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RESULTS: Of 216 patients, 23 died despite or because of the embolization (10.6%).

Twenty out of the 193 (10.4%) surviving patients were severely retarded, 30 (15.6%) were
moderately retarded, and 143 (74%) were neurologically normal on follow-up.
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Cardiac Fingﬁ’?gs in the Fetus with

Cerebral Afteriovenous Malformation

Are Asgé‘giated with Adverse Outcome
O

Max E.@@sodfreya' b Wayne Tworetzky*® Donna Morash® Kevin G. Friedman®®

@ment of Cardiology, Children’s Hospital Boston, ®Department of Pediatrics, Harvard Medical School, and
vanced Fetal Care Center, Boston Children’s Hospital, Boston Mass., USA
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Fig. 1. a Four-chamber view illustrating dilation of the right atgyfm and ventricle. b Bicaval view illustrating se-

vere dilation of the SVC (*) relative to the IVC. ¢ Three-vesse®view showing the dilated SVC (*) in cross section.

d Long axis of the aortic arch showing retrograde flow arqald the arch from the descending aorta.
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Extreme “Melting Brain Syndrome”

5/8/2017 —
1 day old

5/16/2017 —
g days old







Clinical syndromes with review of the literature

Evaluation of our cight patients and the case reports from the world literature
resulted in a arbitrary classification based on age of onset of signs and symp-

in whom
this arteriovenous malformation became symptomatic;_early neonatal life, |
with the major signs resulting from the marked effects on the cardiovascular

system|; during infancy Jn which progressive hydrocephalus and/or convulsions
were prominent features; and) later childhood or adult life,) in which head-

aches with or without signs of subarachnoid hemorrhage were seen.

In 1854 or 41 years before Steinheil’s paper{ﬂfuschka (1854) described
a patient with a cerebral arteriovenous malfp?\mation. As Delong (1957)

stated, “we all know that the more thorou@;’[y the literature of any subject
is studied, the more difficult it becomesg,\tgg ascribe priority.”
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Fig. 2 Mural type of vein of Galen malformation. a Axial T1-weight-
ed MRI: note the large venous ectasia of the medial vein of the
prosencephalon (asterisk). The arterial feeders are not clearly depicted:
the picture evokes a direct fistulous aspect of the shunt. Hydrodynamic
disorders have occurred with hydrocephalus and subependymal CSF
resorption. b Angiography with left vertebral artery injection,

anteroposterior (AP) view demonstrates the mural type of vein of
Galen malformation with two direct shunts in the wall of the venous

ectasia vascularized by posteromedial choroidal arteries (arrows)
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Fig. 4 Vein ofs S‘él\en aneurysmal dilatation. a T2-weighted MRI, axial
lthougy}he vein of Galen is dilated (aste , another venous
tected on the left lateral flank of the vein of Galen (arrow)
rom it. This picture is suspected to correspond to a first
\(@@(&? sia that drains initially a CAVF, before joining the vein of
a@icn itself. Note the hydrovenous disorders represented by cortical
5 atrophy with wide sulci in this infant child. b Left vertebral angiogra-
phy, AP view. The choroidal AVF is well depicted, draining first into a
choroidal venous ectasia (arrow) before joining the vein of Galen
(asterisk). This lesion corresponds to a “true” CAVM draining into a

dilated vein of Galen and not to a vein of Galen malformation
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Fig. 1. Week 4. The neural tube is not closed yet, and
the neural plate (pn) receives oxygen and nutrients
from the surrounding amniotic fluid (amn) (A). Endo-
thelial vasculogenesis is building up the cardiovas-
cular organ system that already extends toward the
cephalic extremity of the embryo (B).

First period of CNS vascular development:
extra-embryonal supply, with the open neural tube nurtured by the amniotic fluid
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Fig. 2. Week 5. Th «d@ural tube is embedded into a dense connective tissue, the meninx primitiva (mp) (4, B) that
contains vasculal?z\ops (B) connected to the dorsal aortae and cardinal veins. They are forming the primordial
brain vasculameshwork, from which oxygen and nutrients diffuse to the neural tissue.

Fig. 5. Week 6. The meninx primitiva forms the choroid plexuses (pl), intraventricular meningeal extensions that
allow the growing neural tissue to be supplied by the ventricular CSF in addition to the peripheral meninge (A,
B). The choroid plexuses are large, well vascularized structures loaded with glycogen and they strongly determine
the prominence of their feeding arteries: ACA, ACHA, PCHA, from which the whole brain vasculature originates.

Second period of CNS vascuiar development:
Extrinsic, extraneural, vascularization, with the still avascular brain parenchyma nurtured by diffusion
from the surrounding highly vascularized meninx primitiva (a primordial endothelial network), with the
choroid plexus developing as extensions of the MP into the ventricles
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Fig. 7. Week 6 onward. When the neural tissue becomes too thick to be fed by extrinsic diffusion alone and while
the germinal matrix develops, the intrinsic vascularization appears (A), while the meninx primitiva becomes the
subarachnoid space (sa). Intrinsic vessels form by angiogenesis: capillaries grow from the surface and extend
toward the periventricular germinal zone where they connect together to form primitive arterio-venous loops
(B). The cortex itself is not significantly vascularized until well after mid gestation.
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Third period of CNS vascular development:
Intrinsic, intraneural vascularization, with the MP develcping into the subarachnoid space. The portion of
the MP lying against the neural parenchyma forms sheets of capillaries. Angiogenesis ensues, with
capillaries growing from the surface inward and connecting to form primitive arteriovenous loops
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Fig. e?Neeks6—11.Thechoroidstage.TheACAcraniaIIy,
th@gﬁCHA caudally encircle the neck of the hemispheres
Hward the tela choroidea and the plexuses, together
with the PCHA, branch of the midbrain arteries. The
tela choroidea and plexuses are drained by a single,
median dorsal bridging vein (median prosencephalic
vein of Markowski) (mpvm) that antecedes the develop-
ment of the internal cerebral veins and vein of Galen.

Choroid stage of vascular development:

The first arteries to differentiate are the choroidal and quadrigeminal arteries.
A single, midline dorsal vein that drains blood from both left and right choroid plexuses develops on the roof of the
diencephalon: the median prosencephalic vein. It has been described as early as 32 days, and no later than the 11th week.

All these vessels are still embedded in the cellular meninx primitiva, with a meningeal capillary network connecting these
pial arteries with the MPV. These connections normally disappe&ar when the MP differentiates into the three meningeal
layers and into the subarachnoid space. At that point, all direct communication between pial arteries and subarachnoid

veins is severed. —
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* Onthis basis, Raybaud et al. argued that VGAM represents persistent arteriovenous flow to the MPV from the
choroidal arteries:

* The venous collector is single, midline, and anterior to the future vein of Galen

* Theveinisintra-arachnoidal and extracerebral. Its anatomic extent accords well with the territory of the
median prosencephalic vein

* The arteries that supply VGAM are exactly the arteries that were present during the choroidal stage of
development

» The underlying arterial pattern of the circle of Willis is usually normal. Even features such as a dense
arterioarterial maze are seen in normal anatomical specimens. Given that, the event responsible for the
arteriovenous fistula could not have occurred before 41 days (21-22 mm embyyo)

* Onthe other hand, the vein of Galen develops relatively late, and it lacks direct connection to choroidal
arteries

* Capillary loops of the meninx primitiva, which are interposed between the arteries of the choroid &
quadrigeminal plate and the trunk of the median prosencephalic vein, might be maintained through the
stimulus of flow, as persistent meningeal vessels
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Fig. 19. Vein of Galen aneurysm. The fistulae are extracerebral, ifﬁhe wall of the venous sac. They are fed by the
originally choroidal arteries anteriorly (ACA, ACHA, PCHA) a@(d by the dorsal midbrain arteries posteriorly. The
venous sac is single, midline. It may be drained dorsally @mard the straight sinus (vein of Galen pattern), or
toward a falcine sinus (vein of Markowski pattern), or goth (A). On the whole, the vascular pattern of the mal-
formation reflects the anatomy at the choroidal stage (B).




