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Abstract

Background: Vascularization does not necessarily indicate a mature vascular wall. Endothelial 

cells or vessel-like networks show that vascular-associated structures are present, whereas a 

stable, functionally mature wall must be assessed using multiple features, including mural-cell 

coverage, basement membrane, contractile machinery, and functional responses. Because 

vascularization strategies and outcome measures differ among engineered models, this study 

evaluates transcriptomic evidence across separate biological dimensions rather than treating 

vascularization as a single endpoint.

Methods: We performed an exploratory secondary analysis of three publicly available human 

bulk RNA-sequencing datasets with biological replicates (38 biological libraries in total). The 

datasets covered vascularized mesenchymal organoids, vascular-network organoids cultured 

under static or flow conditions, and vascular smooth muscle cells (VSMCs) cultured under two-

dimensional or three-dimensional conditions. The core analysis used 11 complementary gene 

modules to characterize endothelial identity, transcriptional features associated with pericyte-like 

mural cells, contractile maturity, synthetic remodeling, and flow- and barrier-related programs. 

Statistical inference used the biological library as the unit, and each dataset retained its original 

experimental design. CAMERA and expression-matched random-module analyses were applied 

to the two organoid datasets; Gene Ontology enrichment was limited to three primary 

comparisons. GSE192986 served as an independent VSMC state reference, with a sensitivity 

analysis excluding ACTA2.

Results: In the day-14 organoid-versus-spheroid comparison, vascularized mesenchymal 

organoids showed higher scores in all seven vascular-associated modules (FDR < 0.05 for each); 

CAMERA supported all seven, although the comparison also differed in scaffold, assembly 

method, and vascularization conditions. At day 60, several vascular-associated transcriptional 

signals were lower and hypoxia-related transcription was higher. In a separate vascular-network 

organoid dataset, high flow reduced hypoxia and inflammatory activation, did not significantly 

increase endothelial or flow-response module scores, and was associated with a lower 

contractile-maturity score (FDR = 0.00350). In the independent VSMC dataset, three-

dimensional culture increased hypoxia- and inflammation-related expression and reduced 

proliferation-related expression; contractile maturity did not meet the FDR-adjusted significance 

threshold.
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Conclusions: In these datasets, vascularization-related conditions, culture duration, three-

dimensional culture, and flow corresponded to distinct transcriptomic states. Their effects on 

endothelial, mural, contractile, barrier, and stress-response features should be assessed 

separately. The findings support a transcriptomic framework for organizing evidence about 

engineered vascular systems, but they do not by themselves establish vessel-wall structure, 

perfusion, permeability, or vasomotor function.

Keywords

vascularized organoid; vascular maturity; vascular smooth muscle cell; mural cell; perfusion; bulk 

RNA sequencing; cross-study transcriptomic evaluation

Introduction

Human organoids reproduce selected features of tissue development, architecture, and cell-cell 

interactions, but the absence of a functional vascular system can limit their growth and 

maturation. Inadequate oxygen and nutrient delivery and reduced waste removal may lead to 

hypoxia or necrosis in organoid cores and leave surrounding parenchymal cells immature. To 

address this limitation, researchers have introduced vascular components through co-culture with 

primary endothelial cells, co-differentiation of vascular and organ-specific cells, assembly with 

vascular organoids, implantation into vascularized hosts, and culture in perfused microfluidic 

devices [1-6].

Most studies assess vascularization by measuring endothelial markers, counting endothelial cells, 

or observing vessel-like networks and lumens. These measures mainly indicate the presence of 

an endothelial compartment or vessel-like structures. Assessment of a mature vascular wall also 

requires examining whether pericytes, vascular smooth muscle cells, basement membrane, and 

extracellular matrix form an organized spatial arrangement. Single-cell studies of vascularized 

organoids have reported differences in vascular-like cell populations, endothelial maturity, and 

cellular organization among models [7]. In native vessels, these components contribute to vessel 

stability, barrier properties, vasomotor function, mechanosensing, inflammation, and tissue 

remodeling [6,8-10]. Endothelial markers indicate that vascular-associated cells or structures are 

present; a mature vascular unit also requires evidence of organized mural cells and contractile 

machinery.
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This distinction is particularly important in disease modeling. Vascular smooth muscle cells do 

not remain in a single state. In response to injury or disease, mature contractile cells can shift 

toward synthetic, proliferative, migratory, inflammatory, or matrix-producing states [10]. This 

plasticity contributes to atherosclerosis, restenosis, occlusive vascular disease, and pathological 

vascular remodeling. Vascularized organoids used for mechanistic studies or drug testing 

therefore need an appropriate baseline vascular-wall state and the ability to transition to states 

relevant to disease.

