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Abstract Disorganized morphogenesis of arteries, veins, capillaries, and lymphatic vessels
results in vascular malformations. Most individuals with isolated vascular malformations
have postzygotic (mosaic), activating pathogenic variants in a handful of oncogenes within
the PI3K-RAS-MAPK pathway (Padia et al., Laryngoscope Investig Otolaryngol 4: 170-173
[2019]). Activating pathogenic variants in the gene PIK3CA, which encodes for the catalytic
subunit of phosphatidylinositol 3-kinase, are present in both lymphatic and venous malfor-
mations as well as arteriovenous malformations in other complex disorders such
as CLOVES syndrome (congenital, lipomatous, overgrowth, vascular malformations, epi-
dermal anevi, scoliosis) (Luks et al., Pediatr Dev Pathol 16: 51 [2013]; Luks et al., J

Corresponding author:
jtbenn@uw.edu

© 2021 Sheppard et al. This
article is distributed under the
terms of the Creative Commons
Attribution-NonCommercial
License, which permits reuse and
redistribution, except for
commercial purposes, provided
that the original author and
source are credited.

Ontology terms: frontal venous
angioma; hemorrhage of the eye;
intracranial hemorrhage;
lymphangioma; ocular pain

Published by Cold Spring Harbor
Laboratory Press

doi:10.1101/mcs.a006147

Pediatr 166: 1048-1054.e1-5 [2015]; Al-Olabi et al., J Clin Invest 128: 1496-1508
[2018]). These vascular malformations are part of the PIK3CA-related overgrowth spec-
trum, a spectrum of entities that have regionalized disordered growth due to the presence
of tissue-restricted postzygotic PIK3CA pathogenic variants (Keppler-Noreuil et al., Am J
Med Genet A 167A: 287-295 [2015]). Cerebrofacial vascular metameric syndrome
(CVMS; also described as cerebrofacial arteriovenous metameric syndrome, Bonnet—
Dechaume-Blanc syndrome, and Wyburn—Mason syndrome) is the association of retinal,
facial, and cerebral vascular malformations (Bhattacharya et al., Interv Neuroradiol 7: 5-
17 [2001]; Krings et al., Neuroimaging Clin N Am 17: 245-258 [2007]). The segmental dis-
tribution, the presence of tissue overgrowth, and the absence of familial recurrence are all
consistent with CVMS being caused by a postzygotic mutation, which has been hypothe-
sized by previous authors (Brinjiki et al., Am J Neuroradiol 39: 2103-2107 [2018]).
However, the genetic cause of CVMS has not yet been described. Here, we present three
individuals with CVMS and mosaic activating pathogenic variants within the gene PIK3CA.
We propose that CVMS be recognized as part of the PIK3CA-related overgrowth spec-
trum, providing justification for future trials using pharmacologic PIK3CA inhibitors (e.g.,
alpelisib) for these difficult-to-treat patients.
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CVMS in three patients with PIK3CA mutations

CASE PRESENTATION

Participant 1
Participant 1 is a 4-yr-old female with cerebrofacial vascular metameric syndrome (CVMS) con-
sisting of a right orbital/periorbital microcystic lymphatic malformation, bilateral cerebellar
developmental venous anomalies, and venous sinus thrombosis. She was found to have fetal
sinus thrombosis on prenatal ultrasound, confirmed by fetal magnetic resonance imaging
(MRI) and postnatal MRI. Right periorbital and preseptal soft tissue swelling was also noted
on fetal MRI. She was noted to have intraventricular hemorrhage on postnatal imaging and de-
veloped forehead asymmetry around 3 mo of age. Ultrasound at 5 mo showed an ill-defined
vascular lesion in the right orbit. An MRI of the orbit, face, and neck and magnetic resonance
venography of the brain at 6 mo of age demonstrated a T1 hypointense, T2 hyperintense le-
sion in the right superior periorbital and temporalis region. Extensive venous anomalies includ-
ing bilateral developmental venous anomalies (DVAs) within the cerebellum, distension of the
vein of Galen and superior sagittal sinus, and extensive abnormal venous drainage throughout
the right cerebral hemisphere (Fig. 1). Repeat imaging just before 3 yr of age showed interval
thrombosis of deep intraorbital venous components, as well as a dominant cystic intraorbital
component with mass effect on the globe, and a multiloculated microcystic component of the
right supraorbital/brow soft tissues and stable venous anomalies.

