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Craniosynostosis: premature fusion of the
cranial sutures

Prevalence ~1 in 2,000
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Management of craniosynostosis tends to be
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Clinical Teams

Craniofacial Unit, Oxford

Core team includes: Craniofacial Geneticists

Plastic, Maxillofacial, Neuro-surgeons Helen Brittain (Birmingham)

Anaesthetists Kerra Templeton (Glasgow)
Ophthalmologists, Orthoptists Debbie Shears, Andrew Wilkie (Oxford)
Psychologists Astrid Weber, Siva Sithambaram (Liverpool)

Speech & Language Therapists Louise Wilson, Lara Menzies (Great Ormond Street)



Posterior craniectomy in cloverleaf skull

Courtesy of David Johnson



How does craniosynostosis occur?

Increased extrinsic forces

7003

Genetic abnormality of
suture maintenance

tt 1t

Normal brain growth Poor brain growth

Twigg & Wilkie, Am J Hum Genet (2015)



Environmental, polygenic and monogenic/
chromosomal factors all contribute to craniosynostosis

AMERICAN JOURNAL OF

medical ¢enetics

Pedro A. Sanchez-Lara,l* Suzan L. [Larmiu::h:::aa'l,;2 John M. Graham Jr.,3 Edward J. Lrulmme'r,4
Gary M. Shrun.'\nr,z’5 Chen M.af2 Sonja A. Rasmussen®

and the National Birth Defects Prevention Study

Characteristics No. cases No. controls OR (95% Cl) crude No. cases No. controls OR (95% CI) adjusted®
Plurality

Singleton 637 5,726 Reference 592 4,950 Reference

Twin or higher order 32 141 2.0 [1.4-3.0] 29 125 1.4 (0.9-2.3)

Birth weight
Low birth weight 45 269 1.7 (1.2-23) 41 227 @
Normal weight 485 4882 Reference 450 4221 fi

Macrosomia 83 613 1.4 (1.1-18) 82 535 1.1 (0.9-1.5)

Gestational age
Preterm 84 420 1.7 (1.3-2.2) 80 399 @

Term 542 5,210 Reference 504 4518 Sfer=rre

Prolonged 12 106 1.1 [0.6—2.0) 9 83 1.0 (0.5-2.1)
Parity

No prior birth 230 2,302 0.9 (0.7-1.1) 210 1,988 1.0 [0.8-1.3]

One 229 1.0 [0.8-1.3] 214 1,690 1.1 [0.9-1.3]

2 or more 176 Reference 168 1,321 Reference

“All analyses excluded mothers w pregnanc S an s of plurality als S.
"4l adjusted models included mat ce—e fertility treatme fant se al diabetes, and smoking

Sanchez-Lara et al, Am J Med Genet (2010) Lakin et al, Plastic Reconstr Surg (2012)



Environmental, polygenic and monogenic/
chromosomal factors all contribute to craniosynostosis

Genetic and Epigenetic Influences of Twins
on the Pa.tl'l(:)genesis of Craniosynostosis:
A Meta-Analysis

Background: The pathoetiology of craniosynostosis is not well understood. It

with unaffected controls (2.4 percent; » < 0.0001). Boys were affected more than
girls (65.30 versus 34.70 percent, respectively; p < 0.0001). Monozygotic con-
cordance rates were greater than dizygotic (60.90 versus 5.30 percent, respec-
tively; p < 0.0001) but were not 100 percent. Phenotypic variability was present
in 62 percent of monozygotic twin sets (p < 0.05).

Lakin et al, Plastic Reconstr Surg (2012)



Environmental, polygenic and monogenic/
chromosomal factors all contribute to craniosynostosis

namre

genetics

A genome-wide association study identifies susceptibility

loci for nonsyndromic sagittal craniosynostosis near
BMP2 and within BBS9

Cristina M Justice24, Garima Yagnik®24, Yoonhee Kim!, Inga Peter?, Ethylin Wang Jabs?, Monica Erazo?,
Xiaogian Ye?, Edmond Ainehsazan?, Lisong Shi?, Michael 1. Cunningham#, Virginia Kimonis®, Tony Roscioli®,
Steven A Wall”, Andrew O M Wilkie”-®, Joan Stoler?, Joan T Richtsmeier!?, Yann Heuzé!?, Pedro A Sanchez-Lara!l,
Michael F Buckley!?, Charlotte M Druschel'?, James L Mills!4, Michele Caggana'®, Paul A Romitti'¢,

Denise M Kay!?, Craig Senders!7, Peter ] Taub!®, Ophir D Klein!%-21, James Boggan?2, Marike Zwienenberg-Lee?2,
Cyrill Naydenov??, Jinoh Kim?, Alexander F Wilson! & Simeon A Boyadjiev?

