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Abstract

Venous malformations (VM) are vascular malformations characterized by enlarged and distorted
blood vessel channels. VM grow over time and cause substantial morbidity because of
disfigurement, bleeding, and pain, representing a clinical challenge in the absence of effective
treatments (Nguyen et al., 2014; Uebelhoer et al., 2012). Somatic mutations may act as drivers of
these lesions, as suggested by the identification of 7EK mutations in a proportion of VM (Limaye
et al,, 2009). We report that activating P/IK3CA mutations gives rise to sporadic VM in mice,
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which closely resemble the histology of the human disease. Furthermore, we identified mutations
in PIK3CA and related genes of the PI3K (phosphatidylinositol 3-kinase)/AKT pathway in about
30% of human VM that lack 7EK alterations. PIK3CA mutations promote downstream signaling
and proliferation in endothelial cells and impair normal vasculogenesis in embryonic development.
We successfully treated VM in mouse models using pharmacological inhibitors of PI3Ka
administered either systemically or topically. This study elucidates the etiology of a proportion of
VM and proposes a therapeutic approach for this disease.

INTRODUCTION

Venous malformations (VM) [Online Mendelian Inheritance in Man (OMIM) #600195] are
the most frequent form of vascular malformation and are characterized by the presence of a
single endothelial layer forming distended blood vessels of variable diameter that are
surrounded by a disorganized mural cell layer containing both smooth muscle cells and
pericytes (Z, 2). Sporadic VM are particularly evident when they involve skin or mucosae.
These lesions grow over time, causing substantial morbidity such as disfigurement, bleeding,
and pain. They may also affect other tissues including muscles, joints, or the intestine (3).
Furthermore, they represent a clinical challenge because of the lack of effective treatments,
although some patients derive limited benefits from surgery or sclerotherapy (4, 5).
Currently, there are no approved pharmacological treatments for these lesions that often tend
to recur after conventional therapy.

Previous studies in sporadic VM have identified activating somatic mutations in the gene
coding for the endothelial-specific tyrosine kinase receptor 7EK (TIE2) in almost half of the
cases analyzed (6, 7). Activating mutations in 7EK result in enhanced activation of the
downstream PI3K (phosphatidylinositol 3-kinase)/AKT and MAPK (mitogen-activated
protein kinase) pathways (&.11) and have been shown to promote the growth of human
umbilical vein endothelial cells (HUVECS) in xenograft assays (17), deregulate the
expression of genes involved in vascular development (22), compromise the endothelial cell
(EC) monolayer as a result of the loss of fibronectin (13), and decrease the expression of the
mural cell attractant PDGFB (platelet-derived growth factor, § polypeptide) (Z2). However,
in a large proportion of VM that do not harbor mutations in 7EK; the underlying
pathogenesis remains unknown.

The PI3K pathway is a central regulator of cell survival, growth, and metabolism (Z4), and
its deregulation as a result of genetic or epigenetic perturbations is observed in a variety of
human tumors and overgrowth syndromes (15, 16). PI3K is regulated by virtually all
receptor tyrosine kinases, including TIE2, and mediates the phosphorylation of
phosphatidylinositol 4,5-biphosphate, giving rise to the second messenger
phosphatidylinositol 3,4,5-trisphosphate that triggers downstream signaling. AKT and
mTOR (mammalian target of rapamycin) are two well-studied effectors of the PI3K pathway
and are responsible for the cellular phenotypes such as cell cycle progression, proliferation,
anabolism, and others (Z4). PI3K also plays a critical role in vascular homeostasis, and this
pathway is essential for angiogenesis and maintenance of the mature endothelium (17, 18).
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Hotspot mutations in PIK3CA, the gene encoding for the catalytic p110a subunit of PI3K,
cause pathway hyperactivation resulting in cellular transformation and uncontrolled growth
in epithelial and mesenchymal cells (15). This aberrant PI3K/AKT signaling is associated
with overgrowth syndromes that are often accompanied by different types of vascular
malformations including lymphatic, venous, and arteriovenous malformations (19), as well
as isolated lymphatic malformations (20).

We report the existence of gain-of-function mutations in the PI3K/ AKT pathway in clinical
specimens of isolated sporadic VM and provide a genetically engineered mouse model
(GEMM) of this disease. The presence of PIK3CA mutations in sporadic VM, together with
the observation that these mutations are mutually exclusive with 7EK mutations, suggests
that VM may be defined as a disease state characterized by the presence of somatic
activating mutations in the TIE2-PI3K-AKT axis. Together, these findings could result in the
development of efficacious therapies for this challenging disease and could contribute to a
genomically based classification of vascular lesions.