THE MANAGEMENT OF VEIN OF GALEN
ANEURYSMAL MALFORMATIONS

3-184-53-194, 2006 DO
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FIGURE 4. Late venous phase of vertebral angiogram (A) @dﬁ three-
dimensional angiographic (B) aspect demonstrating the gghaped deep
venous drainage into the superior petrosal sinus (arrowg)\\decmtse there
is no vein of Galen, the deep venous system has to ﬁmi.gh alternate route
to drain. Thalamostriate veins open into the posteri%(&%zd inferior thalamic
veins, which secondarily join a subtemporal or l\@t‘?r(ll mesencephalic vein,
which then join the superior petrosal sinus, ge‘ﬁzonstmting a typical epsi-
lon shape on the lateral angiogram. o Q
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Fig. 12 Superselective retrograde injection into the internal cere-
bral vein demonstrates the normal anatomy of the deep venous
system despite the vein of Galen malformation
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Fig. 5 Baby girl presenting at birth with cardiac and respiratory
failure, successfully managed by three sessions of transarterial
embolization during the first week of life. After an initially favorable
follow-up, she was readmitted emergently at 1 month of age for
severe, life-threatening pulmonary hypertension. Transvenous
embolization was elected. The pulmonary pressure remained elevated
throughout the procedure, decreasing only as the coiling of the venous
collector became close to complete. The post-treatment period was

favorable, with a ng@ologically intact baby and resolution of the
pulmonary hyp, aé;lsion. She became comatose 72 h after the
embolization'\\é%llead CT was obtained immediately. a Head CT
showing dif&e basal ganglia (arrow) and intraventricular hemorrhage
(arrowhgar). b Compare the pattern of hemorrhage illustrated in a
with photography depicting the typical postmortem appearance of
in,‘(q;‘ction following deep cerebral venous thrombosis (from [11] with

qfermission)
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"Overall, 18 of 20 patients with adequate studies exhibited abnormalities of
dural venous drainage, consisting of a falcine sinus, a falcine venous loop or
either focal or diffuse lack of opacification of normal dural sinuses”
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"Many deep-seated AVMs although having a high flow and draining into the vein of
Galen do not create significant ectasia ... Therefore, the VGA does not seem to be the
disease, bui a consequence of a hemodynamic phenomenon. Therefore, the existence
of an obstacle distal to the vein of Galen must be postulated for a better
understanding of the ectatic response of the vein to the increased input"
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“In all our personal cases and in the published data, whenever careful anatomic
analysis has been carried out, a dural venous obstacle could always be demonstrated
.. The junction of the vein of Galen and the dural sinus seems to be a critical area. If
this junction does not enlarge with the increased flow, it becomes a mechanical

obstacle leading to proximal ectasia”
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FIG 1. Case 8. A 13-month-old boy was diagnosed with VGM due to macrocrania and~§>\ominent scalp and facial veins. Left vertebral artery
angiograms before the first embolization demonstrated a VGM in the arterial phase@'and B) and complete occlusion of the left sigmoid sinus
and near-occlusion of the right sigmoid sinus in the venous phase (C and D, arrou®?There was an alternative venous pathway via the emissary
vein to the jugular bulb on the right side (C and D, arrowheads). Left vertebralgytery angiograms in the midarterial phase (E and F) and the late
venous phase (G and H) after subtotal obliteration of VGM achieved by stg@@ed transarterial embolization (E and F, arrows) demonstrate the
reopened bilateral sigmoid sinuses (G and H, arrows). The patient is devg{Qping normally.
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"The embryological development of vascular malformations is unknown . There is,
however, definite evidence that it does not correspond to a proliferative disease [52]
.. It has been suggested that a venous obstruction cou:id maintain the capillary

network at a plexiform stage”

Note — source [52] is from John Mulliken and Judah Folkman

G



PLASTIG AND RECONSTRUCTIVE SURGERY, March 1982

-Confucius

Hemangiomas Malformations
Capillary
Proliferating phase Venous
Involuting phase Arteriovenous
Lymphatic

Endothelial cell proliferation

Normal endothelial cell cycle

Rapid postnatal growth and slow
involution

Grow commensurately with the
child

Female:male, 5:1

Female:male, 1:1
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Vascular Anomalies Gféssification: Recommendations From the International
So¢iety for the Study of Vascular Anomalies
Michel Wassef, Efancine Blei, Denise Adams, Ahmad Alomari, Eulalia Baselga,
Alejandro ]ie?ensteln Patricia Burrows, Ilona J. Frieden, Maria C. Garzon,
Juan- Carlosd:opez Gutierrez, David J.E. Lord, Sally Mitchel, Julie Powell, Julie
Prendlvd&% Miikka Vikkula and on behalf of the ISSVA Board and Scientific
& Committee
< Pediatrics; originally published online June 8, 2015;
DOI: 10.1542/peds.2014-3673

oéf'ABLE 2 2014 ISSVA Classification of Vascular Anomalies

Vascular Anomalies
Vascular Tumors Vascular Malformations

Simple Combined ~ Of Major Named ~ Assogidted With Other
Vessels ro@‘A Anomalies

Benign CM See Table 5 See text -\&{@ See Table 6
<

Locally aggressive or LM ?\\

borderline VM &
N\
Malignant AVM ®®@
Arteriovenous §

fistula ,C




VGAM represents persistence and growth of arteriovenous flow that is intrinsically
present during the choroidal stage of cerebrovascular development, when
undifferentiated endothelial cell clusters connecting the choroidal arteries with
the MPV normally intermingle and interconnect.

The cause for this persistent flow is likely dural sinus stenosis or perhaps an
episode of thrombosis. Like other vascular malformations, VGAM is an accident of
development

Corollary: VGAM is fundamentally different from other brain AVM/AVF, which
develop after differentiation of the intrinsic vasculature of the brain and which do
not derive from the meninx primitiva
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TABLE 2. Therapeutic decision and proposed treatment for
patients with vein of Galen aneurysmal malformation

Lost to
follow-up

Neonates (5) 45 7 140
Infants 16 6 125
Children (4) 6 4 52
Total )73.5% 67 21.1%) 17 (5.4%) 317

Embolization Abstention Total

RESU@ Of 216 patients, 23 died despite or because of the embolization (10.6%).
Twex® out of the 193 (10.4%) surviving patients were severely retarded, 30 (15.6%) were
!Qb%erately retarded, and 143 (74%) were neurologically normal on follow-up.

< 8: Therapeutic abstention
8-12: Urgent embolization
> 12: Embolization at 5-7 months
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BACKGR : Untreated patients with symptomatic neonatal presentation of vein of
Galen a ismal malformations (VGAMs) carry almost 100% morbidity and mortality.
Medicgg\management and endovascular techniques for neonatal treatment have sig-
nifigntly evolved.

QBJECTIVE: To evaluate the clinical and angiographic outcomes of modern manage-

Q(%ent of neonates with refractory heart failure from VGAMs.
\(\ METHODS: From 2005 to 2010, 16 neonatal patients with VGAM presented to our

institution. Medical care from the prenatal to perinatal stages was undertaken
according to specified institutional guidelines. Nine patients with refractory heart failure
required neonatal endovascular intervention. All patients were treated by transarterial
deposition of n-butyl cyanoacrylate into fistula sites. Short- and long-term angiographic
studies and clinical outcomes were reviewed.