Justice et al, Nature Genet (2012); Goovaerts et al Nat Comm (2023)



Environmental, polygenic and monogenic/
chromosomal factors all contribute to craniosynostosis

% Meta P rs18§4302

A Replication P
® TDT GWAS P

g

© A o o ,9 .\'\ .{z, .\"b v\@\b(\\%,\qqp,wg,

Chromosome

GWAS of sagittal craniosynostosis

6.9 7.0 71
Position on chromosome 20 (Mb)

Justice et al, Nature Genet (2012); Goovaerts et al Nat Comm (2023)



Environmental, polygenic and monogenic/
chromosomal factors all contribute to craniosynostosis

% Meta P rs18§4302

-loglld p-value

A Replication P
® TDT GWAS P

Recombination Rate (chM/Mb)

GWAS of cranial vault shape

6.9 7.0 71
Position on chromosome 20 (Mb)

Justice et al, Nature Genet (2012); Goovaerts et al Nat Comm (2023)



Environmental, polygenic and monogenic/
chromosomal factors all contribute to craniosynostosis
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GWAS of cranial vault shape

Justice et al, Nature Genet (2012); Goovaerts et al Nat Comm (2023)



Known environmental
‘secondary’ causes e.g.{
teratogens, extreme
prematurity (3%)

J

Environmental factors |
e.g. intrauterine
constraint

—

- (~“65%)

[0 Complex inheritance/
polygenes
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Unknown single gene/
chromosomal (5-10%)

Known single gene/ '-.

chromosomal (26%) —
‘common’ genes:
FGFR2, TWIST1, FGFR3,
TCF12, SMADG6, EFNB1, L
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History and examination aims to uncover
causative factors

Pattern of suture fusion Predispositions Additional clinical features
environmental genetic
sagittal coronal

synostosis metopic N—— synostosis

e

lambdoid

valproate  twinning
ingestion

Twigg & Wilkie, Am J Hum Genet (2015)



Assessment of skull shape

Trigonocephaly

Dolichocephal
Metopic 21% o e

Sagittal 42%

Normocephaly ‘
[

y

Brachycephaly Posterior | . hdoid 1%
Bicoronal 10% Plagiocephaly ~ e

Other Anterior
multisuture 12% Plagiocephaly Unicoronal 14%

Cohen & McLean, Craniosynostosis, 2" Ed

Anterior plagiocephaly (flattening R brow)

R unicoronal craniosynostosis

Anterior plagiocephaly (flattening L brow)

Positiohal plagiocephaly



Oxford blrth cohort study 13-year data

REVIEW

G&eD) Clinical genetics of craniosynostosis

Andrew O.M. Wilkie®®°, David Johnson®, and Steven A. Wall°

Wilkie et al Curr Opin Pediatrics (2017)



Oxford birth cohort study: 13-year data

N=666; 24% overall genetic diagnoses

secondary

suture fused

total

syndrome o©
unknown
cause (9%

clinically syndromic,
identified mutation

(21%)
non-syndromic (65%)

clinically
non-syndromic,
identified mutation
(3%)

% solved cases

lextreme prematurity

|maternal valproate

|other secondary causes

isyndrome of unknown cause

FGFR2-Apert

lother monogenic
[TWIST1-Saethre-Chotzen

FGFR3-P250R (Muenke)

|FGFR2-Crouzon

chromosomal abnormality

|EFNB1-craniofrontonasal

FGFR2-Pfeiffer

ERF

TCF12
|[FGFR3-A391E (Crouzon+AN)

TCF12

FGFR3-P250R (Muenke)

ERF
[FGFR2
TWIST1

|[non-syndromic

Wilkie et al Curr Opin Pediatrics (2017)




Genetic/biochemical mechanisms of craniosynostosis

Table 2. Biochemical Mechanisms in Craniosynostosis and Relationship to Pattern of Mendelian Inheritance

Biochemical Mechanism
(and Pattern of Mendelian
le Genes Example Alleles Comments References

consanguinity leading to aut
frequent

consanguinity leading to autozy

mutation)

ddi 1 acts to F(

cificity (dominant) a 3 ausing i sed binding affinity and
inding by

Twigg & Wilkie Am J Hum Genet (2015)



Pattern of mutations in craniosynostosis

FGFR2

16 mutations in 27 subjects

— Iel F—  IeI1

: FGFRs:
© nonsyndromic crs . .
1x multiple galn-of-fu nction

3x bicoronal

FGFR3 7x unicoronal

2 mutations in 21 subjects
(+additional 5 without crs)

—{ ot - Tel N el l—@—l

TWIST1 d| EFNBT1

14 mutations in 16 subjects 6 mutations in 6 subjects

Other Big 7:

o .
H HLH] I — 757 ] loss-of-function

Key to phenotypes Key to mutation types
Apert Saethre-Chotzen @® missense \ 4 small insertion

