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Genetic Aspects of Development*:

Vascular Anomalies & Overgrowth Syndromes
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* Thompson & Thompson: Genetics in Medicine, 8th ed., chapter 14
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Dl Vascular Anomalies

Diagnosis: clinical history, examination & tests
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Bl Vascular Anomalies: characteristics

» Large clinical variability
» Commonly sporadic; rare familial forms (11 hereditary forms)
« Localized lesions: Single (sporadic) or multiple (familial)

» Pure forms versus associations & syndromes

e Classification of Vascular Anomalies

Tumors Malformations

Mulliken JB and Glowacki, Plast Reconstr Surg 1982; Wassef et al, Pediatrics 2015; https://www.issva.org/UserFiles/file/ISSVA-Classification-2018.pdf
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Blc Classification of Vascular Anomalies

Tumors Malformations

Hemangioma

Infantile hemangioma (IH)

Non-involuting congenital hemangioma (NICH)
Rapidly-involuting congenital hemangioma (RICH)

Partially-involuting congenital hemangioma (PICH)
Hemangioendothelioma
Angiosarcoma

Lymphangiosarcoma

Mulliken JB and Glowacki, Plast Reconstr Surg 1982; Wassef et al, Pediatrics 2015; https://www.issva.org/UserFiles/file/ISSVA-Classification-2018.pdf
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e Classification of Vascular Anomalies
Malformations
Lymphatic
LE
LM
Venous Arterial |
GVM CM-AVM
VMCM HHT
VM
Combined: AVM, CVM, CLVM, LVM, CLAVM ...
(Overgrowth) syndromes: Maffucci, KTS, PWS, MCLMR ...
Mulliken JB and Glowacki, Plast Reconstr Surg 1982; Wassef et al, Pediatrics 2015; https://www.issva.org/UserFiles/file/ISSVA-Classification-2018.pdf 8
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= su\; Genetic bases of vascular anomalies
1. Predisposing susceptibility genes (vs. causative)
2. Locus heterogeneity
3. Inherited with reduced penetrance
4. Somatic mutations
5. Clinical phenotypic variability
9
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% 51.1\; Genetic bases of vascular anomalies
1. Predisposing susceptibility genes (vs. causative)
— Multigenic (vs. monogenic)
— Polymorphism (vs. mutation)
10
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Bl Vascular Tumors: Infantile Hemangioma

2 5 years
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Clonal ECs Fibro-fatty matrik
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Sl Infantile Hemangioma Cells

VEGF-dependent increased VEGFR2 phosphorylation

VEGF
Ab

-+

- 4

-+

-+

HDMEC

EC2

EC4

EC21A

Jinnin ef al, Nat Med 2008

Hemangioma cells

P-R2 i ;~" g — ——> Chronic activation of VEGF signaling

> Phosphorylation

AKT, ERK1/2, RASA1, STAT4.

> Transcription
VEGF, GLUT1
> Hem EC behavior

Proliferation
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Control

gDNA

EC4
A326T ||
gDNA |

HDMEC|,

Hemangioma Etiopathogenesis

Screening of EC cell lines for 24 candidate genes that regulate EC
migration/proliferation/adhesion/HIF1a

One TEMS8 mutation

TCCTGGCCATCGCCC

g /\ o \/\ f\

TCCTGGCCATCRCCCTGCTG

il

0/ 110 hemangioma patients, 0/295 controls

Jinnin ef al, Nat Med 2008

Two VEGFR2 mutations

Control

HDMEC
gDNA

EC2
C482R
gDNA

EC178 |
C482R
gDNA

10/ 105 hemangioma patients, 12/295 controls

(~10%)

ACCCATACCCTTGTGAR

VAL Mv“‘

A1G

(~4%)
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Hemangioma Etiopathogenesis

