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Venous malformations (VMs) are vascular anomalies lacking curative
treatments, often caused by somatic PIK3CA mutations that hyperactivate
the PI3Ka-AKT-mTOR signaling pathway. Here, we identify a
venous-specific signaling circuit driving disease progression, where
excessive PI3Ka activity amplifies upstream TIE2 receptor signaling
through autocrine and paracrine mechanisms. In Pik3ca"°**-driven VM
mouse models, single-cell transcriptomics and lineage tracking revealed
clonal expansion of mutant endothelial cells with a post-capillary venous

phenotype, characterized by suppression of the AKT-inhibited FOXO1 and
itstarget genes, including the TIE2 antagonist ANGPT2. Animbalance in TIE2
ligands, likely exacerbated by aberrant recruitment of smooth muscle cells
producing the agonist ANGPTI, increased TIE2 activity in both mouse and
human VMs. While mTOR blockade had limited effects onadvanced VMs in
mice, inhibiting TIE2 or ANGPT effectively suppressed their growth. These
findings uncover a PI3K-FOXO1-ANGPT-TIE2 circuit as a core driver of
PIK3CA-related VMs and highlight TIE2 as a promising therapeutic target.

VMs are a chronic disease of the blood vasculature, characterized by
localized abnormalities encompassing a spectrum of presentations
from superficial, asymptomatic blue or purplish marks to potentially
life-threatening lesions. VMs may develop in various tissues, with a
high prevalence in the skin and subcutaneous tissue’. Classified as
‘slow-flow’ vascular anomalies, they are characterized by enlarged
veins with abnormal smooth muscle cell (SMC) coverage and disrupted
blood flow, and are often associated with increased platelet aggrega-
tion, coagulation, hemorrhages and swelling'.

Most VMs arise from somatic mutations that occur early during
development, disrupting normal vessel formation processes. The most
common among these are activating mutationsin genes encoding the
endothelial TIE2 receptor tyrosine kinase (encoded by TEK)?, or its
downstream effector, the lipid kinase PI3Ka (encoded by PIK3CA)* ™.

The TIE2-PI3K signaling pathway plays a pivotal role in blood vessel
remodeling during development>®. TIE2 signaling is also involved
in the establishment of venous endothelial identity’, as well as the
maintenance of vascular stability and homeostasis in adult tissues®®.
These diverse effects are finely balanced by two key TIE2 ligands, angi-
opoietin1 (ANGPTI) and angiopoietin2 (ANGPT2). ANGPTL1is produced
by perivascular cells and acts in a paracrine manner as a TIE2 agonist,
promoting vascular stability. ANGPT2, onthe other hand, is produced
by endothelial cells (ECs) themselves and primarily functions as an
antagonist that destabilizes blood vessels®’. Inline with this, increased
ANGPT2 levels have been associated with blood vessel instability and
leakage, contributing to vascular dysfunctionin conditions such as sep-
sisand inflammation'®, while ANGPT1 prevents blood vessel leakage®.
Notably, the effects of ANGPT2 are highly context dependent, as in
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Fig.1| Formation of Pik3ca-driven cutaneous VMs in the absence of
developmental angiogenesis and VEGF. a, Genetic constructs for tamoxifen-
inducible BEC-specific expression of Pik3ca™*® b,c, Experimental scheme

for Pik3ca-driven VMs in ear skin following 4-OHT induction at 3 weeks, 10
weeks (b) or 20 weeks (c) of age (50 pg, topical application to each ear) and
analysis. Images show whole-mount immunofluorescence of ear skin with VM
lesions (arrowheads) from 4-OHT-treated Pik3ca"'*“®;Vegfr1-CreER™ mice at
theindicated time points. d, Quantification of vessel growth 2 weeks and 6
weeks after 4-OHT induction. Data represent anincrease in EMCN" vessel area
relative to Cre’ littermate control (Ctrl), mean + s.d. (sample size at 3,10 and 20
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weeks: Ctrl: n =3, 4 and 2 mice, respectively; 2 weeks after 4-OHT, n =3, 2and

NA mice, respectively; 6 weeks after 4-OHT, n = 7,4 and 7 mice, respectively).e,
Experimental scheme (top) for the inhibition of VEGF signaling by intraperitoneal
injection of AAV vectors encoding VEGF-Grab or a control molecule before
induction of vessel overgrowth in the ear skin of Pik3ca°*®:VegfrI-CreER™ mice,
visualized below by whole-mount immunofluorescence. f, Quantification of
vessel growth, shown as achange in EMCN" vessel arearelative to Cre” littermate
Ctrl, mean £s.d. (n =2 (Ctrl + Ctrl-Trap), n =2 (Pik3ca™®*®+ Ctrl-Trap),n =2
(Ctrl+ VEGF-Grab), n = 3 (Pik3ca"°** + VEGF-Grab) mice). Scale bars, 100 pm
(b,cande).

certain situations it can also act as a weak agonist®. ANGPT2 can also
signal through integrinsindependently of TIE2 (ref. 11) and can promote
TIE2 interaction with the closely related TIE1 receptor™.

Individuals with VMs caused by TEK or PIK3CA mutations have
shown promising responses to rapamycin (sirolimus), which targets
mTOR—a downstream component of the PI3K-AKT pathway'. More
recently, alpelisib, a specific PI3Ka inhibitor, has been used to treat
PIK3CA-related overgrowth spectrum, often including VMs", While
these treatments alleviate symptoms, they are rarely curative and have
limited impact on established lesions’. Studies in patient-derived ECs
andingenetic mouse models have demonstrated the expected increase
in cell proliferation upon PI3K-AKT activation®***"°, However, this
effect seems restricted to early-stage lesions, as established lesions
in both humans' and mice'® are non-proliferative. Mouse models of
Pik3ca-related overgrowth have further underscored the exquisite
sensitivity of ECs to abnormal PI3K signaling®* and the necessity of
activeangiogenesis for lesion developmentin the retinaand the central
nervous system™'s, Despite these insights, questions remain regard-
ing the mechanisms that drive disease progression and determine the
predominant manifestation in skin and subcutaneous tissues.

Here, we used a genetic mouse model of VMs in combination
with single-cell transcriptomics to study mechanisms underlying

Pik3ca-driven venous-specific vascular overgrowth. Our findings reveal
anautocrine feedforward mechanism whereby aberrant PI3Ka activa-
tionamplifies TIE2 activity due to animbalanceinthe levels of the TIE2
ligands. This imbalance is partly caused by AKT-mediated inhibition
of FOXO01, leading to reduced transcription of the antagonistic ligand
ANGPT2, concomitant with the recruitment of SMCs producing the
agonisticligand ANGPT1. Importantly, neutralizing these ligands with
asoluble TIE2 protein, or inhibiting TIE2 pharmacologically, reduced
Pik3ca-driven VM growth inmice, highlighting a promising therapeutic
strategy for VM treatment.

Results

Pik3ca-driven VMs form in skin independently of angiogenesis
We employed a mouse model of Pik3ca"***-driven VMs, using
the tamoxifen-inducible blood endothelial cell (BEC)-specific
Vegfrl-CreER™ deleter', to investigate the mechanisms controlling VM
progression (Fig.1a). Consistent with our previous findings'®, expres-
sion of the causative Pik3ca™°*“® mutation in the ear skin vasculature
of 3-week-old juvenile mice resulted in blood-filled vascular lesions
(Extended Data Fig. 1a), which progressively grew within endomucin
(EMCN)-positive veins and capillaries (Fig. 1b), while lymphatic vessels
were unaffected (Extended Data Fig. 1a). Cre™ littermate mice treated
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with 4-hydroxytamoxifen (4-OHT) and carrying the Pik3ca
used as controls, were also unaffected (Extended Data Fig. 1a).

Previous studies in the mouse retina have reported that
Pik3ca-driven VM growth requires active angiogenesis®. To determine
if cutaneous VMs show a similar dependence, we induced Pik3ca*"**®
expression at 10 or 20 weeks of age when the dermal vasculature is no
longer proliferating'®. Unexpectedly, Pik3ca™®#Rstill promoted vascu-
lar lesion formation in this quiescent dermal vasculature (Fig. 1b-d).
Two weeks after topical application of 4-OHT to the adult ear skin,
vascular lesions were smaller compared to those induced in juvenile
mice (Fig. 1b,d). However, by 6 weeks after induction, the overgrowth
and phenotypic characteristics were comparable across the three
induction protocols (Fig. 1b-d). Although systemic low-frequency
recombination was also observed in other vascular beds with this treat-
mentregime’®, VM lesions consistently appeared only in select organs,
such as the female reproductive organs (Extended Data Fig. 1b,c).
The susceptibility of BECs in the uterus, fallopian tube and ovaries to
Pik3ca™**R-driven overgrowth (Extended Data Fig. 1b,c) likely reflects
the continuous angiogenic state of these tissues.

To investigate the dependence of cutaneous VMs on the key
angiogenic regulator vascular endothelial growth factor (VEGF),
Pik3ca™*“*:Vegfrl-CreER™ mice were treated one week before 4-OHT
induction with an adeno-associated virus (AAV) encoding a soluble
VEGF-Grab, which neutralizes VEGF-A, VEGF-B and placenta growth
factor”. An AAV encoding a control trap, incapable of ligand binding,
was used as a control (Fig. 1e). The effectiveness of VEGF neutraliza-
tionwas validated by the VEGF-Grab-induced reduction of the thyroid
vasculature (Extended DataFig.1d), a vascular bed known to be highly
sensitive to VEGF blockade”. While VEGF neutralizationinjuvenile mice
reduced EMCN" dermal vessel area in control mice, it failed to inhibit
lesion formation in Pik3ca™°*® mice (Fig. 1e,f). Neutralizing VEGF one
week after the onset of VM lesion formation also did not affect lesion
growth (Extended Data Fig. 1e), suggesting that VEGF signalingis not
required for VM formation and progression. Taken together, these
findings demonstrate susceptibility of the mouse dermal vasculature to
form Pik3ca™#®-driven vascular lesions, a vascular bed often affected
in individuals with VM carrying this mutation’. This susceptibility
persists beyond the developmental period and evenin the absence of
paracrine VEGF.

Single-cell transcriptomics of mouse skin microvasculature

To characterize the BEC-autonomous mechanisms involved in VM
formation, we first defined the transcriptome of the normal der-
mal microvasculature, to allow comparison to Pik3ca mutant mice.
To this end, we performed Smart-Seq2 single-cell RNA sequencing
(scRNA-seq) of dermal BECs isolated by flow cytometry based on
selection of PECAMI1'PDPN CD45 cells fromthe ears of 4-OHT-treated
Pik3ca™*®:Cdhs-CreER™ and Cre~ littermate mice, as well as an
untreated wild-type C57BL/6) mouse' (Fig. 2a). Previous compari-
sons of CdhS-CreER™-driven and Vegfr1-CreER™-driven VM models
showed similar phenotypes across several parameters'. Intotal, 1,595
quality-controlled cells were processed using the Seurat v3 workflow
with default settings for normalization, feature selection, linear trans-
formation and dimensional reduction. During the analysis, 145 cells
expressing markers of keratinocytes (Krt16, Krt42), platelets (Gp1ba,
Pf4), SMCs (Acta2, Pdgfrb) or fibroblasts (Lum, Colla2) were identified
and removed as contaminants.

We extracted 321 BECs from control mice and conducted batch
effect correction using Seurat canonical correlation analysis. Subse-
quent analysis revealed four distinct clusters based on the expression
of established EC-identity markers: arterial (for example, Vegfc, Bmx
and HeyI) and venous (for example, Nrp2, Emcn and Nr2f2 (encoding
COUP-TFII)) ECs, as well as two distinct capillary (Cap) EC populations
(Fig. 2b,c). Unsupervised trajectory inference analysis using SCORPIUS
demonstrated phenotypic zonation along the arteriovenous (AV) axis

andacross the two capillary subpopulations, termed post-arterial capil-
laries (aCap) and pre-venule capillaries (vCap; Extended DataFig. 2a,b).
TheaCapand vCap clusters showed extensive overlap in marker expres-
sion, with aCap resembling arterial ECs and vCap resembling venous
ECs. For example, a decrease in Sox17 expression was observed along
the AV axis, which coincided with a concomitant increase in Emcn
levels (Fig. 2c and Extended Data Fig. 2b). Additional cluster markers
and data are available at https://makinenlab.shinyapps.io/Mouse_
DermalBloodEndothelialCells/. Whole-mount immunofluorescence of
the ear skin confirmed high SOX17 expression in arteries and extend-
ing into capillaries but absent in regions with high EMCN expression
(Fig. 2d). This zonated expression pattern thus allowed the distinction
between SoxI7-expressing arterial and aCap ECs (Sox17"¢"Emcn™) from
vCap ECs (Sox17°*Emcn'®") and venous ECs (Sox17 EmcnMeh).,

Notably, the venous cluster was characterized by high expression
of genes encoding regulators of immune cell rolling and diapedesis
(Selp, Sele, Ackr1,Icam1; Fig. 2c), characteristic of post-capillary venules
thatare specialized forimmune cell trafficking”*%. Gene Ontology (GO)
analysis of cluster markers further revealed enrichment of biological
processes associated withimmune cell trafficking in the venous cluster,
while the arterial cluster was characterized by processes related to
EC migration, arterial fate decision and EC communication with the
extracellular matrix and SMCs (Fig. 2e).

Conserved transcriptional zonation of human skin vasculature
To investigate the conservation of these signatures in humans, we
extracted expression data from five publicly available scRNA-seq
datasets of human skin (Methods). In total, 45,131 BECs were initially
selected based on the coexpression of pan-EC markers (CD31, CDHS) and
the BEC-specific marker FLT1, while lymphatic ECs expressing PROXI
were excluded. After quality control and removal of contaminating
cells expressing SMC markers (for example, PDGFRB, ACTA2), 36,590
BECs from 23 healthy individuals were included for further analysis.
After correcting for batch effects and technical variation, BECs were
distributed into six clusters (Fig. 2f), defined as arterial (for example,
VEGFC, HEYI), venous (for example, NRP2, NR2F2) and three capillary
(forexample, COL15A1, PLVAP) EC populations (Fig. 2g). These capillary
EC populations were further classified into arterial (aCap) and venous
identities (vCapl, vCap2), with the latter distinguished by the expres-
sion of ATF3, previously described in the skeletal muscle and lung Cap
ECs*?*, as well as genes encoding regulators of cellular stress (FOS,
JUN; datanot shown), growth and metabolism (MYC) and immune cell
trafficking (/CAM1, SELE; Fig. 2g).

Adistinctcluster was observed at theinterface between aCap and
vCap BECs in the uniform manifold approximation and projection
(UMAP) representation, expressing K/T and the angiogenic tip cell
markers ESM1and APLN (Fig.2g and Extended Data Fig. 2¢)*. A compa-
rable population wasidentified in the mouse dataset inasimilar UMAP
position, although it did not form a separate cluster due to low cell
numbers (Extended Data Fig. 2d,e). Although human arterial, venous
and capillary clusters broadly displayed shared marker expressions
similar to those identified in mouse BECs (Fig. 2g; https://makinenlab.
shinyapps.io/Human_DermalBloodEndothelialCells/) and previous
analyses of human vasculature®, some exceptions were observed. For
instance, the expression of mouse venous EC markers (for example,
EMCN, KLF2, APOE), which were present in human arterial but not
venous ECs (Fig. 2g). In contrast, SOX17 was expressed in arterial and
capillary ECs (Fig. 2g and Extended Data Fig. 2h), as observed in mice.
Despite the overall high overlap of artery, vein and aCap markers, lower
conservation was observed for the venous capillary populations vCapl
and vCap2 (Extended Data Fig. 2f). Additionally, we noted shared mark-
ersinarterial and venous ECs at the terminal end of the clusters, sug-
gesting zonation toward larger vessel types (for example, BMX; Fig. 2g
and Extended DataFig. 2g), FBLN2 and LTBP4 (datanot shown). Notably,
ANGPT2was expressed among all human capillary subpopulations, but
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itsexpression was less prevalentin veins and absent in BMX-expressing
ECs of larger arteries and veins (Fig. 2g and Extended Data Fig. 2c).
Human dermal venous and vCap BECs also exhibited high expression
of post-capillary venule genes, including ICAMI, SELP, SELE and ACKR1
(Fig. 2g and Extended Data Fig. 2h).

Together, these data establish a conserved transcriptional zona-
tion of mouse and human dermal microvasculature, revealing a pro-
nounced post-capillary venous phenotype in venous dermal BECs.

Pik3ca"™*® drives venous proliferation and specification

Toidentify Pik3ca™°**-induced transcriptional changes in the dermal
blood endothelium, we integrated BECs from the Pik3ca mutant and
control mice. This integrationrevealed four additional clusters besides
the artery, vein, aCap and vCap ECs observed in the control dataset
(Fig.3aand Extended Data Fig.3a). One of these clustersincluded BECs
from both genotypes and was characterized by the expression of Kit
and markers of angiogenic tip cells (Esm1, Apln), as described for nor-
mal human and mouse BECs. In contrast, the remaining three clusters
were almost exclusively composed of cells isolated from the mutant
mice, thus termed Pik3ca-1-Pik3ca-3 (Fig. 3a) and enriched in cells
expressing the mutant Pik3ca™#* transcript (Fig. 3b). In transgenic

mice, mutant transcript-negative BECs either expressed the wild-type
Pik3ca transcript or showed no transcript expression. However, as
the wild-type Pik3ca transcript was detected in only approximately
30% of the BECs (Extended Data Fig. 3b), it is plausible that even the
Pik3ca™°*®-negative BECsin the mutant-specific clusters are genetically
mutant. Supporting this, comparisons between Pik3ca"°*®-negative
and Pik3ca"*“*-positive BECs within Pik3ca-1and Pik3ca-2 clusters
showed minimal differences (Extended Data Fig. 3c). Pik3ca-3 repre-
sented proliferating BECs expressing cell cycle genes (for example,
CdkIand Mki67; Fig.3c). Notably, the absence of BECs from the control
mice in this cluster (Fig. 3a) indicates the quiescent state of normal
mouse ear skinvasculature already at 5 weeks of age. Additional cluster
markers and data are available at https://makinenlab.shinyapps.io/
Mouse_DermalBloodEndothelialCells/.