RESULTS: Control of heart failure was achieved in 8 patients. One premature baby
died shortly after treatment. Long-term angiographic follow-up shows total or near-
total angiographic obliteration in all 8 patients. One patient has a mild hemiparesis
from treatment. Another has a mild developmental delay. One patient developed
a severe seizure disorder and developmental delay. Overall, 66.7% patients have
normal neurological development with near-total or total obliteration of the mal-
formation.

CONCLUSION: Treatment of refractory heart failure in neonatal VGAM with modern
prenatal, neurointensive, neuroanesthetic, and pediatric neuroendovascular care
results in significantly improved outcomes with presumed cure and normal neuro-
logical development in most.

KEY WORDS: Congenital malformation, Congestive heart failure, Intracranial arteriovenous malformation,
Neonate, Therapeutic embolization, Vein of Galen aneurismal malformation

Neurosurgery 70:1207-1214, 2012 DOI: 10.1227/NEU.0b013e3182417be3 www.neurosurgery-online.com

A
FIG@?& A, lateral view of the left vertebral artery DSA in the arterial phase after 4 endovascular embolizations demonstrates
@plﬁf angiographic obliteration of the VGAM with preservation of all normal arteries. B, the venous phase shows remodeling of
]/Q normal appearing venous system, in a baby with normal development.

FIGURE 3. Frontal (A) and lateral (B) digital subtraction angiogram (DSA) of the left vertebral artery shows multiple tortuous

ﬁ:tulzz: (black arrow) into the dilated aneurismal vein (white asterisk). The fm//;jvmicﬁz/c'mf sinus (white arrow) is visualized.

There is no restriction in the venous drainage correlating with severe high-output heart failure. q
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from treatment. Another has a mild developmental delay. One patient developed
a severe seizure disorder and developmental delay. Overall, 66.7% patients have
normal neurological development with near-total or total obliteration of the mal-
formation.

CONCLUSION: Treatment of refractory heart failure in neonatal VGAM with modern
prenatal, neurointensive, neuroanesthetic, and pediatric neuroendovascular care
results in significantly improved outcomes with presumed cure and normal neuro-
logical development in most.

KEY WORDS: Congenital malformation, Congestive heart failure, Intracranial arteriovenous malformation,
Neonate, Therapeutic embolization, Vein of Galen aneurismal malformation

Neurosurgery 70:1207-1214, 2012 DOI: 10.1227/NEU.0b013e3182417be3 www.neurosurgery-online.com

TABLE. Clinical Details of Patients Undergoing Neonatal Embolization for VGAM
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Delivery Diagnosed Term

Weeks Weight,
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MRI Procedural
Pretreatment Complications
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Hemorrhage
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gévelopmental
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5\

M

Yes
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Birth 36
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Day 9
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In utero 36
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4165

3409

3400
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No stroke None Yes

2
Died <@ 1
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?}}«
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No stroke
No stroke

No stroke None

S
2
&

cf
\%K‘é

No stroke None Yes

Stroke
(microcatheter
rupture,

Q
p s - into stoke
3

No stroke 95%

No stroke 95%

Occipital Yes
infarcts
Parietal

necrosis

Yes

s

Achieving
milestones

Expired

Achieving
milestones

Achieving
milestones

Achieving
milestones

Mild left-sided
weakness

Achieving
milestones
Mild motor and

language delay
Seizures and delay
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Lasjaunias zo0y: 216 patients
s mortality 10.6%
* moderate to severe neurological outcome: 26%
* complete angiographic occlusion: 55%

Meta-analysis included 34 studies (421 studies screened) with 6567 patients,
neonates: 44%, infants 41%, children and adults 12%

Overall cohort result: complete occlusion: 57%
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F/U period: mean 63 months, range 0-148 months

Outcome score: o (death), 1 (severe impairment), 2 (moderate impairment -
requiring significant support), 3 (mild impairment), 4 (normal). Good outcome
defined as3or 4

Pooled outcome: 68% good (3-4), 31% poor (0-2)
Overall mortality: 16%
Post-embolization complications: 37%

* Hemorrhage 5%

* Ischemicinjury 6%

* Developmental delay 12%
* Legischemia 3%

* Vessel perforation 3%
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Methodological Quality
Unblinded assessors in 29/34 studies
Only 15/34 studies were free of selective outcome reporting

Overall quality of the evidence (risk of bias and publication bias induced by study
design):

* moderate quality 7

b |OW q ua | |ty 1 Random sequence generation (selection an’\s) ':_
] Allocation concealment selgcﬁ‘c?f\ bias) ':_
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Seleocta e reporting (reporting bias)
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kum Duisburg, Du|s , Germany; and Department of Diagnostic and Interven-
tional Neuroradl (D.M.), Medical School Hannover, Hannover, Germany.

January 1980-January 2017: all studies reporting >=¢4 patients and reporting angiographic
and/or clinical outcomes. Case reports were excluded

Variables tracked: clinical presentation, demographics, embolization technique (venous
versus arterial), number of treatment sessions, perioperative complications,
complete/near complete embolization rate, long term clinical outcome, mural versus
choroidal architecture

"Good” outcome defined as no or minor developmental delay and no permanent disability

Various subgroup analyses were performed as well, including stratification into neonates
versus infants versus children
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350 unique articles identified and
screened

cluded based on abstract and
title alone

58 full-text articles retrieved for more
detailed evaluation

13 excluded for being conference
abstracts or review articles

45 potentiall /i
identified rere excluded for overlapping
t population, failure to
distinguish Vein of Galen
malformations from arteriovenous
malformations draining directly into
the Vein of Galen or failure to

discriminate between endovascular a]l@

31 articles with usable information
surgical outcomes.

included in the study.

31 articles remained, describing 578 patients

Yan et al. 2015: 34 studies (out of 421 screened) describing 667 patients
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FIG. 3. Estimates of the proportion of the poor outcome, including the 95% Cl from the random-effects model and the number of FIG3. Forest plot for good neurologic outcome,

patients for each study.
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Analysis of outcomes for children older than 2 years of age could not be performed due
to lack of sufficient studies

Mean f/u ranged from o.5 to 6.8 years (median 2 years)

42% neonates, 45% infants, 13% children (Yan et al., neonates: 44%, infants 4£1%, children
and adults 12%)

68.7% were male (sex data available for 252/578 patients)

Presentation (available for 318/578 patients): CHF (63%), hydrocephalus (27%), seizure
(12.6%). ICH was present in 8.2%
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V

Systematic review outcomes .
—%7 +@
Qo PValue,
2 Overall Rate Neonate Rate Infant Rate Neonate'Q\O
(95% Cl) I? (%) (95% Cl) 4 (95% ClI) (%)  vslinf,
Technical com[%. tions 19.0 (12.0-27.0) 489 29.0(17.0-41.0) 10.0 (0.0-27.0)
Perioperative\ﬁémorrhage 9.0 (4.0-15.0) 52 12 0(3.0-23.0) 4.0 (0.0-16.0)
Perloperzzg&’e ischemia 1.0 (0.0-2.0) 0 .0 (0.0-10.0) 0.0 (0.0-2.0)
Non-negrologic complications 2.0(0.0-4.0) 0 .0(0.0-7.0) 1.0 (0.0-8.0)
TecRWical mortality 1.0 (O 0-5.0) O
emplete occlusion
QAll-cause mortality
© " Poor neurologic outcome
Good neurologic outcome

0. 0—8.0) 0.0 (o 0-2.0)

Yan et al.
* Pooled outcome: 68% good (3-4), 31% poor (0-2)