VEGFR1

++ proliferation
++ migration

R2=VEGFR2
B1= p1integrin

» All Hem ECs showed pathway dysregulation: Changes not necessary

» Associated SNP also present in controls: Changes not sufficient

» Particular combinations of predisposing germline changes cause disease

Jinnin et al, Nat Med 2008
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Be gty . .
D Genetic bases of vascular anomalies
2. Locus heterogeneity
— “One” phenotype, many causes
. CCM
. PLE
15
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B mgtY .
LG Cerebral Cavernous Malformation (CCM)
«Incidence: 0.1-0.5%
«Single or multiple lesions
+Epilepsy, headache, haemorrhage;
Asymptomatic: 15-20%
«Autosomal dominant inheritance (>80%)
«Variable expressivity
16
16
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Beadd . .
Genetic basis of CCM

10 1

1
m- E H E g CCM‘J 20%, penetrance 100%
i i) i ]

CCM3 40%, penetlance 63% , ; ;E

12

Dubovsky et al., Hum Mol Genet, 1995; Craig et al., Hum Mol Genet, 1998
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Pathophysiology of CCM

[\ fibronectin

a@ hyperosmotic
hock
grin HEG membrane 5100
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actin stress
fiber formatiol

proliferation  apoptosis ,"

apoptosis ?
) osmoregulatlon
microtubule D2 cenl proliferation H

(cell morphology)

CCM1: KRIT1, CCM2: malcavernin/MGC4607, CCM3: PDCD10

Adapted from Revencu et al, J Med Genet 2006
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i D Genetic bases of vascular anomalies
2. Locus heterogeneity
— “One” phenotype, many causes
« CCM
« PLE
19
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Be .
Dl Primary lymphedema (PLE)

* Chronic accumulation of lymph within tissues
* Predisposition to infections
 Important dysfunction of extremities

Hypoplasia Hyperplasia

Reduced lymph |
transport and
absorption

abnormal development
and/or function of ‘
lymphatic vessels e

genetic predisposition

Oedema

Brovillard et al, Naf Rev Dis Primer 2021

20
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Valves

EPHB4

H

Nucleus

NSD1

Histone

Proliferation

—+
XXX

Brouillard et al, Nat Rev Dis Primer 2021

Primary Lymphedema:
(

and )
Valves Proteoglycans, L fg36AT50  valves
extracellular
ADAMTS3 matrix A
: RELN
CCBEL < THSD1 :
HGF ANGPT2 VEGFC g h H x4 A
MET TiEz TIEL VEGFR3 =8 & A4 H i : Extracellular
| WY i 1 !
NRPZ I R H ‘ : Intracellular
cBL — b——— B —— St
A KIF11 | PTPN14 /) ‘ ;
\ - L I [ PiEzor
SOS1 OS2 IFELS FBXL7 ABCCO CELSRI
——— PTEN
‘ ‘ KLHL40
0 AKTproteins S
R S 1 ] Ubiquitination Chromosomal loci associated with PLE
[ ARAF RAF1 BRAF & [(TsC1 i IKBKG 15112 — Prader-Will
| L ' ' 15q26.1 — Aagenaes
v G l 22q11.2 del — TBX1?
MEK proteins L 22q13 del — Phelan-McDermid
RHEB NF-kB proteins Xp11.4/Yp11.2 del —Turner
MAPK1 MAPK3 L
__________________ mTOR
H (.7
Sureival ‘ explain only ~30% of cases

ETS proteins. NF-kB proteins GATA2  FOXC2

Highly heterogeneous

]
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GATA F FOXC2--» FOXC2

XCOOC

‘\%\J/L_EC and valves
DOOCC

SOX18 F PROX1 --» PROX1

XCOOOCOOOCOOOCOOL

Mﬂ

’ Confirmed

CLAs only

Needs further confirmation

Not mutated but links elements

21
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Be . . UCL
D Genetic bases of vascular anomalies
3. Inherited with reduced penetrance
— Second-hits
22
22
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» 5% of venous anomalies

oLlc Glomuvenous Malformation (GVM)

» Caused by loss-of-function mutations in glomulin

» Autosomal dominant, with reduced penetrance & phenotypic heterogeneity

» Does lesion-formation require an additional somatic event? (Knudson’s hypothesis)

Boon et al, Hum Mol Genet 1994; Brouillard et al, Am J Hum Genet 2002

Université
aatholique
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Brouillard et al. Am. J Hum Genet 2002

