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Abstract
Background

PDCD10-associated cerebral cavernous malformations have an aggressive clinical presentation, but the
accompanying endothelial responses remain incompletely defined.

Methods

We reanalyzed public single-cell transcriptomes from neonatal endothelial-specific Pdcd10-knockout
and wild-type mice, with two mice per genotype. Vascular affiliation and pathological states were
evaluated alongside mouse-level pseudobulk differential expression, pathway scores, shared
pseudotime and predicted ligand—-receptor communication. Independent mouse datasets and a pooled
human vascular-organoid dataset assessed reproducibility and model dependence.

Results

Among 31,353 singlets, 27,445 endothelial-lineage candidates were retained for state mapping. The
mean fraction of endothelial-to-mesenchymal-transition-like cells increased descriptively from 21.42% to
28.57%, with the largest increase in capillary-assigned cells. Pseudobulk analysis identified 682
differentially expressed genes, with enrichment of tumor necrosis factor—nuclear factor kB signaling and
hypoxia. Serpine1 and Pgf increased, whereas Mfsd2a and Cldn5 decreased. The shared trajectory was
branched and did not establish a universal endothelial-to-fibroblast sequence. Additional brain
endothelial datasets reproduced Serpinel, Pgf and Fn1 increases, whereas cultured endothelial cells and
organoids showed incomplete replication.

Conclusions

PDCD10 loss was associated with inflammatory and barrier-related endothelial remodeling. These
exploratory findings nominate targets for tissue validation but do not establish lineage conversion,
pathway specificity for PDCD10 loss or a causal explanation for human hemorrhage.

Introduction

Cerebral cavernous malformations (CCMs) are common cerebrovascular lesions composed of dilated,
thin-walled vascular channels that are prone to chronic leakage and intracranial hemorrhage. Patients
may develop seizures, focal neurological deficits or hemorrhagic stroke, yet disease burden varies
markedly across individuals and genotypes. Familial CCM is caused by loss-of-function variants in KRIT1
(CCM1), CCM2 or PDCD10 (CCM3). Among these, PDCD10-associated disease has particularly
aggressive manifestations: affected patients frequently present during childhood, develop a greater
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number of lesions and experience hemorrhagic events at younger ages. Experimental Pdcd10-loss
models similarly exhibit rapid lesion formation and severe vascular abnormalities, providing
experimental models of the vascular abnormalities associated with PDCD10 deficiency (Bergametti et al.
2005; Denier et al. 2006; Riant et al. 2013; Shenkar et al. 2015; Snellings et al. 2021).

Despite this clinical and experimental consistency, the mechanism underlying CCM3 severity remains
unresolved. CCM1, CCM2 and CCM3 participate in a shared endothelial signaling complex, and
disruption of each can perturb vascular quiescence, junctional integrity and MEKK3—-KLF2/4 signaling. It
is therefore unclear whether CCM3 loss activates a distinct pathogenic pathway or instead amplifies a
common CCM programme across particularly susceptible endothelial compartments. Resolving this
distinction is essential for understanding how genotype determines hemorrhagic severity and for
identifying biomarkers suitable for validation in human CCM tissue. Other lesion-forming mechanisms
include endothelial TLR4 signaling, clonal expansion, endothelial-to-mesenchymal transition (EndMT)
and cooperation with somatic PIK3CA activation (Bravi et al. 2016; Maddaluno et al. 2013; Malinverno et
al. 2019; Ren et al. 2021; Stockton et al. 2010; Tang et al. 2017; Weng et al. 2021; Z. Zhou et al. 2016).

Here, we examined how endothelial pathological states relate to inferred vascular compartments after
Pdcd10 loss, which molecular programmes accompany these states, and which findings are reproduced
in independent datasets. We combined a vascular-zonation-first single-cell reanalysis with sample-level
pseudobulk comparisons, pathway scores, a shared transcriptional trajectory and predicted intercellular
communication. Independent CCM3-loss datasets assessed the reproducibility of candidate responses,
whereas an exploratory CCM1/2/3 organoid comparison examined their genotype and model
dependence. This framework connects cell-state heterogeneity to inflammatory and barrier-related
programmes while distinguishing directly observed expression changes from hypotheses about clinical
severity.