*  Overall mortality: 16%
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Studies reporting the use of the Bicétre neonatal evaluation score for patient selection
had highear rates of good neurologic outcome versus those that did not (62% vs 57%)

Patients with CHF were significantly less likely to achieve good neurologic outcorne than

tiiose without CHF (49.4% vs 66.2%)

Patients with hydrocephalus had similar rates of good outcome as those without it (62%)

There was no association between prenatal diagnosis and good neurologic outcome

(66.7% vs 63.1%)
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Vein of
Galen aneurysm
(n=21)

‘Isolated’ ‘Associated’
aneurysm aneurysm
(n=4) (n=17)

Good outcome Poor outcome Poor outcome
(71=3) (m=1) (n=17)
(3 embolizations) (1 embolization)tf

&
. . Survived wigfdmental
Termination of Neonatal death ret %lzln

pregnancy (m=3) “\,
ollz

(n=9)* (1 embolization)t R ation)

Flgure Outcomes of 21 cases of vein of Galen aneurysmal malformation; see also Tables 3* Q@l 4+. $This infant underwent embolization
at 3 months of age but the coil migrated through the venous system, causing fatal tlnombo%&f the central venous system of the brain.

Literature review: 109 antenatally diagnosed cases between 1994 and 2011. Excluding TOP,
outcome was known in go cases: 49 perinatal deaths (54%), 13 alive but severely impaired

(14%), 29 patients are alive and well (32%)
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Table 8 Relationship according to univariate analysis between
Table 4 E : 49 &2 vein of Gal different predictors and brain damage in a series of 49 cases of vein
absc etoneonata. 911tc0111L m 47 casg ein of Galen of Galen aneurysmal malformation (VGAM)
aneurysmal malformation
n damage (n/N (9
/0 Of
a NS . S No P

Outcome . ongoing pregnancies

150000

Straight sinus dilatation 0.0099
Late TOP @ , Yes (n=21) 10121 (47.6) 11721 (52.4) !
Intrauterine fetal de: O No (n=17) 117 (5.9)  16/17 (94.1)
Neonatal death ] 32. VGAM vol > 20 000 mm3* 0.036+
Infant death : Yes (1=29) 12/29 (41.4) 17/29 (58.6) 50000
Alive and w . No (n=13) 1/13 (7.7) 9/29 (31.0)
i i Tricuspid regurgitation (\\\
Yes (n=16) 11/16 (68.8)
Me@'} ollow-up, 20 (range, 0—72) months. tOne case each of: No (n=33) 7/33 (21.2) /33 . No orocress ——
seiz¥fres in a case of hydrocephalus treated with ventriculo- Aortic isthmus reversed flow © progression y Bression
peritoneal shunt; periventricular leukomalacia; spastic tetraparesis, Yes (n=14) 6/14 (42.9) 4 (57. = , A .. - N .
. . . s e e N e 0n A Figure 3 Box-and-whiskers plot showing relationship between vein
which i culrtent lbellno investigated tmltgenetlg mutations c(ijue to No (n=15) 1/15 (6.7)  14/15 (93.3 of Galen aneurysmal malformation (VGAM) volume measured on
recurrence or cerebral arteriovenous maltormation in secon T Y magnetic resonance imaging and prenatal progression of lesion.
pregnancy (not included in present report) 5 years after index case. Bmm damage defined as development of any kmd of brain lesion Boxes and internal lines‘1'ep;i'esexltkllled n znd«rrange, whiskers
TOP, termination of pregnancy. 1elatec1 to Vl AMT t‘tual value ‘1‘9‘0(1)‘1”12 to iE represent interquartile range and circles represent outliers.
receiver—operating characteristics curve = 7.1 mm3 s Reference line is at 40 000 mm>.
exact test. $Chi-square test. vol, volume. l%ﬁe

100000
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Outcome and complicatj 1s of endovascular embolization
for vein of Galen malf¢¥mations: a systematic review and
meta-analysis
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Jun Yan, MD, PhD,! JlngV\@ MD PhD,? Roodrajeetsing Gopaul, MD,’ Chao-Yuan Zhang, MD,' and
Shao-wen Xiao, MD'
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gﬁdovascular Treatment of Vein of Galen Malformations:
A Systematic Review and Meta-Analysis

W. Brinjikji, ““T. Krings, ““M.H. Murad, *~A. Rouchaud, and *“D. Meila

. . Lylyk et al., 1 us
Nﬁonates. Frledmanétal 1993  US
All small series, short F/U av. 2 yrs, heterogeneous, crude LaSJavﬁseta' 1991 Canada

Gé;ua Monaco et al., France
markers of outcome 21991

Casasco et al., 1991 Argentina
Ciricillo et al., 1990 us

48% good outcome, 22% poor outcome, 27% mortality Lojpunias etal. 1989 Prance
anner etal.,

Burrows et al., 1987 Canada
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UK VGAM cohort study

2006-2016 : National service - all UK neonatal
VGAMs 2 centres (GOSH London [ Glasgow)

87 consecutive neonatal VGAMs, unselected
54 SUrvivors, 33 non-survivors (>1/3 untreated)

Long-term comprehensive neurocognitive
assessment study of survivors @ 2017
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UK VGAM cohort study

Predictors of poor neurocognitive outcome in survivors:

Low Bicetre score at presentation

abnormal brain scan at outset (esp. white matter
volume loss)

Open AV shunt at follow-up

tf L ; ,‘..I,:‘;} . Vijeya Ganesan, Fergus Robertson, Adam Rennie
i’; . ,‘;Z.’:::;’E;,{‘-’*;:‘ Paediatriz Neurovascular Unit
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From the perspective of the pregnant mother,
learning that her fetus has aVGAM is no longer
analogous to learning that her child has a GBM

But in terms of the likelihood of (i) surviving to
adulthood, and (ii) surviving without major
neurocognitive compromise, it is fairly analogous to
learning that her child has a medulloblastoma
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Q)(\ Am. ]J. Hum. Genet. 73:1240-1249, 2003
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Capillary Malformation—Arteriovenous Nk@ﬁ?)rmation, a New Clinical
and Genetic Disorder Caused by RAS@Q&’ Mutations

liro Eerola,' Laurence M. Boon,'? John B. 'niken,“ Patricia E. Burrows,*?
Anne Dompmartin,® Shoji Watanabe,” Rop¥in Vanwijck,? and Miikka Vikkula'

'Laboratory of Human Molecular Genetics, Christian de (@vVe Institute of Cellular Path: and “Centre for Vascular Anomalies, Division of
Plastic Sur Cliniques Unive ai c, Unj olique de Louvai ascular Anoma enter, *Division of
Plastic and °Division of Interve| adiak’g arvard Medical School, Boston; of Dermatology,
CHU Caen, France; and “Department of Plastic AQQ)RE-(OnStru(Ii\re Surgery, Showa University School of Medicine, Tokyo
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Two conceptual problems here:

1. A genetic etiology clashes with the
idea of malformations as accidents of
development

VGAM's privileged status as emerging
from the unique choroidal primordial
vascular environment is questioned

W)
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AC VRLf gene variant in a patient with vein
of (;;ﬁfen aneurysmal malformation