® Crouzon craniofrontonasal B nonsense ¢ splice site

® Pfeiffer hypochondroplasia A small deletion W |arge deletion

Muenke @®/© syndromic/nonsyndromic crs

O  crs not present

Johnson & Wilkie EJHG (2011)



FGFR2-related syndromes

® Pfeiffer e Crouzon e Bent-bone dysplasia
® Apert ® Jackson-Weiss
® Beare-Stevenson Coronal synostosis
FGFR2 _D__{_\ZD D,m ﬂﬂ— o8e —| 3P I
Apert Crouzon § : Pfeiffer
syndrome syndrome ' syndrome




Why are Apert, Crouzon and Pfeiffer (FGFR2)

and Muenke (FGFR3) sy

Mutation Selection
! \A A

Ser252Trp/WT

Selfish spermatogonial selection

(a process occurring in all men’s
testes as they get older)

FGFR2 ¢.755C>G (p.Ser252Trp) l6.2)
FGFR2 ¢.758C>G (p.Pra253Arg) [8.€]
FGFR2 ¢.827T>G (p.Phe276Cys) !
FGFR2 c.866A>C (p.GIn289Pro) 18
FGFR2 c.870G>T (p.Trp290Cys) 161
FGFR2 c.870G>C (p.Trp290Cys) (6.1
FGFR2 ¢.1115C>G (p.Ser372Cys) .21
FGFR2 ¢.1052C>G (p.Ser351Cys) 18
FGFR2 ¢.164TT>G (p.Asn549Lys) (]
FGFR3 c.1031C>T (p.Ser344Phe) (€1
FGFR3 ¢.1620C>A (p.Asn540Lys) I5]
KRAS ¢.35G>C (p.Gly12Ala) 121
KRAS ¢.35G>A (p.Gly12Asp) 61
KRAS ¢.176C>G (p.Ala59Gly) €]
KRAS ¢.176C>A (p.Ala59Glu) [€)
KRAS c.182A>G (p.GIn61Arg) ()
PTPN11¢.213T>G (p.PheT1Leu) te.ci
PTPN11 ¢.22TA>T (p.GIU76Val) I]
PTPN11c.1282G>A (p.Val428Met) €1
PTPN11¢.1282G>T (p.Val428Leu)
PTPN11 ¢.1528C>A (p.GIn510Lys) 1€

curen-S88RER2

23
39
41
47
57
58
59
-1
49 O

ndromes SO common?

Cadaveric
testis from
90 year old
man

PTPN11 c.182A>G (p.Asp61Gly) .81 @ 10%
PTPN11c417G>T (p.Glu139Asp) 18.c1 ® 05%
PTPN11¢.922A>G (Asn308Asp) I6.C) . 01%
PTPN11 c.1504_1505delTCinsAA (p.Ser502Lys)

PTPN11 ¢.1510A>G (p.Met504Val) [e.c]

RET ¢.2370G>C (p.Leu790Phe) 161

RET .2370G>T (p.Leu790Phe) =1

AKT3 c.1416C>G (p.Serd72=)

APC ¢.4471T>G (p.Phe1491Val)

BRAF ¢.1207C>G (p.Pro403Ala)

BRAF ¢.1406G>C (p.Gly469Ala) 1€

BRAF ¢.1883A>C (p.GIn628Pro)

BRAF ¢.2125C>A (p.GInT09Lys)

MAP2K1 ¢.171G>C (p.Lys57Asn) 161

S0S1¢.1277A>C (p.GInd26Pro)

BRAF ¢.1803A>C (p.Lys601Asn) 5]

LRP5 ¢.291C>T (p.Alad7=)

RAF1 ¢.770C>T (p.Ser257Leu) 1)

BRAF ¢.1839G>C (p.Leu613Phe)

MAP2K1 ¢.16TA>C (p.GIn56Pro) )

RAF1 ¢.781C>G (p.Pro261Ala) 1

NF1 ¢.2280G>A. (p.

Maher et al Genome Res (2018)



Why are Apert, Crouzon and Pfeiffer (FGFR2)
and Muenke (FGFR3) syndromes so common?