Public transcriptomic datasets cover a range of vascularization strategies, organ types, culture 

durations, and perfusion conditions. Model-specific studies and integrative analyses show that 

different approaches alter vascular-like cell populations, endothelial maturity, and cellular 

organization [7-9]. Evaluation should therefore distinguish endothelial vascularization, mural-

cell features, contractile vascular-wall maturity, and pathological remodeling. Because studies 

differ in cell source, organ type, culture duration, and experimental design, merging their gene-

expression data would combine these differences in a single result. A more appropriate approach 

is to retain each study's experimental design and compare conditions within each study at the 

level of biological samples.

This study evaluated whether a cross-study bulk-transcriptomic framework could separate 

vascular-associated dimensions in engineered vascular systems. We asked whether vascularized 

organoids show coordinated transcriptional signals across multiple dimensions, how prolonged 

culture and flow affect different vascular features, and whether three-dimensional VSMC data 

provide an independent reference for contractile state. Each dataset was analyzed separately 

according to its original experimental design. The analysis included three human bulk RNA-

sequencing datasets, each with biological replicates. Transcriptomic findings describe molecular 

features and should be considered alongside spatial, structural, and functional measurements 

when assessing vascular-wall maturity and function.

Results

Three public datasets were used to assess vascular-associated transcriptomic states

We analyzed the three studies as independent datasets and retained each study's normalized 

gene-expression data (Figure 1). The verified data comprised 38 biological libraries: GSE297746 

included 20 libraries from vascularized mesenchymal organoids collected at different culture 
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times and day-14 spheroids [5], supporting vascularization and longitudinal comparisons; 

GSE295400 included 12 libraries from static, low-flow, high-flow, and HUVEC vascular-

network conditions [18], supporting assessment of flow; and GSE192986 included six libraries 

from human VSMCs cultured under two-dimensional or three-dimensional conditions [19], 

providing a reference for contractile and remodeling states. Each condition had three or four 

biological replicates.

We used 11 gene modules to describe endothelial identity, mural integration, contractile 

maturity, synthetic remodeling, flow mechanotransduction, barrier identity, basement membrane, 

arterial identity, hypoxia response, inflammatory activation, and proliferation (Supplementary 

Table 2). The flow-mechanotransduction module is referred to below as the flow-response 

module. The modules overlap biologically and in gene composition; Supplementary Table 9 lists 

seven module pairs sharing nine genes. We treated the modules as related statistical endpoints 

rather than independent tests. The mural-integration module captures transcriptomic features 

associated with pericyte-like mural cells in microvascular walls; it does not directly measure 

their spatial coverage. Contractile maturity represents the contractile apparatus of differentiated 

smooth-muscle cells in larger-vessel walls. The two modules address different aspects of the 

vascular wall.

Day-14 organoids show higher vascular-associated transcriptional signals

We first compared day-14 organoids with day-14 spheroids in GSE297746. Relative to 

spheroids, organoids had higher scores for endothelial identity, mural integration, and contractile 

maturity, with module-score differences of 0.948 (95% CI, 0.509 to 1.386; FDR = 0.000528), 

0.489 (0.168 to 0.810; FDR = 0.00692), and 0.927 (0.662 to 1.191; FDR = 1.49 × 10 ⁶), ⁻

respectively. Scores were also higher for flow response, barrier identity, basement membrane, 

and arterial identity, with effect estimates of 0.682 (95% CI, 0.324 to 1.040; FDR = 0.00113), 

0.761 (0.395 to 1.126; FDR = 0.000539), 0.834 (0.442 to 1.226; FDR = 0.000528), and 0.859 

(0.539 to 1.180; FDR = 5.67 × 10 ⁵), respectively. This comparison also differed in Matrigel ⁻

scaffold, assembly method, and vascularization conditions, so the observed differences cannot be 

attributed to vascularization alone. The bulk RNA-seq findings do not establish perfusion or 

vasomotor function, which require independent structural and functional assessment.