Methods
Study design and datasets

The discovery analysis used raw mouse single-cell RNA-sequencing counts from GSE155788,
comprising two postnatal day 8 wild-type and two endothelial-specific Pdcd10-knockout samples.
Independent validation included untreated age-matched knockout and wild-type cells from GSE246598
and cerebellar endothelial bulk RNA-sequencing from three inducible Ccm3-knockout and three wild-type
mice in GSE212018. Cross-genotype comparison used the supplied endothelial-cluster analysis of
human CCM1-, CCM2- and CCM3-knockout blood-vessel organoids from GSE276497. Rapamycin-treated
samples were excluded from the central validation. The biological sample, rather than the individual cell,
was considered the replicate wherever replicate-level inference was possible (Globisch et al. 2022; Min
et al. 2024; Orsenigo et al. 2020; Skowronek et al. 2025).
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Dataset search and eligibility

During revision, GEO, the ArrayExpress collection within BioStudies, and ENA were searched on 9
September 2026 using disease names and PDCD10/CCM3, KRIT1/CCM1, CCM2 and MGC4607 terms.
Eligible endothelial comparisons required defined gene loss and a matched control. Treatment studies
were assessed for untreated or vehicle-matched contrasts; eligibility did not depend on effect direction
or statistical significance. Repository mirrors, pooled libraries and non-endothelial specimens were
distinguished from independent endothelial cohorts. The search records and sample-level assessments
are provided in the Supplementary Table S10. The retrieval included 346 GEO series and 107 additional
repository records before cross-repository deduplication. Thirty-eight GEO series underwent sample-level
eligibility assessment, with the primary ArrayExpress record E-MTAB-13726 assessed separately. The
register distinguishes eligible, contextual, excluded and unresolved records, and records completed
versus outstanding analyses; not all eligible datasets were incorporated into the quantitative synthesis.
GEO supplied the datasets in the completed quantitative synthesis; repository membership was not an
inclusion criterion or a measure of evidence quality. Public raw data requiring reconstruction were
distinguished from restricted-access data and from unresolved sample annotations. The retrieval and
assessment totals are summarized in Online Resource 1; accession-level decisions and queries are
supplied in Supplementary Table S10 (Online Resource 2).

Single-cell processing and endothelial annotation

Cells with fewer than 500 detected genes or at least 15% mitochondrial transcripts were excluded.
Doublets were identified independently in each sample using scDblFinder. Singlets were log-normalized,
integrated by reciprocal PCA and re-clustered using Seurat (Germain et al. 2022; Hao et al. 2024).

Endothelial-lineage candidates were distinguished from erythroid, perivascular, mixed and unresolved
populations. A stringent endothelial subset was used for pseudobulk differential expression, whereas the
broader endothelial-lineage set retained cells with partial endothelial-identity loss for vascular-origin and
pathological-state analyses (Supplementary Fig. S1; Supplementary Table S1).

Vascular origin and pathological state were annotated as separate axes using different marker
programmes; both annotations were derived from the same transcriptomic dataset. Cells retaining
endothelial identity were annotated as arterial, arterial-capillary, capillary, venous-capillary or venous
using coordinated vascular-zonation programmes. Cells with reduced endothelial identity were mapped
to these vascular anchors by weighted nearest-neighbor voting, and assignment confidence was
recorded (Supplementary Fig. S2); see Supplementary Table S2 (Vanlandewijck et al. 2018).

Pathological states were defined using coordinated endothelial-identity, mesenchymal, extracellular-
matrix and proliferation programmes and classified as endothelial identity retained, cycling endothelial,
early EndMT, intermediate EndMT, cycling EndMT-like or identity-lost/fibroblast-like candidate. EndMT-like
labels indicate transcriptional states and do not establish lineage conversion. Angiogenesis was scored

Page 4/26



as a functional programme rather than treated as an exclusive vascular segment (Supplementary Fig. S3;
Supplementary Tables S2 and S3).