Spectrum of FGFR2 mutations in entire world literature,
compared to those found in a single man’s testis

Apert i Beare Stevenson Crouzon i Pfeiffer | Other

Germline
mutations

Tes1 ® Tes2 ®Tesd

<
2
<
>
S
(]
Jo)
c
o
g
=
o
T

IR N TR | R Kinase |

0

Maher et al Genome Res (2018)



Testes are factories of selfish mutations

z RAS/MAPK
pathway

; \ FGFR1
(& & FGF

FGFR2

GDNF /FGFR3
RET

HOC
\Rns 5

cytoplasm

6051
GRBZ

Noonan syndrome

Although absolute de novo
mutation levels are high,

recurrence risks are LOW

Apert

SHPZ)

N

rouzon Pfeiffer  thanatophoric

dysplasia

Active RAS-GTP

P t«‘axs a3

RA) @
‘Sfb e

achondroplasia

W'
//2.) Costello syndrome

U_
Nucleus V

G

Selfish mosaicism:
explains high frequency of FGFR
mutations and RASopathies

Maher et al Genome Res (2018)



Characteristic syndromes 2: Saethre-Chotzen
syndrome (TWISTT)

@® missense
V¥ duplication ;
A deletion

€ nonsense

» e

n =31
(+3 with N/S
presentation)

Megabase-
scale deletions
in 7p21.1

Significant learning difficulties
Johnson et al, Am J Hum Genet (1998), Merrill et al Hum Mol Genet (2006)



Importance of long-term followup of
individuals with TWISTT mutations

Reoperation for Intracranial Hypertension in
TWIST1-Confirmed Saethre-Chotzen Syndrome:
A 15-Year Review

Steven A. Wall, F.R

Oxford, United Kingdom with

_.(| All had cr

Chotzen syndrome have a high rate {'45 to 42 percent) of recurrent intracranis 1I
IIWWIIPH“Ii on ne .'-iTIII(J further ~.u|q|u| pxpm\h on. AII [)itlt—‘llt‘- w.mh t—'ltht—‘l

Woods et al PRS (2009)



Characteristic syndromes 3: craniofrontonasal

11

yndrome (EFNB1)

Missense mutations:
Truncating muta
Splicing mutations: 6 P83LISX75 Logs. Q115P_ P119T

fitatio 246delG  CBIY  203T>C  344A>C  35GC>A M158V
e deletions: 3 N\ 206G>A KI13N 1\ P110H 4T2A>G

L78P /
308delA

T155P
463A>C

o 330G>C 356C>A
233T>C ™~ \ P

185T>C
P54
g 18107 —— © 993_994insCT

Twigg et al. PNAS (2004), AJHG (2006)



Mosaicism (epigenetic, by X-inactivation, or
genetic), creates abnormal tissue boundaries

carrier males

3 years

Subject 1330

N
O
©

—d

Al

a8

e
Q

L

L
Efnb1%8 5 2 Efnblg

Efnb 1+GFP/— 4kﬁih8 ; 4 years (post-tlve)

Subject 4021
R o B

5 years

Males mosaic for EFNB1
mutations are more severely
affected than hemizygotes

Compagni et al. Dev Cell (2003), Twigg et al. Hum Mol Genet (2013)



Cellular Interference

What are the other 2 X-linked disorders thought to be subject to
cellular interference mechanism, leading to greater severity in females
than males?

PCDH19-related epilepsy
(DEVELOPMENTAL AND EPILEPTIC ENCEPHALOPATHY 9; DEE9; OMIM
300088) aka Juberg-Hellman syndrome

ARR3-related myopia
(MYOPIA 26, X-LINKED, FEMALE-LIMITED; MYP26; OMIM 301010)



Syndromes defined by molecular diagnosis 1: FGFR3

Muenke n = 23 (+10 n/s presentation)
Crouzon AN Nn=4

FGFR3

“nonsyndromic”
coronal synostosis
(Muenke syndrome,
P250R)

Crouzon syndrome
with acanthosis
nigricans (A391E)




It is essential to screen for hearing loss in
patients with Muenke syndrome
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Mansour et al Hum Mol Genet (2009)



Syndromes defined by molecular diagnosis 2: TCF12

TCF12n =16
(6 syndromic,
10 n/s)

bicoronal R unicoronal

Family #1 Family #19 Family #20 Family#24 Family #30
I-1 (63 yr) 11-2 (36 yr) 11-2 (45 yr) I-2 (52 yr) I-2 (48 yr) I-2 (26 yr)

== .
. . =
rh
il

..‘ ¢

Non-penetrance>50%

Sharma et al Nature Genet (2013)



Syndromes defined by molecular diagnosis 3: SMADG6

SMAD6 n =15
(3 syndromic,

12 n/S) Non-syndromic Syndromic Combined
SMAD6 SMAD6 SMADG6

Total |positive| % Total |positive| % Total |positive| .~ % |
Metopic 168 9 5.36 40 3 7.50 208 12 5.77 |
Sagittal 281 2 0.71 38 1 2.63 319 3 U.54
Unilateral coronal 149 1 0.67 14 0 0.00 163 1 0.61
Bilateral coronal 1 0 0.00 11 0 0.00 22 0 0.00
Uni- or bilateral = O =
lambdoid 7 0 0.00 3 0 0.00 10 0 0.00 }
Multisuture 36 1 2.78 | 30 1 333 | 66 2 3.03 Pre-op, aged 1 year 5 months
Sutures not specified 0 0 0.00 11 0 0.00 11 0 0.00
Combined 652 13 1.99 147 5 3.40 799 18 2.25