GLMN

B Dl First somatic 274 hit identified in a vascular malformation

Inherited: (IVS7-2884)-(IVS13+255) del 8.4 kb+insGG

.- E8-E13 s

W HE—— B HE

24

24
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First somatic 274 hit identified in a vascular malformation

Inherited: (IVS7-2884)-(IVS13+255) del 8.4 kb+insGG

- E8E13 N

ans - HI-——— I HE
I

6ARCAGRRAGAGT

Somatic: 980delCAGAA (Exon 10)

R6 ARG AR6ETCT

25

Brouillard et al. Am. J Hum Genet 2002

25
Be

UG Complete local loss of glomulin

In all cells of GVM lesion

the patient - -
wt 2nd gomatic mutation
| |
_ SMCa actin

l I

inherited mutation inherited mutation

normal SMC "glomus cell"
26
26
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Chromosome 1

Affymetrix 250K (Nspl)

E&%\iﬁfq Local loss of wild-type glomulin expression:
genomic deletion?

1pter

GVM71_12

1p22.2-22.1

v

1qter

Copy number (1 SNP)

Average copy number

!

¢.107insG

(10 SNPs)

Cytoband

SNPs

Loss of wt RNA

Amyere et al, Am J Hum Genet 2013

Other tissues showed no chromosomal alteration by SNP-chips

27

27

Blood

DNA

GVM lesion

DNA

Amyere et al, Am J Hum Genet 2013

e Somatic 2" hits in GVM

Pairwise comparison of allele-specific copy number

e Allele Agjood

—— Allele leood\

m—— Allele Ay

s Allele By

Pairwise analysis

e Allele Agjood

m—— Allele Acym

e Allele Bgjood
s Allele By

28

28
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SUG Somatic 2" hits in GVM

Chromosome 1 1

GVM22

Copy number (1 SNP)

Average copy number (10X
SNPs)

Cytoband

E

Heterozygous SNPs

1 ——Discrepancy calls
9 Pairwise CN
3 1
c.157delAAGAA o LoH

Cen
Loss of WT allele RNA

in GVM tissue

Similar observation in 11 other GVM lesions, not in controls

29
Amyere et al, Am J Hum Genet 2013
29
P
SUG aUPID: A novel mechanism for glomulin loss

Allelic imbalance (LOH) without copy number change in tissue:

acquired UniParental IsoDisomy

Parental cell Mitotic recombination “il'

Mutgtion >4

30

Amyere et al, Am J Hum Genet 2013
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Since then, second hit mutations shown in

Glomuvenous malformation

Cutaneomucosal Venous Malformation

(VMCM)
Cerebral Cavernous Malformation (CCM)

3&@‘ Autosomal dominant with incomplete penetrance:
SUG “recessive” at the level of the cell!

Het mutation
carrier

31

31
Bendd . .
D Genetic bases of vascular anomalies
3. Inherited with reduced penetrance
— Second-hits
— Mosaicism/ tissue heterogeneity
32
32
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Mosaicism in CM-AVM 1 (RASA1)

sl *

(%O

G I! multifocal CMs

® *
G fast-flow vascular
Patient 4 ‘malformation
* ] s ® g s = s e _ O solitary CM
* 10 RASAI famil
[+ RASAI m
Patient 1 Patient 2 Patient 3 E vr—yTTTE——
Table 1 Clinical and genetic data
Allele frequency  Allele frequency (read
(read count) with  count) with Sophia Sanger Fast-flow vascular
Tissue RASAT1 variant AmpliSeq panel Genetics panel sequencing  CMs malformations
Patient 1 Blood C.1879A>T; p.(Lys627*) 35.7% (10/28) 25.3% (164/649) + 3CMs Parieto-occipital AVF/spinal
AVM from T1 to T8
Patient 2 Blood €.2035C>T; p.(Arg679*) 2.7% (3/111) 3.1% (63/2011) NP 4 CMs, Bier spots. Facial AVM
AM C(2035C>T()c.1507C>T);  13.6% NP NP on hands and
p.(Arg679*() GIn503*) (465/3407)+8% telangiectatic lesions
(17112126) on upper thorax,
lower lip and tongue
Patient 3 Blood C.1192C>T,; p.(Lys398*) NP 8.5% (101/1189) + More than 20 CMs  Soft tissue and fatty
hypertrophy with multiple AV
microfistulas in the right foot
Patient 4 Blood €.2707C>T,; p.(Arg903*) NP 6.1% (59/964) NP More than 10 CMs -
Saliva NP 4.6% (36/783) NP
<l 69% @1305) P w - Mosaic became germline

AV,

The symbol — denotes absent and + denotes mutation seen by Sanger sequencing.

