementary
Fig. 6A). This demonstrated an excessive vascular proliferation in the vas-
cular organoids derived from MMD patients.

Transcriptomic profiling reveals the correlation of beta-tubulin
and DEGs between MMD and HC vascular organoids

Bulk RNA sequencing was performed on organoid tissues to identify dif-
ferentially expressed genes (DEGs) between organoids derived from MMD
patients and HC individuals. A total of 112 genes were upregulated and 268
genes were downregulated in MMD-derived organoids compared to those
from HCs (Supplementary Fig. 7A). GO enrichment analysis for these
DEGs revealed significant enrichment in molecular functions (MF) related
to beta tubulin binding, filamin protein binding, etc. (Supplementary
Fig. 7B). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis identified enrichment in pathways such as Toll-like receptor sig-
naling pathway, Cytokine-cytokine receptor interaction, etc. (Supplemen-
tary Fig. 7C). The alternative splicing analysis of six vascular organoid is
shown in Supplementary Fig. 7D. The transcriptomic data collectively
showed that DEGs distinguishing MMD from HC organoids are func-
tionally associated with tubulin-related cytoskeletal processes.

Single-cell RNA sequencing reveals increased abundance and
functional interactions of VSMCs in MMD organoid

To analyze the cell types of vascular organoids, we performed single-cell
RNA sequencing (scRNA-seq) for 2 MMD organoids and 2 HC organoids.
By digesting the vascular organoids in day 25, a total of 85,392 single cells
were collected and followed by scRNA-seq (Fig. 4B). Following quality
control filtering as described in the Methods section, a total of 16,507 low-
quality cells were excluded, and 71,627 high-quality cells were retained for
downstream analysis. A total of 9 cell types is annotated, including smooth
muscle cells (SMC), endothelial cells, iPSCs, MSC, fibroblasts, DC, neurons,
tissue stem cells and chondrocytes (Fig. 4C). The proportion of various cell
type in each sample was shown in Fig. 4D. The proportion of VSMCs was
significantly higher in MMD organoids compared to HC organoids
(Fig. 4E). SMC:s also exhibited a high number of predicted intercellular
interactions and stronger interaction weights with other cell types, including
ECs, chondrocytes, MSC and fibroblasts (Fig. 5B). We further analyzed the
interactions between different cell clusters. The GO enrichment analysis of
VSMCs in organoids is shown in Fig. 5E. Collectively, scRNA-seq analysis
reveals an expansion of the VSMC population and increased functional
interactions in MMD-derived vascular organoids, which are potentially
related to MMD pathogenesis.

MMD vascular organoids exhibit an upregulation of TUBA4A and
activation of the downstream GJA1/PI3K/AKT/KLF4 pathways

The IF staining was performed on the vascular organoids at day 25 and
observed an enhanced fluorescence signal of TUBA4A protein in the MMD
organoids compared with HC (Fig. 5C, Supplementary Fig. 6B). The wes-
tern blot confirmed the upregulated expression of TUBA4A and TUBB4B in
MMD vascular organoids (Fig. 5D). Meanwhile, the activation of the
downstream GJA1/PI3K/AKT/KLF4 pathway of TUBA4A and TUBB4B
was also observed in MMD organoids (Supplementary Fig. 8A, 8F-K).
Additionally, in the vascular organoids, we observed a decrease in the
expression levels of VSMCs' contractile markers (CNN1 and SM22a) and
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Fig. 3 | Generation of the vascular organoids derived from HC individuals and
MMD patients. A The flowchart of vascular organoid generation derived from HC
and MMD patients. B Bright-field images of human induced pluripotent stem cells
(iPSCs) differentiation into vascular organoids (day-3 - day25). Scale = 300 pm.
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DAPI, blue; HC Healthy Controls; MMD, Moyamoya Disease. Scale 100 pm.

an increase in synthetic markers (S100A4 and ZO-2) (Supplementary
Fig. 8A-E). These molecular changes demonstrated that SMCs derived from
MMD organoids also have a tendency of contractile-to-synthetic pheno-
typic switching.

Meanwhile, following treatment with MMD serum, the expression of
GJAl, p-AKT, p-PI3K, and KLF4 in HBVSMCs was found to be sig-
nificantly upregulated (Supplementary Fig. 2F, 2K). In HBVSMCs over-
expressing TUBA4A and TUBB4B, the expression levels of GJA1, p-AKT, p-
PI3K, and KLF4 were also significantly upregulated (Supplementary Fig. 3E,
3]). Upon knockdown of TUBA4A or TUBB4B, the expression levels of
GJAL, p-AKT, p-PI3K, and KLF4 were downregulated (Supplementary
Fig. 3E, 3K). These results suggest that TUBA4A or TUBB4B modulates the
changes of HBVSMCs phenotypes by activating these downstream
molecules.