Trajectoryinference analysis of theintegrated dataset revealed AV
zonation in control BECs (Fig. 3a,d), in line with the data from control
cells alone (Extended Data Fig. 2b). Interestingly, non-proliferative
mutant ECs (Pik3ca-1 and Pik3ca-2) followed an alternative trajec-
tory (Fig. 3a), and exhibited a venous gene signature including the
expression of venous EC-identity markers (for example, Nrp2, Nr2f2,
AckrI; Fig. 3c,d). The venous phenotype of the mutant clusters was
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further substantiated through the analysis of the top 100 differentially
expressed genes (DEGs) between control BECs within vein and artery
clusters (Fig. 3e). In addition, unsupervised hierarchy tree construc-
tiondemonstrated that the mutant BECs are closely related to BECs of
venous identity (Fig. 3f).

Clonal expansion of BECs with post-capillary venous
phenotype

Next, we asked whether the transcriptional differences observed in
BECs in the non-proliferative Pik3ca-1and Pik3ca-2 clusters could be
attributed to their distinct origins and anatomical locations within
Sox17'Emcn'" capillaries and SoxI7 Emcn"" veins. By focusing on genes
that distinguish vCap from vein ECs, we found that Pik3ca-1ECs share
atranscriptional profile with vCap ECs, while Pik3ca-2 ECs are more
similar to vein ECs. For example, Pik3ca-1showed higher expression
of markers enriched in vCap ECs, such as Sox17, compared to vein ECs
(Fig. 4a). In contrast, (post-capillary) venous markers like Selp, Lrgl,
Ackrl and Icam1 were prominently expressed in the Pik3ca-2 cluster
(Fig. 4a). The conserved zonation profile of the AV markers Sox17and
Lrgl along the BEC trajectories between control and mutant mice
(Fig. 4b) further indicated that the Pik3ca-1 and Pik3ca-2 clusters
broadly displayed the transcriptional identities of vCap and vein ECs,
respectively. Therelative proportion of venous BECs wasincreasedin
Pik3ca™°*® mutants at the expense of other BEC populations (Fig. 4c).
Notably, the proportion of BECs expressing tip cell markers remained
unchanged (Fig. 4c), inagreement with the lack of angiogenic sprouting
inthe mutants (Fig. 1b and ref. 16).

Theidentified expression profiles were also correlated with lesions
located indifferent anatomical positions. Immunofluorescence stain-
ing of the ear skin from Pik3ca™*%;Vegfrl-CreER™ mice identified
EMCN"&"|esions as SOX17 and ICAMI" veins (Fig. 4d and Extended Data
Fig.3d), inline with their morphological and anatomical features, and
thus matching the transcriptional profile of Pik3ca-2 BECs. In addition,
we observed SOX17'EMCN'" [esions (Fig. 4d), as wellas EMCN** lesions
expressing ICAM1 (Extended Data Fig. 3d), matching the transcriptional
profile of Pik3ca-1. To analyze lesion growth dynamics, we tracked
Pik3ca™*“®-expressing BECs using the iChr2-Control-Mosaic reporter?.
This reporter allele allows multicolor clonal analysis, by generating
fluorescently traceable clones expressing a single nuclear-localized
fluorescent protein (mCherry, EGFP or mCerulean) upon Cre-mediated
recombination (Fig. 4e). After the administration of 4-OHT to juvenile
ear skin, recombination was observed in a subset of EMCN"e" veins as
well as EMCN"" capillaries (Fig. 4f). Most recombination events led to
the expression of EGFP or mCherry, while Cerulean was observed rarely,
in line with previous data”. The majority of lesions analyzed 3 weeks
after4-OHT induction (91% + 2%, n =192 lesions from four mice) showed
just one fluorescent marker and were, therefore, likely monoclonal

(Fig. 4f). Indeed, longitudinal intravital two-photon microscopy of
the superficial capillary network confirmed clonal expansion as the
primary mechanism driving lesion growth (Fig. 4g), with an average
increase from 3 + 3 cells at the start to 12 + 11 by the end of the 12-day
observation period (n = 8 lesions; Fig. 4h).

Collectively, these findings indicate that Pik3ca"°* signaling
drives clonal proliferation of BECs within capillaries and veins, and
promotes the expansion of BEC populations with a post-capillary
venous phenotype.

H1047

Prevalent FOXO1-regulated transcription in Pik3ca™°“® BECs
Given the distinct gene expression changes in Pik3ca"°* mutant
ECs, we next attempted to predict transcription factors driving these
cell-autonomous transcriptional programs. The prediction was based
ongene expression differences between the mutant non-proliferative
Pik3ca-1/Pik3ca-2 clusters and their wild-type counterparts. Transcrip-
tion factors identified in both mutant clusters included substrates
of PI3K-AKT signaling, such as FOXO1, SP1 and SMAD3 (Extended
Data Fig. 4a). In addition, we identified transcription factors that are
directtargets (for example, CTNNB1, MYC and TP53) orindirect targets
(for example, LEF1) of the AKT-regulated glycogen synthase kinase-3
(GSK3B; Extended Data Fig. 4a), indicating that the observed transcrip-
tional changes are closely linked to Pik3ca™°* signaling. Consistent
with this, GO term enrichment analysis showed metabolic regulation
asaprominentshared biological response in the two mutant clusters,
with biological processes involved in glycolysis and ADP metabolism
among the top enriched terms (Extended Data Fig. 4b).

Given that FOXO1, the top hit in the transcription factor predic-
tion, is inhibited by AKT through direct phosphorylation and serves
asacentral regulator of EC metabolism and growth®®, we investigated
itsinvolvementin the Pik3ca-induced gene expression changes. To this
end, we compared the PIK3CA-regulated genes to those regulated by
a constitutively active, AKT-resistant FOXO1 mutant (FOXO1*%) in cul-
tured human umbilical vein endothelial cells (HUVECs)”. Consistent
with the opposing effects of PI3K and FOXO1, we found a substantial
overlap betweengenes upregulated in Pik3ca mutant BECs with genes
suppressed by FOXO1** (Extended DataFig. 4c). GO term analysis of this
PI3K-induced/FOXO1-suppressed gene signature showed enrichment
of terms associated with metabolism and extracellular matrix organi-
zation in both Pik3ca clusters (Extended Data Fig. 4d). Additionally,
immune-related terms were enriched specifically in the Pik3ca-2 cluster
(Extended DataFig.4d). Conversely, terms enriched selectively inthe
Pik3ca-regulated but not in the FOXO" gene set included processes
related to vesicular trafficking and actin organization (Extended Data
Fig. 4d), suggesting that these known PI3K-regulated processes are
FOXOlindependent. Together, these dataare consistent with previous
findings® that FOXOl is a crucial regulator of endothelial metabolism

Fig. 4| Pik3ca-driven VM is defined by clonal expansion of BECs with a post-
capillary venous phenotype. a, Heat maps showing relative gene expression

of selected top DEGs between vCap and vein clusters in non-proliferative
disease-specific clusters. Color coding represents average relative expression
across different clusters. b, Top, Average gene expression profile of exemplary
arterial (SoxI7,red) and venous (Lrgl, blue) markers in Ctrl or Pik3ca clusters.
Below, Gene expression of SoxI17and Lrgl insingle cells, ordered along the
Ctrlor Pik3catrajectory shownin Fig. 3a. ¢, Bar graph of relative cell-type
proportions split by genotype based on integrated BECs from Pik3ca™*“*;CdhS-
CreER™ and Ctrl mice. d, Immunofluorescence of ear skin from a 4-OHT-treated
5-week-old Pik3ca™**:Vegfrl-CreER™ mouse, showing vascular overgrowth in
SOX17'EMCN' capillaries (light-green arrowhead) and SOX17 EMCN* veins
(dark-green arrowhead). Phenotypically normal vessel types, annotated based
on their morphology and marker expression, are highlighted by arrowheads
asindicated. Similar results were obtained from two mice. e, Genetic construct
for tamoxifen-inducible expression of a clonal iChr2-Control-Mosaic reporter in
Pik3ca"**":Vegfrl-CreER™ mice. Recombination occurs between arrowheads of
the same color (LoxPssite), resulting in the expression of one of three possible

nuclear-localized fluorescent proteins. f, Whole-mount immunofluorescence

of ear skin from 6-week-old Pik3ca'*®:R26-iChr2-Mosaic; Vegfr1-CreER™ mice
with BECs expressing EGFP or mCherry. 4-OHT treatment (20 pg topically on

the ear) was done at 3 weeks of age. Higher magnifications show representative
EMCN"&" veins of different calibers, and EMCN"" venous capillaries. Similar
results were obtained from >5 mice in three independent experiments. g, Scheme
for longitudinal intravital imaging of lesion growth in Pik3ca™°’®:R26-iChr2-
Mosaic;Vegfrl-CreER™ mice. h, Representative intravital microscopy images of
the dermal microvasculature and BECs expressing EGFP or mCherry (on days O,
3,6 and 9), with nuclei countsindicated. PECAM1 antibody injection was used to
visualize the vasculature. At the end of the experiment (day 12), the same lesions
were imaged following whole-mount staining using confocal microscopy. i,
Quantification of clonal expansion, showing the number of nuclei counted at five
time points within the same lesions. Scale bars, 200 pm (d), 500 pm (f, overview),
100 pum (f, magnifications) and 50 um (h, magnification). 2P, two-photon. Panel
eadapted fromref. 27 under a Creative Commons license CC BY 4.0. Panel g
created with BioRender.com.
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downstream of PI3K-AKT signaling. Furthermore, they suggest addi-
tional roles of PI3K-FOXO1 in governing the post-capillary venous
phenotypeinvenous ECs.

FOXO01-dependent ANGPT2 downregulation elevates TIE2
activity

We next focused on the Pik3ca-2 cluster that constituted the most
expanded BEC population in the mutant vasculature (Fig. 4c). The

top DEG between Pik3ca-2 and the corresponding normal vein ECs was
Angpt2, which was predominantly expressed in venous BECs and down-
regulated in the mutant clusters (Fig. 5aand Extended Data Fig. 3e).In
agreement with the transcriptomic data, immunofluorescence of the
ear skinrevealed ANGPT2 expressionin EMCN" veins in control mice, as
wellasin phenotypically normal veins and tip ECsin the vascular sprouts
of mutant Pik3ca™**® mice (Fig. 5b). In contrast, ANGPT2 expression
was lost in vascular lesions in Pik3ca™**® mutant mice (Fig. 5b). Since
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Fig. 5|Loss of FOXO1-induced ANGPT2 expression and increase in TIE2 activity
in Pik3ca"'°*® -expressing BECs. a, Volcano plot of 7,700 DEGs between Pik3ca-2
and vein clusters. Negative log, fold changes (x axis) represent downregulated
gene expression, while positive log, fold changes represent upregulated gene
expression in the mutant. Differential gene expression was assessed using
Seurat’s Wilcoxon rank-sum test. Significant upregulated and downregulated
genes are marked in green (Pvalue < 0.00001, log,FC > 1; y axis) and those

shared with FOXO1** downregulated genes (from c) are highlighted in red.

b, Whole-mountimmunofluorescence of mouse ear skin showing ANGPT2in
EMCN* venous vessels (arrowheads), but not in vascular lesions in the Pik3ca**®
mutant mouse (arrow). Single-channel images for ANGPT2 staining are shown
onthe right. Similar results were obtained from three mice in two independent
experiments. ¢, ANGPT2transcript levels in HUVECs transduced with AKT-
resistant FOXO1**and Ctrl, analyzed by RNA-seq at different time points. Data
points represent individual biological replicates of ANGPT2 mRNA expression
levels (in fold change), mean £ s.d. (n =3 (Ctrl) and n = 3 (FOXO1*%) at each time
point). **P < 0.001, unpaired two-tailed Student’s t-test: P(16 h) = 0.0006,

mTORC1 t

P(24 h) =0.0005, P(32 h) =0.0001.d, ChIP-seq, ATAC-seq and RNA-seq signals
at the ANGPT2 genomic locus performed in FOXO14*-expressing HUVECs. FOXO
consensus motifs bound by FOXO1 are indicated in orange. Unbound FOXO
motifs are shown in gray. Sequencing signals are represented as reads per
kilobase million (RPKMs). e,f, Immunoblot analysis of immunoprecipitated TIE2
(top) or total cell lysates (TCL; below) from Ctrl HUVECs and HUVECs expressing
PIK3CA"19“ (e) or FOXO1* (f) using the indicated antibodies. AKT, S6, TIE2 and
tubulin TCL western blots were used as sample loading controls. Cells were
starved of serum and left untreated, or stimulated with ANGPT1 (50 ng ml™ (e) or
200 ngml™ (f)), in the presence or absence of the TIE2 inhibitor BAY-826. M, (K)
indicates protein molecular weight marker (inkDa). IgG isotype control was used
asanegative control. Data are representative of two independent experiments.
g, lllustration of the TIE2-PI3K-FOXO pathways (left) and effects of FOXOL1 (via
FOXO01** expression, middle) and PI3K activation (via PIK3CA"%*’ expression,
right) on their pathway effectors. Blue indicates reduced activity; red indicates
increased activity. Scale bars, 50 um (a).

ANGPT2isregulated by FOXO1 (refs. 30,31), we assessed its expression
in HUVECs expressing the PI3K-AKT-insensitive FOXO1** mutant. This
analysis revealed a strong and time-dependent induction of ANGPT2
transcriptlevels in FOX01**-expressing ECs (Fig. 5¢). Moreover, studies
of FOXO1 chromatin immunoprecipitation followed by sequencing
(ChIP-seq) indicated that ANGPT2is a direct FOXO target gene, with
FOXO1 binding to several canonical FOXO DNA-binding motifs in the
ANGPT2genomiclocus (Fig. 5d). Additionally, the activated state of the

ANGPT2gene wasindicated by acetylated histone H3 Lys27 (H3K27ac),
trimethylated histone H3 Lys4 (H3K4me3) and an ‘open’ chromatin,
revealed by the assay for transposase-accessible chromatin using
sequencing (ATAC-seq; Fig. 5d), establishing ANGPT2 as abona fide
FOXOl target gene.

ANGPT2 is an autocrine context-dependent antagonist of TIE2
(ref. 8),an endothelial receptor tyrosine kinase frequently mutated in
VMs' and an upstream regulator of PI3K. To investigate the potential
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effect of PI3K-mediated ANGPT2 regulation on TIE2 signaling, we ana-
lyzed TIE2 phosphorylation status in HUVECs expressing PIK3CA"1°4%,
with or without the agonistic ANGPT1ligand. Immunoblot analysis with
aphospho-tyrosine (pTyr)-specific antibody following TIE2immuno-
precipitationrevealed low baseline phosphorylation of TIE2 in control
HUVECs (Fig. Se), potentially resulting from the expression of the TIE2
agonist ANGPT1 in these cells (bulkECexplorer®). This phosphoryla-
tion increased in HUVECs expressing PIK3CA™°“® (Fig. 5e). Immuno-
blotting of total cell lysates confirmed downregulation of ANGPT2
and increased phosphorylation of the PI3K pathway targets AKT and
ribosomal S6 in PIK3CA™°*R-expressing HUVECs (Fig. 5¢). Mutant
HUVECs also exhibited a stronger response to ANGPT1 stimulation
compared to control HUVECs, with agreaterincrease in TIE2 and AKT
phosphorylation, whichwas inhibited by treatment with the selective
TIE2 inhibitor BAY-826 (Fig. 5e)*’. In contrast, the expression of the
constitutively active FOXO1** mutant resulted in high ANGPT2 levels
and lower baseline TIE2 phosphorylation compared to control HUVECs
(Fig. 5f). Additionally, FOXO1** expression reduced ANGPT1-induced
phosphorylation of both TIE2 and AKT, which was also inhibited by
BAY-826 (Fig. 5f).

Together, these findings indicate that TIE2 signaling, amajor driver
of VMs, is activated in Pik3ca'***-expressing venous ECs. Based on our
in vitro data and the established role of PI3K-AKT signaling in FOXO
inactivation, our results suggest that this activationis mediated, at least
inpart, by PI3K-AKT-induced FOXOlinactivation and the resulting loss
of the antagonistic ANGPT2 ligand (Fig. 5g).

Elevated TIE2 phosphorylation in Pik3ca-driven VMs in mice
Next, we assessed the activation status of TIE2in the mutant vasculature
using two complementary approaches. First, we performed in situ
proximity ligation assay (PLA) on paraffin sections of mouse ear skin
using antibodies against pTyr and the intracellular domain of TIE2.
This analysis showed an increase in PLA signal in PECAMI" vessels of
the Pik3ca"**®:Vegfrl-CreER™ mutant mice in comparison to litter-
mate controls (Fig. 6a,b and Extended Data Fig. 5a), indicating robust
TIE2 activation. The low PLA signal in the control (Fig. 6a,b) suggests
minimal baseline TIE2 activity in the quiescent dermal vasculature. To
validate these findings, we performed immunofluorescence staining
using a phospho-TIE2 antibody and quantified the signal intensity as
ameasure of phosphorylation level. Consistent with the PLA results,
pTIE2levels were markedly elevated in Pik3ca™°*® mutant vessels com-
pared to controls (Fig. 6¢,d).

Giventhatrobust TIE2 activation requires agonist stimulation, we
explored the Human Protein Atlas** for potential cellular sources of
ANGPTI1.SMCsappeared as a primary source of ANGPT1across multiple
organs (Extended Data Fig. 6a) and specifically in the skin (Extended
DataFig. 6b). Importantly, vascular lesions in Pik3ca mutants exhibited
prominent coverage by SMCs, with notable ectopic recruitment of
SMCs to the dermal capillary bed (Fig. 6e,f and Extended Data Fig. 1c)
aswellasto the abnormal uterine vasculature (Extended DataFig. 1c).
Immunofluorescence labeling of control ear skin revealed a subset
of SMCs expressing ANGPT1 specifically in veins, but not in arteries
(Fig. 6g and Extended DataFig. 6¢). Additionally, alpha smooth muscle
actin (aSMA)-positive cells were found detached from vessels, likely
representing myofibroblasts (Fig. 6g). Interestingly, in the Pik3ca
mutant vessels, ANGPT1-expressing SMCs surrounded actively grow-
inglesionsinboth veins and venous capillaries, with proliferating ECs
marked by EdU incorporation (Fig. 6g).