Differential expression and pathway analysis

Raw counts were aggregated by mouse across all endothelial cells or within endothelial subtypes.
Knockout and wild-type samples were compared using edgeR robust quasi-likelihood models after gene-
expression filtering and TMM normalization. Benjamini—Hochberg FDR below 0.05 defined differential
expression (Supplementary Fig. S4); see Supplementary Table S4 (Chen et al. 2016).

Hallmark enrichment was performed with fgseaMultilevel using genes ranked by signed quasi-likelihood
statistics. Predefined inflammatory, hypoxic, TGF-B, angiogenic, adhesion, extracellular-matrix and barrier
programmes were localized at single-cell resolution using UCell. Mouse-level score summaries were
used to avoid treating individual cells as independent biological replicates (Supplementary Fig. S4;
Supplementary Tables S3 and S4) (Andreatta and Carmona 2021; Korotkevich et al. 2016; Liberzon et al.
2015).

Additional endothelial comparisons

External evidence was organized by clinical relevance and experimental context, with replication
assessed separately. Human lesion tissue provides the closest clinical context, but no genotype-resolved
human hemorrhage comparison was available in the analyzed set. The main synthesis therefore
emphasized mouse brain endothelial comparisons, followed by exploratory human vascular organoids;
cultured endothelial and guide-perturbation models were evaluated separately in Supplementary Results.
Human-derived cultures were not classified as patient-lesion evidence. This ordering did not assign
numerical quality scores or determine eligibility from effect direction. Counts or estimated counts were
analyzed with robust edgeR quasi-likelihood models, and normalized-expression datasets with platform-
appropriate limma models. Unreplicated or pooled comparisons were descriptive (Supplementary
Methods; Tables S9 and S10).

Trajectory and communication analyses

Monocle3 was fitted once to the combined wild-type and knockout endothelial-lineage object using the
atlas UMAP coordinates. The shared starting-cell set comprised 404 WT cells selected from the original
endothelial-identity-retained category by high endothelial-identity and low early/late mesenchymal
scores; these mapped to 148 root principal nodes. The same root set defined pseudotime for both
genotypes (Supplementary Table S5). For the retained shared graph, finite-pseudotime cells were
assigned to 30 approximately equal-cell bins. Gene expression was summarized within mouse and bin,
then averaged by genotype. The display connects these bin means without additional smoothing and
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shows the observed mouse range where both mice contribute; it is a whole-graph summary and does not
resolve branch-specific regulation (Supplementary Fig. S5) (Cao et al. 2019).

CellChat networks were inferred separately for each genotype using the mouse ligand—receptor
database. Sample-by-state groups were downsampled to a maximum of 500 cells, and the main analysis
was restricted to interactions involving pathological endothelial states using the retained grouped
CellChat annotation, which retains separate endothelial and cycling-endothelial groups alongside
pathological, mural and immune groups (Supplementary Fig. S6); see Supplementary Table S6 (Jin et al.
2021).

For GSE276497, the supplied endothelial-cluster comparisons were evaluated using a common threshold
of absolute normalized average log fold change greater than 0.5 and adjusted P below 0.05.

Statistical interpretation

Cell-level analyses were used for annotation and localization rather than genotype-level inference.
Composition, UCell, pseudotime and pooled-library comparisons were considered descriptive when
biological replication was insufficient. CellChat interactions were interpreted as transcript-based
predictions. Monocle3 pseudotime represents branched transcriptional ordering and does not
demonstrate chronological progression or lineage conversion. Public mouse and organoid datasets were
not interpreted as direct evidence of human hemorrhage.

Statistical design constraints

Sample sizes were fixed by the available public datasets; no prospective sample-size calculation was
performed for this secondary analysis. No new animals or participants were allocated to groups.
Genotype labels were available during reanalysis, which was not blinded. The small number of
independent samples precluded reliable assessment of normality or variance homogeneity. RNA-
sequencing counts were analyzed using negative-binomial quasi-likelihood models rather than tests
assuming normally distributed cell-level measurements. Adjusted P values from the small discovery
cohort should be interpreted together with effect sizes and external evidence; they do not overcome the
limited biological replication.