RESULTS

PIK3CASPT2f-Cre mice develop spinal and cutaneous VM

An unexpected finding pointed us toward the critical role of PI3K in the pathogenesis of
VM. We were originally interested in studying the role of PIK3CA, the gene encoding the
catalytic p110a subunit of PI3K (PI3Ka), in uterine cancer, which is characterized by the
presence of these mutations in approximately half of the cases (27). To investigate the role of
PIK3CA oncogenicity in this disease, we took advantage of the previously reported
transgenic mouse strain LoxP-STOP-LoxP(LSL)-P/K3CAHI047R ‘which allows the
expression of the activating PIK3CA mutation H1047R in a tissue-specific manner using the
Cre-loxP technology upon removal of the floxed synthetic transcriptional/translational STOP
cassette (22). These animals were crossed with the Sprr2f-Cre strain, shown to drive Cre
recombinase expression in both luminal and glandular uterine epithelial cells (fig. S1A) (23).
Unexpectedly, although P/IK3CASPT2E-WT mice were viable and normal, PIK3CASPr2f-Cre
littermates exhibited hindlimb paralysis at an early age (4 to 10 weeks) (Fig. 1A). Because
this phenotype was observed in both males and females, we decided to further explore the
pathologic events underlying this phenotype. Histologic examination revealed lesions in the
spinal cord resembling human vascular malformations that were not present in wild-type
animals (Fig. 1B). Specifically, these abnormalities showed dilated “cavernous” vascular
spaces with extensive blood pools and hemorrhage involving both white and gray matter.

We further examined the spinal lesions in PIK3CASP2f-Cre mice injected intravenously with
gold nanoparticles, using the in vivo x-ray computed tomography imaging to confirm the
presence of hyperdense lesions in the spine. These vascular lesions were present in animals
with both advanced and milder phenotypes but not in wild-type littermates (Fig. 1C) and
showed slow blood flow and extravasation, radiological features of vascular malformations
of the spine (24). The abnormal vascular channels, represented by cavernous spaces and
capillary proliferation, were consistent with a diagnosis of VM according to the current
classification of the International Society for the Study of Vascular Anomalies (25). Among
the observed alterations, cutaneous VM were the most frequent, exhibiting high penetrance
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in the PIK3CASPT2f-Cre mice (about 90%) (Fig. 1D). Microscopically, the skin lesions
resembled human VM with positivity for CD31 (Fig. 1E and fig. S1B) and Perl’s Prussian
blue staining (Fig. 1F), indicative of EC lining and hemosiderin deposition, respectively.

To further characterize the observed lesions, we stained our mouse VM for both glucose
transporterl (GLUT-1) and Wilms tumorl (WT-1), which are immunophenotyping markers
of infantile hemangioma (IH), a different vascular disease with a distinct natural history that
responds to the B-blocker propranolol (26-28). Both types of staining were negative in
mouse VM samples as compared to positive controls from human IH specimens and mouse
tissue (fig. S1, C and D). Lymphatic malformations, which can histologically resemble VM,
can also harbor PIK3R1 and PIK3CA mutations (29). In fact, mice with a knockout of
PIK3R1, encoding the PI3K regulatory subunits p85a, p55a, and p50a, have defects in
normal lymphangiogenesis and develop lymphatic malformations in the intestines and skin

(30).

Thus, to assess whether our VM model might exhibit a substantial lymphatic component, we
stained for the lymphatic-specific markers lymphatic vessel endothelial hyaluronan receptor
1 (LYVE-1) (31) and prospero homeobox 1 (PROX-1) (32). Our IHC staining with these
lymphatic markers did not detect any relevant reactivity in the areas comprising the
malformation, indicating that these lesions are entirely VM (fig. S1, E and F).

We hypothesized that the Sprr2f-Cre strain drives the expression of the Cre recombinase in
mature or precursor ECs, in addition to the reported endometrial epithelial cells. Thus, we
crossed the LSL-LacZ reporter strain with the Sprr2f-Cre mouse and performed j3-
galactosidase staining in spinal sections. In LacZSP""2-Cre sections, we detected discrete
positive cells resembling ECs that were sparsely distributed within the white and gray matter
of the spinal cord (fig. S1G). Because of technical constraints, we were not able to obtain
double staining for LacZ and CD31. However, double immunofluorescence staining against
Cre and CD31 on VM from the Sprr2f-Cre mice confirmed the presence of Cre recombinase
in the CD31-positive lesions that explain the vascular phenotype observed in these mice (fig.
S1H).

PIK3CA activating mutation affects normal ECs

Analogous to recent studies (1), we transduced primary human skin ECs with retrovirus
encoding the PIK3CA wild type or H1047R variants to study the cellular mechanisms by
which PIK3CA mutations might alter EC function. PIK3CAHI047R muytant cells exhibited
amplified downstream PI3K/AKT/mTOR signaling with increased phosphorylation of AKT
at S#73 and T3%8, and the mTOR downstream targets S6 kinase at T389 and ribosomal S6
protein at $235/6 and $240/4 (Fig. 2A). We undertook tube formation assays to assess the
ability of these cells to form a normal capillary network in a three-dimensional matrix, an
approach widely used to assess the normal function of EC (33). PIK3CAH1047R mytant cells
formed aberrant EC clusters, as opposed to their wild-type counterparts, which generated
normal vascular tubes in vitro (Fig. 2B). We further confirmed these results using HUVECs
infected with PIK3CA wild type and the H1047R mutant, which recapitulated the increased
PI3K/AKT signaling (fig. S2A) and aberrant tube formation in vitro (fig. S2B). Because
PI13K regulates cell proliferation (18), we tested the proliferation ratio of our primary cells in
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vitro using 5-ethynyl-2/-deoxyuridine (EdU) incorporation assays and found that the mutant
cells exhibited a slightly higher, but reproducible, proliferation rate as compared with wild-
type cells and empty vector controls, which was reversed upon treatment with a PI3Ka
inhibitor (Fig. 2C) in a dose-dependent manner (fig. S2, C and D).