European Journal of Human Genetics
https://doi.org/10.1038/541431-019-0363-z

ARTICLE

Confirmation of the role of pathogenic SMAD6 variants in bicuspid
aortic valve-related aortopathy

llse Lu)rckx1 - Gretchen MacCarrick? - Marlies Kempers3 + Josephina Meester' - Céline Geryl1 - Olivier Rombouts’ -

Nils Peeters' - Charlotte Claes' - Nele Boeckx' - Natzi Sakalihasan® - Adeline Jacquinet® - Alexander Hoischen®®7 -

Geert Vandeweyer' + Sarah Van Lent' + Johan Saenen®  Emeline Van Craenenbroeck® + Janneke Timmermans® +
Anthonie Duijnhouwer (% - Harry Dietz2'%1"2. Lyt Van Laer’ - Bart Loeys'? - Aline Verstraeten'

—>Diagnosis should trigger cascade testing and echocardiographic screening
Timberlake et al eLife(2016), Calpena et al Genet Med (2021)



SMADSG is a lot more complicated!

Genetics
© American College of Medical Genetics and Genomics ARTI CI-E inMEd ICI ne

®

Corrected: Correction | &

SMADE is frequently mutated in nonsyndromic radioulnar
synostosis

Yongjia Yang, MS® ', Yu Zheng, MS® ', Wangming Li, BD®?, Liping Li, BD® ', Ming Tu, BD® ',
Liu Zhao, BD® ', Haibo Mei, MD® 3, Guanghui Zhu, MD® > and Yimin Zhu, MD, PhD® '*

Yang et al Genet Med (2019), gnomAD, Genebass



SMADSG is a lot more complicated!

Dataset \ gnomAD v4.1.0 = gnomAD SVsv4d 10 - \9

[___Cc:: nstraint 9_{] :___Variaﬂt CO-0CcUrrence 9_._]

Expected SNVs

Category

Z=-562

Synonymous 2 444

ofe =162 (13-

EEEEEEI mmEE

Missense

=™ More pLoF variants than expected

8 More missense variants than expected

2 More or fewer synonymous variants than expected
More information on constraint flags.

Constraint metrics based on MANE Select transcript (ENSTO000

Observed SNVs Constraint metrics

1..8)

Yang et al Genet Med (2019), gnomAD, Genebass



SMADSG is a lot more complicated!

Gene: SMAD6 (ENSG0O0000137834) Burden set:@ plLoF

4529 pLoF gene burden associations with SMAD&

Filter phenotypes

Burden test
| Burden SKAT = SKATO |

Gene P-value coloring c-: ;lf. § . ‘. w .‘l‘Ml ‘ ‘i&m

O10>0 led>® 2.5e-6

-LogqoP cutoffs 0.2 =
_ i Do al U0 ok adddiondheletitiohin 2Ll R ARl « ¢ amnmm—— o a eeco

Beta cutoffs

logl Oip)

) ) Burden set Multi-phenotype selection
o 3 | pLoF  missenselLC  synonymous | | Selecttop ||
Plot options ([ Include filtered [ Filter to selected
| Pvalue Beta Both |

P-Value
(SKAT-0)

382170 @ 5.07e-15 O -1.36e-2

Description Phenotype Trait type Category Info N cases N controls + Beta Select

P-value ordered
Log Log Plot @ BMDadjBMI custom EMDadjBMI_... Continuous UK Biobank Assessment Centre > Physical measures = Bone-densitom...

Categories @ BMDadjHtW r M djHtWt... Continuous UK Biobank Assessment Centre = Physical measures = Bone-densitom... 382170 @ 1.33e-14 O -1.382-2

v Showcase bone mi i st bone_m .. Continuous UK Biobank Assessment Centre = Physical measures = Bone-densitom...
Biological samples (79)
Other (45)
Health-related outcomes Sitting height 2 Continuous UK Biobank Assessment Centre = Physical measures = Anthropometry ...
(2232)
Online follow-up (108)
Population characteristics V29.4 Pri xcision of cery intervertebral disc and in... 2 ) Categorical Health-related outcomes = Hospital inpatient = Summary Operations

382704 @ 1.27e13 O -1.31e2

ICD10 Health-related outcomes = First occurrences = Nervous system disorde... 1298 393543 @ 22213 1.28e-1

393937 @ 58.38e-13 9.73e-3

ICD10 Health-related outcomes = First occurrences > Musculoskeletal system... 391840 @ 341e12 9.1%9e-2

394200 @ 457e12 1.57e-1

(1) wstolic ressur tom ystolic_bloo.. Continuous UK Biobank Assessment Centre = Physical measures = Blood pressure 1.21e-2
UK Biobank Assessment
Centre (2004)