* Yoshiyuki Tsutsumi€, Yuo Tizuka?,
iyuki Furutani®, Kei Inai®, Shigeaki Nonoyama® and Toshio Nakani
“Department of Pediatrics, National Defense Medical College, Tokorozawa-city, Saitama, Japan
*Department of Pediatric Cardiology, Tokyo Women’s Medical University, Shinjuku-ku, Tokyo, Japan
“Department of Radiology, National Center for Child Health and elopment, Setagaya-ku Tokyo, Japan
dDepurnnem of Radic , Toho University Ohashi Medical Center, Tokyo, Japan

xial (left) non-enhanced reconstru mputed tomography on the day of birth dem ating

ind galenic cistern. Three-di omputed tomography (right) dem ing bleeding in

confluence, right tran e sinus, and gmoid sinus. : ft) and sagittal (right) color Doppler

imaging at 1-day-old demonstrating a large hematoma around the median (&1 of prosencephalon re was turbulent flow in the malformation

and superior sagittal sinus. (C) Axial (left) and sagittal (right) brain magnetic resonance imaging at 1-day-old demonstrating a hematoma around

the median vein of prosencephalon. (D) There was no abnormal arteriovenous shunt in axial (left) and sagittal (right) brain magnetic resonance
imaging at 38 d after surgical intervention. There were no scar findings at brain parenchyma.
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Neurovascular Ma‘mfestatlons in Hereditary Hemorrhagic
Telgnglectasm. Imaging Features and Genotype-
Phenotype Correlations

T. Krings, H. Kim, S. Power, J. Nelson, M.E. Faughnan, W.L. Young, K.G. terBrugge,
and the Brain Vascular Malformation Consortium HHT Investigator Group

AINR Am J Neuroradiol 36:863-70  May 2015




Molecular genetics of Vein of Galen malformations
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J Neurosurgery Pediatrics, in press

Table 1. VOGM-associated genetic variants

Type of

. Protein variant Year Source
mutation

Gene Coding variant Exon

Revenc%ét’al

, %)
p-Glu763Val 2008 RP@%’ncu et al

10| ENG | c.1672 1684del | 1 amestid | Ginsssfs | 2011 | Tsutsumi et al
deletion
T Reported separately by two publications




Adult Presentatiog’ Nof a Familial-Associated Vein of
Galen Aneurysmal Malformation: Case Report

David S. Xu, BS

Department of Neurological Surgery,

Molecular genetics of Vein of Galen malformations

Daniel Duxan Philipp Karschnia', Jonathan Gaillard Jason K. Karimy', Mark W.

Yount’blood Michael L. DiLuna' ,Charles C. Matouk', Beverly Aagaard-Kienitz’, Edv
R. Smith®, Darren B. Orbach*, C@Qveq Rodesch’, Alejandro Berenstein®, Murat Gunel'
‘Q\nd Kristopher T. Kahle"’

J Neurosurgery Pediatrics, in press

Familial VGAM — index case

in Xu et al. with an infant who died of VGAM

2 families have been reported with multiple VGAM in the same generation: successive pregnancies in Kwong et
al. (identical RASA1 mutation in both siblings and the asymptomatic mother) and no identifiable mutation in

the twins in Chida et al.
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Neuroy@@y 67:E1845-E1851, 2010 DOI: 10.1227/NEU.0b013e3181fa00d8

BRIEF COMMUNICATION

Serial Gene mutation Age at a sation and
number 0 f:

P3389
RASA1 Fetal age of
(c.1678 G>T 35 wk
E560X)

2 d of age

suspected

P3865 ACV] 1 d of age Q\ Pale skin,
rdia, anemia,
R218W) themia

Yune Kwongl « Maria Cartmill? - Tim Jaspan3 - Mohnish Suri*

Q
Fetal MRI demonstrating vein of Galen malforn{aﬁons in two
successive pregnancies—a previously unrepor{t\eﬁ occurrence
\)

n@&xanant in a patient with vein
of Galen C@?eurysmal malformation

Unique in

SAH, hematoma
around VGAM

atheter
embolization
Cathet
embolization

Catheter
embolization

Craniotomy
for removal
hematoma

ein of Galen aneurysmal malformation; RASAI = RAS p21 GTPase activating protein 1; ACVRLI = Activin receptor-like kinase 1; M = Male; F = Female;

Outcome

Intact

motor retardation,
epilepsy
Severe mental and

SAH = Subarachnoid hemorrhage.




Molecular genetics of Vein of Galen malformations
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.@1d Kristopher T. Kahle"*’

J Neurosurgery Pediatrics, in press

* However, phenotypic discordance in monozygotic twins, with one individual presenting with VGAM, has been
reported twice. Twin-twin transfusion syndrome ensued in the case from The Netherlands, with the donor twin
having VGAM and the recipient twin having transposition of the great vessels and a large VSD

* We had a case in Boston {unpublished) of monozygotic twins with twin-twin transfusion, where the recipient
had a VGAM

Pediatric and Developmental Pathology 9, 52-55 000 -
DOI: 10.2350/06-05-0060.1 N
© 2006 Society for Pediatric Pathology {\Q

N
Y CASE REPORTS
L @ L - -
Twm-f\e-%l'wm Transfusion Syndrome, Vein

of Galen Malformation, and Transposition
of:the Great Arteries in a Pair of

O
, HTTP!//DX.DOI.ORG/10.1016/4.WNEU.201 6. 031
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onochorionic Twins: Coincidence or
Related Association?
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J Neurosurgery Pediatrics, in press

Revencu et al.s initial associaticn of RASA1 with VGAM included a set of monozygotic twins with the identical
mutation but VGAM in only cne

HUMAN MUTATION 29(7), 959-965, 2008
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Parkes V\/e\ ¥ Syndrome, Vein of Galen Aneurysmal

Malfor: hon, and Other Fast-Flow Vascular
Anomgllwe. s Are Caused by RASA1 Mutations

L\<L:\Cll,l': Laurence M. Boon,'”? ]olm B. Mulliken,* Odile Enjolras,” Maria Rosa Cordisco,®
E. Burrows,® Philippe Clapuyt,’ Frank Hammer,’ Josée Dubx 8 Eulalia asel;a,
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TABLE 2. Phenotype of Individuals With CM-AVM with (I) or Without (II) RASA1 Mutatig

Phenotype of individuals with C %%VM with (I) or without (II) RASA1
RASA1 mutation éﬁutatlon

Putative effect at amino Mutation AVM/

A\
Family  Nucleotide change acid level carriers® CM?* AVF? PKWSi N Symptoms and associated features®

37 ¢.2532_2536delTTTAA p.Leu845ThrfsX38 De novo mutation in monozygotic twins; VGAM
and CF in one
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Colleen F. Macmurdo,* Whltneg Wooderchak Donahue,’ Plnar Bayrak- Togdemlr Jenng Le,2
Matthew B. Wallenstein," Carlos Milla,* Joyce M. C. Teng, Jonathan A. Bernstein,’
and David A. Stevenson'*

Am ] Med Genet Part A 170A:1450-1454.

A RASA1 somatic mutation in a skin punch biopsy was found in a CM-AVM patient who also harbored a
separate germline mutation in RASA1

This suggests that RASA1 germline mutations may predispose to the development of specific syndromes, with
expression due to additional somatic mutations (or epigenetic effects?) arising in target tissue
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Capillary malformation
of the skin
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CASE REPORT
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case report e
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Sturge-Weber O§yﬁdrome and Port-Wine Stains
Caused by Somatic Mutation in GNAQ
&

N
,’QO

J
N ENGL ) MED 368;21 NEJM.ORG MAY 23, 2013

Figure 1. Representative Photographs and Magnetic Resonance Imaging (MR}’j Scans from Study Participants
with the Sturge—Weber Syndrome or Isolated Port-Wine Stains. ‘
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Somatic Activating Mutatio\[ogs in GNAQ and GNATIT
Are Associated with Conggnital Hemangioma
Q

Ugur M. Ayturk,.29 Javier A. C@‘%’o,” Steven Hann,! John B. Mulliken,3# Kaitlin L. Williams,!
August Yue Huang,'? Steven <Fishman,*5 Theonia K. Boyd,® Harry P.W. Kozakewich,*©¢
Joyce Bischoff,>7 Arin K. G@eéne,“ and Matthew L. Warman!.24,8*

The Anba?can Journal of Human Genetics 98, 789-795, April 7, 2016
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Figure S2: Somatic mutations in genes that are associated with congenita@ascular tumors and malformations in humans.
Mutations in genes encoding several different protein components of MAP kin@’and mTOR signaling pathways have been identified in
affected tissue from individuals with a vascular tumor or malformation. Relati cations and connections between different components in
the signaling pathways are indicated by grey lines (arrowheads indicate a c@ponent that normally increases signaling and bars indicate a
component that normally inhibits signaling). Colored text indicate e specific disorders and colored arrows point to pathway
component(s) that can be responsible for causing the disorder 1-18. A cofjdition for which a germline mutation may also be causal is indicated
with an asterisk.