; AVE,

fistula; AVM,

M, capillary

NP, not performed.

Revencu et al, J Med Genet 2019

Université
aatholique
delouvain
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Genetic bases of vascular anomalies

4. Somatic mutations

— VMs & BRBN

UcL

Université
atholique
delouvain
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Be ] ]
Venous Malformations: mostly sporadic

« Enlarged venous channels
« Single EC layer, with patchy vSMC
*Typically sporadic (>98%)

eFamilial forms caused by TIE2/TEK mutations =» Somatic mutations in the same gene?

Vikkula et al, Cell 1996

35

35

Be, . . . . .
%1 Sporadic VM: Tissue heterogeneity may hide mutation
Sanger sequencing: cumulative signal

G_A G G_A G T G_A A A G

G A GGAGI|NIGA ARG
40% mutant <allele & R

c A 6 6 A clclec A A A

G AGGAGI|C|][6G AR AG

10% mutant allelM

G A G G A G
G AGGAG

5% mutant allele Q/\ ,4\/5{\9 'C\Z \m/\/\’

No gDNA change found in tissues
Mutations only in ECs?

Ol
[)-)
Do
D
Do
Do

36
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SLiC Overcoming tissue heterogeneity:
cDNA-based screens

DNA VM Tissue

24 F E 5 82 84 i B

*| DNA m

300 [ It

- /A
¢DNA : —_——

E[ AT
- TIE2 expression primarily from ECs w N ® ® = = w @
an| CONA
120
w0
@ = abnormal EC 140
@ =normal EC .
100w
@ = other cells o
&0
- /AN
w A
[ 5]

(Semi quantitative minisequencing): SNaPshot

37
Limaye et al., Nat Genet. 2009
37
Be . . .
Bl Overcoming tissue heterogeneity:
Deep (Next Generation) Sequencing

1 5 e o 2 5 5 0 ) e ) 5 £ e I o 0 0 B o

— Izl ——.
iri 9 mut (T): 170 wt (C)
irl (~5%)
' —
I 1
Il e

- |

[ I

= N S

[ — I

I I
I |

I N I

— Il

— I

[ — N

[ — i

————————————————— 3 N

- Should include negatives to distinguish low-freq alleles from background/noise! 38
38
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E@%Eﬁflq Somatic TIE2/TEK mutations cause >60% of VMs

(1-10% of mutant alleles detected)

L914F <«— RBAOW
Y897F

«—— R915L

«—— G1115*

ORI s

<— R849W
Y897H,F,C,S —»
L914F ———»
RO15C, L >
59171
<+—— R918C i
<— F9601
R1099*
—
“— T1105N ek
<«— T1106P
<+—— E1109Lfs*5
<«— GI1115%
'« T1105N R1099* A T1105N
T T1106P —— G1115+
39
Limaye et al, Nat Genet 2009; Soblet et al, Mol Syndromol 2013

39

E@%ﬁ Somatic TIE2/TEK mutations cause >60% of VMs

Hyper-phosphorylation of mutants

&
N
N o
& &L
& S AN
& &9 & g ESE
= pTyr- - -
 eheses -TE2- D = =

<4— Growth factor
RTK

Cell membrane

SO i

B -
Y897H,F,C,S —» > >
L914F ——«> PIK3CA
R915C, L —
s9171 v
<+—— R918C TIE2
20%
o
<«— F960I
< R1099*
<— T1105N
<«—— T1106P . Cell proliferation, cell survival, Apoptosis, cell cycle, cell cycle arrest
< 511110195';!5 5 transformation, cell motility, insulin pathways

response pathways

40

Limaye et al, Nat Genet 2009; Soblet et al, Mol Syndromol 2013, Uebelhoer et al, 2013, Natynki et al, Hum Mol Genet 2015 Limaye et al, Am J Hum Genet 2015