To investigate mechanisms that explain this aberrant SMC
recruitment, we revisited the integrated scRNA-seq dataset of
BECs from control and Pik3ca mutants, this time including the
Acta2'Pdgfrb* SMC cluster. Using CellChat, we interrogated interac-
tions among all vascular cell types, including the SMC cluster (Fig. 6h).
As expected from previous studies, the PDGF-PDGFRB interaction
was identified as a general interaction between all ECs and SMCs,

with the highestinteraction scores observed between the Kit-EC and
SMC clusters, as well as artery and SMC clusters (Fig. 6i). Moreover,
HBEGF-EGFR interaction prediction was significant between the
mutant Pik3ca clusters (Pik3ca-1 and Pik3ca-2) and SMCs, as well as
between the Kit-EC and SMC clusters. Additionally, the proliferating
Pik3ca-3 cluster was predicted as a significant HBEGF receiver popula-
tion expressing Egfr (Fig. 6h,i).

Together, these findings show increased TIE2 phosphorylation
in vivo in Pik3ca™°*®-expressing endothelium, and reveal ectopic
recruitment of SMCs and their signaling interactions with ECs,
including ANGPT], as potential contributors to TIE2 activation and
VM growth.

Increased TIE2 phosphorylation in human VMs

To assess the clinical relevance of the findings, we analyzed TIE2
phosphorylation in biopsy samples of skin from 13 individuals with
VMs. The clinical features of the selected individuals with activating
PIK3CA mutations and those with TEK mutations, used as positive
controls, are summarized in Supplementary Table 1. In addition, skin
samples from two healthy individuals were included for comparison.
Paraffin-embedded skin sections were stained with hematoxylin and
eosin (H&E) to differentiate between normal non-lesional (NL) tissue
and lesion regions (VM; Fig. 7a), and PLA was performed on adjacent
sections to compare these regions. As expected, PECAMI lesional ves-
selsinmostindividuals withactivating TEK mutations (4 of 6) showed
astrong increase in TIE2-pTyr PLA signals compared to the adjacent
NL tissue and tissue from healthy individuals (Fig. 7b,c and Extended
Data Fig. 7a-d and Extended Data Fig. 5b). A similar increase in TIE2
phosphorylation was observed inindividuals with PIK3CA mutations,
including the p.His1047Arg (4 of 5) and p.Glu542Lys or p.Glu545Lys (2
of2) mutations (Fig. 7b,c and Extended DataFig. 7a-d). Additionally, we
observed prominent, althoughirregular, SMC coverage around lesions
inboth groups (Fig.7d,e). Inboth PIK3CA and TEK VMs, approximately
20% of the vessel arealacked SMC coverage (Fig. 7d). However, in PIK3CA
mutant VMs, around 60% of the vessel area was covered by multiple
layers of SMCs, compared to 40% in TEK-related VMs (Fig. 7d), which
was accompanied by a significant increase in the overall width of the
SMC layer (Fig. 7e). These results suggest that increased TIE2 activity
and uncontrolled SMC recruitment may contribute to the pathogenesis
of human VMs caused by PIK3CA mutations.

TIE2 inhibition limits Pik3ca-driven VM growth

To explore the therapeutic potential of TIE2 inhibition in VMs, we
treated Pik3ca°*%;Vegfrl-CreER™ mice with the selective TIE2 inhibi-
tor BAY-826 alone or in combination with the clinically used mTOR
inhibitor rapamycin. First, we initiated TIE2 inhibition at the onset
of lesioninduction, one week after 4-OHT application, and analyzed
ear skin after 3 weeks of treatment with BAY-826 (Extended Data
Fig. 8a,b). Whole-mount immunofluorescence revealed modest inhi-
bition of EMCN" vessel growthin mice treated with BAY-826 compared
to vehicle-treated controls (Extended Data Fig. 8b,c). As previously
demonstrated®, intraperitoneal administration of the mTOR inhibitor
rapamycin also inhibited VM growth (Extended Data Fig. 9a). Nota-
bly, combined administration of BAY-826 and rapamycin prevented
lesion formation (Extended Data Fig. 8b,c), while treated Cre™ con-
trol littermates showed no apparent vascular alterations (Extended
DataFig. 9b,c), and no significant differences between the sexes were
observed (Extended Data Fig. 9d).

To test the therapeutic effect of BAY-826 onadvanced VM lesions,
thetreatment was initiated at 3 weeks after 4-OHT induction and admin-
istered every other day (Fig. 8a). Analyzing the ear skin following a
2-week treatment regimen showed a minimal effect of rapamycin on
vascular growth when compared to the respective vehicle control
(Fig. 8b,c). In contrast, oral BAY-826 reduced the EMCN" vascular
area by 39% compared to the vehicle control (Fig. 8c). This reduction
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Fig. 6 | Increased TIE2 phosphorylation and SMC coverage in Pik3ca-driven
VMinmice. a, PLA staining of activated TIE2 on ear skin paraffin sections from
Pik3ca"™**:Vegfr1-CreER™ and Cre" littermate Ctrl mice, detected using pTyr

and TIE2 antibodies. DAPI marks cell nuclei. b, Quantification of PLA signals
within PECAMI" blood vessels. Data represent the number of PLA dots per pm? of
PECAMLI' vessel area, mean + s.d. (n = 8 (Ctrl) and n = 26 (Pik3ca"*¥®) vessels from
four mice per genotype, unpaired two-tailed Student’s t-test, ****P = 0.0000054).
¢, Immunofluorescence of ear skin paraffin sections from Pik3ca™ "% VegfrI-
CreER™ and Cre” littermate Ctrl mice using phospho-TIE2 antibodies. d, Phospho-
TIE2 signal within EMCN' vessels, represented as corrected total cell fluorescence
(CTFC) of EMCN" vessel area. Data points represent pTIE2 CTFC, mean +s.d.
(n=20 (Ctrl) and n = 31 (Pik3ca"***) vessels from two mice per genotype,
unpaired two-tailed Student’s ¢-test, ***P = 0.000096; Extended Data

Fig. 8d). e, Whole-mount immunofluorescence of ear skin from Pik3ca »

HI047R .

VegfrI-CreER™ and Cre” littermate Ctrl mice using XSMA antibodies 6 weeks after
4-OHT induction. f, Quantification of SMC coverage of veins and capillaries,
shown as average percentage of EMCN* area, mean + s.d. (n = 4 (Ctrl) and

n =8 (Pik3ca™°**) mice, unpaired two-tailed Student’s t-test, P(vein) = 0.173
(NS, not significant) and ****P(capillary) = 0.0000078). g, Whole-mount
immunofluorescence of ANGPT1" cells associated with veins and capillaries one
week after 4-OHT induction. Proliferating cells (arrowheads) were labeled in
mutant mice with EQU 16 h before analysis. Asterisks indicate vessel-detached
ANGPTTI" cells. h,i, Violin plots showing gene expression of AngptI and selected
marker genes of EC-SMC interaction (h) and heat map showing relative
importance of two selected ligand-receptor pairs, generated using CellChat
(i), in Ctrland Pik3ca EC clusters from Fig. 3a as well as in SMCs from the same
dataset. Scale bars, 50 um (aand g), 20 pm (c) and 100 pm (e).
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Fig.7|Increased TIE2 phosphorylationin human PIK3CA-driven VMs.

a, H&E-stained paraffin sections of cutaneous VMs from individuals with
PIK3CA (top) or TEK (below) mutations. Areas defined as non-lesional (NL)

and VM lesions are indicated. b, PLA staining of activated TIE2, detected using
pTyrand TIE2 antibodies, in representative vessels from indicated NL and VM
regions. DAPI marks cell nuclei. ¢, Quantification of PLA signals within PECAM1*
veins, represented as mean PLA dots per EC nucleus * s.d. (n =7 (PIK3CA),
n=6(TEK),n=2(Ctrl)and n =5 (NL) individuals, with symbols indicating
different mutations; ordinary one-way analysis of variance (ANOVA) and
Tukey’s multiple-comparison test, **P(PIK3CA VM versus Ctrl vein) = 0.0027 and
**P(TEK VM versus Ctrl vein) = 0.0078; Extended Data Fig. 7). d, Representative
immunofluorescence image (left) and quantification (right) showing the
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proportion of SMC coverage in vessels from VM and NL regions, categorized into
three groups: multilayered (>two rows of aSMA-associated nuclei; red), single-
layered (1-2 rows of aSMA-associated nuclei; blue) and discontinuous (lack of
SMC coverage; gray). Arrowheads indicate examples of each category. DAPI
marks cell nuclei; xSMA marks SMCs. e, Quantification of the SMC layer thickness
in PIK3CA and TEK individuals, presented as the mean + s.d. (PIK3CA individuals
P1(n=11) and P2 (n=4 vessels); TEKindividuals T1(n=3),T2(n=3)and T3 (n=8
vessels); NLregions P1(n=4),P2(n=4),T1(n=>5)and T3 (n =3 vessels)). Ordinary
one-way ANOVA and Tukey’s multiple-comparison test, ****P(PIK3CA VM versus
NL vein) =0.0000071and **P(TEK VM versus NL vein) = 0.003. Scale bars, 50 pum
(bandd).

increased to 60% when TIE2 inhibition was combined with rapamycin
(Fig. 8c). Immunostaining confirmed reduced TIE2 phosphorylation
in BAY-826-treated and combination-treated mice (Extended Data
Fig. 8d). While BAY-826 treatment did not significantly affect SMC
coverage of veins or recruitment to the capillary bed (Extended Data
Fig. 8e) or lesion numbers (Extended Data Fig. 8f), it significantly
decreased venous vessel diameter—by 71% alone and by 94% in com-
bination with rapamycin—a phenotypic outcome not observed with
rapamycin alone (Fig. 8d).

Tofurther substantiate these data, we used AAV vectors encoding
a soluble TIE2 extracellular domain (AAV9-mTIE2-ECD)* to neutral-
ize the ANGPT ligands (Fig. 8e). AAVs were administered one week
before4-OHT induction, and rapamycin treatment started 2 weeks after
induction for a2-week period (Fig. 8e). Ligand neutralization alone sig-
nificantly reduced vascular areain most mice, with the greatest effect
achieved when combined with rapamycin (Fig. 8f,g), while the decrease

in vessel diameter was similar between the two treatments (Fig. 8h).
Notably, the combined ligand-neutralizing and rapamycin treatment
alsoledtoasignificant decreasein SMC coverage of mutant capillaries
and lesion numbers, while veins remained unaffected (Extended Data
Fig.8g). Control mice treated with AAV-TIE2-ECD showed no apparent
vascular alterations (Extended Data Fig. 9e,f).

Next, we performed intravital two-photon imaging of lesions
before and after BAY-826/rapamycin treatment to study the
dynamics of lesion growth. While most lesions continued to grow
in untreated mice, they stopped growing or even decreased in cell
number in those administered with the combinatorial treatment
(Fig. 8j,k).

Collectively, these findings demonstrate that inhibition of
upstream TIE2 signaling effectively suppresses Pik3ca-driven VM
growth, in particular when combined with rapamycin, suggesting a
promising therapeutic strategy for treating advanced VMs.
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(n=5(vehicle), n=5(BAY-826), n =4 (rapa), n = 7 (BAY-826 + rapa) mice; c);
orincreasein vessel diameter relative to Cre~ littermate controls, mean +s.d.
(n=5(vehicle),n=5(BAY-826),n =4 (rapa), n = 4 (BAY-826 + rapa) mice (d). e,
Experimental scheme for the induction of VMs and inhibition of TIE2 signaling by
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of ear skin from Pik3ca™°*®:Vegfr1-CreER™ mice (f) and quantification of the
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relative to Cre” littermate Ctrl mice, mean * s.d. (n =14 (untreated), n = 8 (TIE2-
ECD), n=4(rapa), n="7 (TIE2-ECD + rapa) mice; g); or increase in vessel diameter
relative to Cre’ littermate Ctrl mice, mean +s.d. (n =18 (Ctrl); Cre* cohorts: n =14
(untreated), n =8 (TIE2-ECD), n =4 (rapa), n = 7 (TIE2-ECD + rapa) mice (h).1i,
Scheme for assessing BAY-826 treatment response in Pik3ca''°**:R26-iChr2-
Mosaic;Vegfrl-CreER™ mice. j, Top, Intravital two-photon (2P) microscopy images
of the dermal microvasculature stained using intravenous PECAM1 antibody
injection, showing clonal lesions expressing EGFP or mCherry, at the start of
treatment period. Below, Confocal images of the same lesions after a 2-week
treatment period. Boxed regions are magnified on the right. k, Quantification of
clonal expansion showing pretreatment and post-treatment nuclei counts (n =42
lesions from six Ctrl mice and n = 24 lesions from three BAY-836-treated mice). In
c,d, g handk, *P<0.05,*P<0.01,***P<0.0001, ordinary one-way ANOVA and
Tukey’s multiple-comparison test (¢, d, g and h) and paired two-tailed Student’s
t-test (k). Scale bars, 100 um (b and j, magnification) and 500 pm (b, fandj,
overview).
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Discussion

VMs frequently arise from mutations that lead to aberrant activation
ofthe endothelial TIE2 receptor, a critical regulator of normal venous
differentiation and growth. VMs can also result fromactivating muta-
tionsin the ubiquitous downstream effector PI3Ka, whichis normally
activated by TIE2 and various growth factor receptors. In this study,
we uncovered a venous-specific signaling circuit involving a PI3K-
FOXO1-ANGPT-TIE2 cascade that contributes to the vessel-type selec-
tive development of PI3Ka-driven vascular malformations. In mutant
venous BECs expressing constitutively active Pik3ca™*®, reduced
ANGPT2expressionresults from AKT-mediated inactivation of its tran-
scriptional regulator, FOXO1 (Extended Data Fig. 10). This coincided
with ectopic recruitment of SMCs expressing the TIE2 agonist ANGPT1
andincreased TIE2 activity. Notably, TIE2 inhibition or ligand neutrali-
zation was more efficient than rapamycin in suppressing the growth
ofadvanced VM lesions, suggesting a potential therapeuticapproach
for treating PIK3CA-related venous overgrowth.

VMs are highly prevalent in the skin and subcutaneous tissue’.
Susceptibility of the skin to Pik3ca-driven VM formation was recapitu-
lated in mice upon BEC-specific expression of the disease-causative
Pik3ca™¥ mutation, highlighting the clinical relevance of the model
used in this study. In line with previous findings'®, we found that the
development of cutaneous VM lesions occurred in the absence of
developmental growth, and could even be induced in mature quies-
centvasculature. Interestingly, we found that VM lesion development
was not inhibited by the blockade of the major angiogenic regula-
tor VEGF, suggesting involvement of other growth factors. This isin
contrast to cutaneous lymphatic malformations, where the related
lymphangiogenic growth factor VEGFC is essential for Pik3ca-driven
vessel overgrowth'.

Using single-cell transcriptomics, zonation along the AV axis
withinthe dermal microvasculatureinboth mouse and human datawas
identified. Conservation of markersin the mouse vasculature, includ-
ing typical post-capillary venule markers (for example, ICAMI and SELE)
and pre-venular capillary markers (SOX17), was demonstrated, con-
sistent with findings previously reported in human skin®®. Notably, all
venous ECsinour dataset, making up 18% of the total dermal EC popula-
tion, exhibited amolecular signature typical of post-capillary venules,
which are the major sites for leukocyte extravasation. In contrast, the
brain vasculature has a similar proportion of venous ECs, but only 3%
of the EC population exhibits a post-capillary venous phenotype®. This
underscores the presence of tissue-specific molecular and functional
traits related to immune cell trafficking that may contribute to the
unique responsiveness of dermal veins to Pik3ca-driven overgrowth.

Analysis of single-cell transcriptomes and clonal tracing of BECs
showed a selective expansion of venous and venous capillary ECs in
the Pik3ca mutant mice. While the differences in disease pathology
between the two lesion types remain incompletely understood, it
is plausible that, like normal veins and venous capillaries, they have
different abilities to regulate immune responses and control vas-
cular leakage depending on their vessel of origin. Such differences
could have critical implications for disease progression and thera-
peutic responses. Predicted transcription factor activity, based on
Pik3ca-driven gene expression changes within these EC populations,
identified the AKT-inhibited transcription factor FOXO1 as a central
regulator of the PI3K-driven metabolic program and post-capillary
venous traits. Intriguingly, aprominent expression of FOXO1 was shown
previously in human skin post-capillary venules®. Of particular inter-
est, we showed that the antagonistic TIE2 ligand, ANGPT2, isabonafide
direct FOXO1 target gene, which is transcriptionally induced directly
upon FOXO1 activation. ANGPT2 was expressed in dermal veins but
absentin Pik3ca-driven VM lesions. Similarly, inhibition of FOXO1and
ANGPT2 transcription has been reported in HUVECs expressing the
TIE2 overactivating mutation p.Leu914Phe’®. Pik3ca-driven VM lesions
showed an increased presence of SMCs producing the TIE2 agonist

ANGPTI (ref. 39 and this study), along with an increase in venous EC
TIE2 activation that was also detected in biopsy samples of cutaneous
PIK3CA-related human VMs. These results suggest a shiftin the balance
of TIE2-activating ligands, akey regulatory mechanism for venous dif-
ferentiation and growth’, which canalso promote the transformation
of inflamed capillaries into venules primed for leukocyte trafficking*°.
The post-capillary venous characteristics of the Pik3ca-driven lesions
may, in turn, promote leukocyte influx and inflammation, which has
increasingly been recognized as an important component of the
pathogenesis of different types of vascular malformations**2 In
support of these notions, our previous analyses of a mouse model of
advanced Pik3ca-driven cutaneous VMs revealed infiltration of B cells
and neutrophils'®, which can produce ANGPT1 (ref. 40) and thereby
further amplify TIE2 signaling.