ECs, which are key players in the development of vascular malformations, create a
pathological niche that involves the mural cell compartment, probably in part as a result of
aberrant cytokine secretion (12, 34). To test the impact of the PIK3CA activating mutation
H1047R on the secretion of angiogenic factors, we performed antibody arrays in our
primary ECs carrying wild-type P/IK3CA or the H1047R mutation. We found that
angiopoietin-2 (ANG2) protein expression was decreased in P/IK3CAHI047R byt not in the
PIK3CAWT or control cells (fig. S2E).

Because ANG?2 is a cytokine that is regulated by forkhead O (FOXO) transcription factors
downstream of the PI3K/AKT pathway, inhibits blood vessel leakage (35), and plays a role
in the pathogenesis of lymphatic malformations and VM (1.2, 20, 36), we sought to confirm
whether our primary ECs displayed decreased expression of ANG2. Consistently,
PIK3CAHI04TR mutant ECs had lower expression of ANGPT2mRNA and secreted ANG2
protein compared to P/IK3CAWT cells and empty vector controls (fig. S2F). Next, we treated
PIK3CAHI04TR ECs with the different inhibitors of the PI3K/AKT/mTOR pathway, namely,
BYL719 (PI3Ka), MK2206 (AKT), and everolimus (mTOR). We observed that both PI3Ka
and AKT inhibitors were able to rescue the mRNA and protein expression of ANG2, but the
mTOR inhibitor everolimus was not (fig. S2F). These results are in agreement with the
previous evidence describing this secretory phenotype in VM, where PDGFB and ANG2 are
down-regulated in 7EK mutant ECs (12).

Human VM harbor PIK3CA mutations

Next, to ascertain whether the same genetic alterations triggering the phenotype in our
mouse and cellular models were also present in the human condition, we examined clinical
specimens from 32 patients, mainly adults (median age, 36 years), diagnosed with VM
(table S1). Patients diagnosed with VM at our institution, a cancer center, mainly presented
with deep-seated and infiltrative masses in the skeletal muscle (53% of the cases were
intramuscular, 34% involved skin, and 13% were in other locations) (table S1).
Histologically, these lesions displayed a mixed pattern of vascular proliferation, including
thick-walled malformed vessels, cavernous spaces filled with erythrocytes, and capillary
areas (Fig. 2D), and these were radiologically detected by routine magnetic resonance
imaging (MRI) scans (Fig. 2E). We analyzed these VM by targeted exome sequencing of
341 cancer-related genes using the MSK-IMPACT (Memorial Sloan Kettering—Integrated
Mutation Profiling of Actionable Cancer Targets) assay (37) developed at our institution,
yielding a median coverage of 588X. This assay was complemented with the next-generation
deep sequencing targeted to the 7EK locus (table S2). Deep sequencing detected P/IK3CA
mutations in 25% (8 of 32) of cases in previously described (38) hotspots encoding for the
gain-of-function mutations H1047R (3 of 32) and E542K (3 of 32) with an allele frequency
ranging from 3 to 15% (Fig. 2F and fig. S2G). We also identified two other mutations in
PIK3CA, coding for C420R and 1143V. In addition, we found gain-of-function mutations in
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other genes related to the PI3K pathway, such as AK72, AKT3, and /RS2, resulting in an
overall frequency of about 30% of mutations in the PI3BK/AKT pathway (Fig. 2G and table
S1). Because it was impossible to asses copy number variations in our cohort as a result of
low cellularity and considering that amplification of P/K3CA and loss of PTEN are two
common alterations of the PI3K pathway in human cancer, we performed fluorescence in
situ hybridization analysis in all the VM patient samples sequenced. We did not find any
amplification of PIK3CA or deletion of PTEN in any of the samples analyzed (fig. S2H).
Furthermore, we found isolated mutations in genes involved in the MAPK pathway (GNAQ,
NF1, MAP2K1, and MAP3KI) in 13% of the cases (Fig. 2G).

Previously described mutations in the tyrosine kinase receptor 7EK (6, 7) were found in
35% of the patients of our cohort, with allele frequencies ranging from 4 to 15%. These
mutations were mutually exclusive with the mutations in the PI3K pathway, with the
exception of one case (Fig. 2H). Considering that in ECs, the TIE2 receptor, encoded by
TEK; is immediately upstream from PI3K and signals via PI3K itself (9, 13, 39), VM may
be defined as a disease state characterized by the presence of somatic activating mutations in
the TIE2-PI3K-AKT axis.

We were not able to detect any mutation in 5 of the 32 samples analyzed (table S1). This
could be a result of low mutation allele frequency that is below the detection limit of our
assay, the presence of a mutation that is not represented in our MSK-IMPACT assay, or a
non-genetic etiology.