40
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TIE2 Mutations : Variable Phenotypes

Disease

VMCM

Phenotype

Frequent mutations

=4

E -~ |
R849W (germline)
— V1108* (somatic)

2/10/22
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Mutational
mechanisms / \
Nitynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017 4
41
Be g™ . . ucL
Blic TIE2 Mutations : Variable Phenotypes e
Disease VMCM MSVM
Phenotype

Frequent mutations

9W (germline)
08* (somatic)

=
@ |
-

R915C (mosaic)
—Y897C (somatic)

Mutational
mechanisms

(D{DCD

/ N\
® O

DDP

S B—"

Nitynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017
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TIE2 Mutations : Variable Phenotypes

Disease

VMCM

MSVM

™M

Phenotype

Frequent mutations

s

R849W (germline)
— V1108* (somatic)

R915C (mosaic)
—Y897C (somatic)

L914F (somatic)

(%D{D

—eE
o—eg

2/10/22
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Mutational @
mechanisms / \ m
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S B
Nitynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017 43
43
T TIE2 Mutations : Variable Ph ek
Blic 2 Mutations : Variable Phenotypes e
Disease VMCM MSVM BRBN
Phenotype

Frequent mutations

- |

q%};

R849W (germline)
— V1108* (somatic)

R915C (mosaic)
—Y897C (somatic)

L914F (somatic)

T1105N - T1106N
(somatic, niche)

Mutational
mechanisms

(D(@@

/ N\
® O

oo

. \
/ \
3 l N

OO

L B

—eE
e—eg

Sl
FoEE

A

e

Nitynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017
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Be . .
D Genetic bases of vascular anomalies
5. Clinical phenotypic variability
— One gene, several clinical presentations
— Spatio-temporal distribution of mutations/stochastic effect
45
45
Be . .
&?ﬁq Somatic PIK3CA mutations cause 20% of VM
(60% due to mutations in TEK)
E
Il Skin Involvement
1 No skin Involvement
p < 0.0001
” 40 r 1
3 p <0.0001 vs. TEK
32 p=0.035vs.N.D.
2 p =0.0018 vs. TEK
N
3
£
2
PIK3CA N.D.
Mutation detected
VM: Venous malformation
Limaye ef al, Am J Hum Genet 2015 46
46
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S@%ﬁ Somatic PIK3CA mutations also cause 75% of LM

(Lymphatic malformations)

» No-flow malformations
» Filled with lymph

» Macro- or micro-cystic
» Present in utero

» Grow with the individual

Boscolo et al, 2015; Osborne et al, 2015; Luks et al, 2015; Brouillard et al, Orphanet J Rare Dis 2021

47

47

E@%ﬁ Somatic PIK3CA mutations also cause PROS

(PROS=PIK3CA-Related Overgrowth Syndromes)

MCAP:
Megalencephaly Capillary
Malformation

KT: CLOVES:

Klippel Trenaunay Congenital Lipomatous
CLVM with overgrowth Overgrowth, Vascular Macrodactyly
malformation, Epidermal nevi,
Scoliosis

Keppler-Noreuil et al, Am J Med Genet 2014; Brouillard et al, Orphanet J Rare Dis 2021

48

48
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Tissue-Specific

Distribution

Pleiotropic

Somatic PIK3CA mutations cause a spectrum of phenotypes

Phenotypic Spectrum of PROS

SK,

Muscular BLK |
3l - Facial
Infiltrating
Lipomatosis

Macrodactyly

+ CANCERS

Same mutations

\ 4

Phenotypic Severity

Spatio-temporal occurrence of the mutation(s)

49
Keppler-Noreuil et al, Am J Med Genet 2014
49
Be . .
D Genetic bases of vascular anomalies
5. Clinical phenotypic variability