Rapamycin, whichtargets the AKT downstream effector mTORCI,
has shown successin the clinical treatment of VMs, although its effec-
tiveness can vary'. In particular, treatment duration and timing may
impact outcomes. Most clinical studies involve long-term rapamycin
treatment to manage established lesions, whereas better overall effi-
cacy is observed when therapy is initiated early****. This improved
effect is likely due to its antiproliferative action on actively growing
lesions, inhibiting cellular anabolism, protein synthesis and growth.
The short-term rapamycin treatment scheme used in our study,
designed for a rapidly developing mouse model of VM, differs from
clinical treatment regimens. Nevertheless, we found that TIE2 inhibi-
tion over a2-week treatment period was more effective inreducing the
growth of advanced Pik3ca-driven VMs in mice compared to rapamycin
treatment. Our analysis did not reveal a statistically significant addi-
tive effect of BAY-826-mediated TIE2 inhibition when combined with
rapamycin over a 2-week treatment period. However, in mice treated
withsoluble TIE2 from lesion initiation, short-term rapamycinadmin-
istration after lesion establishment led to a significant reduction in
vessel area and capillary SMC coverage compared to TIE2 ligand neu-
tralization alone. While this treatment scheme is not therapeutically
applicable to humans, it serves as proof of principle for theinvolvement
of TIE2 in Pik3ca-driven VMs.

Rapamycin has additional context-dependent effects that war-
rant consideration. The well-known immunosuppressive effects of
rapamycin* may contribute to its beneficial effects in limiting vas-
cular lesion growth, as has been proposed, at least in the case of
lymphatic malformation'. While the second mTOR complex, the
AKT-activating mTORC2, is not directly inhibited by rapamycin, pro-
longed treatment has been shown to affect its activity in certain cell
types by inhibiting the assembly of the complex*®. This likely explains
the reduced AKT phosphorylation observed in cultured ECs carrying
activating TEK or PIK3CA mutations after rapamycin treatment**%,
Conversely, in PI3K-dependent cancers, rapamycin treatment has been
shown to trigger a feedback activation of PI3K-AKT, which involves
mTORCI1 substrates*. The context-dependent impact of rapamycin
on mTOR-mediated AKT regulation may contribute to the varying
success of rapamycin in different clinical contexts. Although AKT is
acknowledged as the major downstream effector of PI3K, it should
alsobe noted that PI3K isinvolvedin other cellular processes indepen-
dently of AKT. The complexity of the PI3K pathway underscores the
potential for therapeutic interventions in VMs through inhibitors of
itsfeedback regulators, such as TIE2. The critical role of TIE2 signaling
inpreserving vascular integrity may explainwhy its short-terminhibi-
tionis effective on advanced lesions, as opposed to rapamycin alone.
However, it seems essential to target aberrant TIE2 activity without
blocking it completely, to avoid potentially negative effects on ves-
sel integrity. Interestingly, the compassionate use of the TIE2 kinase
inhibitor rebastinib was reported to significantly improve both the
outcome and quality of life of a patient with severe cervicofacial VMs
caused by an activating TEK mutation, which had been refractory to
other treatments®.
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In summary, our findings highlight the importance of TIE2
signaling as a critical access point for treating advanced VMs. Even
ashort-term treatment regimen may offer an alternative strategy for
patients with intractable lesions.

Methods

Mouse lines and treatments

R26-LSL-Pik3ca™®*® mice*® were crossed with CdhS-CreER™
mice® or Vegfrl-CreER™ mice'®, and analyzed on a C57BL/6) back-
ground. For clonal tracing, the mice were further crossed with
iChr2-Control-Mosaic” animals. Cre-mediated recombination was
induced by topical application of 25 pg (CdhS-CreER™) or 50 pg
(Vegfrl-CreER™) of 4-OHT (Sigma-Aldrich, H7904), dissolved inacetone
(5 mg ml™), to the skin, equally distributed on both the dorsal and
ventral sides of both ears. TIE2-inhibitor treatments were performed
via oral gavage every second day with a dose of 25 mg per kg body
weight of BAY-826 (Tocris Bioscience, 6579), which was dissolved in
the emulsifying agent Kolliphor HS 15 (BASF, 70142-34-6) and pre-
pared with a vehicle ratio of 50% H,0/40% Kolliphor/10% ethanol as
previously described®. Rapamycin (LC Labs, R-5000), dissolved in
dimethylsulfoxide, was administered viaintraperitoneal injectionata
dosage of 10 mg per kg body weight every second day. For combination
treatments, BAY-826 and rapamycin were administered on alternate
days. Inall experiments, 4-OHT-treated Cre littermate mice carrying
the Pik3ca™®*® allele were used as controls. Cre* vehicle controls were
treated with either 50% H,0/40% Kolliphor/10% ethanol solution or
dimethylsulfoxide.

AAV vectors and treatments

For VEGF inhibition, we used AAV vectors encoding VEGF-Grab3-mFC
(VEGF-Grab). Human VEGF-Grab3 insert was excised from the
pDHFR-VEGF-Grab3 plasmid” (a kind gift from H. M. Kim (Korea
Advanced Institute of Science and Technology (KAIST); Graduate
School of Medical Science & Engineering, KAIST, Daejeon, South Korea)
and G. Y. Koh (Institute for Basic Science and KAIST, Daejeon) and
cloned into a derivative shuttle vector of pUC19. The hVEGF-Grab3
was cut asaNhel-Xbal fragment and cloned into the destination vector
psubCAG-WPRE. The mouse version, psubCAG-WPRE-mVEGF-Grab3,
was created by site-directed mutagenesis and by replacing human
sequences with the mouse paralogs synthesized by PCR from mouse
cDNA. Like the original h\VEGF-Grab3, the mVEGF-Grab3 also contains
the CH2 and CH3 domains of the mouse IgG heavy chain, allowing for
detection with anti-mouse IgG antibodies conjugated with horse-
radish peroxidase. As a control AAV9-mVEGFR3,_,-mFc (encoding a
non-ligand-binding domain of VEGFR3 fused to Fc) was used. Recom-
binant AAV preparations of serotype 9 particles were generated as
previously described®.

AAV9-VEGF-Grab3-mFC (VEGF-Grab) or AAV9-mVEGFR3,,-mFc
(control) in PBS was administered by intraperitoneal injectionat asin-
gle dose of 1 x 10" virus particles at 3 or 4 weeks of age. For TIE2 ligand
neutralization, AAV9-mTIE2(ECD)-Flag®® at a single dose of 5 x 10"
virus particles in PBS was administered by intraperitoneal injection
at3weeks of age. Experimental procedures on mice were approved by
the Uppsala Animal Experiment Ethics Board (permit numbers130/15,
5.8.18-06383/2020 and 5.8.18-03362/2021) and performed in compli-
ance with all relevant Swedish regulations.

Immunostaining of whole-mount ear skin

Ear skin was fixed in 4% paraformaldehyde at room temperature (RT)
for2 hand permeabilizedin 0.3% Triton X-100 in PBS (PBST) for 10 min.
After blocking with 5% bovine serum albumin (BSA) in PBST for2 h, the
tissues were incubated with primary antibodies overnight at 4 °C in
3% BSA-PBST blocking buffer. Subsequently, the tissues were washed
with PBST and incubated with fluorescence-conjugated secondary
antibodies for2 hat RT under light protection. Proliferating cells were

detected by labeling DNA synthesis using the Click-iT EdU Cell Pro-
liferation Kit for Imaging (Thermo Fisher Scientific). In total, 25 mg
per kg body weight of EU was injected intraperitoneally 16 h before
dissection of the ear skin. EAU staining was performed according to
the manufacturer’s instructions with an incubation time of 40 min
at RT. After additional washes in PBST, the samples were mounted in
Fluoroshield (Sigma, F6182) histology mounting media and stored at
4 °Cbeforeimaging.

The following primary antibodies were used for whole-mount
immunofluorescence (dilution 1:200): hamster anti-mouse CD31/
PECAM12H8 (Invitrogen, MA3105), rat anti-mouse EMCN (Santa Cruz
Biotechnology, sc-65495), goat anti-human SOX17 (R&D Systems,
AF1924) and humanized monoclonal anti-ANGPT2 antibody (ABTAA)**,
a kind gift from G. Y. Koh). Rabbit anti-ANGPT1 antibody (Protein-
tech, 23302-1-AP) was used at a dilution of 1:100. For aSMA staining a
mouse Cy3-conjugated antibody (Sigma, clone 1A4, C6198) was used
(dilution 1:500). Secondary antibodies used for whole-mount immu-
nofluorescence were obtained from Jackson ImmunoResearch (dilu-
tion 1:500): donkey anti-rat IgG-AF488 (712-545-153), donkey anti-rat
IgG-Cy3 (712-165-153), donkey anti-rat AF680 (712-625-153), donkey
anti-goat AF680 (706-625-147), donkey anti-human Cy3 (709-165-149),
rabbit anti-hamster-Cy3 (307-165-003) and donkey anti-rabbit AF488
(711-545-152).

Insitu PLA and immunostaining of paraffin sections

Mouse ear skin was fixed in 4% paraformaldehyde and embedded
in paraffin. Tissues were sectioned to a thickness of 8 um, and then
subjected to deparaffinization and rehydration using xylene and a
series of descending alcohol concentrations to remove paraffin. After
rehydration, antigen retrieval was performed using 10 mM sodium
citrate buffer, pH 6, at 95 °C. Sections were permeabilized with 0.3%
PBST for 10 min at RT and blocked in 5% BSA-PBST for1hat37°Cina
humidity chamber beforeimmunostaining using rat anti-mouse EMCN
(Santa Cruz Biotechnology, sc-65495) and rabbit anti-mouse/human
phospho-Tie2 (pY992; R&D Systems, AF2720) antibodies (dilution
1:200). Alternatively, sections were subjected to PLA using rabbit pTyr
(P-Tyr-1000 MultiMab, Cell Signaling, 8954, dilution 1:200) and goat
anti-mouse TIE2 (R&D Systems, AF762, dilution 1:200), followed by
co-staining using hamster anti-mouse CD31/PECAM12HS (Invitrogen,
MA3105, dilution1:200). TIE2 and pTyr antibodies were used individu-
ally as technical controls. The PLA between TIE2 and pTyr was con-
ducted following the NaveniFlex Tissue GRkit instructions with TEX615
detection fluorophore (Navinci, formerly Olink Bioscience, NT.GR.100.
RED). Following primary antibody incubation or PLA reaction, sections
were washed in TBST and subsequently incubated with donkey anti-rat
IgG-AF488 (712-545-153, dilution 1:500) and donkey anti-rabbit IgG
Highly Cross-Absorbed AF647 Plus (A32795, dilution 1:500) secondary
antibodies forimmunostaining, or rabbit anti-Syrian hamster second-
ary antibody AF594 (Jackson ImmunoResearch, 307-585-003, dilution
1:500) for PLA for 2 h at RT under light protection. After an additional
washing step in TBST, sections were stained for DAPI (ready-made solu-
tion, Sigma-Aldrich, MBD0OO15) and slides were mounted using Eukitt
Quick-hardening mounting media (Sigma-Aldrich, 03989). Human
paraffin sections (5 pm) were treated as described above and antibod-
ies used were rabbit pTyr (P-Tyr-1000 MultiMab, Cell Signaling, 8954,
dilution 1:200) and goat anti-human TIE2 (R&D Systems, AF313, dilu-
tion1:200). PLA dot quantification for human samples was automated
using acustomscriptinFiji, available at https://github.com/TMA-Lab/
PIK3CA-driven-venous-malformations/. The study on human VMs was
approved by theinstitutional review board of the University of Freiburg,
Germany (21-1200) and of University of Louvain, Brussels, Belgium
(B403201629786). Informed consent was obtained from the partici-
pants (adults) or from the participants and their parents (children).
Analysis of human biopsy material was approved by the Swedish Ethi-
cal Review Authority (Etikprovningsmyndigheten, Dnr 2020-00987).
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Intravital microscopy

Mice undergoingintravitalimaging received anintravenousinjection
of 25 pg of Alexa Fluor 647-labeled, non-blocking PECAMI antibody
(mouse, clone 390,102416, BioLegend) viatail veininjection. The anti-
body was dissolved in 100 pl of sterile saline. Mice were anesthetized
with an intraperitoneal injection of ketamine (100 mg per kg body
weight) and xylazine (12.5 mg per kg body weight), both dissolved in
sterile saline. The dorsal ear skin was secured onto a custom-made,
3D-printed stage for imaging. During the imaging session, animals
received an eye lubricant and thermal support. After the session,
mice were rehydrated with an intraperitoneal saline injection. Imag-
ing was performed using a Leica SP8 DIVE platform equipped with a
Ti:Sapphire multiphoton laser, capable of emitting a tunable range of
680-1,300 nm and a fixed 1,045-nm laser line. A water-immersion HC
IRAPO x25/1.0 objective was used forimaging. For longitudinal studies,
the PECAM1 antibody was re-injected, and the region of interest was
relocated in subsequent imaging sessions with the LAS X integrated
navigator function, using the vascular anatomy for orientation.

Immunofluorescence and H&E staining of cryosections

Mouse female reproductive tracts were fixed in 4% paraformaldehyde
overnight. To ensure cryoprotection, the tissues were fist incubated
in 15% sucrose-PBS solution, followed by 30% sucrose overnight,
and embedded in optimal cutting temperature compound on dry
ice. Cryosections of 10-20-pm thickness were then obtained using
acryostat and collected on glass slides, which were stored at -80 °C.
Following thawing and rehydration, immunostaining of the cryosec-
tions was performed as described for whole-mount immunostain-
ing. Additionally, adjacent sections were subjected to H&E staining.
Before mounting with Eukitt Quick-hardening mounting medium, the
H&E-stained sections underwent dehydration and xylene treatment
asdescribed earlier.

Immunofluorescence staining of the thyroid gland

Mouse thyroid glands were dissected without additional cleaning from
the connective tissue holding the gland and fixed in 4% paraformal-
dehyde overnight at 4 °C. The tissue was permeabilized in blocking
solution (3% BSA, 0.5% fetal bovine serum (FBS) in PBST) overnight
before primary antibodies were added for 2 days, followed by washing
and staining with secondary antibodies. After staining, muscle and
connective tissue covering the gland were dissected without damaging
the vasculature underneath, followed by incubation and mountingin
RIMS clearing imaging media (refractive index =1.46).

Confocal microscopy and image quantification

A Leica SP8 or a Leica STELLARIS 5 confocal microscope with a white
light laser and x10/0.45 C-Apochromat (HC PL APO CS2), x20/0.75
(HCPLAPO CS2), x25/0.95 (HC FLUOTAR L VISIR) or x63/1.20 (HC PL
APO) objectives and Leica Application Suit X software were used to
acquire confocal images. Maximum intensity projection of z-stacks
was generated to represent the entire blood vessel network, or the
entire tissue section (for paraffin and cryosections). A Leica Thunder
Imaging System was used for tile scans in Fig. 8b. Brightfield images
shownin Fig. 8a and Extended Data Figs. 1b,c and 5a-c were obtained
using a Leica DMi8 microscope. Images were processed and analyzed
using FijiImageJ software (National Institutes of Health, version 2.14.0)
and imported into Adobe Illustrator for figure panels. For vessel area
quantification, images were thresholded and converted into binary
images, followed by segmentation and calculation of the percentage
of EMCN" vessel area of the total ear skin area. In some cases, measure-
ments frombothearswere taken, and the average value was calculated
foranindividual mouse. Vessel diameter was measured by segmenting
veinsinto 50-pmintervals alongtheir length. At each 50-pm segment,
the diameter was measured using Fiji, and the average diameter was
calculated for each vessel. To assess SMC coverage in human tissue

sections, veins were segmented at 15-pm intervals, and the width of
the aSMA’ cell layer was measured using Fiji software. SMC coverage
was additionally analyzed by identifying SMC nuclei (DAPI stained).
Regions containing more than two rows of aSMA-associated nuclei
were classified as multilayered. All calculations were performed in
Microsoft Excel.

Analysis of mouse scRNA-seq data

Smart-Seq2 RNA-seq of dermal ECs isolated from the ear skin of
4-OHT-treated 5-week-old Pik3ca™°**;Cdhs5-CreER™ mice (n=5) and
Cre” littermate control mice (n =2) of mixed genders, as well as one
wild-type C57BL/6J mouse, not treated with 4-OHT, was performed
previously. Preprocessed data deposited in the Gene Expression
Omnibus (GEO) under accession number GSE201916 were analyzed
furtherinRStudio (desktop version 2021.09.2 + 382 t02023.09.1) using
R (versions 4.0.3 to 4.3.2) with the Seurat package (versions 3.1.1to
5.1.0)>%. As previously described', raw expression data analysis of
combined control and mutant mice BECs included normalization,
Harmony batch correction (version 1.0)*® and integration, Louvain
graph-based clustering, nonlinear dimensional reduction and visu-
alization using UMAP. Cluster markers were detected by performing
a DEG analysis (Wilcoxon rank-sum test, marker genes selected by P
value with Bonferroni correction and logarithmic fold change > 0.25).
One cluster of contaminating immune cells was identified based on
top cluster markers including Clec5a, Dok2 and Cd86, and removed
before further downstream analysis. Count data of 350 control BECs,
whichinclude Cre” littermates and wild-type C57BL/6J, were extracted
fromthe combined dataset and processed following the same steps as
described above, but using canonical correlation analysis for batch
effect correction instead. An additional 29 cells mainly characterized
by ribosomal and mitochondrial reads were removed.

GO term enrichment analysis

To identify overrepresented GO terms within a DEG list, the GOstats
package was used (version 2.56.0). Gene sets with 5-1,000 genes were
considered for analysis, and significant pathways were identified based
on a P-value threshold < 0.00001 and gene count/term >10. The rel-
evance of GO terms was further assessed by sorting them based on
their odds ratios, calculated as the ratio of a GO term'’s occurrence in
the DEGlist toits occurrenceinauniversal genelist obtained fromorg.
Mm.eg.db (version 3.16.0). Selected top pathways were visualized using
ggplot2 (version 3.4.2).