The three analytical approaches gave broadly consistent results (Supplementary Figure S1). 

CAMERA, which accounts for inter-gene correlation, supported all seven dimensions 
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(Supplementary Table 4). After multiple-testing correction, the expression-matched random-

module analysis supported six dimensions (empirical FDR, 0.00275-0.0128); the mural-

integration module had an empirical FDR of 0.113. In the day-14 organoid-versus-spheroid 

comparison, Gene Ontology enrichment also identified angiogenesis (GO:0001525; NES = 2.49, 

FDR = 8.55 × 10 ¹⁵), blood-vessel development (GO:0001568; NES = 2.06, FDR = 0.00145), ⁻

blood-vessel morphogenesis (GO:0048514; NES = 2.14, FDR = 0.00124), and extracellular-

matrix organization (GO:0030198; NES = 2.39, FDR = 1.26 × 10 ⁸).⁻

Vascular-associated transcriptional signals decline with prolonged culture

Culture-time comparisons in GSE297746 showed distinct module-specific patterns rather than a 

uniform trajectory of vascular-associated transcription (Figure 2A). Compared with day 14, 

day-60 organoids had lower scores in all seven vascular-associated modules. Effect estimates for 

endothelial identity, mural integration, contractile maturity, flow response, barrier identity, 

basement membrane, and arterial identity were -1.469, -1.127, -1.084, -0.824, -0.702, -1.677, and 

-1.651, respectively; the corresponding FDR values were 6.41 × 10 ⁷, 3.56⁻  × 10 ⁷, 2.86⁻  × 10 ⁸, ⁻

0.000105, 0.000696, 2.56 × 10 ⁸, and 1.34⁻  × 10 ⁹. The 95% confidence intervals are provided in ⁻

Supplementary Table 3. Hypoxia response increased (0.812, 95% CI, 0.555 to 1.068; FDR = 

1.16 × 10 ⁶), while proliferation-related transcription decreased (-1.290, 95% CI, -1.644 to ⁻

-0.936; FDR = 2.32 × 10 ⁷). Synthetic remodeling decreased only in the primary module test ⁻

(FDR = 0.0056); neither orthogonal test supported this effect. CAMERA supported decreases in 

endothelial, mural, contractile, flow-response, basement-membrane, and arterial signals, as well 

as an increase in hypoxia response. The expression-matched random-module analysis supported 

decreases in endothelial, mural, contractile, basement-membrane, and arterial signals and an 

increase in hypoxia response; support for flow-response and barrier effects was weaker in this 

test. Gene-level enrichment also showed increased cellular response to hypoxia (GO:0071456; 

NES = 1.87, FDR = 0.00293), decreased extracellular-matrix organization (NES = -1.78, FDR = 

0.0130), and decreased angiogenesis (NES = -1.48, FDR = 0.0393). In a descriptive analysis, 

culture day was modeled as a continuous predictor across the 16 organoid libraries. Eight 

modules showed significant negative trends: endothelial identity, mural integration, flow 

response, barrier identity, basement membrane, arterial identity, inflammation, and proliferation. 

Contractile maturity, synthetic remodeling, and hypoxia response did not meet the FDR 
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threshold (Supplementary Table 7). These module-level trends do not establish a corresponding 

change in vessel-wall structure or function.

High flow reduces stress-related expression and alters vascular-wall signals

In GSE295400, high flow relative to static culture reduced hypoxia response (-1.163, 95% CI, 

-1.525 to -0.801; FDR = 0.000166) and inflammatory activation (-1.256, 95% CI, -1.724 to 

-0.788; FDR = 0.000478). Expression related to contractile maturity, synthetic remodeling, 

barrier identity, and basement membrane also decreased, with effect estimates of -1.133 (95% 

CI, -1.716 to -0.549; FDR = 0.00350), -0.479 (-0.731 to -0.226; FDR = 0.00350), -0.580 (-1.018 

to -0.141; FDR = 0.0256), and -0.621 (-0.954 to -0.288; FDR = 0.00350), respectively. 