Somatic MAP2K1 Mutations Are Associated
with Extracranial Arteriovenous Malformation
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School, Boston, MA 02115, USA; “Departmen Genetics, Harvard Medical School, Boston, MA 02115, USA; *Howard Hughes Medical Institute, Boston
Children’s Hospital, Boston, MA 02115, Usg\
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bhotograph of an upper labial AVM (participant 13) from which CD31* and CD31~ cells were separated.

Qo’Angiogram prior to resection shows arteriovenous shunting.
(C) ddPCR assay results performed on DNA extracted from the AVM (resected tissue), endothelial (CD31"), and non-endothelial (CD31")
cells, and peripheral blood. Droplets containing mutant only, mutant and wild-type, or wild-type only alleles appear in left upper, right
upper, and right lower quadrants, respectively (empty droplets are in the left lower quadrant). Percentages of mutant alleles in each sam-
ple are indicated (droplet counts are provided in Table 2).

MAP2Kz1 protein product, MEKz1 is involved in the RAS signaling pathway important for cell growth
Germ-line mutations are associated with Noonan’s Syndrome and cardio-facio-cutaneous
syndrome

Somatic mutations are associated with melanoma anc hematopoietic malignancy

MEKa inhibitors are currently used for some neoplasims
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Somatic Mosaic Activating Mutatiqp@é
in PIK3CA Cause CLOVES Syndrogfe

N
Kyle C. Kurek,! Valerie L. Luks,2 Ugur M. d&?turk,w Ahmad 1. Alomari,3.¢ Steven J. Fishman,4¢
Samantha A. Spencer,2¢ John B. Mullikg®>¢ Margot E. Bowen,2° Guilherme L. Yamamoto,”
Harry P.W. Kozakewich,16 and Mattfggy‘v L. Warman?26,89*

REPORT

Congenital lipomatous overgrowth with Vlavglar, epidermal, and skeletal anomalies (CLOVES) is a sporadically occurring, nonheredi-
tary disorder characterized by asymm%ﬁc somatic hypertrophy and anomalies in multiple organs. We hypothesized that CLOVES
syndrome would be caused by a sopfatic mutation arising during early embryonic development. Therefore, we employed massively
parallel sequencing to search forgnatic mosaic mutations in fresh, frozen, or fixed archival tissue from six affected individuals. We
identified mutations in PIK3G® in all six individuals, and mutant allele frequencies ranged from 3% to 30% in affected tissue from
multiple embryonic lineaggsb‘?nterestingly, these same mutations have been identified in cancer cells, in which they increase phosphoi-
nositide-3-kinase activiﬁ;l\\We conclude that CLOVES is caused by postzygotic activating mutations in PIK3CA. The application of similar
sequencing strategi(e'\@‘vvill probably identify additional genetic causes for sporadically occurring, nonheritable malformations.

The American Journal of Human Genetics 90, 1108-1115, June 8, 2012
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Somaou&% Activating KRAS Mutations
in Arter{i@%nous Malformations of the Brain

C,;\\O

S.I. Nik%&%v, S. Vetiska, X. Bonilla, E. Boudreau, S. Jauhiainen, B. Rezai Jahromi,
I\b@(hyzha, P.V. DiStefano, S. Suutarinen, T.-R. Kiehl, V. Mendes Pereira,

AN Herman, T. Krings, H. Andrade-Barazarte, T. Tung, T. Valiante, G. Zadeh,

M. Tymianski, T. Rauramaa, S. Yl4-Herttuala, J.D. Wythe, S.E. Antonarakis,

J. Frosen, J.E. Fish, and I. Radovanovic

“& RESULTS 9
\\'«\&\ We detected somatic activating KRAS mutations in tissue samples frm@ﬁS of the
Q}Y 72 patients and in none of the 21 paired blood samples. In eng@‘ﬂielial cell-
ccgé@%e" D31 Cell enriched cultures derived from arteriovenous malformations of th¢ brain, we de-
Klture Culture tected KRAS mutations and observed that expression of mutagxf’?(RAS (KRASC?Y)
Patient No_\$§; 31 37 30 37 3z in endothelial cells in vitro induced increased ERK (extracg,fﬁ?llar signal-regulated
@C;l kinase) activity, increased expression of genes related tq@¥ngiogenesis and Notch
© signaling, and enhanced migratory behavior. These?@ocesses were reversed by

q/gr\‘b inhibition of MAPK (mitogen-activated protein kié@s'e)—ERK signaling.
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BACKGROUND: Most arteriovenous malformations (AVMsx&e localized
and occur sporadically. However, they also can be multif in autosomal-  Nicole Revencu, MD, PhD*
dominant disorders, such as hereditary hemorrhagic talgngiectasia and etal
capillary malformation (CM)-AVM. Previously, we id@ntitied RASAT
mutations in 50% of patients with CM-AVM. H%e’in we studied non-
RASA1 patients to further elucidate the pathe@%nicity of CMs and AVMs.

Mustapha Amyere, PhD*

METHODS: We conducted a genome-vx@??inkage study on a CM-AVM
family. Whole-exome sequencing was%q}so performed on 9 unrelated CM-
AVM families. We identified a can,d'%) e gene and screened it in a large

series of patients. The inﬂuence&Qfs\s veral missense variants on protein
function was also studied in vi§o.

&.
RESULTS: We found evid@%e for linkage in 2 loci. Whole-exome
sequencing data unra@@d 4 distinct damaging variants in EPHB4 in 5
families that coseg @hted with CM-AVM. Overall, screening of EPHB4
detected 47 dis;ﬁ\émutations in 54 index patients: 27 led to a premature
stop codon or 3plice-site alteration, suggesting loss of function. The other
20 are nopgynonymous variants that result in amino acid substitutions. In
vitro ex ion of several mutations confirmed loss of function of EPHB4.
The cl@ical features included multifocal CMs, telangiectasias, and AVMs.

@%LUSIONS: We found EPHB4 mutations in patients with multifocal
s associated with AVMs. The phenotype, CM-AVM2, mimics RASAT-
related CM-AVM1 and also hereditary hemorrhagic telangiectasia.
RASAT-encoded p120RASGAP is a direct effector of EPHB4. Our data page 1045,
highlight the pathogenetic importance of this interaction and indicts
EPHB4-RAS-ERK signaling pathway as a major cause for AVMs.

*Drs Amyere and Revencu
contributed equally.

The full author list is available on

Correspondence to: Miikka
Vikkula, MD, PhD, de Duve
Institute, Université catholique
de Louvain, Human Molecular
Genetics, Avenue Hippocrate 74,
B-1200 Brussels, Belgium. E-mail
Miikka.vikkula@uclouvain.be

Sources of Funding, see page 1045

Key Words: arteriovenous fistula
m arteriovenous malformation

m capillary ® genetics m linkage

w vascular disease ™ vascular
endothelial function ® venous

© 2017 American Heart
Association, Inc.