Use of generative Al

OpenAl ChatGPT/Codex assisted with code development, figure preparation, and drafting and editing
manuscript text. The authors remain responsible for the analyses, source verification, interpretation and
final content.

Results
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A vascular-origin atlas retains pathological endothelial
cells

After quality control and doublet removal, the GSE155788 atlas contained 31,353 singlets, including
14,498 wild-type and 16,855 Pdcd10-knockout cells. Endothelial-focused reanalysis identified 25,270
high-confidence endothelial cells for pseudobulk analysis and 27,445 endothelial-lineage candidates for
vascular-origin and pathological-state mapping (Supplementary Fig. S1). Sample-level quality-control,
doublet, broad-atlas and endothelial-cluster outputs are provided in Supplementary Tables S1 and S2.

Pathological cells were retained during vascular-origin inference (Fig. 1a). The resulting atlas linked cells
to arterial, arterial-capillary, capillary, venous-capillary and venous transcriptional anchors. Angiogenic
activity was displayed separately as a continuous programme (Fig. 1b). Capillary and venous-capillary
assignments accounted for much of the atlas, while the mean venous-origin fraction increased
descriptively from 1.94% in wild type to 7.32% after Pdcd10 loss (Fig. 1c). These labels describe inferred
transcriptomic affiliation and do not identify the lineage-traced origin of individual lesions
(Supplementary Fig. S2; Supplementary Tables S2 and S3).

Pathological states increase descriptively in capillary and
venous-capillary assignments

Six endothelial states were retained on the common atlas and supported by endothelial, matrix-
associated and proliferation markers (Fig. 2a-c). The combined fraction of early EndMT-like,
intermediate EndMT-like, cycling EndMT-like and fibroblast-like candidate cells increased from a mean of
21.42% in wild type to 28.57% in knockout mice. Endothelial-identity-retained cells decreased from
62.78% to 55.94% (Supplementary Fig. S3). These sample-level proportions are descriptive because
each genotype comprised two mice. Functional definitions and annotation outputs are provided in
Supplementary Tables S2 and S3.

The substantial EndMT-like fraction in wild-type P8 mice limits the specificity of these labels for
established lesions. The annotated states may include developmental or activated endothelial
programmes sharing features with partial EndMT. Their increased abundance after Pdcd10 loss
therefore indicates an altered transcriptional-state distribution rather than direct evidence of endothelial
conversion.

The largest increase occurred among capillary-origin cells, in which the pathological-state fraction rose
from 22.70% to 35.00% (+ 12.3 percentage points). Venous-capillary cells increased from 22.50% to
29.37% (Fig. 2d). These descriptive differences nominate capillary and venous-capillary assignments for
follow-up; they do not establish a genotype-by-vascular-compartment interaction.

The cycling EndMT-like population expressed proliferation genes including Mki67, Top2a, Cdk1, Ccnb1
and Ube2c together with transition-associated features. Proliferation was treated as a concurrent
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programme, not a later stage. Fibroblast-like candidates were rare and had lower vascular-origin
confidence (Fig. 2b), leaving their endothelial ancestry unresolved.

Inflammatory and barrier-related programmes accompany
pathological states

All-endothelial sample-level pseudobulk analysis identified 682 differentially expressed genes after
Pdcd10 loss, comprising 467 increased and 215 decreased genes. TNF signaling through NF-kB was the
dominant enriched Hallmark programme (NES = 2.725, FDR = 2.62x10-2%), accompanied by hypoxia and
other inflammatory and remodeling programmes (Supplementary Fig. S4; Supplementary Table S4). The
separately defined activated-mesenchymal endothelial contrast also showed TNF—-NF-kB enrichment
(FDR = 3.8x10-"%; Fig. 3b). These statistics refer to different cell subsets and are reported separately.