Transcription factor prediction and kinase enrichment
analysis

Transcription factor prediction analysis was performed using the
TFactS (Transcription Factor Prediction using ChIP-seq, version
0.99.0)*’ tool using default parameters. DEG analysis results (threshold
logarithmic fold change >1), including upregulated and downregulated
genes and associated expression values, were prepared as input data.
Kinase enrichment analysis was performed using TFactS transcription
factor predictionresults as an input for Kinase Enrichment Analysis 3
(version 3) using default parameters®’.

Trajectory inference and interaction analysis

Trajectory inference analysis was conducted to capture gradual phe-
notypic transitions across clusters based on gene expression profiles.
For the control dataset, we utilized the SCORPIUS algorithm (version
1.0.5)° (Extended Data Fig. 2a,b), which uses agraph-based and feature
selection strategy (with k = 5) to order cellsand clusters along the trajec-
tory. For the combined dataset of Pik3ca™°** and control BECs, we used
SLINGSHOT (version 2.2.0)%* (Fig. 3 and Extended Data Fig. 3a) for unsu-
pervised trajectory analysis. SLINGSHOT utilized aminimum spanning
tree (MST) constructionto define branch points along the trajectory, to
allow visualizing the divergence of cell fates. Cells were ordered based
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on pseudotime values, representing gradual gene expression changes
alongthetrajectory. The algorithm automatically selected the root cell
based on the fewest overall cluster connections, providing a starting
point for the trajectory. SCORPIUS was subsequently used to analyze
the separate control and Pik3ca"**® mutant trajectories using default
parameters (Fig. 3a,d and Extended Data Figs. 2a,b and 3a). Genes of
importance were visualized in a heat map, ranked according to their
position along the trajectory. CellChat® was used for signaling predic-
tionbetween EC subtypes and visualization, using default parameters.

Analysis of human scRNA-seq data

EC scRNA-seq expression datawere obtained fromfive publications®* %,
comprising 25 individual patient samples. After merging datasets, cells
expressing fewer than 200 genes were filtered out. Mitochondrial
genes, genes expressedin fewer than three cells, and potential doublets
were removed, along with counts of MALAT], a long noncoding RNA
known to cause bias in scRNA-seq analysis. To integrate the datafrom
multiple samples, we first normalized the expression within each sam-
ple using log normalization and identified the top 2,000 highly vari-
able features using the variance-stabilizing transformation method.
Integration features were thenselected, and integration anchors were
identified tofacilitate dataintegration across all samples. Further clus-
tering and downstream analysis were performed following the same
approach as that used for mouse scRNA-seq analysis.

For gene orthology conversion between mouse and human, the
‘HOM_MouseHumanSequence’ dataset from the Mouse Genome
Database (MGD) of the Jackson Laboratory was used®. Mouse genes
were mapped to human orthologs using a custom script available at
https://github.com/TMA-Lab/PIK3CA-driven-venous-malformation
s/. Mouse genes without identifiable orthologs were excluded from
the analysis. The comparative analysis of conserved genes between
the two species was visualized in a Venn diagram. The proportion of
conserved genes was calculated, along with a list of non-conserved
genes for each species.

Cells and cell culture

Pooled HUVECs from different donors were purchased from Lonza
(CC-2519) and cultured in endothelial basal medium (EBM, Lonza)
supplemented with hydrocortisone (1 pug ml™), bovine brain extract
(12 pg ml™?), gentamicin (50 pg ml™), amphotericin B (50 ng mi™),
human recombinant epidermal growth factor (10 ng ml™) and 10%
FBS (Life Technologies). Human embryonic kidney cells (HEK293FT)
were purchased from Life Technologies (R70007) and cultured in
DMEM supplemented with 10% FBS (Life Technologies) and geneticin
(500 pg ml; Invitrogen). Cells were tested negative for mycoplasma
and maintained at 37 °C in a humidified atmosphere with 5% CO,.
Authentication of cell lines was based on morphology and immuno-
histochemistry profile.

To stimulate TIE2 phosphorylation, rhANGPT1 (R&D Systems,
923-AN-025/CF) was reconstituted in PBS and used at the concentra-
tions of 50 ng mI™ (PIK3CAH1047R expression, Fig. 5¢) or 200 ng ml™
(FOX01* expression, Fig. 5f) for 30 min. To inhibit TIE2 phosphoryla-
tion, HUVECs were pretreated with 1 pug mI™ BAY-826 (Tocris, 6579) for
10 min before rhANGPT1 stimulation.

Adenoviral transductions

Sub-confluent HUVECs were transduced with custom-made adenovi-
ruses (Vector Biolabs) to overexpress the FLAG-tagged human FOXO1*?
that cannot be inhibited by PI3K-AKT signaling and is, thus, constitu-
tively nuclear. Adenoviruses that contain an empty cytomegalovirus
promoter (AdCtrl, Vector Biolabs, 1300) were used as a control. For
transductions, HUVECs were incubated in EBM (Lonza) containing
0.1% (vol/vol) BSA (Sigma, 1595) for 4 h and transduced with control
or FOX01**for an additional 4 hin the presence of 8 pg ml™ polybrene
(Santa Cruz Biotechnology). Afterwards, HUVECs were washed five

times with Hank’s Balanced Salt Solution (Life Technologies) and cul-
tured in EBM with 10% FBS and supplements.

ChIP

ChIP studies were performed as described in ref. 29. Briefly, HUVECs
were fixed with 1% formaldehyde for 15 min and quenched with 0.125 M
glycine. Chromatin was isolated by the addition of lysis buffer, followed
by disruption with aDounce homogenizer. Lysates were sonicated and
the DNA sheared to an average length of 300-500 bp. Genomic DNA
(input) was prepared by treating aliquots of chromatin with RNase,
proteinase K and heat for reverse crosslinking, followed by ethanol
precipitation. Pellets were resuspended and the resulting DNA was
quantified on a NanoDrop spectrophotometer. Chromatin yield was
extrapolated from the total volume. Sheared chromatin (30 pg) was
precleared with protein A agarose beads (Invitrogen). Genomic DNA
regions of interest were isolated using 4 pg of ChIP-grade antibodies
against FOXOI1 (rabbit, Abcam, ab39670), H3K4me3 (mouse, Active
Motif, 39159) and H3K27ac (rabbit, Active Motif, 39133). Complexes
were washed, eluted from the beads with SDS buffer and subjected
to RNase and proteinase K treatment. Crosslinks were reversed by
incubation overnight at 65 °C, and ChIP DNAs were purified by phe-
nol-chloroform extraction and ethanol precipitation.

ChIP-seq

Illumina sequencing libraries were prepared from ChIP and input
DNAs by the standard consecutive enzymatic steps of end-polishing,
dA-addition and adaptor ligation. After a final PCR amplification step,
theresulting DNA libraries were quantified and sequenced onlllumina’s
NextSeq 500 (75-nucleotide reads, single end). Reads were aligned to
the human genome (hg38) using the BWA algorithm (default set-
tings). Duplicate reads were removed and only uniquely mapped reads
(mapping quality > 25) were used for further analysis. Alignments were
extendedinsilicoattheir3’-endstoalength of 200 bp, whichisthe aver-
age genomic fragmentlengthinthesize-selected library, and assigned
to 32-nucleotide bins along the genome. The resulting histograms
(genomic ‘signal maps’) were stored in bigWig files. Peak locations were
determined using the MACS algorithm (version 2.1.0)" with a P-value
cutoff =1x107. Peaks that were on the ENCODE blacklist of known false
ChIP-seq peaks were removed. Signal maps and peak locations were
used as input data to the Active Motifs proprietary analysis program,
which creates tables containing detailed information on sample com-
parison, peak metrics, peak locations and gene annotations. Binding
motifs were identified with the findMotifsGenome program of the
HOMER package (version 4.10.4)"* using default parameters and input
sequences comprising £100 bp from the center of the top 1,000 peaks.
Individual profiles were produced with a window of 5 bp. All profiles
were plotted on a normalized reads-per-million basis. The processed
data were plotted and visualized using software of the R project for
statistical computing.

ATAC-seq

For ATAC-seq, transduced HUVECs were freshly processed. In brief,
50,000 cellswere centrifuged at 500gfor 5 min at4 °C and washed with
PBS. The cell pellet was resuspended in 50 pl lysis/transposition reac-
tion mix (12.5 pl THS-TD-Buffer, 2.5 pl Tn5, 5 nl 0.1% digitonin and 30 pl
water) and incubated at 37 °C for 30 min with occasional snap mixing.
Purification of the DNA fragments was then done using the MinElute
PCRPurificationKit (Qiagen). Amplification of the library together with
indexing primers was performed as described elsewhere”. Libraries
were mixed in equimolar ratios and sequenced on the NextSeq 500
platform using V2 chemistry and a paired-end setup. Raw reads were
trimmed according to RNA-seq reads and were aligned versus the
human genome version hg38 (Ensembl release 101) using STAR (ver-
sion 2.7.9a) with the parameters “--outFilterMismatchNoverLmax 0.1
--outFilterMatchNmin 20 --alignintronMax 1--alignSJDBoverhangMin
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999 --outFilterMultimapNmax 1 --alignEndsProtrude 10 Concord-
antPair’’* and retaining only unique alignments to exclude reads of
uncertain origin. Reads were further deduplicated using Picard (ver-
sion 2.25.5) to mitigate PCR artifacts leading to multiple copies of the
same original fragment. Reads aligned to the mitochondrial chromo-
some were removed. The Macs peak caller (version 3.0.0a6) was used
to accommodate for the range of peak widths typically expected for
ATAC-seq”’. The minimum g value was set to —4, and the false discovery
rate was changed to 0.0001. Peaks overlapping ENCODE blacklisted
regions (known misassemblies, satellite repeats) were excluded. To
enable the comparison of peaks in different samples to assess repro-
ducibility, the resulting lists of significant peaks were overlapped and
unified torepresentidentical regions. Sample counts for union peaks
were produced using bigWigAverageOverBed (UCSC Toolkit version
4) and normalized with DESeq2 (version 1.30.1) to compensate for
differences in sequencing depth, library composition and ATAC-seq
efficiency”. Peaks were annotated with the promoter of the nearest
gene in range (transcription start site + 5,000 nucleotides) based on
reference data of GENCODE (version M15).

Lentivirus generation and transductions

For doxycycline-inducible lentiviral expression of mutant PIKCAH47R
or constitutively nuclear FOXO1 (FOX01*%) used in Fig. 6e, f, V5-tagged
PIKCA"°¥R or FOXO1*® cDNAs were cloned into pLVX-TetOne-Puro
(Clontech). Lentivirus production was performed by co-transfection
of HEK293FT cells with pMD2.G (Addgene, 12259), psPAX2 (Addgene,
12260) and transfer plasmids. Transfections were carried out using
Lipofectamine 2000 transfection reagent (Life Technologies), as previ-
ously described®. Viruses were collected 48 h and 72 h after transfec-
tion and filtered through a 0.45-pm filter. HUVECs were transduced
with lentiviruses for16 hinthe presence of 8 ug ml™ polybrene (Santa
Cruz) and selected with 1 ug ml™ puromycin (InvivoGen, ant-pr-1).
Lentiviral-mediated transgene expression was induced with 400 ng
ml™ doxycycline (Sigma, D9891) for 48 h before sample collection.

Immunoprecipitation

Immunoprecipitation and analysis of TIE2 phosphorylation were per-
formed as previously described”. Cells overexpressing PIK3CAM47R
or FOXO1* mutants were starved of serum for 6 hin EBM medium
(Lonza) containing 0.1% (vol/vol) BSA (Sigma, 1595) before the indi-
cated treatments and rhANGPT1 stimulation. HUVECs were lysed in
immunoprecipitation buffer (10 mM Tris-Cl pH 7.4, 150 mM NaCl,
5mM EDTA, 10% glycerol and 1% Triton X-100) freshly supplemented
with 1x protease/phosphatase inhibitor cocktail (Cell Signaling Tech-
nology, 5872) and 1 mM phenylmethylsulfonyl fluoride. Cell lysates
were cleared by centrifugation at 13,800g for 15 min at 4 °C, and pro-
tein concentrations were determined by the Bradford method. Equal
amounts of total protein lysates were incubated overnight at 4 °C with
1pg of goat anti-human anti-TIE2 antibody (R&D Systems, AF313),
and immunoprecipitations were performed with magnetic Protein G
Dynabeads (Invitrogen, 10-003-D) for 2 h. Beads were washed three
times with immunoprecipitation buffer and proteins were eluted by
incubationat 95 °C for 10 min with 2x SDS sample buffer before immu-
noblotting analysis.

Western blot analysis and antibodies

Proteins were resolved by SDS-PAGE using Criterion TGX Precast
gels (Bio-Rad) and transferred onto nitrocellulose membranes using
the Trans Turbo Blot system (Bio-Rad). Membranes were blocked in
TBS buffer containing 5% (wt/vol) BSA or 5% (wt/vol) milk and 0.01%
(vol/vol) Tween-20 for 1 h at RT. Primary antibodies diluted in block-
ing buffer were incubated overnight at 4 °C. Peroxidase-conjugated
secondary antibodies wereincubated for 2 hat RT. Immunoblots were
visualized using Clarity Western ECL kit (Bio-Rad) and the ChemiDoc
MP Imaging System (Bio-Rad). Primary anti-human antibodies were

obtained from Cell Signaling Technologies and used at the following
dilutions: ANGPT2 (D200; rabbit, 50697), pan-AKT (rabbit, 4691),
phospho-AKT (D9E; rabbit, Ser473,4060) and phospho-TYR (mouse,
96215) atadilution of 1:1,000; phospho-S6 ribosomal protein (rabbit,
Ser235/236, 4857) and S6 ribosomal protein (5G10; rabbit, 2217) at a
dilution 0f 1:5,000; a/B-tubulin (rabbit, 2148) at a dilution of 1:5,000;
and V5-tag (D3H8Q; rabbit, 13202) at a dilution of 1:2,500. Anti-TIE2
antibody (goat, AF313) was obtained from R&D Systems and used at
adilution of 1:1,000. Horseradish peroxidase-conjugated secondary
antibodies from Jackson ImmunoResearch were applied at a dilution
of1:5,000, including goat anti-rabbit (111-035-008), rabbit anti-mouse
(315-035-003) and rabbit anti-goat (305-036-008).

Statistics and reproducibility

GraphPad Prism 10 software was utilized for statistical analysis and
graphical representation of the data. For comparisons involving
multiple groups, one-way ANOVA was applied, followed by Tukey’s
multiple-comparison test. Data between two groups were compared
with unpaired or paired two-tailed Student’s t-test assuming equal vari-
ance. When the data were not normally distributed, aMann-Whitney
U-test was used instead. Differences were considered statistically sig-
nificant when the adjusted Pvalue was below the predetermined thresh-
old: ***P<0.0001, **P<0.001, *P<0.01, *P< 0.05; NS, P> 0.05. The
specificmethods used for multiple-testing corrections are described
in the respective figure legends. For GO term analysis using GOstats,
astandard hypergeometric tests was performed to assess the enrich-
ment of GO terms within specific DEG lists. The GO term sizes were set
to contain a minimum of 5 and a maximum of 1,000 members of the
mouse genome. Cluster markers from scRNA-seq data were identified
using the Wilcoxon rank-sum test, and marker genes were selected
based on the adjusted P value with Bonferroni correction and loga-
rithmic fold change as indicated. Data with N > 2 were independently
replicated in separate experiments, using mice from at least two dif-
ferentlitters.

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

Data availability

Source dataare provided with this paper. All other datasupporting the
findings of this study are available within the paper and its Supplemen-
tary Information. Any additional information required to interpret,
replicate or build upon the findings of this study are available from the
corresponding author upon reasonable request.

ChIP-seqand bulk RNA-seq data have been deposited inthe GEO
under accession codes GSE201916 and GSE128636.

Mouseand humandermal BEC dataareavailableat https://makinen-
lab.shinyapps.io/Mouse_DermalBloodEndothelialCells/ and https://
makinenlab.shinyapps.io/Human_DermalBloodEndothelialCells/,
respectively, generated using ShinyCell, a Shiny package of Rstudio
(https://shiny.rstudio.com/).

Reference dataand libraries used for data analysis are the human
genome version hg38 (Ensembl release 101; http://aug2020.archive.
ensembl.org/Homo_sapiens/Info/Index/and http://aug2020.archive.
ensembl.org/Homo_sapiens/Info/Index/), GENCODE (version M15;
https://www.gencodegenes.org/mouse/release_M15.html) and Kinase
Enrichment Analysis 3 (version 3) libraries (https://maayanlab.cloud/
kea3/templates/libraries.jsp).

Code availability

Scripts used for the analyses presented in this study are available on
GitHub via https://github.com/TMA-Lab and https://github.com/
TMA-Lab/PIK3CA-driven-venous-malformations/. Correspondence
and requests for materials should be addressed to T.M.

Nature Cardiovascular Research | Volume 4 | July 2025 | 801-820

817


http://www.nature.com/natcardiovascres
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201916
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128636
https://makinenlab.shinyapps.io/Mouse_DermalBloodEndothelialCells/
https://makinenlab.shinyapps.io/Mouse_DermalBloodEndothelialCells/
https://makinenlab.shinyapps.io/Human_DermalBloodEndothelialCells/
https://makinenlab.shinyapps.io/Human_DermalBloodEndothelialCells/
https://shiny.rstudio.com
http://aug2020.archive.ensembl.org/Homo_sapiens/Info/Index/
http://aug2020.archive.ensembl.org/Homo_sapiens/Info/Index/
http://aug2020.archive.ensembl.org/Homo_sapiens/Info/Index/
http://aug2020.archive.ensembl.org/Homo_sapiens/Info/Index/
https://www.gencodegenes.org/mouse/release_M15.html
https://maayanlab.cloud/kea3/templates/libraries.jsp
https://maayanlab.cloud/kea3/templates/libraries.jsp
https://github.com/TMA-Lab
https://github.com/TMA-Lab/PIK3CA-driven-venous-malformations
https://github.com/TMA-Lab/PIK3CA-driven-venous-malformations

Article

https://doi.org/10.1038/s44161-025-00655-9

References

1. Queisser, A., Seront, E., Boon, L. M. & Vikkula, M. Genetic basis
and therapies for vascular anomalies. Circ. Res. 129, 155-173
(2021).

