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Craniosynostosis: premature fusion of the 

cranial sutures

normal sutures

Prevalence ~1 in 2,000

L coronal synostosis



Management of craniosynostosis tends to be 

organised at a national scale
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Posterior craniectomy in cloverleaf skull



How does craniosynostosis occur?

Twigg & Wilkie, Am J Hum Genet (2015)



Environmental, polygenic and monogenic/

chromosomal factors all contribute to craniosynostosis 

Sanchez-Lara et al, Am J Med Genet (2010) Lakin et al, Plastic Reconstr Surg (2012)
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Known environmental 
‘secondary’ causes e.g. 
teratogens, extreme 
prematurity (3%)

Environmental factors 
e.g. intrauterine 
constraint

Complex inheritance/
polygenes

Unknown single gene/ 
chromosomal (5-10%)Known single gene/ 

chromosomal (26%) – 
‘common’ genes: 
FGFR2, TWIST1, FGFR3, 
TCF12, SMAD6, EFNB1, 
ERF

(~65%)



History and examination aims to uncover 

causative factors

Twigg & Wilkie, Am J Hum Genet (2015)



Assessment of skull shape

Cohen & McLean, Craniosynostosis, 2nd Ed

Anterior plagiocephaly (flattening R brow)

Anterior plagiocephaly (flattening L brow)

R unicoronal craniosynostosis

Positional plagiocephaly

Metopic 21%
Sagittal 42%

Unicoronal 14%

Bicoronal 10%
Lambdoid 1%

Other 

multisuture 12%



Oxford birth cohort study: 13-year data

Wilkie et al Curr Opin Pediatrics (2017)

N=666; 24% overall genetic diagnoses
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Twigg & Wilkie Am J Hum Genet (2015)

Genetic/biochemical mechanisms of craniosynostosis

Recessive 

causes are 

rare



Pattern of mutations in craniosynostosis

Johnson & Wilkie EJHG (2011)

FGFRs: 

gain-of-function

Other Big 7:

loss-of-function



FGFR2-related syndromes

Apert

syndrome 

(n = 30)

FGFR2

C CC C C C

Pfeiffer

Apert

Beare-Stevenson

Crouzon

Jackson-Weiss

Coronal synostosis

Crouzon

syndrome

(n = 25)

Pfeiffer

syndrome 

(n = 4)

Bent-bone dysplasia



Why are Apert, Crouzon and Pfeiffer (FGFR2) 

and Muenke (FGFR3) syndromes so common?

Maher et al Genome Res (2018)

Mutation Selection

Selfish spermatogonial selection

(a process occurring in all men’s 

testes as they get older)

Cadaveric 

testis from 

90 year old 

man



Why are Apert, Crouzon and Pfeiffer (FGFR2) 

and Muenke (FGFR3) syndromes so common?

Maher et al Genome Res (2018)

Spectrum of FGFR2 mutations in entire world literature, 

compared to those found in a single man’s testis



Testes are factories of selfish mutations

Maher et al Genome Res (2018)

Selfish mosaicism:

explains high frequency of FGFR 

mutations and RASopathies

Although absolute de novo 

mutation levels are high, 

recurrence risks are LOW 



Characteristic syndromes 2: Saethre-Chotzen 

syndrome (TWIST1)

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

DHLH

missense

duplication

deletion

nonsense

Saethre-Chotzen syndrome

Significant learning difficulties

Megabase-

scale deletions 

in 7p21.1

n = 31 

(+3 with N/S 

presentation)



Importance of long-term followup of 

individuals with TWIST1 mutations 

patients with

Woods et al PRS (2009)



Characteristic syndromes 3: craniofrontonasal 

syndrome (EFNB1)

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

n = 11 



Mosaicism (epigenetic, by X-inactivation, or 

genetic), creates abnormal tissue boundaries

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

Males mosaic for EFNB1 

mutations are more severely 

affected than hemizygotes

Efnb1+GFP/-

Efnb1+/-Efnb1lox/+ Efnb1-/-



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)



FGFR3

Syndromes defined by molecular diagnosis 1: FGFR3

“nonsyndromic” 

coronal synostosis 

(Muenke syndrome, 

P250R)

Muenke n = 23 (+10 n/s presentation) 