Ubiquitous expression of PIK3CAH1047R spontaneously induces VM in mice

We hypothesized that the cell of origin giving rise to VM might be particularly sensitive to
oncogenic P/K3CA transformation. Thus, we generated P/IK3CACAG-CreER mice, in which
the PIK3CAM1047R gllele is ubiquitously expressed upon tamoxifen administration (fig.
S3A) (40). Six- to eight-week-old mice fed with tamoxifen rapidly developed cutaneous VM
with 100% penetrance compared to their PIK3CAWT littermates (Fig. 3A). Histologic
assessment confirmed a combined capillary and cavernous phenotype exhibiting dilated
blood channels filled with erythrocytes (Fig. 3B) and immunoreactivity for CD31 (Fig. 3C)
and phosphorylated AKT (S#73), a surrogate marker of PI3K activation (Fig. 3D).

Similar to human VM, murine vascular lesions from the PIK3CACAG-CreER mice were
negative for GLUT-1, WT-1, LYVE-1, and PROX-1 (fig. S3, B to E) and contained high
amounts of hemosiderin deposition (Fig. 3E). Although the skin phenotype was readily
evident, additional lesions were observed at necropsy at multiple sites, including mesentery,
genitourinary tract, kidney, and retina (Fig. 3F), with no apparent difference in the incidence
by anatomic site. Histological analyses of these lesions revealed large spaces filled with
blood and lined by flattened ECs, with a similar immunophenotype, positive for CD31 and
Prussian blue staining (Fig. 3, G and H).

We confirmed our findings using the UBC-CreER strain, another transgenic strain in which
the ubiquitin C promoter drives the expression of a tamoxifen-inducible Cre recombinase in
all the cells of the organism (fig. S4) (41). Consistently, our results indicated that upon
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ubiquitous expression of the oncogenic PIK3CA transgene, the cell of origin for VM might
be more sensitive to transformation than other cell types, resulting in the genesis of VM.

To test whether the formation of VM in our mouse model results, at least in part, from
increased proliferation caused by hyperactive PI3K signaling (42, 43), we measured 5-
bromo-2’-deoxyuridine (BrdU) incorporation and Ki-67 staining in both PIK3CAWT and
PIK3CACAG-CreER |jttermates. Whereas normal blood vessels were negative for BrdU
incorporation as a consequence of EC quiescence (44), VM displayed a marked increase in
proliferative cells (Fig. 3, I and J). In agreement with the BrdU data, Ki-67 positivity was
found in our VM (fig. S5, A and B). We cannot rule out whether the proliferative
enhancement observed is caused by the direct effect of the PIK3CA mutant allele or a result
of autocrine and/or paracrine signaling from proliferating ECs, which plays an important
role in the complex development of human VM (22, 45). At the morphological level,
quantification of the lumen diameter from normal blood vessels and VM revealed a 10-fold
increase in the size of these structures in VM samples (Fig. 3K).

PI3K inhibitors are effective in the treatment of PIK3CA-induced VM

The presence of oncogenic P/K3CA mutations in human specimens of VM, together with
the observed phenotypes in mice, prompted us to evaluate the full growth potential of these
lesions, despite the fact that they are considered to be vascular malformations. To this end,
we injected PIK3CACAG-CIeER \/\ cells into recipient immunocompromised nude mice.
These cells formed highly vascularized and proliferative masses a few weeks after injection,
with a histology and appearance highly resembling that of the original lesions (Fig. 4A).
Although VM do not have metastatic potential in patients, our finding that they may be
successfully transplanted and grown in animals suggests that these lesions display some
tumorigenic behaviors and highlight the fine line between malignant and benign tumors in
some cases. Allotransplanted VM formed new cystic structures that contained blood and
exhibited intravascular coagulopathy, as measured by the increased concentration of D-
dimers in plasma (Fig. 4B), a useful tool for the differential diagnosis of VM in human
patients (46).

Of clinical relevance, the presence of activating P/IK3CA mutations in VM opens the door
for the treatment of this condition with PI3Ka inhibitors, currently under clinical
development for several cancer indications (47). Treatment of VM with the PI3Ka selective
inhibitor BYL719 resulted in a marked response as measured by a decrease in VM volume
(Fig. 4C), reduced proliferation, and increased apoptosis (Fig. 4D and fig. S5C). On the
contrary, treatment with the 3-adrenergic antagonist propranolol, an active agent against IH
(28), did not yield any effect (Fig. 4, E and F, and fig. S5D). In support of the role of the
aberrant activation of the PI3K/mTOR pathway in VM, treatment with the mTOR inhibitor
everolimus (48, 49) partially decreased VM size and proliferation in a similar fashion as
PI3K inhibition, although it did not increase apoptosis (Fig. 4, E and F, and fig. S5D).

As mentioned above, VM may be defined as a disease characterized by the presence of
somatic activating mutations in the TIE2-PI3K-AKT axis (Fig. 2, G and H). Because the
TIE2 receptor, encoded by TEK;, is immediately upstream from PI3K and signals via PI3K
itself, we postulated that treatment with PI3K inhibitors might also be efficacious in VM
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harboring TEK mutations. Indeed, treatment of HUVECs stably expressing the 7TEK
mutation L914F with the PI3Ka inhibitor BYL719 decreased the amount of phosphorylated
AKT (T398 and $473) (fig. S6A), suggesting that PI3K inhibitors may be efficacious for VM
with either PIK3CA or TEK mutations.