Proliferation increased (1.124, 95% CI, 0.222 to 2.025; FDR = 0.0297). Neither endothelial 

identity nor the flow-response module increased significantly. Gene Ontology enrichment also 

showed reduced response to hypoxia (GO:0001666; NES = -1.97, FDR = 5.11 × 10 ⁵) and ⁻

inflammatory response (GO:0006954; NES = -1.75, FDR = 3.64 × 10 ⁴).⁻

Three-dimensional VSMC culture shows specific cell-state changes

GSE192986 provided an independent reference dataset for human VSMCs (Figure 3). Compared 

with two-dimensional culture, three-dimensional culture increased hypoxia response (module-

score difference, 1.168; FDR = 0.00545) and inflammatory activation (1.030; FDR = 0.0119) 

and reduced proliferation (-1.440; FDR = 0.000877). Contractile maturity showed a downward 

trend (-0.694; nominal P = 0.0418; FDR = 0.115). After ACTA2 was excluded, the effect 

remained negative but was less strongly supported (-0.619; nominal P = 0.0673; FDR = 0.185). 

CAMERA, expression-matched random-module, and Gene Ontology analyses were not 

performed for this dataset. Complete 95% confidence intervals are provided in Supplementary 

Table 3.

Multiple analytical methods support the primary transcriptomic findings

Across methods, day-14 organoids had higher endothelial, contractile, flow-response, barrier, 

basement-membrane, and arterial signals than spheroids; the mural-integration module showed 

the weakest support in the matched-null analysis. For day 60 versus day 14, endothelial, mural, 

contractile, basement-membrane, and arterial signals were lower, while hypoxia-related signals 

were higher, with broad agreement among the three methods; support for flow-response and 

barrier effects was weaker. For high flow versus static culture, contractile-, hypoxia-, and 
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inflammation-related signals decreased and proliferation increased, supported by both orthogonal 

methods. Results with less consistent support across methods are reported as dimension-specific 

observations. The main conclusions focus on findings with broadly consistent direction across 

methods.

Discussion

The main finding is that the tested vascularization-related conditions, culture duration, high flow, 

and three-dimensional VSMC culture corresponded to distinct transcriptomic states. In 

GSE297746, day-14 vascularized mesenchymal organoids had higher scores for endothelial, 

mural, contractile, barrier, basement-membrane, arterial, and flow-response modules than day-14 

spheroids. CAMERA supported all seven effects, and the expression-matched random-module 

analysis supported six; the mural-integration module had weaker support in that null analysis. 

Because the organoid-versus-spheroid comparison also changed scaffold and assembly 

conditions, these results should be interpreted as a composite condition contrast rather than an 

isolated vascularization effect. Lumen patency, continuous mural coverage, vasomotor function, 

and physiological barrier function require structural and functional assessment.

Culture duration did not correspond to a linear change in vascular maturity. Between days 14 and 

60, several vascular-associated transcriptional signals declined in the same model, while 

hypoxia-related transcription increased. CAMERA, the expression-matched random-module 

analysis, and gene-level enrichment supported these directions. Tissue composition, central 

necrosis, dilution of bulk signals, and differences in cell survival may contribute to the changes; 

the mechanisms require histological and functional testing. Studies at different culture times 

should report vascular-associated dimensions directly and use them to assess maturity.

High flow reduced stress-related expression and was accompanied by decreases in some 

vascular-wall-associated signals. Hypoxia- and inflammation-related expression decreased, 

endothelial and flow-response module scores did not increase significantly, and contractile-

maturity scores decreased. Flow rate, waveform, duration, matrix mechanics, vascular geometry, 

and the developmental state of endothelial and mural cells may all affect the response. Applying 

flow and forming vessels capable of a mature response to flow are distinct biological steps. A 

perfusion device can improve oxygen delivery, while endothelial specialization, mural-cell 
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recruitment, and contractile responses still depend on appropriate developmental and tissue 

conditions.