No category (52) cell (en nt 30010 irnt Continuous Biological samples = Assay results > Blood assays = Blood count

@ 1.15e-11

Continuous UK Biobank Assessment Centre = Physical measures = Blood pressure @ 2=11 1.18e-2

@ 3.25e-11 -1.04e-2

SELECTALL | SELECT NOMNE sitting ng_heigh.. Continuous UK Biobank Assessment Centre = Physical measures = Anthropometry ... 393937 @ 5.83e-11 9.63e-3

Continuous UK Biobank Assessment Centre = Physical measures = Blood pressure 388715 @ 6.18e-11 1.18e-2

O 0O 0000 e e 0 e

Continuous UK Biobank Assessment Centre = Physical measures = Spirometry 297213 @ 7.0%e-11 -8 113

Continuous Biological samples = Assay results = Blood assays = Blood count 383460 @ 1.07e-10 O -9.7223
Continuous UK Biobank Assessment Centre = Physical measures = Anthropometry ... 393937 @ 5.63e-10 O 8.8%-3

ICD10 Health-related outcomes = First occurrences = Circulatory system disor... 5272 3809569 @ 1.1%-9 Q 6.53e-2

PoeQ00Q0Q0Q0OQOCQCQQOOQOCQQOOCRCOQOO0
POOCODOOOODOO0O0D0O00O00O0O

Continuous Bioloaical samples = Assav results = Blood assavs = Blood count 377155 @ 1.48e-8 ™ 1.04e-2

Yang et al Genet Med (2019), gnomAD, Genebass



Positive selection of SMAD6 mutations in sperm

<«—— L OF excess ' LOF depletion —>

MIB1 e Other gene (n = 17,031)

Sperm LOF selection gene (n = 31)
KDM5B , CUL3

CSNK2B
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gnomAD (v.2) LOF z score

D Disease non-driver |:’ Disease driver |:| Ageing driver
0.01-0.05%

350 genes with
1-4 mutations
(2.27%)

ANKRD1T1T

1
3%

Per gene contribution to disease or driver mutations

Neville et al Nature (2025)



Syndromes defined by molecular diagnosis 4: ERF

ERFn=9
(6 syndromic,
3 n/s)

2
|
36A7 N 21T

ETS domain
1 29 106
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Some individuals present with
Noonan-like features (but
cardiac problems rare)

13 paediatric cases:

Chiari | malformation: 4
Pathologically raised ICP: 9 cases (6 on ICP monitoring)
Speech delay/behavioural problems 12 (verbal/non-verbal 1Q discrepancy >25 in 3

Twigg et al Nature Genet (2013)



Recessive syndromes 1: Carpenter
=0 syndrome (RAB23, MEGF38)
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Jenkins et al, Am J Hum Genet (2007), Watts et al EJHG (2024)



Recessive syndromes 2: IL171RA-related
craniosynostosis

Listed in OMIM as craniosynostosis and dental anomalies - CRSDA

Brischoux-Boucher et al Clin Genet (2018)



Implications for management with specific

molecular diagnhoses

TWIST1 ERF

Saethre-Chotzen
syndrome

High rate
(35-42%)
recurrent
intracranial
hypertension

Woods et al PRS
(2009)

FGFR3-
P250R

Muenke
syndrome

Sensorineural
hearing loss

Mansour et al Hum
Mol Genet
(2009)

FGFR3-
A391E

Crouzon with
acanthosis
nigricans

Hydrocephalus
Midface
hypoplasia
Acanthosis
nigricans

De Planque et al J
Neurosurg Pediatr
(2021)

P g2 )
ERF-related
crs

Late
presentation
with
pathologically
raised ICP

Twigg et al
Nature
Genetics (2013)

SMAD6

SMADG6-
related crs

Bicuspid
aortic valve
Ascending
thoracic
aortic
aneurysm
Calpena et al

Genetics in Medicine
(2020)



Gene Panels for Craniosynostosis (1)

R23 Apert syndrome

Testing Criteria
Clinical features strongly suggestive of Apert syndrome, including both craniosynostosis and syndactyly of
the hands and feet, with or without ad ditional features
Overlapping indications
« R306 NIPD for Apert syndrome - mutation testing
+ R99 Commaon craniosynostosis syndromes or R100 Rare syndromic craniosynostosis or isolated

multisuture synostosis should be used where features are atypical and a broader range of genes are
likely to be causative

Referrals for testing will be triaged by the Genomic Laboratory; testing should be targeted at those where a
genetic or genomic diagnosis will guide management for the proband or family.