To further investigate whether the PI3K/AKT/KLF4 pathway mediates
the GJAI overexpression-caused changes of VSMCs, the overexpression
plasmids and shRNA were utilized to upregulate or downregulate the level
of GJAI, respectively (Supplementary Fig. 5A, 4F, G, 4M, N). We found that
overexpression of GJAI significantly upregulated the expression levels of p-
AKT, p-PI3K, and KLF4 (Supplementary Fig. 5B, 5H). However, upon
knockdown of GJA1, the upregulation of these molecules induced by

TUBA4A or TUBB4B was blocked (Supplementary Fig. 5B, 5G). Then we
used Kenpaullone, a KLF4 inhibitor, to downregulate the expression of the
downstream KLF4 molecule in this pathway (Supplementary Fig. 5A). After
the KLF4 inhibition for HBVSMCs, the enhanced proliferation, migration,
and contractile-to-synthetic phenotypic switching induced by GJA1 over-
expression were all blocked (Supplementary Fig. 5B-F, 5I). These results
demonstrate that the GJA1/PI3K/AKT/KLF4 pathway contributes to the
TUBA4A and TUBB4B induced changes of HBVSMC (Fig. 2C).

TUBA4A or TUBB4B overexpression in HBVSMCs promotes the
proliferation of HBECs via KLF4 in a GJA1-dependent manner

To investigate the effects of the TUBA4A/TUBB4B overexpressed VSMC on
ECs, a co-culture system of HBVSMCs and HBECs was established
(Fig. 1D). Overexpression of TUBA4A/TUBB4B in HBVSMC:s led to a
significant increased proliferation of the co-cultured HBECs (Fig. 6A-C).
Knocked down of GJAI in HBEC attenuated the increased proliferative
ability of HBECs induced by TUBA4A/TUBB4B overexpressed HBVSMCs
(Fig. 6A-F). Similarly, pharmacological inhibition of KLF4 using Ken-
paullone reduced HBEC proliferation in the SMC-EC co-culture system
(Figs. 6A-B, G). In addition, western blot analysis showed that KLF4
expression levels in HBECs were elevated following co-culture with
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TUBA4A-overexpressing HBVSMCs (Fig. 6E, G). However, when GJAI
was knocked down in HBECs, the increase of KLF4 levels in the co-cultured
HBECs was abolished, suggesting a GJA1-dependent intercellular signaling
(Fig. 6E, G). These results demonstrate that KLF4 upregulation in HBECs is
mediated by intercellular communication with TUBA4A/TUBB4B-over-
expressing HBVSMCs through GJA1, which may contribute to the
enhanced endothelial proliferation observed in the co-culture sys-
tem (Fig. 2C).

Discussion

The pathogenesis of MMD remains unclear, resulting in a lack of available
mechanism-based therapies*. There is an urgent need for suitable meth-
odologies to further elucidate the underlying mechanism of MMD. In this
study, we developed the first MMD vascular organoids derived from iPSCs
of MMD patients, aiming to investigate its vascular changes and underlying
mechanism in a controlled human-based system. Single-cell RNA
sequencing of these organoids showed the increased proportion and func-
tional abnormalities of VSCMs in the MMD vascular organoid. In parallel,
DIA proteomics identified significant upregulation of cytoskeletal proteins
TUBA4A and TUBB4B in patient serum. Functional experiments further
demonstrated that the overexpression of these proteins enhanced the
migration, contractile-to-synthetic phenotypic switching, and proliferation
of VSMCs, as well as enhanced the proliferation of co-cultured ECs. These
changes were mediated through the GJA1/PI3K/AKT/KLF4 signaling axis,
which also promoted endothelial proliferation in a co-culture model. Taken
together, this study provides a novel MMD-specific vascular organoid
platform and uncovers VSMC changes in the mechanism of intimal
thickening in MMD vessels.