Circulation. 2017;136:1037-1048. DOI: 10.1161/CIRCULATIONAHA.116.026886 September 12,2017 1037

CM-AVM2

CM-AVM: AD with high penetrance
and variable expression. AVMs seen
in ~30% of patients, in the brain,
spine, face, neck, or extremities
50% of patients with CM-AVM have
heterozygous LOF mutationsin
RASA1

Studying families with phenotypic
CM-AVM but no RASA1 mutation
using linkage and whole-exome
sequencing, a new mutated gene
was identified as EPHB4. These were
LOF imutations
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Figure 3. Phenotypic spectrum associated withEPHB4 mutations.

A, Multifocal capillary malformations (CMs) ier spots. B, Multifocal CMs. C, Multifocal CMs with white surrounding halo.
D, Multiple telangiectasias on upper thorax Multiple labial and peribuccal telangiectasias. F, Multifocal CMs with geograph-
ic borders and pale central zone. G, Altq\gvenous malformations on the face. H, Vein of Galen aneurysmal malformation. I,
Parkes Weber syndrome in right leg.

]

Penetrance was high (102/110)

» All affected individuals had CM (102), and 92 had >1 CM. ~25% had a surrounding white halo. CMs
could be present at birth or could develop during childhood or adolescence, and ranged from
pinpoint to 15 cm

* 20 individuals had fast-flow lesions (cutaneous, subcutaneous, muscular and bony AVMs in the

face/neck/extremities, Parkes Weber, CNS)
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» 3/20 fast-flow lasions were in the CNS: 2 VGAM and one perimedullary spinal AVF. Cne
additional V.GAM was seen in a fetus whose father carried an EPHB4 mutation
» Differences between CM-AVM and CM-AVM2:
* Perioral and thoracic telangiectasias in CM-AVM2 (similar to HHT, but no pulmonary
or hepatic AVM seen in CM-AVM2)
* Some CM-AVM2 patients had epistaxis (unlike CM-AVM)
* Overall lower frequency of fast-flow lesions in CM-AVM2 (18% vs 31%)
* Overall lower frequency of associated CNS AVMs in CM-AYVM2 (3% vs 10%), but all
brain cases were VGAM
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Normal Capillary Bed Arteriovenous Malformation

&
o
 Conceptually, this molecular "I @ — O Lowam

pathway sheds light on the long-
standing clinical observation that
AVM is a disease of the proximal
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Figure 4. Role of EPHB4 in AVM forma\g‘on.

Artery-fated angioblasts (red) expresqf{)hrinBZ and inhibit expression of venous markers (EPHB4 and Chicken ovalbumin
upstream promoter transcription £a€tor Il, COUP-TFII). Venous-fated endothelial cells (blue) express COUP-TFII, and thereby the
EphrinB2 receptor EPHB4, and gippress expression of Notch signaling. EphrinB2-EPHB4 interaction responsible for suppression
of RAS-MEK-ERK and RAS-ARTmTORC1 pathways. Lack of EPHB4 or p120RASGAP in venous endothelial cells of patients with
capillary malformation-arterfovenous malformations 2 (CM-AVM2) and CM-AVM1, respectively (light green) results in constitu-
tive activation of RAS-MEK-ERK and RAS-AKT-mTORC1 pathways, leading to abnormal differentiation of endothelial cells and
disorganized vascular development.



Next generation sequencing of VGAM

International collaborative effort
Initiated in 2016

NIH-financed - Centers for Mendelian
Genomics

Current participants:

Kristopher T. Kahle (Principal Investigator),
Richard P. Lifton, Murat Gunel, Daniel Duran —
Lead genomics team (Yale)

Darren B. Orbach, Edward R. Smith (Boston
Children’s Hospital)

Alejandro Berenstein, (Mount Sinai Hospital)

Andrew Ducruet, Joseph Zabramski (Barrow
Neurological Institute)

Bevery Aagaard-Kienitz (University of Wisconsin)
Georges Rodesch (Hopital Foch) @HOSP'TAL

Masaki Komiyama, (Osaka City General Hospital)




Goal — define the genomic landscape of VGAM

Patient recruitment -
Over 5o radiographicaliy-confirmed VGAM patients and their parents have
been exome sequenced to date.

Large-scale, unbiased variant discovery.
Promising results involving key developmental endothelial control pathways.

Workflow

Patient and family Sequencing / bioinformatic analysis Functional validation
recruitment *mutation discovery*




Exome sequencing identifies all
damaging mutations presiznt in DNA
coding regions of VGAM patients and
their parents.

Gene burden anatlysis (binomial test)
detected significant enrichment in
protein-damaging, transmitted
mutations in EPHB4.
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Quantile-quantile plot depicting significant enrichment of EPHB4 mutations in
VGAM when compared to expected, natural mutation rate by gene size

Salient findings

*  VGAM EPHB4 mutants display:

IP: HA
MUT1 MUT2 MUT3

HA(EphB4) 1. Reduced i absent

tyrosine phosphorylation

Co-IP: HA ) AND

Wt MUT1 MUT2 MUT3

IB: ' : o
Ras GAP .
' v - : ”wL 2. Reduced or absent

binding to RASA1
HA(EphB4)

Representative immunoblots from HEK293 cells harboring transiently
transfected constructs of VGAM-associated EPHB4 mutations

discovered through exome sequencing.




Additional findings

Damaging mutations in 5 cther genes of the ephrin family.
Exome-wide significant mutational enrichment has been found in 2 more, novel genes.
Study findings are currently in final stages of preparation for publication.

Goals

» Continued sequencing of VGAM patients and parents.

* Study is ongoing and open to enrollment.
* A cohort of 50 VGAMs has yielded significant results, hence, further sequencing is warranted
* Full funding for VGAM exome sequencing through NIH-Centers for Mzndelian Genomics at Yale

 All collaborators are welcome- strength through numbers!

feel free to touch base with Dr. Kristopher Kahle
at or come find me after the talk for further details.



mailto:kristopher.kahle@yale.edu

Wha‘t about the dural sinuses, stenosis, flow-
mechanlstlc explanations of VGAM, eto@5
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A three prim%lexuses 1st remodeling step C 2nd remodeling step

11.5mm

Figure 2. CV Growth and Remodeling Is Temporally and Spatially Coupled with Skull elopment

(A-C) Wax-plate reconstructions of human fetuses depicting growth and remodeling of the dural €V (Streeter, 1921). (A) Three plexuses (1 = anterior [antPlexus],
2 = middle [midPlexus], 3 = posterior [posPlexus]) drain into the primitive head vein (PHV) adj t to the eye and trigeminal ganglia (tg). (B) First remodeling step
results from an anastomosis between the antPlexus and midPlexus to form the transve@&élnus (TVS, blue lines and arrows). The PHV regresses. (C) Second

remodeling step results from an anastomosis between the midPlexus and posPIexuag
temporal bone (temBone, tb) (TVS, blue line and arrows).