Given that a large number of VM are detected in the skin or superficial tissues, together with
the substantial toxicity of systemic administration of PI3K inhibitors in patients (50), we
wondered whether the topical application of PI3K inhibitors might be of therapeutic interest
in this context. To this end, we formulated two different cream preparations containing the
PI3Ka inhibitor BYL719 at 1% (w/w): one preparation with the inhibitor dispersed directly
into the cream base and another one with the inhibitor presolubilized in dimethyl sulfoxide.
Topical administration of the PI3Ka inhibitor using these two different cream formulas
achieved a rapid and sustained regression of skin lesions (Fig. 4G and fig. S6B). Together,
our results indicate that VM have tumorigenic growth potential as evidenced by their ability
to engraft in nude mice and that the treatment with PI3K inhibitors either systemically or
locally is a suitable pharmacological approach to control the disease.

Expression of mutant PIK3CA impairs normal vasculogenesis

VM may occur as a result of defects during angiogenesis, a process in which PI3Ka is
actively involved (17, 18 51). To explore the biological relevance of PI3K hyperactivation
specifically in blood vessels, we crossed P/K3CAH1047R mice with the Tie2-Cre strain (52),
which drives the expression of the transgene in ECs (fig. STA). PIK3CAT€2-Cre mice were
not viable because of early embryonic lethality [embryonic day 10 (E10)] resulting from
vascular defects (Fig. 5A). CD31 staining of coronal sections revealed dilated blood vessels
and vascular anomalies (Fig. 5B, upper panel) present in meningeal vessels, cardinal vein,
and dorsal aorta. Moreover, small intersomitic vessels failed to form (Fig. 5B, lower panel),
suggesting that deregulated PI3K activity results in lethal impairment of small vessel
formation (7). These malformations were also evident in whole-mount embryo CD31
staining, with aberrant formation of the cephalic and intersomitic vessels (Fig. 5, C and D,
upper panels). Morphology, proliferation, and apoptosis were not altered in P/K3CATie2-Cre
embryos’ hearts (fig. S7, B to D), suggesting that the observed phenotype is caused by a
defect specifically affecting blood vessel formation. Aiming to validate the implication of
excessive PI3K signaling in aberrant vasculogenesis, as well as to evaluate whether
pharmacological inhibition could overcome this effect, we attempted to revert the phenotype
by treating pregnant mice with the PI3Ka inhibitor BYL719. PIK3CATe2-Cre E9 5 embryos
treated with the PI3Ka inhibitor showed an overall body size comparable to PIK3CAVT
littermates, suggesting improved vascular function (fig. S7E). CD31 whole-mount staining
revealed restored cephalic and intersomitic small blood vessel formation (Fig. 5, C and D,
lower panels). Phosphorylated AKT staining showed a strong reduction in both
PIK3CAT€2-Cre and PIK3CAWT embryos after PI3Ka, inhibitor treatment, in contrast with
untreated control embryos (fig. S7F). At the histologic level, treatment reestablished
meningeal, cardinal vein, and dorsal aorta blood vessel morphology (Fig. 5E), indicating that
aberrant PI13K pathway hyperactivation impairs normal embryonic angiogenesis in mice.
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DISCUSSION

VM are the most common vascular malformation in humans (5) and are a cause of pain,
functional limitations of the affected areas, aesthetic disfigurements, and coagulopathies. In
severe cases, sclerotherapy or surgical resection may be considered; however, these
procedures often involve complications such as cutaneous necrosis or extended
inflammatory reactions (53), and depending on the anatomic location and extension may
have limited applicability. Moreover, VM are prone to recur and recanalize (54), raising the
need for developing more effective therapies.

GEMMs represent reliable tools for investigating the etiology, biology, and progression of
human diseases, as well as for exploring new therapeutic approaches (55, 56). The first
somatic molecular alterations linked to the development of sporadic VM were the
acquisition of gain-of-function mutations in the gene encoding the EC-specific tyrosine
kinase receptor TIE2 (TEK) (6, 8 57, 58). Ligand-independent receptor activation drives
constitutive activation of the PI3K/AKT and MAPK pathways, resulting in increased
proliferation and survival of EC that could account for increased EC accumulation in VM
and abnormal recruitment of smooth muscle cells. However, only a subgroup of VM harbor
defects in TEK, suggesting that other genomic or molecular alterations may be at play in this
disease. In this line, it would be interesting to develop a GEMM expressing activating 7EK
mutations in the endothelial compartment to characterize in detail their role in the
histopathology and the mechanism of pathogenesis of this disease.