2. Limaye, N. et al. Somatic mutations in angiopoietin receptor gene
TEK cause solitary and multiple sporadic venous malformations.
Nat. Genet. 41, 118-124 (2009).

3. Castel, P. et al. Somatic PIKBCA mutations as a driver of sporadic
venous malformations. Sci. Transl. Med. 8, 332ra42-332ra42
(2016).

4. Castillo, S. D. et al. Somatic activating mutations in Pik3ca cause
sporadic venous malformations in mice and humans. Sci. Transl.
Med. 8, 332ra43 (2016).

5. Graupera, M. et al. Angiogenesis selectively requires the p110a
isoform of PI3K to control endothelial cell migration. Nature 453,
662-666 (2008).

6. Augustin, H. G., Young Koh, G., Thurston, G. & Alitalo, K. Control
of vascular morphogenesis and homeostasis through the
angiopoietin-Tie system. Nat. Rev. Mol. Cell Biol. 10, 165-177
(2009).

7. Chu, M. et al. Angiopoietin receptor Tie2 is required for vein
specification and maintenance via regulating COUP-TFII. eLife 5,
21032 (2016).

8. Saharinen, P, Eklund, L. & Alitalo, K. Therapeutic targeting of the
angiopoietin-TIE pathway. Nat. Rev. Drug Discov. 16, 635-661 (2017).

9. Eklund, L. & Saharinen, P. Angiopoietin signaling in the
vasculature. Exp. Cell. Res. 319, 1271-1280 (2013).

10. Orfanos, S. E. et al. Angiopoietin-2 is increased in severe sepsis:
correlation with inflammatory mediators. Crit. Care Med. 35,
199-206 (2007).

1. Felcht, M. et al. Angiopoietin-2 differentially regulates
angiogenesis through TIE2 and integrin signaling. J. Clin. Invest.
122, 1991-2005 (2012).

12. Korhonen, E. A. et al. Tiel controls angiopoietin function in
vascular remodeling and inflammation. J. Clin. Invest. 126,
3495-3510 (2016).

13. Venot, Q. et al. Targeted therapy in patients with PIK3CA-related
overgrowth syndrome. Nature 558, 540-546 (2018).

14. LeCras, T. D. et al. Constitutively active PIKBCA mutations are
expressed by lymphatic and vascular endothelial cells in capillary
lymphatic venous malformation. Angiogenesis 23, 425-442
(2020).

15. Kobialka, P. et al. The onset of PI3K-related vascular
malformations occurs during angiogenesis and is prevented by
the AKT inhibitor miransertib. EMBO Mol. Med. 14, e15619 (2022).

16. Petkova, M. et al. Immune-interacting lymphatic endothelial
subtype at capillary terminals drives lymphatic malformation. J.
Exp. Med. 220, e20220741 (2023).

17. Pang, C., Lim, C. S., Brookes, J., Tsui, J. & Hamilton, G. Emerging
importance of molecular pathogenesis of vascular malformations
in clinical practice and classifications. Vasc. Med. 25, 364-377
(2020).

18. Ren, A. A. etal. PIK3CA and CCM mutations fuel cavernomas
through a cancer-like mechanism. Nature 594, 271-276 (2021).

19. Lee, J.-E. et al. Novel glycosylated VEGF decoy receptor fusion
protein, VEGF-Grab, efficiently suppresses tumor angiogenesis
and progression. Mol. Cancer Ther. 14, 470-479 (2015).

20. Yang, Y. et al. Anti-VEGF- and anti-VEGF receptor-induced
vascular alteration in mouse healthy tissues. Proc. Natl Acad. Sci.
USA 110, 12018-12023 (2013).

21. Nourshargh, S. & Alon, R. Leukocyte migration into inflamed
tissues. Immunity 41, 694-707 (2014).

22. Thiriot, A. et al. Differential DARC/ACKR1 expression distinguishes
venular from non-venular endothelial cells in murine tissues. BMC
Biol. 15, 45 (2017).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

Fan, Z. et al. Exercise-induced angiogenesis is dependent on
metabolically primed ATF3/4+ endothelial cells. Cell Metab 33,
1793-1807 (2021).

Niethamer, T. K. et al. Atf3 defines a population of pulmonary
endothelial cells essential for lung regeneration. eLife 12, e83835
(2023).

del Toro, R. et al. Identification and functional analysis of
endothelial tip cell-enriched genes. Blood 116, 4025-4033 (2010).
He, Y. et al. Novel blood vascular endothelial subtype-specific
markers in human skin unearthed by single-cell transcriptomic
profiling. Cells 11, 1111 (2022).

Pontes-Quero, S. et al. Dual ifgMosaic: a versatile method for
multispectral and combinatorial mosaic gene-function analysis.
Cell 170, 800-814 (2017).

Wilhelm, K. et al. FOXO1 couples metabolic activity and growth
state in the vascular endothelium. Nature 529, 216-220 (2016).
Andrade, J. et al. Control of endothelial quiescence by
FOXO-regulated metabolites. Nat. Cell Biol. 23, 413-423

(2021).

Daly, C. et al. Angiopoietin-1 modulates endothelial cell function
and gene expression via the transcription factor FKHR (FOXO1).
Genes Dev. 18, 1060-1071 (2004).

Potente, M. et al. Involvement of Foxo transcription factors in
angiogenesis and postnatal neovascularization. J. Clin. Invest. 115,
2382-2392 (2005).

Brash, J. T. et al. The BulkECexplorer compiles endothelial bulk
transcriptomes to predict functional versus leaky transcription.
Nat. Cardiovasc. Res. 3, 460-473 (2024).

Schneider, H. et al. Novel TIE-2 inhibitor BAY-826 displays in vivo
efficacy in experimental syngeneic murine glioma models. J.
Neurochem. 140, 170-182 (2017).

Karlsson, M. et al. A single-cell type transcriptomics map of
human tissues. Sci. Adv. 7, eabh2169 (2021).

Martinez-Corral, I. et al. Blockade of VEGF-C signaling inhibits
lymphatic malformations driven by oncogenic PIK3CA mutation.
Nat. Commun. 11, 2869 (2020).

Holopainen, T. et al. Effects of angiopoietin-2-blocking antibody
on endothelial cell-cell junctions and lung metastasis. J. Natl.
Cancer Inst. 104, 461-475 (2012).

Jeong, H.-W. et al. Single-cell transcriptomics reveals functionally
specialized vascular endothelium in brain. eLife 11, 57520 (2022).
Uebelhoer, M. et al. Venous malformation-causative TIE2
mutations mediate an AKT-dependent decrease in PDGFB. Hum.
Mol. Genet. 22, 3438-3448 (2013).

Ha, J. M. et al. Akt1-dependent expression of angiopoietin 1and

2 in vascular smooth muscle cells leads to vascular stabilization.
Exp. Mol. Med. 54, 1133-1145 (2022).

Fuxe, J. et al. Angiopoietin/Tie2 signaling transforms capillaries
into venules primed for leukocyte trafficking in airway
inflammation. Am. J. Pathol. 176, 2009-2018 (2010).

Zhang, R. et al. Persistent infiltration and pro-inflammatory
differentiation of monocytes cause unresolved inflammation

in brain arteriovenous malformation. Angiogenesis 19, 451-461
(2016).

Lai, C. C. et al. Neuroinflammation plays a critical role in

cerebral cavernous malformation disease. Circ. Res. 131, 909-925
(2022).

Seront, E. et al. A case report of sirolimus use in early fetal
management of lymphatic malformation. Nat. Cardiovasc. Res. 2,
595-599 (2023).

Tole, S. et al. The use of rapamycin to treat vascular tumours and
malformations: a single-centre experience. Paediatr. Child Health
26, e25-e32 (2019).

Thomson, A. W. & Woo, J. Immunosuppressive properties of FK-
506 and rapamycin. Lancet 334, 443-444 (1989).

Nature Cardiovascular Research | Volume 4 | July 2025 | 801-820

818


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00655-9

46. Battaglioni, S., Benjamin, D., Walchli, M., Maier, T. & Hall, M. N.
mTOR substrate phosphorylation in growth control. Cell 185,
1814-1836 (2022).

47. Boscolo, E. et al. Rapamycin improves TIE2-mutated venous
malformation in murine model and human subjects. J. Clin. Invest.
125, 3491-3504 (2015).

48. Limaye, N. et al. Somatic activating PIK3CA mutations
cause venous malformation. Am. J. Hum. Genet. 97, 914-921
(2015).

49, Triana, P. & Lopez-Gutierrez, J. C. Activity of a TIE2 inhibitor
(rebastinib) in a patient with a life-threatening cervicofacial
venous malformation. Pediatr. Blood Cancer 70, e30404 (2023).

50. Eser, S. et al. Selective requirement of PI3K/PDK1 signaling for
Kras oncogene-driven pancreatic cell plasticity and cancer.
Cancer Cell 23, 406-420 (2013).

51. Wang, Y. et al. Ephrin-B2 controls VEGF-induced angiogenesis and
lymphangiogenesis. Nature 465, 483-486 (2010).

52. Scheller, K. J., Williams, S. J., Lawrence, A. J., Jarrott, B. & Djouma,
E. An improved method to prepare an injectable microemulsion
of the galanin-receptor 3 selective antagonist, SNAP 37889, using
Kolliphor® HS 15. MethodsX 1, 212-216 (2014).

53. Anisimov, A. et al. Activated forms of VEGF-C and VEGF-D provide
improved vascular function in skeletal muscle. Circ. Res. 104,
1302-1312 (2009).

54. Han, S. et al. Amelioration of sepsis by TIE2 activation-induced
vascular protection. Sci. Transl. Med. 8, 335ra55-335ra55 (2016).

55. Posit team. RStudio: Integrated Development Environment for R.
Posit Software, PBC (2023).

56. Stuart, T. et al. Comprehensive integration of single-cell data. Cell
177,1888-1902 (2019).

57. Hao, Y. et al. Integrated analysis of multimodal single-cell data.
Cell184, 3573-3587 (2021).

58. Korsunsky, I. et al. Fast, sensitive and accurate integration of
single-cell data with Harmony. Nat. Methods 16, 1289-1296 (2019).

59. Essaghir, A. et al. Transcription factor regulation can be
accurately predicted from the presence of target gene signatures
in microarray gene expression data. Nucleic Acids Res. 38, €120
(2010).

60. Kuleshov, M. V. et al. KEA3: improved kinase enrichment analysis
via data integration. Nucleic Acids Res. 49, W304-W316 (2021).

61. Cannoodt, R. et al. SCORPIUS improves trajectory inference and
identifies novel modules in dendritic cell development. Preprint
at bioRxiv https://doi.org/10.1101/079509 (2016).

62. Street, K. et al. Slingshot: cell lineage and pseudotime inference
for single-cell transcriptomics. BMC Genomics 19, 477 (2018).

63. lJin, S. et al. Inference and analysis of cell-cell communication
using CellChat. Nat. Commun. 12, 1088 (2021).

64. He, H. et al. Single-cell transcriptome analysis of human skin
identifies novel fibroblast subpopulation and enrichment of
immune subsets in atopic dermatitis. J. Allergy Clin. Immunol. 145,
1615-1628 (2020).

65. Gao, Y. et al. Single cell transcriptional zonation of human
psoriasis skin identifies an alternative immunoregulatory axis
conducted by skin resident cells. Cell Death Dis. 12, 450 (2021).

66. Solé-Boldo, L. et al. Single-cell transcriptomes of the human skin
reveal age-related loss of fibroblast priming. Commun. Biol. 3, 188
(2020).

67. Li, Q. etal. Single-cell transcriptome profiling reveals vascular
endothelial cell heterogeneity in human skin. Theranostics 11,
6461-6476 (2021).

68. Reynolds, G. et al. Developmental cell programs are co-opted in
inflammatory skin disease. Science 371, eaba6500 (2021).

69. Rm,B., Cl, S., M, R,, Je, R. & Cj, B. Mouse Genome Informatics:
an integrated knowledgebase system for the laboratory mouse.
Genetics 227, iyae031(2024).

70. Li, H. & Durbin, R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

71. Zhang, Y. et al. Model-based analysis of ChIP-seq (MACS).
Genome Biol. 9, R137 (2008).

72. Heingz, S. et al. Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol. Cell 38, 576-589 (2010).

73. Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf,
W. J. Transposition of native chromatin for fast and sensitive
epigenomic profiling of open chromatin, DNA-binding proteins
and nucleosome position. Nat. Methods 10, 1213-1218 (2013).

74. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29, 15-21(2013).

75. Anders, S. & Huber, W. Differential expression analysis for
sequence count data. Genome Biol. 11, R106 (2010).

76. Jo, G. et al. Structural insights into the clustering and activation of
Tie2 receptor mediated by Tie2 agonistic antibody. Nat. Commun.
12, 6287 (2021).

Acknowledgements

We thank D. Saur (Technische Universitat Minchen) for the
R26-LSL-Pik3ca™*® mice, R. Adams (Max Planck Institute for Molecular
Biomedicine, Miinster) for the Cdh5-CreER™ mice, K. Alitalo, A. Anisimov,
T. Laakkonen and the Biomedicum Virus Core (HelVi-AAV, supported

by HILIFE and the Faculty of Medicine, University of Helsinki, and
Biocenter Finland), for the AAVs, H. M. Kim (Korea Advanced Institute of
Science and Technology (KAIST; Graduate School of Medical Science

& Engineering, Daejeon) and G. Y. Koh (Institute for Basic Science

and KAIST, Daejeon) for the VEGF-Grab3 construct, and G. Y. Koh for

the ANGPT2 antibodies. We also thank the Single Cell Core Facility
Flemingsberg (SICOF), Karolinska Institute, for single-cell sequencing
services; R. Francis at the National Bioinformatics Infrastructure Sweden
(NBIS) for support in human scRNA-seq data compilation; H. Ortséter,

S. L. Segerqyist, A. M. Camara and C. Rorsman for technical assistance;
and |. Ferby for critical comments on the manuscript. The computations
of scRNA-seq data were enabled by resources provided by the Swedish
National Infrastructure for Computing (SNIC) at Uppsala Multidisciplinary
Center for Advanced Computational Science (UPPMAX) partially funded
by the Swedish Research Council through grant agreement no. 2018-
05973, and the National Academic Infrastructure for Supercomputing

in Sweden (NAISS), partially funded by the Swedish Research Council
through grant agreement no. 2022-06725, under projects NAISS
2023/22-192 and NAISS 2023/23-457.

This work was supported by grants from the Knut and Alice
Wallenberg Foundation (2018.0218 and 2020.0057; to T.M.), the
Swedish Research Council (2020-0269; to T.M.), Goran Gustafsson
foundation (to T.M.), the Swedish Cancer Society (19 0220 Pj, 22 2025
Pj; to T.M.), Sigrid Juselius Foundation (240137; to T.M.), the European
Union’s Horizon 2020 Research and Innovation Programme under
the Marie Sktodowska-Curie grant agreement (no. 814316; to M.K.,
H.S., M. Po, .M. and M.V.), Fonds de la Recherche Scientifique - FNRS
grants T.0240.23 and P.C005.22 (to M.V.), T.00.19.22 and P.C013.20
(to L.M.B.), Fondation Saint Luc (to L.M.B.), the Fund Generet
managed by the King Baudouin Foundation (grant 2018-J1810250-
211305), the Walloon Region through the FRFS-WELBIO strategic
research programme (WELBIO IP X.1548.24; to M.V.), the European
Research Council Consolidator Grant EMERGE (no. 773047; to M.

Po), the Deutsche Forschungsgemeinschaft (DFG, project number
456687919 - SFB 1531; to M. Po), the Leducq Foundation (to M. Po
and M.V.), European Research Council Starting Grant PREVENT (no.
101078827; to R.H.), the charity cycling tour ‘Tour der Hoffnung’ (to
F.K.), EJPRD Joint Transnational Call 2023, NARRATIVE (to L.M.B.); FKZ
01GM2405 (to F.K.). A.-K.D.R., L.M.B., MV. and F.K. are members of the
VASCA Working Group of the European Reference Network for Rare
Multisystemic Vascular Diseases (project identification no. 769036).

Nature Cardiovascular Research | Volume 4 | July 2025 | 801-820

819


http://www.nature.com/natcardiovascres
https://doi.org/10.1101/079509

Article

https://doi.org/10.1038/s44161-025-00655-9

Author contributions

M.K. conceived and designed the study; designed, performed,
analyzed and interpreted data from in vivo and scRNA-seq analyses;
and wrote the manuscript. H.S. designed, performed, analyzed

and interpreted data from clonal analysis and intravital imaging.

M. Pe designed, performed, analyzed and interpreted data from

in vivo analyses. J.A. and A.R.G. designed, performed, analyzed

and interpreted, together with M. Po, data from FOXO1 and in vitro

experiments. R.B. provided mouse lines. A.-K.D.R., L.M.B., M.V., FG.K.

and R.H. provided clinical data and material. .M. conceived and
designed the study, analyzed and interpreted data, supervised the
project and wrote the manuscript. All authors discussed the results
and provided input on the manuscript.

Funding

Open access funding provided by Uppsala University.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s44161-025-00655-9.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s44161-025-00655-9.

Correspondence and requests for materials should be addressed to
Taija Méakinen.