Her medical history was significant for speech delay, epistaxis of the right nare requiring
cauterization, and amblyopia. There was a family history of speech delay and no family

Figure 1. Vascular malformations in Participant 1 from a postcontrast T1-weighed MRI of the brain. (A) Short
arrows indicate microcystic periorbital component. (B,C) A confluent microcystic component (albeit with larger
cysts) in the retro-orbital and intraconal space. (D) Thin arrow: prominent vein of Galen. (E) Long arrows: cer-
ebellar developmental venous anomalies. (F) Arrowheads: left thalamic developmental venous anomaly.
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Table 1. Mosaic pathogenic variants in PIK3CA

Gene Chr c.DNA (NM_006218) Protein Variant type Predicted effect Genotype (VAF)
PIK3CA 3 c.1633G>A p.Glu545Lys Substitution GOF 3%
PIK3CA 3 c.3140A>G p.His1047Arg Substitution GOF 4.3%
PIK3CA 3 c.1624G>A p.Glu542Lys Substitution GOF 2%

(VAF) Variant allele frequency, (GOF) gain of function.

history of vascular malformations. Her physical exam was unremarkable except for periorbital
soft tissue fullness, ptosis, and visible vessels in the right eye.

Prior to 1 yr of age, oral sirolimus was trialed for 3 mo with no improvement on physical
exam, although subtherapeutic sirolimus levels were noted on two occasions. She had seven
sclerotherapy treatments (1-3.5 mL of 5% ethanolamine oleate every 6-8 wk) between
18 mo and 3 yr. She was treated with three units of bleomycin sclerotherapy at 4 yrand 8 units
at 5 yr. Excisional biopsy of her right orbital/periorbital lymphatic malformation showed
fibrous tissue in which lie adipose tissue and skeletal muscle with occasional nerves accom-
panied by small arteries and veins in a normal quantity and distribution with few scattered
slit-like thin-walled vascular spaces. The endothelium lining the spaces was positive for
D2-40 by immunohistochemical staining.

Sequencing of genomic DNA isolated from frozen malformation tissue using the
VANSeq panel (see below) identified a somatic pathogenic variant in PIK3CA (NM_
006218:c.1633G > A; p.Glu545Lys; Table 1) at 3% variant allele frequency (VAF; n=1523
reads) that was absent from blood (n= 1616 reads).

Participant 2

Participant 2 is a 19-mo-old female with CVMS consisting of a left-sided facial vascular mal-
formation and an aberrant left-sided intracranial venous anomaly. She presented after birth
with swelling of the left eye and forehead. Postnatal ultrasound and MRI demonstrated a pre-
dominantly lymphatic malformation centered on the left frontal scalp soft tissues and a
predominantly venous component involving the greater sphenoid wing and left orbital
roof and lateral wall. Intracranially, there was dilation of the sphenoparietal sinus with venous
varix at the left temporal pole and a small venous pouch in the posterior extraconal left orbit,
in continuity with the left cavernous sinus. There was no associated malformation of cortical
development.

Because of her risk foramblyopia, she was treated with patching. At 9 mo, she was treated
with surgical excision of the left temporal lymphatic malformation with local flap reconstruc-
tion. Pathology showed multiple dilated, irregular, and anastomosing vascular channels lined
by variably thick walls with discontinuous smooth muscle lining consistent with lymphatic
channels. Repeat imaging at 1 yr of age showed a decrease in the size of the lesion centered
in the left frontal scalp but an increase in the size of the sphenoid/maxillary component, with
features suggestive of internal hemorrhage. Eye examination at this time showed increasing
proptosis and increased intraocular pressures and was treated with a course of steroids.
Repeat MRl at 18 mo showed increased size of orbital component of vascular lesion, with pos-
sible stretching of optic nerve, so she was started on sirolimus at 0.8 mg/m?, with goal trough
level of 5-10 ng/mL. She has tolerated this dose of sirolimus for 2 mo but not enough time has
passed to determine if she is responding.

Droplet digital polymerase chain reaction (ddPCR) identified a somatic pathogenic var-
iant in PIK3CA (NM_006218:¢c.3140A > G, p.His1047Arg; Table 1) in lymphatic cyst fluid—
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derived cell-free DNA at 4.3% variant allele frequency (n =276 mutant and 6256 wild-type
droplets). This variant was not detected in blood.