The independent VSMC reference dataset further supports this interpretation. Three-dimensional 

culture increased hypoxia- and inflammation-related expression and reduced proliferation-related 

expression, while contractile maturity did not increase appreciably. The contractile-module effect 

remained negative after ACTA2 was excluded, although the evidence was weaker, indicating 

that the direction was not driven solely by this commonly used smooth-muscle marker. Three-

dimensional culture can alter cell phenotype, the extracellular environment, and stress responses. 

Contractile maturity should therefore be assessed using the coordinated expression of multiple 

contractile genes and structural or functional evidence. In vascularized organoids, ACTA2-

positive cells or signals around vessel-like structures should also be considered alongside 

MYH11, CNN1, TAGLN, MYOCD, and SMTN expression and direct structural or functional 

measurements.

These findings support a staged evaluation framework. First, establish whether endothelial cells 

or vessel-like structures are present. Next, assess mural-cell coverage, contractile vascular-wall 

features, basement membrane, and barrier features. Then test responses to flow or disease-related 

perturbations. The relevant measures depend on the intended use: an angiogenesis model may 

prioritize endothelial sprouting, whereas a model for vasomotor pharmacology requires mature 

mural coverage and stimulus-responsive contraction. Reporting each dimension separately 

clarifies the basis for model selection and prevents a strong endothelial signal from obscuring 

deficits in other dimensions.

This study has several limitations. Bulk RNA sequencing captures tissue-level transcriptional 

signals; spatial proximity between endothelial and mural cells, continuity of mural coverage, and 

the relative contributions of cell abundance and cell state require single-cell RNA sequencing, 

spatial transcriptomics, and histology. The day-14 organoid-versus-spheroid comparison also 

differs in Matrigel, assembly method, and vascularization conditions and therefore does not 

isolate one causal factor. The day-60 versus day-14 comparison may be affected by tissue 

composition, central necrosis, dilution of bulk signals, or differences in cell survival. The high-

flow comparison may also reflect mural-cell loss or changes in cell composition under shear. The 

three datasets represent different biological systems, so their within-study effects are reported 

separately and interpreted as complementary evidence rather than pooled estimates. Public 
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metadata do not fully establish donor, clone, batch, or pairing structures; parallel labels such as 

2D_1 and 3D_1 were treated as independent libraries. A group-based or paired sensitivity 

analysis could be conducted if complete mappings become available. The GSE295400 organoid 

conditions come from a single WTC cell line. GSE192986 is a short-term VSMC state-reference 

experiment that complements the contractile and remodeling findings; an independent dataset or 

experiment is needed to represent native arterial states. The analysis is intended to generate and 

organize transcriptomic evidence, not to establish functional vascular maturity without 

independent validation.

Future validation can proceed across structural, functional, and disease-model dimensions. First, 

sample-traceable transcriptomic data can be combined with quantitative mural coverage, 

basement-membrane continuity, and lumen patency. Next, studies can measure tracer 

permeability and flow and test contraction or dilation after vasoactive stimulation. Finally, they 

can determine whether a model can first establish a mature vascular unit and then transition 

reproducibly to a state relevant to disease. Module scores provide molecular evidence of 

vascular-associated biology; a fully functional vascular circulation also requires permeability, 

perfusion, and vasomotor testing.

In summary, vascularization and vascular-wall maturity are related but distinct dimensions. 

Prolonged culture, high flow, three-dimensional organization, vessel-like morphology, and a 

single smooth-muscle marker each reflect only some aspects of the vascular system. Maturity 

should be evaluated using endothelial, mural, contractile, barrier, and functional-response 

measures together. Within the engineered vascular systems covered here, we retained each 

study's experimental design and used biological libraries as the units of inference to organize a 

tiered evaluation from endothelial features and mural-associated transcriptional signals to 

contractile and functional responses. This framework is a hypothesis-generating aid for model 

selection and engineering, not a substitute for structural or functional validation.