The main histological characteristics of pathological arteries in MMD
is the significant thickening of the intima in the vessel wall which may be the
primary pathological change contributing to the progressive stenosis of
vessels in MMD***. Previous histological studies have demonstrated that
the main component of the thickening intima is over-proliferative
VSMCs™". These findings demonstrate that VSMCs may play a significant
role in intimal thickening of MMD vessels. However, it remains unclear why
VSMCs, which typically only grow in the media of normal blood vessels,
abnormally appear in large numbers in the intima of MMD arteries. This
indicates that VSMCs acquire migratory capacity, enabling their translo-
cation from the media to the intima; however, the underlying mechanism
governing this acquisition remains unclear. VSMCs can be roughly classi-
fied into two phenotypes: contractile and synthetic phenotypes. In
response to vascular injury or alterations in local environmental cues,
relatively quiescent contractile VSMCs can transform into a synthetic
phenotype with increased migratory, proliferative, and synthetic
properties”. VSMC phenotype switching has been widely studied in
atherosclerosis and is considered as one of the initiating factors of athero-
sclerosis, but few studies have investigated VSMC phenotypic switching in
MMD*. In our study, VSMC co-cultured with MMD patient serum
exhibited enhanced migratory capacity accompanied by a phenotypic
switch from the contractile to the synthetic type. This demonstrates that
these changes are present in the VSMCs of MMD.

A reliable model is essential for investigating the pathogenesis of MMD
and evaluating potential therapeutic interventions. Current methods
developed for creating the MMD animal models generally involve surgical,
immunological, genetic, or combinatory approaches'**’. However, none of
these modeling approaches can simultaneously recapitulate the genetic
background and vascular pathology of MMD"~". The absence of reliable
animal models for MMD greatly limited the research on the pathogenesis
and drug development for MMD. Recently, organoids have provided new
insights for studying organ-specific functions and disease mechanisms by
simulating the complex three-dimensional structures of in vivo organs’".
Unlike animal models, patient-derived vascular organoids provide a phy-
siologically relevant in vitro system that retains the genetic background of
patients and more accurately recapitulates human-specific cellular pheno-
types and molecular signaling pathways’"*. In the field of vascular diseases,

researchers have successfully developed 3D vascular organoids for several
diseases, such as diabetes and cavernous malformation, advancing our
understanding of vascular diseases’ . The vascular organoid model
represents a highly promising approach for MMD research™. However, in
the field of MMD, a stable model of vascular organoids specific to MMD has
not yet been established.

In this study, we established a vascular organoid model derived from
iPSCs of MMD patients. This is, to our knowledge, the first in vitro 3D
system that incorporates the genetic and cellular context of MMD, enabling
the study of disease-relevant vascular changes in a controlled setting.
Compared with previous in vivo models that often lack reproducibility or
genetic specificity, our organoids recapitulate essential features such as
increased vascular and VSMC proliferation”’ . Subsequently, histological
staining for organoids demonstrates a significant expression and inter-
weaving of ECs and VSMCs. Additionally, the MMD vascular organoids
exhibited a denser vascular network and more pronounced fluorescence
signals from VSMCs. It indicates the enhanced angiogenesis in the MMD
vascular organoids, consistent with our previous study’**. Single-cell RNA
sequencing confirmed an increased proportion of VSMCs in the MMD
vascular organoids compared to those from HC individuals, which indicates
a proliferation of VSMCs in MMD organoids. The MMD vascular orga-
noids we constructed recapitulated the previously reported abnormal
increase of VSMCs observed in pathological vessels of MMD*’. In sum-
mary, the vascular organoids with the genetic background of MMD patients
exhibited enhanced angiogenic capacity, along with excessive proliferation
and functional abnormalities of VSMCs.

Our DIA proteomic mass spectrometry analysis revealed widespread
upregulation of five microtubule family proteins in the serum of MMD
patients, including TUBA1A, TUBA4A, TUBBI, TUBB5, and TUBB4B.
Bulk RNA transcriptomic analysis of the organoids also revealed enrich-
ment of the DEGs in the B-tubulin pathway. This indicates that the upre-
gulation of microtubule proteins is closely associated with the pathogenesis
of MMD. Microtubules are essential components of the cytoskeleton,
composing of repeating a-tubulin and B-tubulin heterodimers™. They are
crucial for a variety of cellular functions, including cellular connectivity,
intracellular transportation, cell motility, and division® . Several studies
confirmed that microtubules can regulate the migration of SMCs by
modulating the polarization process, lamellipodia formation, and the
assembly of focal adhesions™. It indicates a potential link of microtubules
to vascular growth and development®'. Among the upregulated microtubule
family proteins, we selected the two most prominently elevated members—
TUBA4A and TUBB4B—for further investigation into their roles in the
pathogenesis of MMD by in vitro experiments.