Participant 3

Participant 3 is a 22-yr-old male presenting with CVMS consisting of left orbital vascular mal-
formation and left temporal developmental venous anomaly. At birth, his left pupil was noted
to be more dilated than the right. MRI at 3 years old showed left orbital multiloculated mass
with evidence of hemorrhage as well as developmental venous anomalies within the left tem-
poral, parietal, and occipital lobes. At 6 years old, he underwent partial resection of his orbital
vascular malformation, which showed a collection of thin-walled vessels with adipose tissue
and skeletal muscle, with scattered aggregates of chronic inflammatory cells and histiocytes.
He reported frequent epistaxis with headaches. Because of severe headaches and proptosis,
he underwent exenteration of his left eye. Pathology showed a vascular malformation involving
external surface of the eye, abutting the sclera but not involving optic nerve or sclera and not
penetrating the globe (Fig. 2). Dental examination noted an ectopic left maxillary tooth.
Repeat MRI at 14 years old showed postsurgical changes of the left orbital lymphatic malfor-
mation and left globe enucleation. The appearance of a developmental venous anomaly and
enlarged draining venous structures in the left cerebral hemisphere appeared stable from the
prior study. Despite the left globe enucleation, his severe headaches persisted and were treat-
ed with narcotic pain medication. At 22 years old, MRI showed a benign-appearing cystic le-
sion with a fluid level in the anterior aspect of the left temporal lobe compatible with cavernous
malformation as well as chronic ectasia of the venous structures on the posterior aspect of the
left cerebral hemisphere. This temporal lobe cavernous malformation was located in the same
region that previously demonstrated a developmental venous anomaly. Imaging at 23 years
old showed increased size of the cavernous malformation within his left temporal lobe, now
with evidence of acute intralesional hemorrhage.

Sequencing of genomic DNA isolated from formalin-fixed vascular malformation tissue
using the VANSeq panel identified a somatic pathogenic variant in PIK3CA (NM_006218:
c.1624G > A, p.Glu542Lys; Table 1) at 2% VAF (n=905 reads). His blood was not tested
for this variant.

Technical Analyses

The VANSeq test (https:/seattlechildrenslab.testcatalog.org/show/LAB1920-1 for more in-
formation) was used for Participants 1 and 3. Briefly, targeted capture of 44 genes, including
PIK3CA, was performed using a custom-designed Integrated DNA Technologies panel. The
target region includes all coding exons and at least 10 bp of flanking sequence. Libraries
were sequenced on an lllumina NextSeq with 150 bp paired end sequencing. Average cov-
erage across the entire target was 1940x and 1884 x for Participant 1's tissue and blood, re-
spectively, and 1098x for Participant 3's tissue. After sequencing, reads were aligned with
Novoalign and variants called with FreeBayes, GATK, and Pindel. Participant 2 was tested
using a multiplex ddPCR assay that simultaneously detects the four most common PIK3CA
variants observed in cancer and lymphatic malformations (p.Glu545Lys, p.Glu542Lys, p.
His1047Arg, and p.His1047Leu), as previously described (Zenner et al. 2021).

GENOMIC FINDINGS

Variant Interpretation

All three variants have previously been reported to be pathogenic in numerous unrelated in-
dividuals with PIK3CA-related segmental overgrowth syndrome. These are the most
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Figure 2. Pathology from Participant 1 and Participant 3. (A) Hematoxylin and eosin staining of the periorbital
sample from Participant 1 at 100x magnification contains fat (not shown), skeletal muscle, and fibrous tissue in
which lie scattered mildly dilated thin-walled lymphatic channels (star). (B) The vessels express D2-40, confirm-
ing lymphatic differentiation (100x, diaminobenzidine). (C) Vascular malformation from Participant 3 includes
dilated channels with flat endothelial lining that are filled with lymphatic fluid and/or blood and focal organiz-
ing clot. The surrounding vessel wall includes myxoid tissue with minimal smooth muscle. Normal appearing
skeletal muscle is present, adjacent to the vascular lesion. The vascular malformation abuts the sclera but does
not penetrate into the globe in sections examined. The structures of the eye, including a partially detached
retina, iris, ciliary bodies, and choroid, are not directly involved.

common driver pathogenic variants in PIK3CA-related cancers and are absent from large
population databases, and numerous functional studies have demonstrated that they lead
to kinase hyperactivation (Dogruluk et al. 2015; Kuentz et al. 2016; Mirzaa et al. 2016;
Zenner et al. 2019).