Peer review information Nature Cardiovascular Research thanks the
anonymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation

or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

'Uppsala University, Department of Immunology, Genetics and Pathology, Uppsala, Sweden. 2Angiogenesis & Metabolism Laboratory, Center of Vascular
Biomedicine, Berlin Institute of Health at Charité - Universitdtsmedizin Berlin, Berlin, Germany. *Max Delbriick Center for Molecular Medicine in the
Helmbholtz Association, Berlin, Germany. *Associate Laboratory i4HB - Institute for Health and Bioeconomy, NOVA School of Science and Technology,
Universidade NOVA de Lisboa, Lisbon, Portugal. 2UCIBIO - Applied Molecular Biosciences Unit, Department of Life Sciences, NOVA School of Science
and Technology, Universidade NOVA de Lisboa, Lisbon, Portugal. °Molecular Genetics of Angiogenesis Group. Centro Nacional de Investigaciones
Cardiovasculares (CNIC), Madrid, Spain. ’Center for Vascular Anomalies, VASCERN VASCA European Reference Center, Cliniques Universitaires Saint Luc,
UCLouvain, Brussels, Belgium. ®Department of Pathology, Cliniques Universitaires Saint-Luc, Université Catholique de Louvain (UCLouvain), Brussels,
Belgium. °Institute of Experimental and Clinical Research, UCLouvain, Brussels, Belgium. "Division of Plastic Surgery, Cliniques Universitaires Saint-Luc,
Université Catholique de Louvain (UCLouvain), Brussels, Belgium. "Laboratory of Human Molecular Genetics, de Duve Institute, UCLouvain, Brussels,
Belgium. WELBIO Department, WEL Research Institute, Wavre, Belgium. ®Department of Pediatric Hematology and Oncology, Children’s Hospital,
Medical Center - University of Freiburg, Faculty of Medicine, University of Freiburg, VASCERN VASCA European Reference Center, Freiburg, Germany.
YResearch Group ‘Lymphovascular Medicine and Translational 3D-Histopathology’, Institute of Medical and Human Genetics, Charité-Universitatsmedizin
Berlin, Berlin, Germany. ®Berlin Institute of Health at Charité-Universitdtsmedizin Berlin, BIH Center for Regenerative Therapies, Berlin, Germany.
Translational Cancer Medicine Program and Department of Biochemistry and Developmental Biology, University of Helsinki, Helsinki, Finland. "Wihuri

Research Institute, Helsinki, Finland. ®These authors contributed equally: Hans Schoofs, Milena Petkova.

e-mail: taija.makinen@igp.uu.se

Nature Cardiovascular Research | Volume 4 | July 2025 | 801-820

820


http://www.nature.com/natcardiovascres
https://doi.org/10.1038/s44161-025-00655-9
https://doi.org/10.1038/s44161-025-00655-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
mailto:taija.makinen@igp.uu.se

Article https://doi.org/10.1038/s44161-025-00655-9

a VMs in the ear skin b  VMsinthe FRT

Cre Ctrl Pik3ca"'%’R:\/egfr1-CreER™ Cre Ctrl Pik3cal'%’R;\/egfr1-CreER™

EMCN PDPN
Ovary / Fallopian tube

PDPN
Uterine horn

C  VMs in the uterus
Cre- Ctrl Pik3cat'%’R:\/egfr1-CreER™
<
= 2
B 3
0 s
o <<
O
w
o
W
o3
E
d Thyroid Vasculature e
Pik3cal'%’R.Cdh5-CreER™
Pik3cal'%4’R;\/egfr1-CreER™
4-OHT
topical AAV  Analysis
= y v Vv
@ ns
= 200 —
Sk Age/wk 3 4 5 = #
e © .
o
3 & 150
' 3
o p = 100
o : e
gh ‘o 50+
=N *
3| g 4 K
(@] 0 e
2 ES
o 5 Ctrl-Trap VEGF-Grab
o) < m ¢  m pik3carionr
i o Ctrl
> L
O]
o i
g

EMCN aSMA EMCN
Extended DataFig. 1| See next page for caption.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00655-9

Extended Data Fig. 1| Characterization of Pik3ca-driven VM-formation across
tissues and their dependency on VEGF. (a) Top: Bright field images of ears

from 4-OHT-treated Pik3ca""*“%; Vegfr1-CreER™ mice and Cre littermate control
mice (Ctrl) four weeks post-induction, showing macroscopic VM lesions and
redness of ears skin in the mutant. Below: Whole-mount immunofluorescence
showing overgrowth of EMCN" veins but unaffected PDPN*lymphatic vessels

in the mutant. Similar results were obtained from 7 mice in 2 independent
experiments. (b) Female reproductive tract (FRT) following topical application
0f 4-OHT (50 pg) to the ear skin of 3-week-old Pik3ca"'*“%; Vegfr1-CreER™ mice and
Cre’ littermate control mice (Ctrl), showing vascular lesions in ovaries, fallopian
tube and the uterine horn in the mutant. Boxed regions are magnified below.
Similar results were obtained from 10 mice in 6 independent experiments. (c)
Immunofluorescence (top) and Hematoxylin and Eosin staining (H&E) (below)

of cryo-sections visualizing ECs (PECAM1) and SMCs (aSMA) in the uterus of
Pik3ca"**®; VegfrI-CreER™ and Cre littermate control mice (Ctrl). Arrowheads
pointtoenlarged, SMC-covered vasculature inendometrial stroma (e). The
boxed regionsin both the H&E and immunofluorescence images correspond

to the same areas, which are magnified on the right. m, myometrium. Similar
results were obtained from 4 mice in 2independent experiments. (d) Thyroid
vasculature four weeks after intraperitoneal injection of AAV vectors encoding
VEGF-Grab or a control molecule, and three weeks post-4-OHT induction. EMCN*
veins and aSMA* SMCs are visualized. Similar results were obtained from 3 mice
inlexperiment. (e) Top: Experimental scheme for the induction of VMs followed
by intraperitoneal injection of AAV vectors encoding VEGF-Grab or a control
molecule to inhibit VEGF signaling. Below: Whole-mount immunofluorescence
images of ear skin from VEGF-Grab or control-Trap-treated Pik3ca"**%;Cdhs-
CreER™ mice. Right: Quantification of vessel growth, represented as a change

in EMCN* vessel area relative to Cre’ littermate control (Ctrl), mean+sd (n=4
(Ctrl+Ctrl-Trap), n = 7 (Pik3ca™***+Ctrl-Trap), n = 6 (Ctrl+VEGF-Grab),n=7
(Pik3ca™**® + VEGF-Grab) mice) from three independent experiments, indicated
by symbol. ns, P = 0.8562 (not significant, ns), Unpaired two-tailed Student’s
t-test. Scale bars:1cm (a, overview), 1 mm (a, b magnification), 500 um (c, low
magnification), 200 pm (d, ¢ high magnification).
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Extended Data Fig. 2 | Trajectory and cross-species conservation analysis of
dermal BECs. (a) Unsupervised trajectory inference analysis of dermal BECs from
control mice using SCORPIUS, visualized in a UMAP plot. Black lineindicates the
trajectory. (b) Heatmap of zonation marker expression across cells ordered by
cluster and along their trajectory, according to UMAP representationin a. (c) Dot
plot of top genes characterizing KIT cluster in human BECs. (d) UMAP-embedded
representation of Kit expression levels in control mouse BECs. (e) Dot plot of

top genes characterizing Kit cluster in integrated control and Pik3ca mouse

BECs. Dot size in cand d represents transcript percentage in each cluster, color
illustrates the average expression compared across displayed clusters. (f) Venn
diagram representation of conservation analysis of gene expression between
mouse and human BEC clusters, based on the UMAP representationsin Fig. 2b,

f. (g) UMAP-embedded representation of BMX expression levels in human BECs,
marking larger vessels at the terminal ends of arterial and venous clusters. (h)
Violine plots of immune-associated post-capillary venule markers, and capillary
marker SOX17,in human BECs, according to UMAP representation in Fig. 2f.
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Extended Data Fig. 3 | Characterization of Pik3ca mutant-specific BEC
clusters. (a) Unsupervised trajectory inference analysis of dermal BECs from
control and Pik3ca mutant mice using SLINGSHOT, visualized in a UMAP plot.

(b) Proportion of BECs from control and Pik3ca mutant mice expressing either
the endogenous mouse Pik3ca transcript (wt) and/or the transgenic Pik3ca™*®
transcript (HI047R). (c) Volcano plots showing results from DEG analysis
between Pik3ca™’** transcript-positive and -negative BECs from the mutant mice
within Pik3ca-1and Pik3ca-2 clusters. Negative log, fold changes (FC) represent
upregulated gene expression in Pik3ca"*** transcript-negative BECs (wt /-),
while positive log, FC represent upregulated gene expression in transcript-

positive BECs. Significance of differential gene expression was assessed using
Seurat’s Wilcoxon rank-sum test. Note only a few genes significantly upregulated
inthe transcript-positive BECs, marked in red (P-value < 0.00001, log,FC > 1). (d)
ICAM1 expressionin EMCN' venous ECs in whole-mount ear skin from 4-OHT-
treated Pik3ca"**®:Vegfrl-CreER™ and Cre littermate control mice (Ctrl). aSMA
isused to label SMCs. Arrows indicate larger veins; arrowheads point to venous
capillaries. Similar results were obtained from 3 mice in 1 experiment. (e) UMAP
representation of Angpt2 transcript levels in BECs from control and Pik3ca
mutant mouse. Scale bars: 50 pm.
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of Pik3ca'°#%, (a) Predicted transcription factors using TFactS based on up

and down regulated DEGs (P < 0.00001, log2FC >1) of Pik3ca-1and Pik3ca-2
compared to vCap and Vein clusters, respectively. Statistical significance is
presented as e-value scores, red line represents intersection percentage between
up-and downregulated genes for each transcription factor. Results were
grouped by predicted activation or inactivation of transcription factors. Direct
AKT substrates are indicated in blue, asterisks indicate GSK3[3 substrates. (b)
GOstats enrichment analysis of top cluster markers (P <0.00001, log2FC > 1)
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Extended Data Fig. 5| Technical controls for PLA. PLA analysis using either a phospho-Tyrosine (pTyr) or TIE2 antibody alone, showing the absence of signal (green)
inmouse (a) and human (b) skin. PECAM1 and DAPI were used to mark blood endothelial cells and cell nuclei, respectively. aSMA marks smooth muscle cells. Scale
bars:50 um (a, b).
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Extended Data Fig. 7| TIE2 phosphorylation in human VM. (a) Quantification
of PLA signals of activated TIE2, detected using pTyr and TIE2 antibodies, within
PECAMTI" veins from individual patients and healthy individuals (Ctrl) from two

different cohorts, denoted by patient ID (see Supplementary Table 1for details).

Datarepresent number of PLA dots per nucleus of individual vessels, mean + sd
(PIK3CA patients P1(n=17),P2(n=21),P3(n=9),P4(n=6),P5(n=6),P6(n=5),
P7 (n=6) vessels; TEK patients T1(n=8), T2 (n=14),and T3 (n=14), T4 (n=8),

T5(n=7),T6 (n=4) vessels; Healthy individuals C1(n=5), C2 (n = 6) vessels; NL

regions P1(n=12),P2(n=4), T1(n=15),and T3 (n = 15) vessels). Barplots outlined
inred indicate patients shownin Fig. 7a, b. ***P < 0.001, ***P < 0.0001, unpaired
two-tailed Student’s t-test; Exact P values are provided in Source Data. (b-d)
Hematoxylin and Eosin (H&E)-stained paraffin sections of cutaneous VMs from
patients with PIK3CA (b) or TEK mutations (c), or of control skin (d) including
non-lesional (NL) area and normal skin as indicated. PLA staining of activated
TIE2, detected using pTyr and TIE2 antibodies, in representative vessels are
shown on the right. DAPI marks cell nuclei. Scale bars: 50 pm (b-d).
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Extended Data Fig. 8| Effects of BAY-826/rapamycin on Pik3ca-driven

VM lesions. (a) Experimental scheme for preventive treatment of Pik3ca-
driven VM with BAY-826 (50 mg/kg by oral gavage) and in combination with
rapamycin (rapa, 10 mg/kg by intraperitoneal injection, i.p.). (b) Whole-mount
immunofluorescence of ear skin from Pik3ca"'°“*:Vegfr1-CreER™ mice at
treatment start (one week after 4-OHT induction), and after a three-week
treatment period. (c) Treatment effect on vessel growth, shown asincrease in
EMCN* vessel arearelative to Cre’ littermate control, mean +sd (n =5 (Vehicle),
n=4(BAY-826), n =3 (BAY-826+rapa) mice), ordinary one-way ANOVA and
Tukey’s multiple comparison P(Vehicle vs. BAY-826) = 0.000065 and P(Vehicle
vs. BAY-826 + rapa)=0.0029. (d) Phospho-TIE2 signal within EMCN" vessels in
Pik3ca""**®;Vegfrl-CreER™ and Cre’ littermate control mice (Ctrl) after BAY-826
and/or rapamycin treatment, following the scheme in Fig. 8a, represented

as corrected total cell fluorescence (CTFC) of EMCN* vessel area, mean + sd
(n=20 (Ctrl); Cre* cohorts: n =31 (Vehicle), n =31 (BAY-826), n =12 (rapa), n=15
(BAY-826+rapa) vessels from 2 mice per group). (e) SMC coverage in ear skin of

Untreated

TIE2-ECD + rapa

Pik3ca'™*®:Vegfrl-CreER™ and Cre littermate control mice, shown as average % of
EMCN"area + sd of veins and capillaries (n = 9 (Ctrl); Cre" cohorts: n = 4 (Vehicle),
n=>5(BAY-826),n =4 (rapa), n =3 (BAY-826+rapa) mice). (f) Lesion numbersin the
ear skin of Pik3ca'**®:Vegfrl-CreER™ mice, mean = sd (n = 5 (Vehicle), n = 5 (BAY-
826), n =4 (rapa), n =4 (BAY-826+rapa) mice). (g) SMC coverage in the ear skin

of Pik3ca™®**:Vegfr1-CreER™ and Cre' littermate control mice (Ctrl), shown as
average % of EMCN" area + sd of veins (n = 8 (Ctrl); Cre* cohorts: n =9 (untreated),
n=4(TIE2-ECD), n=4 (rapa), n =7 (TIE2-ECD+rapa) mice) and capillaries (n = 15
(Ctrl); Cre* cohorts: n =13 (untreated), n = 6 (TIE2-ECD), n =4 (rapa),n=7
(TIE2-ECD+rapa) mice). (h) Lesion numbers in the ear skin of Pik3ca”**®:Vegfrl-
CreER™ mice, mean +sd (n =14 (untreated), n =8 (TIE2-ECD), n =4 (rapa),n=7
(TIE2-ECD+rapa) mice); Differences in absolute levels of % SMC coveragein e

and gis due to differences inimage acquisition parameters. *P < 0.05, **P < 0.01,
***++P < 0.0001, ns, P> 0.05, Ordinary one-way ANOVA and Tukey’s multiple
comparison. Exact P values are provided in Source Data. Scale bars: 500 pm (b).
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Extended Data Fig. 9| Effects of treatment on early lesions and control

mice. (a) Outcome of rapamycin treatment during early lesion formationin
Pik3ca'"°*®; VegfrI-CreER™ mice (4-OHT induction at 3 weeks, treatment start at
4 weeks for 5 consecutive days, analysis at 5weeks). Data represent increase in
EMCN" vessel arearelative to Cre- littermate control, mean + sd (n = 4 (Vehicle),
n=>5(rapa) mice), P = 0.0302 (*), unpaired two-tailed Student’s t-test. (b, )
Representative whole-mountimmunofluorescence images of dermal vasculature
of ear skin (b) and quantification (c) of the effect of TIE2 inhibitor BAY-826 and/
or rapamycin treatment on Cre’ littermate control mice. Treatment scheme is
asinFig.8a (4-OHT induction at 3 weeks, treatment start at 6 weeks, analysis

at 8 weeks). Datain (c) represent increase in EMCN" vessel area relative to
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Vehicle control, mean +sd (n =3 (Vehicle), n =4 (rapa), n =3 (BAY-826),n=6
(BAY-826+rapa) mice). (d) Treatment outcome in Pik3ca™*%; Vegfr1-CreER™
mice by sex. Datashown in Fig. 8c is split by sex and represent increasein EMCN"
vessel arearelative to Cre littermate control mice of the same sex, mean +sd
(n=5(Vehicle), n=5(BAY-826),n =4 (rapa), n =4 (BAY-826+rapa) mice). (e, f)
Representative whole-mount immunofluorescence images of dermal vasculature
of ear skin (e) and quantification (f) of the effect of AAV-TIE2-ECD on control mice
not carrying Cre or Pik3ca"°¥ alleles. Treatment scheme is as described in Fig.

8e (AAV at 3 weeks, 4-OHT induction at 4 weeks, analysis at 8 weeks). Datain (f)
represent a change in EMCN' vessel area relative to untreated control, mean + sd
(n=3(untreated), n =3 (TIE2-ECD) mice). Scale bars: 200 pm (b, e).
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Extended Data Fig. 10 | TIE2-PI3K-FOXO1 signaling pathway and its
dysregulation in Pik3ca-driven VM. PI3K-AKT pathway regulates diverse
cellular processes including protein translation (via TSC1/2-mTORC1) and
gene transcription through direct (for example, inhibition of FOXO1) or
indirect (for example, activation of 3-catenin through inhibition of GSK3)
mechanisms. Examples of other AKT targets involved for example, in the
regulation of cell survival (BAD) and vascular tone (eNOS) are indicated. FOXO1
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inhibition-dependent PI3K signaling contributes to regulation of cellular
metabolism, vascular growth and the acquisition of post-capillary venous
phenotype. Activation of the PI3K pathway results in “feedforward” signaling
to TIE2 by suppressing FOXO1-regulated expression of the autocrine TIE2
antagonist, ANGPT2. The resulting upstream activation of PI3K signaling is
reinforced by anincrease in coverage by smooth muscle cells (SMCs) that
produce the TIE2 agonist, ANGPTL.
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Data analysis Image J (Version 2.14.0/1.54f or earlier) [image processing and analysis]
Adobe lllustrator (Version 27.7 or earlier) [illustration]
Microsoft Excel (2019, Version 16.74) [numeric data processing and organisation]
Graphpad Prism 10 [numeric data analysis and visualization]
R for Mac OS (Version 4.0.3 to 4.3.2 or earlier), Rstudio (Version 2021.09.2 + 382 to 2023.09.1), Seurat (Version 3.1.1 to 5.1.0 ), GOstats
(v2.56.0), org.Mm.eg.db (version 3.16.0),ggplot2 (version 3.4.2),SLINGSHOT (version 2.2.0), SCORPIUS algorithm (version 1.0.5)
[scRNA-seq data processing, analysis and visualization]
TFactS (TFactSR v0.99.0) [data analysis]
Kinase Enrichment Analysis 3 (KEA3, version 3) [data analysis]
shinyapps.io by Posit [data sharing platform]
MACS (v2.1.0), BWA (v0.7.12); bcl2fastg2 (v2.20); Samtools (v0.1.19); BEDtools (v2.25.0); wigToBigWig (v4), HOMER(Version 4.10),STAR
(v2.7.9a),human genome version hg38 (Ensembl release 101), Picard (v2.25.5), Macs peak caller (v3.0.0a6), DESeq2 (v1.30.1), reference data
of GENCODE (vM15) [RNA-,AATAC- and ChIP-seq ]

custom codes developed in the study:
https://github.com/TMA-Lab/PIK3CA-driven-venous-malformations
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this study are provided as source data. Any additional information required to interpret, replicate or build upon the findings of this study are available from the
corresponding author upon reasonable request.