Methods

Study design and dataset eligibility

This exploratory secondary analysis used three publicly available human bulk RNA-sequencing 

datasets comprising 38 biological libraries. It was not prospectively registered; the gene modules 

and primary contrasts were defined for this analysis and are not prospective confirmatory 
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endpoints. Datasets were eligible if they profiled a human vascularized organoid, engineered 

vascular network, or human VSMC model; included an interpretable comparator; provided gene-

level counts or an author-supplied matrix containing counts; and included at least three 

biological libraries per tested condition. Datasets without biological replication were not used for 

inferential statistical analysis.

GSE297746 comprised 20 libraries (four replicates per condition) from free-floating vascularized 

mesenchymal organoids cultured for 3, 14, 28, or 60 days and day-14 HUVEC-mesenchymal 

stromal cell spheroids without a Matrigel scaffold [5]. GSE295400 comprised 12 libraries (three 

replicates per condition) from pluripotent-stem-cell-derived vascular-network organoids cultured 

under static, low-flow, or high-flow conditions and an HUVEC-network reference [18]. The 

organoid conditions in this study came from a single WTC pluripotent stem-cell line, and the 

findings primarily apply to this line. GSE192986 comprised six libraries (three replicates per 

condition) from primary human VSMCs cultured for four days under two-dimensional 

conditions or in three-dimensional polyglycolic-acid scaffolds [19]. The datasets were used, 

respectively, for vascularization and longitudinal comparisons, flow-response assessment, and 

VSMC state reference. Low-flow conditions in GSE295400 were treated as an additional flow 

condition and are reported in the complete result tables; the primary results focus on high flow 

versus static culture.

Data acquisition and provenance

Series metadata and processed gene-level files were obtained from the Gene Expression 

Omnibus. File sources, integrity checks, and SHA-256 checksums were recorded to make the 

secondary-analysis inputs traceable and support reproducibility. The GSE297746 and 

GSE295400 supplemental archives passed tar integrity checks, and the GSE192986 expression 

matrix passed gzip integrity testing. The analysis used per-sample count files for GSE297746, 

the NumReads columns for GSE295400, and six count.* columns for GSE192986. Although the 

GSE192986 file name contains FPKM, the analysis used its integer-valued count.* columns as 

edgeR input.

Gene annotation, normalization, and module scores

Ensembl version suffixes were removed where present. Ensembl identifiers were mapped to 

HGNC gene symbols with org.Hs.eg.db; counts for identifiers mapping to the same symbol were 
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summed. GSE192986 was collapsed by the deposited gene_name field. Within each dataset, 

trimmed mean of M-values normalization factors were estimated with edgeR, and log2 counts 

per million were calculated with a prior count of 2 [11,12]. These steps harmonized gene 

identifiers and sequencing depth so that module scores could be compared within each study.

The 11 modules used in this analysis represented endothelial identity, mural integration, 

contractile maturity, synthetic remodeling, flow mechanotransduction, barrier identity, basement 

membrane, arterial identity, hypoxia response, inflammatory activation, and proliferation. 

Complete module definitions, applicable analysis levels, audit fields, and gene coverage by 

dataset are reported in Supplementary Table 2; shared genes are listed in Supplementary Table 9. 

The Primary set column indicates whether a gene belongs to the primary module set; all 114 

genes belonged to this set, which did not confer statistical weight. The mural-integration module 

captures transcriptomic features associated with pericyte-like mural cells in microvascular walls; 

it does not directly measure their spatial coverage. Contractile maturity represents the contractile 

apparatus of differentiated smooth-muscle cells in larger-vessel walls. The analysis records do 

not establish whether the modules were fixed before data inspection; missing source citations 

and definition dates are identified as unrecorded in Supplementary Table 2. These modules and 

contrasts were selected for an exploratory secondary analysis and should not be interpreted as 

prospectively registered endpoints. Within each dataset, logCPM values for each detected gene 

were standardized across all biological libraries. Each sample's module score was the mean of 

the gene-wise z scores for its detected module genes and was calculated only when at least three 

module genes were detected. Because standardization was performed within each study, scores 

were compared only across conditions in the same dataset; absolute scores were not pooled 

across datasets.