In the all-endothelial comparison, NF-kB-associated genes including Cxcl2, Vcam1, Tnfaip3, Icam1 and
Nfkbia increased. Pgf increased by 2.48 log, fold and Serpine1, which encodes PAI-1, by 1.36 log, fold.
Mfsd2a and Cldn5 decreased. This pattern associates inflammatory and angiogenic transcription with
altered hemostatic and matrix regulation and reduced barrier specialization. It does not establish that

NF-kB directly regulates these candidate effectors.

At the state level, mouse-first summaries showed higher NF-kB and hypoxia scores in knockout cells
across the identity-retained, early EndMT-like and intermediate EndMT-like categories (Fig. 3a,c,d). Barrier
programme scores varied across states and mice and did not show a uniform within-state knockout
reduction (Fig. 3e). Thus, reduced all-endothelial expression of individual barrier genes should not be
equated with lower values of every composite barrier score in every state. Earlier functional-subtype
contrasts are supplied separately in Supplementary Table S4.

A shared graph describes branched endothelial
transcriptional variation

A common Monocle3 graph placed wild-type and knockout cells within the same transcriptional and
pseudotime framework (Fig. 4). The graph extended from endothelial-identity-rich root cells towards
several pathological branches rather than supporting a single obligatory sequence from non-EndMT
through early, intermediate, cycling and fibroblast-like states (Supplementary Fig. S5).

Early and intermediate EndMT cells occupied related regions, whereas cycling EndMT-like cells
accumulated on a distal proliferative branch. Identity-lost/fibroblast-like candidates occupied a separate
branch and were not consistently positioned at the highest pseudotime. The trajectory therefore
supports branched endothelial remodeling but does not demonstrate that the fibroblast-like population
represents a universal late-EndMT endpoint.

Across the shared graph, Cldn5 expression declined with pseudotime, while Serpine1 and Pgf were
generally higher and Mfsd2a lower in knockout cells (Fig. 4b—g). Nfkbia was also elevated across much
of the ordering. Fn1 profiles overlapped and varied across bins, providing less consistent evidence of
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genotype separation. Because branches are combined in this display, the curves describe graph-
associated expression patterns rather than a single developmental sequence or the timing of pathway
activation. Cell-level pseudotime and gene-expression summaries are provided in Supplementary Table
S5

Predicted communication differs across remodeling-
associated pathways

Ligand—receptor inference identified genotype-associated differences in predicted communication
involving pathological endothelial states (Fig. 5). The displayed pathway summary aggregates predicted
probabilities across these interactions, while the selected ligand—-receptor pairs include matrix, adhesion
and angiogenic signals. These analyses nominate potential interactions for follow-up; they do not
measure receptor activation or mouse-level differences in physical signaling. Supporting network
outputs are provided in Supplementary Fig. S6 and Supplementary Table Sé.

Predicted VEGF, ANGPT and FN1 pathway differences were positive, whereas the summed collagen-
associated difference was negative (Fig. 5a). Individual pairs could differ from their aggregate pathway
pattern. This heterogeneity argues for testing selected ligand—receptor interactions in their cellular
context rather than interpreting all matrix-associated communication as uniformly enhanced.

Independent brain endothelial datasets support selected
candidate responses

Two independent mouse datasets were used to examine candidate response directions (Fig. 6). The
replicate-level cerebellar endothelial dataset GSE212018 supported increased Serpine1 and Pgf and
decreased Mfsd2a and Cldn5. The untreated, age-matched GSE246598 comparison provided weaker
and gene-dependent directional support; it comprised pooled genotype libraries and was treated
descriptively. The effect estimates are displayed in separate panels because the pooled-library mean log-
expression differences are not the same estimand as replicate-level log, fold changes (Supplementary
Table S7).

Programme summaries were broadly concordant for inflammatory and barrier-related responses
between discovery and bulk validation, with smaller changes in the pooled single-cell comparison

(Fig. 6d). These summaries average the reported effects of module genes and are not formal pathway-
enrichment tests or a meta-analysis. Their value is in assessing direction and model dependence, not
demonstrating identical response magnitudes across datasets.