ChlIP-seq and bulk RNA—seq data have been deposited in the GEO under accession code GSE128636.

The data on mouse and human dermal BECs are available at the following searchable web applications, generated using ShinyCell an shiny package of Rstudio
(https://shiny.rstudio.com):

Mouse BECs: https://makinenlab.shinyapps.io/Mouse_DermalBloodEndothelialCells/

Human BECs: https://makinenlab.shinyapps.io/Human_DermalBloodEndothelialCells/

GEO accession numbers for published RNA-seq data: GSE201916, GSE128636.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201916
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128636

Reference data and libraries used for data analysis:

human genome version hg38 (Ensembl release 101): http://aug2020.archive.ensembl.org/Homo_sapiens/Info/Index
reference data of GENCODE (vM15): https://www.gencodegenes.org/mouse/release_M15.html

Kinase Enrichment Analysis 3 (KEA3, version 3) libraries: https://maayanlab.cloud/kea3/templates/libraries.jsp

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender 7 females and 8 males were included in the study. Details on sex are provided in Supplementary Table 1.

Reporting on race, ethnicity, or ' n/a
other socially relevant

groupings

Population characteristics Clinical features of VM patients with PIK3CA or TEK mutation(s) included in the study are summarized in Supplementary
Table 1. Age of the patients: 2-41 years (PIK3CA mutation, n=7), 11-36 years (TEK mutation, n=6). Normal skin as a control: 60
and 68 years (n=2).

Recruitment Residual tissue of VM was collected from patients undergoing therapeutic surgery. The decision to pursue surgery as a

therapeutic option had been made by the attending physician based on clinical evaluation. When surgery is performed, the
resected tissues are routinely screened for TEK and PIK3CA mutations. We specifically looked for cutaneous lesions, of which
7 representative lesions with TEK mutations and 6 with PIK3CA mutations were selected for this study. There is no
identifiable bias with the approach.

Ethics oversight The study protocol was approved by the ethical committees of the University of Freiburg, Germany, and the Medical Faculty
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Ethics oversight of the University of Louvain, Brussels, Belgium. Analysis of human VM biopsy material was approved by Swedish Ethical
Review Authority (Etikprovningsmyndigheten).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Data are based on a minimum of three biological replicates per condition (except for Fig. 1f and ED Fig. 2d n=2 for some groups). Sample size
(n) is indicated in the figure legends and source data. No statistical methods were used to predetermine sample size; the chosen sample sizes
were based on ethical consideration and sufficient to capture biologically relevant differences.

Data exclusions  Data exclusion in scRNA-seq analysis is based on established quality control criteria, and documented in the main text.

Replication Experimental repetition (N) are indicated in the source data. Data presented in Fig. 1d,f; 4h; 5c; 6b and Extended Data Fig. 9f were obtained
from one experiment. All other data were successfully replicated in independent experiments and with mice from at least 2 separate litters.

Randomization  Mice were randomly allocated into experimental (treatment) groups based on their genotypes. Lttermates were included as controls and
randomly allocated into experimental (treatment) groups. When applicable, mice from different cages, but within the same experimental
group, were selected to ensure randomization. Both female and male mice were included in analyses. Data were collected from different
litters on different days and experiments were performed for different batches at different time points.

Blinding Blinding was used for human sample quantifications performed before mutation information was provided by the clinics. Blinding was used
for RNA-seq, ATAC-seq and ChIP-Seq GSE128636 data collection and analysis, performed by participants (blinded to group allocation) other
than the experimental designer. For other analyses, because the same investigator designed and conducted the experiments, full blinding was
not feasible. However, objective measurements and automated analyses were used where possible to minimize potential bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z ChlP-seq
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Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Plants

Antibodies

Antibodies used Primary antibodies used for whole mount immunofluorescence (dilution 1:200 if not stated differently):

Hamster anti-mouse PECAM1/CD31 2H8 (Invitrogen, #MA3105, LOT: UJ290337),
514 product citations:https://www.rndsystems.com/products/human-mouse-rat-cd31-pecam-1-antibody_af3628#product-citations

Rat anti-mouse EMCN (Santa Cruz Biotechnology, #sc-65495, LOT: #K1121),
423 product citations: https://www.scbt.com/p/endomucin-antibody-v-7c7?
srsltid=AfmBOooCiv7s_uiGRWCsnTg4HHaGsuqfleLNDplzE1l_TeaKpRjhPfQyl#citations

Goat anti-human SOX17 (R&D Systems, #AF1924, LOT: #KGA1022031),

500 product citations: https://www.rndsystems.com/products/human-sox17-antibody_af1924?
gclsrc=aw.ds&gad_source=1&gbraid=0AAAAAD_kmXONBr7Lc1CuFZ9AcPaNc4_Sk&gclid=CjOKCQjwna6_BhCbARIsALId2Z1InMIvmSVY
M7G19gelujzRmBR901xQb0OKGNAvBeTXn5Sjl2x3Z9ijAaAspfEALW_wcB#product-citations
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Humanized monoclonal anti-ANGPT2 antibody (ABTAA, provided by Gou Young Koh and not commercially available).
Validated in: Han, S. et al. Amelioration of sepsis by TIE2 activation—induced vascular protection. Sci. Transl. Med. 8, 335ra55-335ra55
(2016).

Rabbit anti-ANGPT1 antibody (Proteintech, #23302-1-AP, dilution 1:100).
28 product citations:https://www.ptglab.com/products/ANGPT1-Antibody-23302-1-AP.htm?
srsltid=AfmBOopremYo_fnYLeUHEoJ_3HpVbIKUn_I5L8a-PGfPpSWfFfylaypl

Secondary antibodies used for whole mount immunofluorescence (dilution 1:500):

Donkey anti-rat IgG-AF488 (JIR, 712-545-153, LOT: #156685),
174 product citations: https://www.jacksonimmuno.com/catalog/products/712-545-153

Donkey anti-rat IgG-Cy3 (JIR, 712-165-153, LOT: #145787),
422 product citations: https://www.jacksonimmuno.com/catalog/products/712-165-153

Donkey anti-rat AF680 (JIR, 712-625-153, LOT: #156733),
4 product citations: https://www.jacksonimmuno.com/catalog/products/712-625-153

Donkey anti-goat AF680 (JIR, 705-625-147, LOT: #147752),
15 product citations: https://www.jacksonimmuno.com/catalog/products/705-625-147

Donkey anti-human Cy3 (JIR, 709-165-149, LOT: #139754),
21 product citations: https://www.jacksonimmuno.com/catalog/products/709-165-149

Rabbit-anti-hamster-Cy3 (JIR, 307-165-003, LOT: #120313).
2 product citations:https://www.jacksonimmuno.com/catalog/products/307-165-003

Conjugated antibodies used for whole mount immunofluorescence (dilution 1:500):

Mouse anti-Actin a-Smooth muscle-Cy3 (Sigma, Clone 1A4, #C6198)
896 product citations:https://www.sigmaaldrich.com/SE/en/search/c6198?
focus=papers&page=1&perpage=30&sort=relevance&term=C6198&type=citation_search

Antibodies used for mouse PLA assay (dilution 1:200):

Rabbit anti-phospho-Tyrosine (P-Tyr-1000 MultiMabTM, Cell Signaling, #8954),
178 product citations:https://www.cellsignal.com/products/primary-antibodies/phospho-tyrosine-p-tyr-1000-multimab-rabbit-mab-
mix/8954?srsltid=AfmBOop2hzNtALQP7_8jBGx2rQKEGUYBEHCKVEdXJeOAUF2-yogHORI

Goat anti-mouse/rat TIE2 (R&D Systems,#AF762),
37 product citations: https://www.rndsystems.com/products/mouse-rat-tie-2-antibody_af762#product-citations

Antibodies used for human PLA assay (dilution 1:200):

Rabbit anti-phospho-Tyrosine (P-Tyr-1000 MultiMabTM, Cell Signaling, #8954),
178 product citations:https://www.cellsignal.com/products/primary-antibodies/phospho-tyrosine-p-tyr-1000-multimab-rabbit-mab-
mix/8954?srsltid=AfmBOop2hzNtALQP7_8jBGx2rQKEGUYBEHC]KVEdXJeOAUF2-yogHORI

Goat anti-human TIE2 (R&D Systems, #AF313),
44 product citations:https://www.rndsystems.com/products/human-tie-2-antibody_af313#product-citations

Antibodies for pTIE2 staining (sections ):

Primary:
Rabbit anti-mouse/human phospho-Tie2 (pY992) (R&D Systems, #AF2720), dilution 1:200
33 product citations: https://www.rndsystems.com/products/human-mouse-phospho-tie-2-y992-antibody_af2720#product-citations

Secondary:

Donkey anti-rabbit IgG Highly Cross-Adsorbed AF647 (#A32795), dilution 1:500

antibody testing data: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A32795

283 product citations:https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-lgG-H-L-Highly-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A32795

Antibodies used for intravital imaging:

Anti-human, mouse Alexa Fluor 647-labeled, non-blocking PECAM-1 antibody (Clone 390, #102416, BioLegend), 25 pg intravenous
injection

47 product citations:https://www.biolegend.com/en-gb/products/alexa-fluor-647-anti-mouse-cd31-antibody-3092

Antibodies used for ChlIP-seq:

ChIP-grade rabbit antibody against human FOXO1A (abcam, #ab39670), 4 ug
94 product citations: https://www.abcam.com/en-us/products/primary-antibodies/foxola-antibody-ab39670?
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Validation

srsltid=AfmBOopQDwWHfTROXh7rAe-b52Tvzf21fNuCwctzTiCUJ-IRzLrOTk4AN

ChIP-grade mouse antibody against H3K4me3 (Active Motif, #39159),4 ug
51 product citations: https://www.thermofisher.com/antibody/product/Histone-H3K4me3-Antibody-Polyclonal/39159

ChIP-grade rabbit antibody against H3K27ac (Active Motif, #39133), 4 ug
42 product citations: https://www.thermofisher.com/antibody/product/Histone-H3K27ac-Antibody-Polyclonal/39133

Antibodies Immunoprecipitation

1lug goat anti-human TIE2 (R&D Systems, #AF313),
44 product citations:https://www.rndsystems.com/products/human-tie-2-antibody_af313#product-citations

Western blot analysis

Rabbit anti-human ANGPT2 ( D200) (Cell Signaling Technologies , #50697), 1:1000
https://www.cellsighal.com/products/primary-antibodies/angiopoietin-2-d200-antibody/50697
citation: DOI: 10.1155/2022/6595778

Rabbit anti-human pan AKT (Cell Signaling Technologies, #4691), 1:1000
5677 product citations: https://www.cellsignal.com/products/primary-antibodies/akt-pan-c67e7-rabbit-mab/4691

Rabbit, anti-human phospho-AKT (D9E) (Ser473) (Cell Signaling Technologies, #4060), 1:1000
11915 product citations: https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-rabbit-mab/4060

Mouse anti-human phospho-TYR (#Cell Signaling Technologies, #96215), 1:1000
28 product citations: https://www.cellsignal.com/products/primary-antibodies/phospho-tyrosine-4g10-mouse-mab/96215

Rabbit anti-human S6 ribosomal protein (5G10) (Cell Signaling Technologies, #2217), 1:5000
2453 product citations:

Rabbit anti-human phospho-S6 ribosomal protein (91B2) (Ser235/236) (Cell Signaling Technologies, #4857), 1:5000
239 product citations: https://www.cellsignal.com/products/primary-antibodies/phospho-s6-ribosomal-protein-ser235-236-91b2-
rabbit-mab/4857

Rabbit anti-human: a/B-Tubulin (Cell Signaling Technologies, #2148), 1:5000
797 product citations: https://www.cellsignal.com/products/primary-antibodies/a-b-tubulin-antibody/2148

Rabbit V5-tag (D3H8Q) (Cell Signaling Technologies, #13202), 1:2500
474 product citations: https://www.cellsignal.com/products/primary-antibodies/v5-tag-d3h8g-rabbit-mab/13202

Goat anti-human TIE2 antibody (R&D Systems, #AF313), 1:1000
44 product citations:https://www.rndsystems.com/products/human-tie-2-antibody_af313#product-citations

HRP-conjugated secondary antibodies

Goat anti-rabbit antobody (Jackson Immuno Reserach Labs, #111-035-008), 1:5000
87 product citations: https://www.jacksonimmuno.com/catalog/products/111-035-008

Rabbit anti-mouse antibody (Jackson Immuno Reserach Labs, 315-035-003) 1:5000
100 product citations: https://www.jacksonimmuno.com/catalog/products/315-035-003

Rabbit and anti-goat antibody (Jackson Immuno Reserach Labs, 305-036-008) 1:5000
2 product citations: https://www.jacksonimmuno.com/catalog/products/305-036-008

All antibodies, except for anti-ANGPT2, are commercially available and validated for the specified species and applications by the
indicated manufacturer and/or in previous publications by us and others. Details are available on the manufacturers' website
indicated for each antibody above.

Humanized anti-ANGPT2 antibody (ABTAA, provided by Gou Young Koh and not commercially available) was
validated in: Han, S. et al. Amelioration of sepsis by TIE2 activation—induced vascular protection. Sci. Transl. Med. 8, 335ra55-335ra55
(2016).
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Pooled human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (#CC-2519).
Human embryonic kidney cells (HEK293FT) were purchased from Life Technologies (R70007).

No commonly misidentified cell lines were used. For data analysis only primary cells (HUVECs) were used, which were
validated by the commercial vendor and cultured for a limited number of passages.

Mycoplasma contamination All cells were tested negative for mycoplasma contamination.

Commonly misidentified lines o commonly misidentified lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

R26-LSL-Pik3caH1047R mice (Eser et al, 2013) were crossed with the Cdh5-CreERT2 mice (Want et al, 2010) or
Vegfr1-CreERT2 mice (Petkova et al. 2023), and analyzed on a C57BL/6J background. For clonal tracing, the mice
were further crossed with the R26-iChr2-Mosaic animals (Pontes-Quero et al. 2017). Both female and male mice
were used for analysis and no differences in the phenotype between the sexes were observed. Postnatal mice
between the age of 3-16 weeks were used for experiments, and the age is stated in the figures and/or legends.
Mice were housed in individually ventilated cages under a 12:12-h dark-light cycle (light from 07:00 to 19:00) at 22
+ 1°C with ad libitum access to food and water.

The study does not contain wild animals.

Sex was used as a biological variable in the analyses, and as reported in the manuscript, no sex-related differences were observed.

The study does not contain samples collected from the field.

Experimental procedures on mice were approved by the Uppsala Animal Experiment Ethics Board (permit numbers
130/15, 5.8.18-06383/2020, 5.8.18-03362/2021) and performed in compliance with all relevant Swedish regulations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

n/a

n/a

n/a

Data deposition

& Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|Z| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

Datasets generated in this study have been deposited in the Gene Expression Omnibus under accession number

May remain private before publication. | GSE128636.

Files in database submission Files available in the database submission:

Processed data files
HUVEC_AdControl_FOXO1_ChlIPseq.bw
HUVEC_AdFOXO1A3_FOXO1_ChlIPseq.bw
HUVEC_AdControl_H3K27ac_ChlPseq.bw
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HUVEC_AdFOXO1A3_H3K27ac_ChIPseq.bw
HUVEC_AdControl_H3K4me3_ChIPseq.bw
HUVEC_AdFOXO1A3_H3K4me3_ChIPseq.bw
HUVEC_pooled_input.bw

Raw files
HUVEC_AdControl_FOXO1_ChlPseq.fastq.gz
HUVEC_AdFOXO1A3_FOXO01_ChlPseq.fastq.gz
HUVEC_AdControl_H3K27ac_ChlPseq.fastq.gz
HUVEC_AdFOXO1A3_H3K27ac_ChlIPseq.fastq.gz
HUVEC_AdControl_H3K4me3_ChlPseq.fastq.gz
HUVEC_AdFOXO1A3_H3K4me3_ChlPseq.fastq.gz
HUVEC_pooled_input.fastg.gz

Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(@]
wv
c
=
=
o
=<

Methodology

Replicates 1; Pooled chromatin from independent transductions.

Sequencing depth lllumina sequencing libraries were prepared from the ChIP and Input DNAs by the standard consecutive enzymatic
steps of end-polishing, dA-addition, and adaptor ligation.
After a final PCR amplification step, the resulting DNA libraries were quantified and sequenced on lllumina’s
NextSeq 500 (75 nt reads, single end).
HUVEC-AdControl_FOXO1 45053443 reads
HUVEC-AdFOXO1A3_FOX01 47702593 reads
HUVEC-AdControl_H3K27Ac 38862996 reads
HUVEC-AdFOXO1A3_H3K27Ac 37462857 reads
HUVEC-AdControl_H3K4me3 38628403 reads

Antibodies ChIP-grade antibodies: FOXO1 (abcam, #ab39670), H3K4me3 (Active Motif, #39159),H3K27ac (Active Motif, #39133)

Peak calling parameters  Peak locations were determined using the MACS algorithm (v2.1.0) with a cutoff of p-value = 1e-7. Peaks that were on
the ENCODE blacklist of known false ChIP-Seq peaks were removed.

Data quality Data quality was assessed with the FastQC quality-control tool for high throughput sequence data.

Software MACS, BWA (v0.7.12), bcl2fastg2 (v2.20), Samtools (v0.1.19), BEDtools (v2.25.0), wigToBigWig (v4)
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