— One gene, several clinical presentations

>> Spatio-temporal distribution of mutations/stochastic effect

— Two genes, several similar clinical presentations

50

50
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<806del TTTAC

RASA1

€613delCTTAT

€951insG
957G>A

ATG c1017+1G>T

©828+3A>T

<6564
c512delT
cA75delCT

EPHB4

€4121G>T
©389G>A

€123+43G>C

c.33delG
i

€.447_448insGAAG

€1490T>q  €1636C>T

€1208insC €1277A5G

c.1279C>T

€.1575insATGT

l_

€2185-1G>A c2341G>T

c2184+1del

.1683del TC

€2125C

c.1698+3insT

€1336C
€133245G>A
€119265T
€1350ins

c.814_816delCTA

ST

1177 177delc
€1123G>T
€1077_1081delCCGCT
c.1054C>T

c 1733_

PH

€1619G>A

c.1579delGTCT

©1480insT

€1423-6G>A

€1692-1G>A
: 1615delG

€1362insTCAGT

c1870CT

€2026C5T
€2288A>1]
€2336delGC

c2215¢>T

€.1588+5G>C

c1558C>T  ©.2037_2038insT

€.1788T>G
€1870+2T>G

173ainsA

i+

I
€221G>C
€175G>A

€.802T>C
c.560T>C

Revencu et al, Hum Mutat 2008; Amyere et al,

I
€1406T>C

€1546G>A

Circulation 2017

P.E6GAK; c.1990G>A
€.1966C>T

€2484+1G>A
€2418C>G
e 2379de\c

€2173G>A
€2233A5G

€.2366C>G
€.2365C>T
€2458C>A
€.2459C>T
€2419G>A

€2365C>T

242205T

€2488-2A>G.
€2488-1delGTTA
€2532del TTTAA

€2603+1G>A
c2603+5G>T

€2579del TCAT
2450delCT

c 1521T>c

€.2590C>T; p.RE6AW
€.2567G>A
€2533T>C; p.CBASR
€.2512C>T; R838W.

Be, CM-AVM: Capillary Malformation-Arteriovenous Malformation)
SHUG RASA1 and EPHB4 Mutations

©3028C>T
-3052delG

TAG

H—

51

51

CM45 111-8

CM45 Iv-2 | CM45 1V-2

CM20 11I-1

|

Phenotypic variability in CM-AVM

Yet, more telangiectasia for CM-AVM2 (confounded with HHT)

Eerola et al, Am J Hum Genet 2003; Revencu et al, Inborn errors of development 2nd Ed, 2008

52

52
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Blc RASA1 Phenotypes

314 individuals with RASA1 mutations (from 132 families)

306: multifocal CM (97%)
101: Accompanying fast-flow lesions

26 Parkes Weber syndrome (8.5%)
32 Intra-CNS AVM/AVF (10%)
43 Extra-CNS AVM/AVF (13%)

>> Large inter- and intra-familial variability

Revencu et al, Hum Mutat 2013

53

53

Genetic bases of vascular anomalies

1. Predisposing susceptibility genes (vs. causative)
— Multigenic (vs. monogenic)
— Polymorphism (vs. mutation)

2. Locus heterogeneity
— “One” phenotype, many causes (CCM & PLE)

3. Inherited with reduced penetrance
— Second-hits
— Mosaicism/ tissue heterogeneity

4. Somatic changes (VM & BRBN)

5. Clinical phenotypic variability
— One gene, several clinical presentations
— Spatio-temporal distribution of mutations/stochastic effect
— Two genes, several similar clinical presentations

Treatments for vascular anomalies ?

54

54
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Repurposing of Inhibi

sevacizumas —— | @EIP |- — - — - THAUDOMIDE

TIE2/RTK
BWFST10 VEGFR2 tonea
|— pazopaniz P!

- I TRAMETINIB
SULMETINIB

RAPAMYCIN/EVEROLIMUS —] @

Proliferation, cell growth,
differentiation, angiogenesi

EC migration,
proliferation,
vessel

migration 4~ /
RAPAMYCIN? —| *

Queisser et al, Circ Res 2021

Integrin
E

UcL

Be .
Vascular Anomalies : Targets for Treatment S

delouvain
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