Where in Pathway
At presentation
Requesting Specialties
= Clinical Genetics
Specialist Service Group
« Musculoskeletal

Associated Tests

Code Optional Family | Scope(s) Target Type Target Name Method
Structure

Singleton Single interval FGFR2c.755and c.758 Targeted mutation
testing
mutation testing

R416 Syndromic & non-syndromic craniosynostosis involving midline
sutures

Testing Criteria

1. Patients presenting with confirmed craniosynostosis involving/including the metopic suture
(trigonocephaly), OR

2. Sagittal suture, OR

3. both sagittal and metopic sutures.

Overlapping indications

« R100 Rare syndromic craniosynostosis or isolated multisuture synostosis

Where in Pathway

At presentation and following discussion with a consultant in clinical genetics or craniofacial neurosurgeon or
another specialist approved by the GLH.

Requesting Specialties

= Clinical Genetics

« Neurosurgery

Specialist Service Group
*  Musculoskeletal

Associated Tests

Code Name Optimal Family Scope(s) Target Type Target Name Method
Structure

R416.1 | Syndromic & non- | Singleton Small variant | Single gene(s) | SMADE (1395) Single gene
syndromic detection sequencing <
craniosynostosis 10 amplicons
involving midiine
sutures



Gene Panels for Craniosynostosis (2)

R99 Common craniosynostosis syndromes

Testing Criteria

Recognisable multisuture craniosynostosis syndromes consistent with variants in EFNB1, ERF, FGFR1
common hot spots, FGFR2 common hot spots, FGFR3 common hot spots, TCF12 or TWIST1 or with
unicoronal or bicoronal craniosynostosis

Overlapping indications

 R100 Rare syndromic craniosynostosis or isolated multisuture synostosis test should be used where
features are not consistent with variants in EFNB1, ERF, FGFR1 common hot spots, FGFR2 common
hot spots, FGFR3 common hot spots, TCF12 or TWIST1

Referrals for testing will be triaged by the Genomic Laboratory; testing should be targeted at those where a
genetic or genomic diagnosis will guide management for the proband or family.

Where in Pathway

At presentation

Requesting Specialties

« Clinical Genetics

Specialist Service Group

e Musculoskeletal

Associated Tests

Please note all the tests below will be undertaken for R99 Clinical Indication requests, unless clinical presentation and/or
initial results indicate all tests are not necessary

Optimal Family  Scope(s) Target Type Target Name Method
Structure

Code  Name

Small variants | Panel of genes or | Common craniosynostosis Small panel
syndromes (507)

R%9.1 | Common Singleton
craniosynostosis loci
syndromes Small
panel

Common Singleton Exon level Panel of genes or | Common craniosynostosis MLPA or
craniosynostosis CNVs loci syndromes (507) equivalent
syndromes MLPA

of equivalent

R100 Rare syndromic craniosynostosis or isolated multisuture
synostosis

Testing Criteria

Rare syndromic craniosynostosis syndrome or isolated multisuture synostosis, confirmed by skull scan
where possible

Variants in EFNB1, ERF, FGFR1 common hot spots, FGFR2 common hot spots, FGFR3 common hot spots,
TCF12 or TWIST1 must have been excluded on targeted genetic testing (R99 Common craniosynostosis
syndromes)

Overlapping indications

« RS9 Common craniosynostosis syndromes should be used where features are consistent with variants in
EFNB1, ERF, FGFR1 common hot spots, FGFR2 common hot spots, FGFR3 common hot spots, TCF12
or TWIST1

Referrals for testing will be triaged by the Genomic Laboratory; testing should be targeted at those where a
genetic or genomic diagnosis will guide management for the proband or family.

NOTE: If the SMO gene is suspected as causative, a tissue sample will be required for testing

Where in Pathway

Al presentation
Requesting Specialties
+ Clinical Genetics

Specialist Service Group
* Musculoskeletal

Associated Tests

Code  Mame Optimal Family | Scope(s) Target Type Target Name

Structure

R100.3 | Craniosynostosis | Trio or singleton | Exon level Panel of genes or | Craniosynoslosis (168)
WGS (phase 1) CMVs, Small | lod
varianis




Current Status of PanelApp in R100 WGS

PanelApp  Panels  Genes and Enfities  Activity Login  Register

Panels /

The latest signed off version for the GMS is v7.0. The current version, shown here, may differ from the signed-off version.