Recent studies performing xenograft experiments with HUVECs transduced with the most
frequent TEK mutation, L914F, have demonstrated its functional relevance in inducing VM
(11). Treatment of murine xenografts with rapamycin proved the efficacy of inhibiting
mTOR activity, which also showed clinical activity in VM patients in a pilot trial.
Intriguingly, three of five patients that responded to mTOR inhibition in this study did not
harbor any genetic defect in 7EK (11). It is thus tempting to speculate that additional
molecular alterations enhancing the activity of the PI3K/AKT/mTOR pathway could be
driving the formation of VM in these patients.

We report the generation of a GEMM for VM by inducing the expression of the gain-of-
function PIK3CAH1047R muytant allele in mice. The histopathologic resemblance of the
lesions arising in mice to those affecting humans prompted us to evaluate the existence of
similar alterations in clinical specimens. Through targeted exome sequencing, we found that
25% of the evaluated samples bear activating mutations in P/K3CA or additional genetic
defects predicted to stimulate constitutive downstream signaling. To reconcile our findings
with those previously reported, we confirmed that 35% of the patients harbored mutations in
TEK;, yet these were mutually exclusive with the presence of activating PI3K mutations,
consistent with a functional redundancy. These results are in agreement with the high
prevalence of 7EK mutations reported by others, mainly in pediatric patients (6, 7).

TIE2 activated as a result of 7EK mutations mainly signals through PI3K (9, 39, 59),
consistent with the unifying hypothesis that aberrant activation of PI3K signaling by
mutations in the upstream receptor or in the pathway itself causes the development of VM.
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Somatic mutation of PIK3CA is frequently detected in several cancer types, and genetic
alterations driving hyperactivation of the PI3K/AKT pathway have also been reported in
nonhereditary postzygotic tissue overgrowth syndromes that often exhibit mixed capillary,
lymphatic, and venous anomalies. Because of the clinical overlap of these overgrowth
syndromes with PIK3CA mutations, the term P/IK3CA-related overgrowth syndrome has
been proposed (19). Patients suffering from congenital lipomatous overgrowth, vascular
malformations, epidermal nevi, and skeletal/spinal abnormalities (CLOVES) syndrome
harbor somatic mosaicism for activating P/K3CA mutations resulting in hyperactive PI3K/
AKT signaling (60). The presence of somatic mutations in P/IK3CA was also detected in
patients affected by Klippel-Trenaunay-Weber syndrome, an overgrowth condition with
features overlapping those of CLOVES syndrome: isolated lymphatic malformations,
fibroadipose hyperplasia, and fibroadipose vascular anomalies (621, 62). Additional genetic
alterations in PTEN, GNAQ, AKT isoforms, or the regulatory subunit of PI3K P/K3R1,
which enhance PI3K/AKT/mTOR and MAPK pathway activation, have also been reported
in other malformation syndromes including Proteus (63), megalencephaly-capillary
malformation (MCAP) (64), Sturge-Weber (65), and Bannayan-Riley-Ruvalcaba (66)
syndromes, underscoring the involvement of aberrant PI3BK/AKT/mTOR signaling in
developmental disorders. The MCAP syndrome exhibits a predominant brain overgrowth
phenotype in which PIK3CA mutations are also involved. A recent report has described the
first mouse model for brain overgrowth using GEMM of P/K3CA mutants E545K and
H1047R, validating the importance of these mouse models in the study of P/K3CA-driven
syndromes (67). Nevertheless, sporadic and solitary VM lesions are a different and much
more prevalent entity that is not necessarily associated with overgrowth,

Despite the fact that most lymphatic malformations carry PIK3CA mutations, our mouse
model does not present detectable lymphatic anomalies. This is a limitation of our model
that could be explained by a number of factors including the moment and time of
recombination, or possibly different sets of precursor cells giving rise to each malformation.
Our observations are further supported by those made by Castillo and colleagues, who found
that mosaic somatic mutations induced in a PIK3CA/2047R mouse model cause VM that are
associated with neither tissue overgrowth nor lymphatic malformations (45), suggesting that
the cell of origin giving rise to VM may be more susceptible to hyperactive PI3K signaling
than other cell lineages and that additional genetic or environmental cues are required to
reproduce the complex phenotypes observed in overgrowth syndromes. In the future, it
would also be interesting to identify the cell of origin of VM by means of lineage-tracing
experiments.

Given the ability of our mouse model to recapitulate the pathogenesis of human VM, we
determined whether it could be used as a platform for testing pharmacological inhibition
using P13K inhibitors currently under clinical development. To put it into context, we also
evaluated the efficacy of other agents that have been proposed to inhibit the growth of VM,
including rapamycin analogs and propranolol (1, 68). The greatest growth inhibition was
achieved when treating allograft transplants with a PI3Ka inhibitor or the rapamycin analog
everolimus, but no effect was observed with propranolol. Rapamycin improves quality of life
in patients with VM (Z1), lymphatic malformations (69), and other vascular syndromes (48),
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probably because long-term treatment with rapamycin has the ability to inhibit AKT in ECs;
this observation is also seen in adipocytes, but not in all epithelial cells (70).