The expanded brain endothelial comparisons further supported selected inflammatory and matrix-
associated responses. Serpine1, Pgf and Fn1 increased in GSE204979 and the normoxic GSE261224
comparison, with positive enrichment of TNF-NF-kB, hypoxia, TGF-3 and coagulation programmes
(Supplementary Fig. S7; Supplementary Table S9). The chronic GSE246373 cohort also supported
increases in these three genes (Supplementary Table S9). Replication was incomplete across the full set
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of brain endothelial and cultured models, including nonsignificant and opposite-direction effects.
Detailed comparisons are reported in Supplementary Results and Table S9.

Organoid comparisons reveal shared and model-
dependent CCM responses

The human vascular-organoid comparison provided exploratory genotype context (Fig. 7; Supplementary
Table S8). CCM1, CCM2 and CCM3 loss shared selected endothelial responses, with differences in
candidate expression. One pooled library per genotype precluded biological-replicate inference; the
reported DEG counts cannot establish a severity ranking. The mouse candidate pattern was not fully
reproduced in organoids, as detailed in Supplementary Results. These findings support model-dependent
CCM responses rather than a universal CCM3-specific programme.

Discussion

This reanalysis links Pdcd10 loss to an increased burden of EndMT-like transcriptional states within
capillary and venous-capillary assignments, accompanied by inflammatory and barrier-related
expression changes. Its contribution is the joint description of vascular affiliation, pathological state and
molecular response while retaining cells with reduced endothelial identity. Independent mouse data
support several candidate directions, whereas the organoid comparison shows the limits of their transfer
across models. Together, the results nominate a coordinated endothelial response for experimental
testing, without resolving the cause of the more severe clinical phenotype associated with PDCD10
variants.

The original GSE155788 study established heterogeneity and susceptibility among venous-capillary and
progenitor-like endothelial populations. Our analysis extends that framework by relating pathological-
state burden to inferred vascular affiliation. The largest descriptive increase occurred among capillary-
origin cells, with a parallel increase in venous-capillary cells. This supports involvement of these
compartments, but origin inference becomes less reliable as vascular identity is lost. Weighted votes
from transcriptomically similar anchors are not calibrated lineage probabilities, and forcing a label on an
ambiguous cell cannot establish its anatomical ancestry (Orsenigo et al. 2020).

EndMT-like states require particular caution in this neonatal dataset. Wild-type cells already expressed
parts of the programme, and shared inflammatory or extracellular-matrix genes can contribute to both
state annotation and pathway scores. These analyses therefore provide complementary descriptions
rather than fully independent proof of EndMT. The branched trajectory and the inconsistent pseudotime
position of fibroblast-like candidates further argue against a universal endothelial-to-fibroblast sequence.
Establishing conversion would require lineage information, spatial localization and coordinated loss of
endothelial and gain of mesenchymal protein features (Bravi et al. 2016; Maddaluno et al. 2013).

TNF-NF-kB enrichment was a prominent feature of the discovery pseudobulk analysis and was
supported by changes in several response genes. Hypoxia, TGF-B/EMT and hemostatic programmes
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provided a broader context for the endothelial response. However, their co-occurrence does not establish
an upstream hierarchy. NFKBIA and TNFAIP3 expression are compatible with an NF-kB-associated
response but cannot substitute for measurements of pathway activation or functional dependence.
Phospho-p65 and phospho-SMAD2/3 measurements, coupled with perturbation, would help distinguish
associated transcription from a mechanism sustaining the pathological state (Z. Zhou et al. 2016). Prior
work already linked Pdcd10 depletion to hypoxia, inflammatory responses and Serpinel1 expression
(Fusco et al. 2022). Moreover, endothelial Ikkb disruption did not prevent CCM and was associated with
a trend toward increased lesions and immunothrombosis (Lai et al. 2022). Our transcriptional
enrichment therefore neither establishes NF-kB as a uniformly pathogenic driver nor supports
indiscriminate NF-kB inhibition.