Rare syndromic craniosynostosis or isolated multisuture
synostosis (Version 7.1)

Level 2: Musculoskeletal

Relevant disorders: Craniosynostosis syndromes, Craniosynostosis syndromes phenotypes, Rare syndromic craniosynostosis or isolated
multisuture synostosis, Craniosynostosis, R1(

Panel types: Rare Di e 100K, GMS Rare Disease Virtual, GMS signed-off

Latest signed off version: v7.0 (12 Aug 2026)

Download Latest Signed-Off Version

199 reviewed, 83 green

List T Entity Reviews Mode of inheritance Details

Filter Entities 199 Entities

ACTB 2 reviews MONOALLELIC, autosomal or | Sources

. pseudoautosomal, NOT » Expert list
‘ imprinted » Expert Review Green

Phenotypes

+ Baraitser-Winter syndrome 1, OMIM:

+ Baraitser-Winter syndrome 1, MONDO
Tags
missense

ACTG1 1 review MONOALLELIC, autosomal or | Sources

pseudoautosomal, imprinted » Expert Review Green
1 i atiic 1nkn . Literature

Tooze et al Genetics in Medicine (2023)



NIPD in Craniosynostosis (1)

R306 NIPD for Apert syndrome - variant testing

Testing Criteria
Pregnancy in which NIPD for Apert syndrome is required
Either:

1. Abnormal ultrasound findings suggestive of Apert syndrome with acrocephaly, proptosis AND
symmetrical syndactyly, OR

2. Atrisk pregnancy due to paternal Apert syndrome

Referrals for testing will be triaged by the Genomic Laboratory; testing should be targeted at those where a
genetic or genomic diagnosis will guide management for the proband or family.

Where in Pathway

Testing performed after 8 weeks in pregnancy as confirmed by dating scan
Requesting Specialties

e Clinical Genetics

¢ Fetal Medicine

Specialist Service Group
e Prenatal
Associated Tests

Code  Name Optimal Family Scope(s) Target Type Target Name
Structure

R306.1 FGFR2NIPD - Singleton Small vanants ' Single gene(s) FGFR2
Apert




NIPD in Craniosynostosis (2)

R307 NIPD for Crouzon syndrome with acanthosis nigricans - variant
testing

Testing Criteria

Pregnancy in which NIPD for Crouzon syndrome with acanthosis nigricans is required due to paternal
Crouzon syndrome with acanthosis nigricans and the variant is confirmed.

Referrals for testing will be triaged by the Genomic Laboratory; testing should be targeted at those where a
genelic or genomic diagnosis will guide management for the proband or family.

Where in Pathway

Testing performed after 8 weeks in pregnancy as confirmed by dating scan
Requesting Specialties

* Clinical Genetics

+ [Fetal Medicine

Specialist Service Group
+« Prenatal

Associated lTests

Code  Name Optimal Family Scope(s) Target Type Target Name
Structure

R307.1 |FGFRINIPD - Singleton Small variants | Single gene(s) FGFR3
Crouzon




NIPD in Craniosynostosis (3)

R308 NIPD for FGFR2-related craniosynostosis syndromes - variant
testing

Testing Criteria

Pregnancy in which NIPD for FGFR2-related craniosynostosis is required due to paternal FGFR2-related
craniosynostosis with causative variant confirmed.

Where in Pathway

Testing performed after 8 weeks in pregnancy as confirmed by dating scan
Requesting Specialties

= Clinical Genetics

+ [etal Medicine

Specialist Service Group
« Prenatal

Associlated lests

Code  Name Optimal Family Scopeis) Target Type Target Name
Structure

R308.1 | FGFR2 NIPD - non- | Singleton Small variants = Single gene(s) FGFR2
Apert FGFR2-
related
craniosynostosis




A pathophysiological framework for

Process

Stem cell specification
and migration

v
Lineage commitment:

supraorbital regulatory centre

Boundary formation and
integrity

Osteogenic proliferation/
differentiation balance

Resorption‘homeostasis

Meural crest specification,
migration and maturation

Timing (mouse)

E7.5-95

E9.5-125

E12.5-145

2.5 onwards _

postnatal

E8.5 onwards

Genes mutated in craniosynostosis

RABZ23 or embryonic lethal?

LMX1B, ZIC1

EFNB1, TWISTT, TCF12

FGFR1PIEMer FGFRAPEN  FGFR3Muenke

FGFRfosteoglophonic FGFRECroumnIF‘feiﬁer
FGFR3Crouzon-AN  FRE RUNX?2

IHH, MEGF8, RAB23, SO, WDR35

CYP26B1, DHRS3, POR

CDC45 ESCO2 GINS2 HUWET,
RECQL4, TICRR

ILTIRA, ILEST

ASXL1, COLEC11, SMADG

FGF10-

dependent

constitutive

craniosynostosis

Malecular pathway

Sonic hedgehog

NOTCH/EPH

RAS/MAPK

Transcriptional
targets?

RAS/MAPK

Indian hedgehog

Retinoic acid

non-specific: reduced
cell division?

STAT3

multiple

Updated from Twigg & Wilkie Am J Hum Genet (2015)

Suture(s)

Predominantly
— coronal
synostosis

Predominantly

__ midline or
multisuture
synostosis

Predominantly
metopic
Synostosis

FGFR1

E14.5 onwards

FGFR2




Rescue of craniosynostosis in the Apert
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Shukla et al, Nature Genet (2007)
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