In contrast to the antiproliferative effect of rapamycin analogs, we propose that the
proapoptotic effect achieved upon PI3K inhibition is likely to yield improved therapeutic
efficacy by diminishing the recurrence of VM. Topical administration of PI3Ka inhibitor
further demonstrated the efficacy of this treatment with an approach that would be devoid of
the substantial side effects associated with systemic drug administration (hyperglycemia,
nausea, gastrointestinal effects, and fatigue) (50). The impaired vasculogenesis observed in
mouse embryos as a consequence of endothelial-restricted expression of the P/IK3CAH1047R
allele was also rescued when pregnant mice were treated with the PI3Ka inhibitor, further
supporting a functional requirement for controlled PI3K signaling in normal embryonic
vasculogenesis as has been demonstrated by others (52).

In summary, our study provides a GEMM recapitulating human VM caused by
hyperactivation of the PI3K/AKT pathway, reveals the impact of PIK3CA somatic mutations
in the pathogenesis of VM, and provides a potential therapeutic approach to treat advanced
or recurrent lesions in these patients.

MATERIALS AND METHODS

Materials and methods can be found in the Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PIK3CASPIT2fCRE mice develop spinal vascular malformations
(A) Hindlimb paresis phenotype observed in P/K3CASPT2fCRE mice. WT, wild type. (B)

Gross and detailed histology of the spinal cord of PIK3CASPT2fCRE mice compared to a
normal WT spine. Arrows indicate the multiple focal hemorrhages found in the spinal cord.
(C) microCT (micro-computed tomography) scan of a WT mouse compared to
PIK3CASPIT2ZfCRE mice littermates showing an early and an advanced phenotype. Arrows
indicate the slow flow and extravasation lesions observed in the spinal cord. (D)
Hematoxylin and eosin (H&E) histology from normal skin and cutaneous VM. Dashed line
delimits the dermis (lower) from the epidermis (upper). Arrows indicate normal blood
vessels. (E) CD31 immunohistochemistry (IHC) of the skin VM lesions. Arrows indicate
normal blood vessels. (F) Prussian blue staining. Dashed line delimits the dermis (lower)
from the epidermis (upper). Arrow indicates normal blood vessel.

Sci Transl Med. Author manuscript; available in PMC 2016 July 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Castel et al.

Page 18

PAKT (5473)
AKT

PS6 (S2356)
PS6 (S2404)

| PIK3CA

WT) 05

EdU* celis (fold change)

PIK3CA
(H1047R) S & &

o
m

H&E T1 axial T1 coronal

Human VM

MRI scan

F ) G
PI3Ko. mutations
[RzmE%)
E542K H1047R
(3/32) (3/32) D N ) RS2
1143v C420R - 1 Cmew]
(1/32) (1/32) — 1
I ! MAP3K1 MAP2K1 PIK3CA
[ ronwsme | Crzew) (%] |-
AKT2 AT

H
mexmuation [ HHEHNENEEEER
PIK3CA mutation DEEEEEHE
PI3K pathway HEEEEEEEER
|| BEEE

MAPK pathway

Fig. 2. PIK3CA mutations cause sporadic VM in humans
(A) Western blot of human skin ECs infected with empty vector (EV), PIK3CAWT, and

H1047R mutation probed with the indicated antibodies. Cells were serum-starved overnight
before lysis. S6K, S6 kinase; pS6K, phosphorylated S6K; pS6, phosphorylated S6; pAKT,
phospshorylated AKT; HFSEC, human female skin endothelial cell. (B) Representative
images from the tube formation assays of primary ECs infected with EV, PIK3CA WT, and
H1047R mutation and serum-starved overnight before seeding. Pictures were taken 6 hours
after seeding. Note the reticular network formed in the EV and PIK3CA WT cells that fails
to form in the PIK3CA H1047R mutant cells. Scale bars, 200 um. (C) EdU incorporation
assay quantification of ECs infected with EV, PIK3CA WT, and H1047R mutation, serum-
starved overnight, and labeled with EdU for 4 hours. Graph shows mean fold change
SEM. n= 3biological replicates. P values were calculated using Student’s ¢test. (D) H&E
staining highlighting the representative morphology of one of the human VM patients
sequenced in this study. Blood pools and thick mural cell layer are evident in the histological
sections of these patients. (E) Characteristic MRI scan from an intramuscular sporadic VM
patient sequenced in this study. T1 axial and coronal sections are shown. Dashed line
delimits the radiological extension of the malformation. [R] and [L] indicate right and left,
respectively. (F) PI3Ka domains and specific sites found to be mutated in this study. The
p85-binding domain is represented in green, the Rasbinding domain in red, the C2 domain in
blue, the helical domain in yellow, and the kinase domain in purple. aa, amino acid. (G)
Schematic pathway depicting TIE2, PI3K, and MAPK pathway gene components found to
be mutated in sporadic VM by MSK-IMPACT in this study. Activating mutations are
indicated in red and inactivating mutations in blue. Dark red designates mutations found in
more than 20% of the patients. Unknown mutations are shown in gray. (H) Mutual
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exclusivity of the gene mutations present in the 7EK and P/K3CA pathways. The activating
mutations in 7EK are indicated in blue, and the activating mutations in P/IK3CA are in red.
The alterations affecting genes involved in the PI3K or MAPK pathway are represented in
green.
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Fig. 3. Ubiquitous expression of PIK3CAH1047R jnduces vm
(A) Disease-free survival plot of PIKZ3CACAG-CIEER (= 20) and PIK3CAWVT (n= 25)