The following experiments revealed that the overexpression of
TUBA4A and TUBB4B led to the upregulation of Gap junction A1 (GJAI).
GJAI encodes Connexin43 (Cx43/GJAl), which forms gap junction
channels between cells, allowing the transmission of molecules, ions, and
electrical signals, thereby facilitating intercellular communication®**.
Pericyte damage and the deficiency of GJAI lead to impaired vasomotor
function in diabetic retinopathy, suggesting a regulatory role of GJAl in
vascular function®. A previous study also reported the upregulation of GJA1
in the pathological cerebral arteries from MMD patients by conducting IF
staining®’. A previous study also reported the upregulation of GJAI in the
pathological cerebral arteries from MMD patients by conducting IF stain-
ing, suggesting a potential association between GJA1 and MMD®. Kriippel-
like factor 4 (KLF4), a highly conserved transcription factor, has been widely
reported as a key regulatory factor for the phenotypic switching of
VSMCs®”*, In our study, we found that overexpression of TUBA4A and
TUBB4B upregulates KLF4 expression by activating the PI3K/AKT sig-
naling pathway. After the upregulation of KLF4, we observed contractile-to-
synthetic phenotypic switching in VSMCs of MMD, accompanied by
enhanced migratory and proliferative capacities. Meanwhile, the application
of a KLF4 inhibitor reversed these TUBA4A or TUBB4B-induced changes of
VSMCs. It suggests that KLF4 is a potential target for suppressing the
functional abnormalities of VSMCs in MMD.
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Taken together, based on our findings from vascular organoids, DIA-
based proteomics, and in vitro experiments, we propose a novel hypothesis
regarding the mechanism underlying intimal thickening in MMD: Aberrant
upregulation of TUBA4A and TUBB4B in VSMC of MMD activates the
crucial GJA1/PI3K/AKT/KLF4 signaling pathway, leading to a phenotypic
switch from a contractile to a synthetic phenotype. The phenotypically
transformed VSMCs acquire enhanced migratory and proliferative capa-
cities, enabling their migration from the vessel media to the intima, where
they undergo excessive proliferation. This pathological process leads to
intimal thickening of the affected vessels in MMD and ultimately results in
the progressive stenosis characteristic of MMD vasculopathy. Our graphical
abstract illustrates the mechanistic pathway underlying this process.

Limitations of the study

Although organoid models have advantages in simulating the physiological
and pathological features of blood vessels, they are still not fully repre-
sentative of the complex pathological environment in vivo. Organoid
models may lack certain systemic factors, such as the influence of the
immune system, which may affect the interpretation of the results. In
addition, a further exploration method can be to transplant vascular orga-
noids into immunodeficient mice, which will allow human and mouse
blood vessels to anastomose and reconstruct blood flow in human capillaries
to further judge the condition of the model. Meanwhile, while our study
demonstrates the functional role of TUBA4A and TUBB4B in VSMC
remodeling, the upstream signaling mechanisms responsible for the upre-
gulation of these cytoskeletal proteins in MMD remain unclear. Our
serum-VSMC co-culture experiments suggest the presence of additional
regulatory pathways, which warrant further investigation in future studies.
Another limitation of this study is that DIA proteomics cannot detect
genetic variants such as the RNF213 p.R4810K mutation, which is a major
focus in MMD research, thereby restricting our analysis to protein-level
dysregulation rather than underlying genomic changes"*. In future work,
we will expand genetic studies on MMD patient samples to investigate
pathogenesis at the genetic level.

Conclusion

This study successfully established a vascular organoid model derived from
MMD patients’ iPSCs, and through single-cell sequencing and proteomics
analysis, revealed significant abnormalities in the quantity and function of
VSMCs in MMD. The findings demonstrate that the abnormal over-
expression of TUBA4A and TUBB4B may promote phenotypic switching,
proliferation, and migration of VSMCs by regulating the GJA1 signaling
pathway, ultimately contributing to the intimal thickening observed in
MMD, a key pathological feature of the disease.

Our results provide new insights into the pathogenesis of MMD and
suggest that TUBA4A and TUBB4B could serve as potential therapeutic
targets. Future studies should further validate the functional roles of these
genes and the underlying pathways and explore their impact in different
populations and subtypes to advance the development of novel therapeutic
strategies for MMD.
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