(D-F) Z stacks of E11.5 (D), E12.75 (E), and E13.75 (F) mouse embryos stained \ﬂ{h endomucin. Growth and remodeling of the CV are highly conserved with
humans. Blue and red arrows indicate TVS and SgS, respectively.

orm the sigmoid sinus (SgS, red line and arrows), located above the
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Humans with Twist1 mutatiotis and craniosynostosis have dural venous
sinus abnormalities

Mesenchymal stem cell : ~
Osteoprogenitor

The investigators developed tools that allowed specific spatial (meecarm) @i@
manipulation of the Twista pathway within specific cell types (skull, dura, . —’ -1
pia/arachnoid, endothelial cells) 2 Prechiecbisst
Surprisingly, Twista is dispensable in endothelial cells, but required for \ ‘3’“%
specification of osteoprogenitor cells that differentiate into e Bl
preostecblasts that produce bone morphogenetic proteins (BMPs) /

Twisti loss in osteoprogenitor cells and dura causes skull and vascular &° \va
( Mesenchymal stem cell @ ‘
defects (mesoderm)  "(-)Osteoprogenitor

Bmp2/4 loss from mesoderm-derived preosteoblasts/dura causes skull .&v_, Q — ,
(-)Preosteoblast

and venous sinus defects s
<
.@K \

Venous endothelium has receptors for BMP &
The effect on the venous sinuses must be paracrine! R (-IPeriosteal Dura
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(G) E12.5 transverse section through the head at the level indicated in the top panel of (H). High ley@¥s of Twist1 expression co-localize with Runx2 in the frontal
and parietal bone periosteum (frBone [fb] and parBone [pb]) and in the coronal suture (corSuture [¢S]). Weaker expression is seen in periosteal dura (periDura [pd])
and inner dura (iD), and the arachnoid mater/pia (meninges, m). TVS and antPlexus grow §remodel in periDura underlying the corSuture and parBone.

(H) (Top) E12.75 mouse head showing endogenous ALP activity in frBone and parBone@p&DB (Middle) Transverse section, adjacent to (G). The TVS remodels
in proximity to the corSuture and osteogenic front of the parBone. (Bottom) High I% s of Twist1 expression occur in osteo-PCs within the corSuture and
periosteum (white dashes), but protein levels are low in Runx2/ALP* Pre-OB.
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Figure 3. Twist1 Mutants Have Perturbed CV Development Despite Normal Arteria\&owth and Remodeling

(A-C) Z stacks of the venous plexuses stained with endomucin detailing the growth and ren@ellng of the CV. (A) Primitive head vein (PHV, green arrows) and
antPlexus (ap, outlined in red) in an E11.75 control. The antPlexus in Twist1°<®'~;Pd-Ci¥h = 4) and Twist1°“®/~;Sm-Cre (n = 5) embryos have a significant
reduction in vessel branching and more empty space (lacunarity, right graphs). (B) By 5, the TVS (blue arrows) has remodeled in controls, but the PHV is still
present in Twist1°%®/~;Pd-Cre (n = 5) and Twist1°“°/~;Sm-Cre (n = 6) embryos. antPlexus branching remains reduced. (C) By E13.75, the SgS remodels in control

(F) E12.75 whole-mount smooth muscle actin staining of the arterial head vasculature. Arterial growth and remodeling and smooth muscle coverage appear
normal in Twist1°<®’~;Pd-Cre embryos (n = 5).
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Twist1

CKOWT

Wild-type
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Figure 4. Wild-Type Mice Have TVS Morphogenetic Variation that Is Skewed towafsl Unilateral Regression in Twist1 Mutant Mice

(A) Top: superior sagittal sinus (SSS, paired arrows) and paired TVS (arrows) meeting at t nus confluence (SC) on the dorsal surface of control and mutant
E13.75 brains. The antPlexus is boxed. Middle: magnified images of the boxed areas deta©IVS regression (single arrows) and poor development of the antPlexus
(double arrows) in Twist1°4®~;Pd-Cre and Sm-Cre mutants. Bottom: unilateral reg@ssion of the TVS (arrow) is fully penetrant and complete by E15.5 in
Twist1°%%’~;Pd-Cre and Sm-Cre mutants.

(E) Top: E18.5 Twist1°€®/~;:Sm-Cre embryo. The left TVS is tortuous and hypoplastic and the right TVS has regressed (asterisk). A persistent occipital vein is
present and drains into the SgS (arrowheads). Middle and bottom: the remaining TVS is hypoplastic in E18.5 Twist1°“?/~;Sm-Cre embryos and the right side is
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2 CKO/CKO CKO/WT CKO/CKO
2 CKO/CKO Bmp?2 Bmp2 Bmp2
&' Bmp2 P 4CKOMWT P P

2 Bmp4CKO/WT Bmp Bmp4CKO/CKO Bmp4CKO/CKO
> Pdgfrb-Cre Pdgfrb-Cre Pdgfrb-Cre

Figure 6. BMP2 and BMP4 Are Required for CV Growth and Remodeling N

(C) Top: E18.5 dorsal views of the head depicting the SSS and paired TVS and SgS in controls and three- and four—a@é—loss Bmp2/4;Pd-Cre embryos. Bottom:
the mean width of the dominant TVS is significantly smaller in all Bmp2/4;Pd-Cre mutant genotypes, and the migor vessel is hypoplastic or absent. The SSS is
often hypoplastic, truncated, and/or split (arrows). -
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Venous sinus malformations result from primary or secondary loss of Mesenchymal ster ook oo tiaio onitor >
paracrine BMP signaling from preosteoblasts and dura

¥
2
Dural venous sinus angiogenesis is strongly dependent on the . “Preosteoblast

development of neighboring tissue, and likely upon the growth & "
. BMP2/4 A BMP2/4 \ BMP2/4
environment of each fetus SUY W§ >

: N — R ————
Arterial development is unaffected. High levels of NOTCH, found in pe"os,‘?l@”ra{ BMP4
arteriai endothelium, antagonize BMP, while veins are primed to S v
respond to BMPs Mesenchymal stem cell KQ’Q\ ‘ /)

(mesoderm) (\\\ (-)Osteoprogenitor

Thus, venous sinus angiogenesis is isolated from arterial angiogenesis and N _/
is an independent process .° — Q ]
(-)Preosteoblast

&
x9

\(§ Peri | D
\\\ (-)Periosteal Dura




Summary

Clinical presentation of VGAM has been well delineated for >50 years

VGAM develops in a unigue embryological environment characterized by arteriovenous
endothelial loops, during a developmental stage where the dominant arteries are the
choroidal vessels and the dominant vein the MPV

Mechanical/devalopmental hypotheses have dominated thinking about VGAM etiology
for >30 years {eg VGAM resulting from an episode of in utero thrombosis, VGAM
resulting from venous sinus outlet stenosis, venous sinus stenosis being a consequence
of high flow)

Whiie endovascular treatment has no doubt improved prognosis, the prenatal diagnosis
is still devastating, and there remains much room for improved therapeutic approaches

Major areas of clinical uncertainty: how much treatment is enough? What to do for the
older child/adult with a newly diagnosed asymptomatic VGAM?

Very recent genetic / cell biological developments herald a new era in our understanding
of VGAM (and arteriovenous lesions more broadly). Frorn a genetic perspective, the
classical distinction between vascular tumors and vascular malformations is not as rigid
as had been believed




Summary

These recent developments are likely to lead to completely novel therapeutic
approaches, with drug targets in the RAS/ERK/mTOR pathway

The relationship between germline and somatic mutations in VGAM remains unclear

Interestingly, development of the venous sinuses is dependent not on the above intrinsic
genetic factors, but rather results from paracrine effects of pathways related to sku!l and
meningeal development. Individual idiosyncrasies of a given embryo’s environment may
JEVELG RIS

Thus the VGAM itself, induced by its own genetic pathway, is overlaid ontc a separately
determined sinus drainage architecture, potentially leading to drastically different
ciinical evolution across patients. The independently-developed venous sinus
architecture may serve as the “second hit” or "developmental accident” required to
activate a potential VGAM into a clinical VGAM in vulnerable patients

Many of our “intuitive” mechanistic hypotheses are being upended and more are likely
to be upended by new cellular/genetic developments. Wea need to be comfortable
expecting the unexpected
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