littermates on tamoxifen diet assessed by the appearance of visible cutaneous VM. Dotted
line represents the time when tamoxifen diet was administered (day 21). P value was
calculated using log-rank test. (B) H&E staining of a representative normal blood vessel and
a VM lesion developed in the skin of PIK3CACAG-CIeER mjce. Arrow indicates normal
blood vessel. (C) CD31 IHC staining showing positivity for the ECs of a normal blood
vessel and VM. Note that erythrocytes exhibit nonspecific staining. Arrow indicates normal
blood vessel. (D) Phosphorylated AKT (S#73) IHC. The arrow in the bottom panel indicates
lining ECs that show positivity for the staining. Note the negativity for phosphorylated AKT
in the normal blood vessel (top, indicated by an arrow). (E) Prussian blue staining of normal
blood vessels and the PIK3CACAG-CEER mouse skin VM lesions. Arrow indicates a normal
blood vessel. (F) Histological representation of mesenteric vasculature and VM harvested
during necropsy and detailed view to highlight the blood pools observed in the preparations.
Arrows indicate normal blood vessels. (G and H) CD31 (G) and Prussian blue (H) positivity
for the VM described in (F). (1) BrdU incorporation (red) in PIK3CACAG-CIeER /|
compared to normal blood vessels. CD31 (green) and DAPI (4’,6-diamidino-2-phenylindole)
(blue) show ECs and nuclei, respectively. Note the encased BrdU-positive nuclei in the
CD31-positive lining EC layer. (J) Quantification of BrdU-positive nuclei in normal blood
vessels and VM. Pvalue was calculated using Student’s ftest. Graph shows means + SD. n
= 45 fields from five biological replicates. (K) Morphological quantification of the maximal
blood vessel diameter of normal vessels and VM. Pvalue was calculated using Student’s ¢
test. Graph shows means + SD. n = 45 fields from five biological replicates.
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Fig. 4. PI3K inhibitors are effective for the treatment of VM
(A) Schematic representation and images from the allotransplantation assays. (B)

Quantification of plasma D-dimers measured in animals with or without VM. Pvalue was
calculated using Student’s ¢test. (C) VM volume measured in PIK3CACAG-CreER v/
derived allografts treated with vehicle or PI3Ka, inhibitor for 1 week [BYL719, 50 mg kg1,
daily, per os (po)]. Pvalue was calculated using Student’s #test. (D) Quantification of BrdU
incorporation and cleaved caspase-3 (cIC3) in CD31-positive cells from (B). P value was
calculated using Student’s ttest. 7= 10. (E) VM volume measured in PIK3CACAG-CreER
VM-derived allografts treated with vehicle, everolimus (10 mg kg™, daily, po), or
propranolol (40 mg kg1, daily, po) for 1 week. Pvalue was calculated using Student’s test.
(F) Quantification of BrdU incorporation and cleaved caspase-3 in CD31-positive cells from
(E). Pvalue was calculated using Student’s ztest. 7= 8. (G) VM volume in
PIK3CACAG-CreER \/M-derived allografts treated topically with BYL719 at 1% (w/w) using
two different formulations (free and soluble BYL719) for 3 weeks. The pretreatment time
point indicates when the treatment was started. All treatments in weeks 1, 2, and 3 have a P
< 0.001 as compared to the vehicle control VM. Pvalues were calculated using Student’s ¢
test.

Sci Transl Med. Author manuscript; available in PMC 2016 July 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Castel et al.

Page 22

A wr PIK3CATe2 B WT PIK3CAT®2

iy

E10

CD31

O

PIK3CA™2 D

Vehicle

PI3Ka inhibitor

m

CD31

Fig. 5. PIK3CAH1047R impairs embryonic angiogenesis

(A) Embryonic phenotype observed in PIK3CAWT (left) and PIK3CATE2-Cre (right)
littermates at E10. For morphological studies, a minimum of four dissections for each
genotype were performed yielding 7= 15 embryos. (B) CD31 staining of coronal sections
from PIK3CAWT and PIK3CAT€Z-Cre embryos at E9.5. Arrowheads indicate blood vessel
enlargement defects in the meningeal vessels (upper panel), and arrows indicate the defects
in the intersomitic vessels (lower panel). For CD31 histologic studies, a minimum of four
embryos for each phenotype obtained from two different dissections were used. Scale bars,
100 pm. (C) Whole-embryo CD31 staining of PIK3CAVT and PIK3CAT€2-Cre embryos
from mice treated with vehicle or PI3Ka inhibitor (BYL719, 50 mg kg1, daily, po; 48, 24,
and 2 hours before embryos are harvested). For CD31 histologic studies, a minimum of four
embryos for each condition were used. (D) Detailed view of the cephalic and intersomitic
blood vessels from (C). Arrow indicates defects in the meningeal (upper panel) and the
intersomitic vessels (lower panel). (E) CD31 coronal sections from embryos in (D). CV,
cardinal vein; DA, dorsal aorta. Scale bars, 100 um.
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