The effector pattern provides a direct route to validation in human CCM3 tissue. SERPINE1/PAI-1
integrates inflammatory, hypoxic and TGF-B-associated responses and could promote persistence of
fibrin-rich thrombo-inflammatory material by suppressing local fibrinolysis. PGF could amplify VEGFR1-
dependent angiogenic and inflammatory signaling. MFSD2A loss could reduce suppression of caveolae-
mediated transcytosis, thereby weakening blood—brain barrier function even when some junctional
markers remain. CLDN5 loss supplies a complementary junctional readout. None of these observations
alone proves hemorrhage. Their value lies in linking transcriptional-state changes to testable endothelial
readouts; reproducibility varied across datasets and was incomplete in organoids (Andreone et al. 2017,
Ben-Zvi et al. 2014; Carmeliet et al. 2001; Globisch et al. 2022).

The predicted communication network extends this model from cell-intrinsic state to tissue remodeling.
Increased VEGF, ANGPT and FN1-integrin communication could link abnormal endothelial cells to
neighbouring endothelial, mural and immune compartments. These axes are biologically plausible
because they influence permeability, angiogenesis, matrix adhesion and inflammatory recruitment.
However, transcript-based communication tools can be sensitive to cell abundance and cannot
demonstrate receptor engagement. Multiplex immunofluorescence or spatial transcriptomics should
therefore test whether ligand-positive pathological endothelial cells and receptor-positive target cells are
co-localized within the same CCM3 lesions (H. J. Zhou et al. 2016).

Evidence was interpreted in relation to the biological setting it represents. Patient lesions are closest to
the clinical question, whereas mouse brain endothelial comparisons provide the principal disease-model
evidence here. Human vascular organoids offer a multicellular human-derived context, and cultured
endothelial cells isolate selected cellular responses; neither is equivalent to a patient lesion. Organoid
maturation, culture conditions and incomplete representation of the brain vascular environment may
contribute to differences between models, but these explanations were not tested in this reanalysis.
Incomplete and opposite-direction results therefore remain relevant limits on generalizability
(Supplementary Results; Tables S8 and S9). Clinical relevance also does not establish causality:
replicated perturbation and rescue experiments would still be needed to test the proposed mechanism.
The available comparisons do not establish a universally stronger CCM3 programme or explain its
clinical severity (Koskimaki et al. 2019; Skowronek et al. 2025).
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The study has important limitations. The discovery dataset contains only two mice per genotype, so
composition changes and pseudotime distributions require independent replication. The tissue is
neonatal and actively developing; wild-type EndMT-like states may not resemble adult human lesion
biology. Origin labels for identity-lost cells are inferred and become less certain as vascular markers
disappear. Pseudotime is neither lineage tracing nor a measure of real time, and CellChat is hypothesis-
generating. GSE246598 uses pooled condition-level libraries for the focused comparison, and
GSE276497 contains one pooled library per organoid genotype. The same expression profiles
contributed to both cell-state annotation and programme scoring, limiting their independence as
evidence. Finally, none of the analysed datasets directly measures bleeding, and inter-model
concordance cannot substitute for human tissue validation. The cross-repository search was
retrospective and cannot guarantee coverage of all available data. Public raw-data reconstruction
remained incomplete for EEMTAB-13726, and conflicting annotations prevented directional interpretation
of GSE186523. These are reconstruction and annotation limitations, not documented permission
restrictions; incomplete coverage may affect the synthesis.

A focused validation study would compare genotype-confirmed human CCM3 lesions with suitable non-
lesional vessels and, where available, CCM1- and CCM2-associated lesions. Endothelial localization of
PAI-1, PGF, phospho-p65, MFSD2A and CLDNS5 could be evaluated with CD31 or ERG. Additional FNT,
COL1A1 or a-SMA staining would require careful separation of endothelial and adjacent mural or stromal
signals. Fibrin measurements could test the proposed hemostatic context. Patient-level quantification
and direct genotype contrasts would be needed to connect these candidate features to disease severity.