Sample-level module inference

Biological libraries were the units of statistical inference. This avoids treating genes or inferred 

cell counts as replicates. For each dataset, group means were estimated with a no-intercept 

design matrix in limma [13]. Contrasts were fitted with contrasts.fit, followed by robust 

empirical Bayes moderation with eBayes(robust = TRUE). Effect estimates are differences in 

mean module score and are reported with two-sided 95% confidence intervals that were not 

adjusted for multiple comparisons. The primary comparisons were day-14 organoid versus 

day-14 spheroid and day-60 versus day-14 organoid in GSE297746; high flow versus static 
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culture in GSE295400; and three-dimensional versus two-dimensional VSMC culture in 

GSE192986. The first three were the primary organoid comparisons; the VSMC comparison 

provided an independent reference. These labels describe the role of the comparisons in this 

analysis and do not indicate prospective registration. Other time and flow comparisons are 

reported in the complete result tables. Benjamini-Hochberg correction was applied across the 11 

modules within each comparison, with no joint FDR correction across comparisons. Complete 

results are provided in Supplementary Table 3.

Gene-level differential expression and pathway enrichment

Gene-level count analyses were performed separately for each dataset with edgeR [11,14]. This 

model was used to test gene-level changes within each study and provide ranked statistics for 

Gene Ontology enrichment. Lowly expressed genes were removed with filterByExpr, followed 

by trimmed mean of M-values normalization and robust dispersion estimation. Quasi-likelihood 

models were fitted with glmQLFit(robust = TRUE). Each contrast included in the analysis was 

tested with glmQLFTest, and gene-level P values were adjusted using the Benjamini-Hochberg 

method.

Gene Ontology Biological Process sets were assembled from org.Hs.eg.db and GO.db [17] and 

restricted to sets containing 15-500 detected genes in the corresponding dataset. Genes were 

ranked by the square root of the edgeR quasi-likelihood F statistic, with direction assigned 

according to the sign of the contrast coefficient (log-fold change). Enrichment was tested with 

fgseaMultilevel using eps = 0 [16] to complement the module results and identify related 

biological processes. The analysis covered only the three primary comparisons: day-14 organoid 

versus spheroid and day-60 versus day-14 organoid in GSE297746, and high flow versus static 

culture in GSE295400. Multiple-testing correction was applied across all tested Gene Ontology 

sets within each dataset and comparison. No GO enrichment analysis was performed for 

GSE192986. Complete test results and leading-edge genes are reported in Supplementary Table 

5.

Competitive and expression-matched robustness tests

CAMERA was used to re-test the modules included in this analysis and assess the effect of inter-

gene correlation on the main findings [15]. CAMERA and expression-matched random-module 

analyses were applied only to the GSE297746 and GSE295400 organoid datasets, not to the 
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GSE192986 VSMC reference. For applicable datasets, genes passing filterByExpr were TMM-

normalized and transformed with voom. CAMERA used the original no-intercept group design 

and the same contrast vectors as the primary analysis, with inter.gene.cor = 0.01. Modules with 

fewer than three detected genes were excluded. CAMERA false-discovery rates were calculated 

across modules within each comparison.

To assess whether arbitrary genes with similar expression abundance could reproduce an 

observed module effect, genes with nonzero cross-sample variance were ranked by mean 

normalized expression and divided into 20 mean-expression bins. For each module and 

comparison, 2,000 random modules were sampled without replacement while preserving the 

number of target-module genes in each bin. Genes belonging to any of the 11 analysis modules 

were excluded from the sampling pool. The empirical two-sided P value was the proportion of 

random effects whose absolute deviation from the null-distribution mean exceeded the 

corresponding absolute deviation of the observed effect; a plus-one correction was applied. 

Empirical P values were adjusted across modules within each dataset and comparison using the 

Benjamini-Hochberg method. The random seed was 287254.

As a descriptive supplement, culture day was modeled as a continuous predictor in an unpaired 

linear model across the 16 GSE297746 organoid libraries. The estimated daily trends for each 

module are reported in Supplementary Table 7. Public metadata did not provide a verifiable 

longitudinal pairing map, so this model provides a descriptive analysis; paired or blocked 

analysis would be a more rigorous approach to estimating time effects.