Crouzon AN n = 4

Crouzon syndrome 

with acanthosis 

nigricans (A391E)

long bone dysplasia



It is essential to screen for hearing loss in 

patients with Muenke syndrome

Mansour et al Hum Mol Genet (2009)

N = 37 N = 41 ears from 30 subjects



Sharma et al Nature Genet (2013)

bicoronal R unicoronal

Syndromes defined by molecular diagnosis 2: TCF12

Non-penetrance>50%

TCF12 n = 16 

(6 syndromic, 

10 n/s)



Timberlake et al eLife(2016), Calpena et al Genet Med (2021)

Syndromes defined by molecular diagnosis 3: SMAD6

SMAD6 n = 15 

(3 syndromic, 

12 n/s)

Pre-op, aged 1 year 5 months

Non-syndromic Syndromic Combined

Total

SMAD6 

positive % Total

SMAD6 

positive % Total

SMAD6  

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 0.94

Unilateral coronal 149 1 0.67 14 0 0.00 163 1 0.61

Bilateral coronal 11 0 0.00 11 0 0.00 22 0 0.00

Uni- or bilateral 

lambdoid 7 0 0.00 3 0 0.00 10 0 0.00

Multisuture 36 1 2.78 30 1 3.33 66 2 3.03

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

→Diagnosis should trigger cascade testing and echocardiographic screening



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

SMAD6 is a lot more complicated!
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Positive selection of SMAD6 mutations in sperm

Neville et al Nature (2025)



Twigg et al Nature Genet (2013)

Syndromes defined by molecular diagnosis 4: ERF

ERF n = 9

(6 syndromic,

3 n/s)

Surgical trajectory (n=7 Oxford cases)

13 paediatric cases:

Chiari I malformation: 4 

Pathologically raised ICP: 9 cases (6 on ICP monitoring)

Speech delay/behavioural problems 12 (verbal/non-verbal IQ discrepancy >25 in 3

Some individuals present with 

Noonan-like features (but 

cardiac problems rare)



Recessive syndromes 1: Carpenter 

syndrome (RAB23, MEGF8)

Jenkins et al, Am J Hum Genet (2007), Watts et al EJHG (2024)

n = 0



Recessive syndromes 2: IL11RA-related 

craniosynostosisn = 0

Brischoux-Boucher et al Clin Genet (2018)

Listed in OMIM as craniosynostosis and dental anomalies - CRSDA



Implications for management with specific 

molecular diagnoses

Saethre-Chotzen 

syndrome

High rate 

(35-42%) 

recurrent 

intracranial 

hypertension

TWIST1

Woods et al PRS 

(2009)

FGFR3-

P250R

Muenke 

syndrome

Sensorineural 

hearing loss

Mansour et al Hum 

Mol Genet 

(2009)

SMAD6-

related crs

SMAD6

Bicuspid 

aortic valve 

Ascending 

thoracic 

aortic 

aneurysm

Calpena et al 

Genetics in Medicine 

(2020)

FGFR3-

A391E

Crouzon with 

acanthosis 

nigricans

Hydrocephalus 

Midface 

hypoplasia 

Acanthosis 

nigricans

De Planque et al J 

Neurosurg Pediatr 

(2021)

ERF

ERF-related 

crs

Late 

presentation 

with 

pathologically 

raised ICP

Twigg et al 

Nature 

Genetics (2013)



Gene Panels for Craniosynostosis (1)



Gene Panels for Craniosynostosis (2)



Tooze et al Genetics in Medicine (2023)

Current Status of PanelApp in R100 WGS



NIPD in Craniosynostosis (1)



NIPD in Craniosynostosis (2)



NIPD in Craniosynostosis (3)



A pathophysiological framework for 

craniosynostosis

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

Suture(s)



Rescue of craniosynostosis in the Apert 

mouse by a MEK inhibitor

Shukla et al, Nature Genet (2007)

P8
CBL

GRB2

SOS1

RAS

SHP2

Inactive

SHOC2

NRAS        KRAS    HRAS

Active RAS-GTP

CRAF               BRAF

U0126

xMEK1          MEK2

ERK1/2

Nucleus

pERK

Transcription factors

Multiple intracellular targets

Growth

factor
Apert syndrome

cytoplasm

FGFR2

MAPKPI3K PLCγ
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