PDCD10 loss was associated with capillary and venous-capillary endothelial-state changes,
inflammatory and hypoxic transcription, and reduced barrier specialization. Independent mouse datasets
supported selected candidate responses, while pooled organoid comparisons revealed shared and
model-dependent effects. These observations provide a framework for testing endothelial dysfunction in
CCM, with the relationship to human lesion growth and hemorrhage remaining to be established.
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Figure 1

Vascular zonation and composition of endothelial-lineage candidates

a, Common UMAP of endothelial-lineage candidates colored by inferred vascular affiliation. b,
Angiogenic programme scores on the same coordinates. ¢, Vascular-origin fractions in individual mice.
No pathological cells were removed solely because of their EndMT-like label. Origin assignment is
transcriptomic inference, not lineage tracing; n=2 mice per genotype. Supporting data: Supplementary
Fig. S2; Supplementary Table S2
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Figure 2

Pathological state annotation and vascular-origin-specific burden

a, The same atlas colored by the six retained endothelial states. b, Median origin-vote confidence with
interquartile ranges; anchor values of 1 reflect assignment rules, not calibrated certainty. c, Marker
profiles for the six states. Color indicates the z score of mean log-normalized expression across states;
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point size increases with the fraction of cells expressing the gene. d, Combined early, intermediate,
cycling EndMT-like and fibroblast-like candidate fractions within each inferred origin. Each point is one
mouse; horizontal marks indicate genotype means. The small fibroblast-like population has uncertain
lineage origin. The labels early and intermediate describe the annotation scheme, not verified
chronological stages. Supporting data: Supplementary Fig. S3; Supplementary Table S2
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Inflammatory and barrier-related programme scores

a, UCell scores averaged within mouse and state, then within genotype, using the six-state assignments
in Figure 2. Row z scores are for visualization. Numbers 1-6 identify the states in the order indicated
below the heatmap. b, Hallmark enrichment in the retained activated-mesenchymal pseudobulk contrast,
a different population definition from all-endothelial pseudobulk. Positive NES indicates enrichment in
knockout. c—e, NF-kB, hypoxia and barrier programme scores in individual mice across identity-retained,
early EndMT-like and intermediate EndMT-like states. Lines connect summaries from the same mouse
and do not represent longitudinal observations. The state annotations and programme scores partly
share transcriptomic information. Supporting data: Supplementary Fig. S4; Supplementary Tables S3 and
S4
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Communication involving pathological ECs
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Figure 5

Gene expression across a shared endothelial transcriptional graph

a, The retained Monocle3 principal graph with finite-pseudotime cells on the atlas coordinates. WT and

knockout were fitted jointly with a common WT-derived root set. b—g, Serpine1, Pgf, Nfkbia, Cldn5, Fn1
and Mfsd2a expression across 30 approximately equal-cell bins of the same graph. Expression was
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averaged within mouse and bin, then by genotype; bins required at least 10 cells within a mouse. Lines
connect bin means without additional smoothing. The curves combine graph branches and do not show
a single selected disease path, chronological progression or endothelial lineage conversion. Shading
shows the observed range across mice where both mice contribute; it is not a confidence interval.
Supporting data: Supplementary Fig. S5; Supplementary Table S5
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Independent mouse datasets assess candidate response directions
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a-c, Candidate-gene effect estimates in GSE155788, GSE246598 and GSE212018. Filled circles indicate
FDR<0.05 and open circles indicate nonsignificant replicate-level estimates. Crosses denote descriptive
pooled-library estimates without replicate-level inference. The GSE246598 axis displays mean log-
normalized-expression differences, separately from the replicate-level log, fold changes. d, Mean
reported gene effects for predefined programmes, shown to compare direction rather than effect
magnitude or formal enrichment significance. Module coverage and complete outputs are provided in
Supplementary Table S7
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Figure 7

Exploratory cross-genotype comparison in human vascular organoids
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a, Reported numbers of differentially expressed genes in organoid endothelial cluster c9 after CCM1,
CCM2 or CCM3 loss, using the supplied common threshold. b, Selected KO-versus-WT normalized gene
effects from the supplied comparison; grey indicates unavailable values. One pooled library was
available per genotype. Counts and heatmap effects are descriptive and do not establish genotype-level
differences in severity. PGF and SERPINE1 do not reproduce the same pattern as the mouse discovery
data. Statistical stars from cell-level comparisons are omitted to avoid implying biological-replicate
support. Supporting data: Supplementary Table S8
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