Sensitivity analysis and cross-study interpretation

All comparisons involving contractile maturity were repeated after excluding ACTA2 to assess 

whether the findings depended on this commonly used smooth-muscle marker (Supplementary 

Table 6). Normalization and statistical analyses were performed within each study. Because the 

three systems, interventions, and biological comparisons had different experimental contexts, 

cross-study synthesis was qualitative and based on effect directions and statistical evidence 

within each study. Module scores were interpreted as molecular evidence for the corresponding 

biological process and considered alongside structural and functional measurements of 

endothelial-mural proximity, vessel-wall coverage, lumen patency, permeability, perfusion, and 

vasomotor function.
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Ethics statement
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to identifiable information. No new participant-related procedures were conducted for this 
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Data and code availability

All primary expression data analyzed in this study are publicly available from the GEO 

accessions listed in Supplementary Table 1. Supplementary_Tables.xlsx provides Supplementary 

Tables 1-9, covering datasets, module definitions, module effects, robustness tests, Gene 

Ontology enrichment, ACTA2 sensitivity, linear time trends, the supplementary-table index, and 
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Use of generative AI

Generative AI tools assisted with coding. 
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Figure 1

Figure 1 Study design and analysis workflow. (A) Evaluation dimensions include endothelial presence, mural 

integration, vascular-wall maturity, and functional responses. Each dimension is assessed separately, and no 

single marker is interpreted in isolation when evaluating vascular-wall maturity. (B) The three transcriptomic 

datasets and their roles in the analysis; sample counts refer to the number of biological libraries included in 

each public study. (C) Analysis workflow. Each dataset was processed and tested within study, with biological 

libraries as the units of inference. CAMERA and expression-matched random-module analyses were 

performed for the two organoid datasets; Gene Ontology enrichment was performed for the three primary 

comparisons. ACTA2-excluded sensitivity and linear time-trend analyses are reported in Supplementary 

Tables 6 and 7.
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Figure 2

Figure 2 Effects of culture duration and high flow on vascular-associated modules. (A) Trajectories of mean 

gene-wise z scores for six modules (endothelial identity, mural integration, contractile maturity, synthetic 

remodeling, flow response, and barrier identity) across culture days in vascularized mesenchymal organoids 

from GSE297746. Points show group means and error bars show standard errors. The black triangle marks the 

day-14 spheroid group, which is not part of the organoid time course. (B) Differences in module scores 

between high-flow and static vascular-network organoids in GSE295400. Points show estimated mean 

differences and horizontal bars show 95% confidence intervals. Red indicates a Benjamini-Hochberg FDR 

below 0.05 in the sample-level module analysis.
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Figure 3

Figure 3 Transcriptomic comparison of VSMCs cultured under 2D and 3D conditions. (A) Differences in 

module scores between three-dimensional and two-dimensional human VSMC cultures in GSE192986. Points 

show estimated mean differences and horizontal bars show 95% confidence intervals. Red indicates a 

Benjamini-Hochberg FDR below 0.05. (B) Gene-wise z scores for selected contractile and remodeling genes 

across three biological replicates per condition. This experiment describes VSMC phenotypic state and 

provides an independent reference for the organoid findings; contractile-related transcription under three-

dimensional culture should be interpreted alongside other molecular, structural, and functional evidence.
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Supplementary Figure S1

Supplementary Figure S1. Robustness of bulk RNA-sequencing module analyses. (A) For each 

of the three primary comparisons, the standardized deviation of each observed module effect 

from the null distribution generated by 2,000 expression-matched random modules is shown. The 

null modules matched each target module in size and mean-expression-bin composition. Red 

points indicate empirical FDR < 0.05. (B) Effect direction and statistical support from sample-

level module tests and CAMERA competitive gene-set tests. Colors indicate signed -log10 FDR 

(absolute values capped at 4); red indicates a higher module score in the first condition and blue 

a lower score. White circles indicate FDR < 0.05.
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