SUMMARY

We describe three individuals with CVMS (Table 2), characterized by lymphatic malforma-
tions involving the orbit and ipsilateral cerebral venous anomalies, all of whom have mo-
saic activating pathogenic variants in the gene PIK3CA. These findings add to the
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Table 2. Clinical features in individuals with cerebrofacial vascular metameric syndrome (CVMS)

Participant  Participant  Participant
2 3

Clinical feature 1

Abnormality of the lymphatic system HP:0100763 Yes Yes Yes
Developmental venous anomaly (associated term cerebral Yes Yes Yes

venous angioma HP:0012481)

Central venous sinus thrombosis HP:0033724 Yes No No
Intraventricular hemorrhage HP:0030746 Yes No Yes
Spontaneous, recurrent epistaxis HP:0004406 Yes No Yes
Amblyopia HP:0000646 Yes Yes No
Proptosis HP:0000520 No No Yes
Ptosis HP:0000508 Yes Yes No
Facial asymmetry HP:0000324 Yes Yes Yes
Delayed speech and language development HP:0000750 Yes No No
Headache HP:0002315 No No Yes
Supernumerary tooth HP:0011069 No No Yes

expanding spectrum of clinical presentations associated with PIK3CA and provide justifica-
tion for future studies examining efficacy of drugs (e.g., sirolimus, alpelisib) in the treat-
ment of CVMS.

The association of retinal, facial, and cerebral vascular malformations was recognized in
the 1930s and was originally named after Bonnet-Dechaume-Blanc and Wyburn—Mason,
some of the first authors to describe the association. A diagnosis of CVMS requires the pres-
ence of a vascular malformation in at least two of three adjacent zones: brain, orbit, and face.
These criteria were proposed by Bhattacharya et al. (2001), who was also the first to use the
term “metameric syndrome” to describe this condition, reflecting the embryologic origins of
the neural crest and adjacent cephalic mesoderm that give rise to vessels of the face and
brain. The term metameric syndrome is well-recognized within the radiology literature,
and a subclassification system exists, depending on which region is involved. CVMS 1 in-
volves structures derived from the medial prosencephalon (forehead, nose, hypothalamus,
and corpus callosum). CVMS 2 involves structures derived from the lateral prosencephalon
(maxilla, cheek, orbit, and temporal/parietal/occipital lobes). CVMS 3 involves structures de-
rived from the rhombencephalon/mesencephalon (lower face, mandible, cerebellum, and
brainstem) When the vascular malformation is primarily venous, the term CVMS has been
used, and when the malformation is primarily arterial, the term cerebrofacial arteriovenous
metameric syndrome has been used.

The identification of somatic mosaic pathogenic variants in tissue from individuals
with CVMS is not surprising, but has not been previously reported in individuals meeting
criteria for CVMS (Bhattacharya et al. 2001; Brinjikji et al. 2018). Our findings are
consistent with proposed pathophysiologic mechanism and place CVMS alongside
Sturge-Weber syndrome and others as a segmental neurovascular syndrome (Krings
et al. 2007).

The presence of ipsilateral deep venous anomalies in individuals with CVMS is consis-
tent with the recent description of somatic gain of function variants in PIK3CA in isolated
cerebral cavernous malformations (CCMs), which often develop alongside DVAs (Porter
et al. 1997; Abdulrauf et al. 1999; Ren et al. 2021). Participants 1 and 2 in our report
had DVAs and may be at increased risk for developing into CCMs later in life.

Sheppard et al. 2021 Cold Spring Harb Mol Case Stud 7: a006147 60f8



Competing Interest Statement

D.A. is an advisor for Novartis,
which makes the drug alpelisib
mentioned in the article.

Received August 23, 2021;
accepted in revised form
September 30, 2021.

CVMS in three patients with PIK3CA mutations

Participant 3's DVA ultimately progressed to a CCM that bled in his early 20s. DVAs have
previously been associated with facial venous malformations (Brinjikji et al. 2018), suggest-
ing that interval MRI screening of some patients with facial vascular malformations could
be considered. Cerebral cavernous malformations associated with PIK3CA mutations are
associated with a higher risk of hemorrhage (Hong et al. 2021), supporting future studies
examining the efficacy of PI3K-RAS-MAPK pathway inhibitors in reducing CCM progres-
sion and bleeding.

METHODS

Patients were evaluated in multidisciplinary vascular anomaly programs. Sequencing was
performed using the VANSeq clinical assay at Seattle Children’s Molecular Genetics
Laboratory (https://seattlechildrenslab.testcatalog.org/show/LAB1920-1) and multiplex
PIK3CA ddPCR was performed as described (Zenner et al. 2021).
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