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Craniofacial and clefting syndromes
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I A common language

Syndrome < ouv + 6popuog

a recognizable and distinct
constellation of primarily physical
findings

Phenotype < gaivw + tUnog
the full observable profile of an
individual

Face Growth  Development

Organ systems  Behavior  Labs & omics

Modified by age, depth of assessment,
clinical interventions, other

Background — Craniofacial syndromes

* Genetic factors play a critical role
in defining our facial features

* High heritability (h? > 60%) for at
least a subset of facial traits (mostly
moderate otherwise)

* Measuring faces and mapping
normal human facial variation
genes is challenging

Weinberg, .M., et a. 2019,
Hunting for genes that shape human faces:
Initialsuccesses and challenges for the future,
Orthodontics & Craniofacial Research, 22(s1), pp. 207-212

Tabia | Genes avsociated with facial shaps emidiod by GWAS.

Selleri, L. and Rill, .M., 2023,
Shaping faces: genetic and epigenetic control of craniofacial morphogenesis
Nature Reviews Genetics, 24(9), pp.610-626.




Background — Orofacial cleft

Mai et al., 2019
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Robinson et al, Trends in Genetics, 2024

Mosaic Cornelia de Lange syndrome: genes, tissues and clinical severity

@ cenesivpLICATED

@ NIPBL

=10-15% of affected individuals; most reported
patient mosaicism is NIPBL.

SMC1A

Three affected PZM cases by 2025, including one
female with classic Cdl.

@ SMC3/RAD21

Patient mosaic variants are cited in consensus;
evidence s case-level

@ WHERE MOSAICISM IS FOUND
@ Uncultured fibroblasts

o Buccal epithelial DNA

° Peripheral blood

° utherlnlormﬂive!lssues

© DOES VAF TRACK SEVERITY?

Mosaic # mild

No dependable VAF-severity correlation has
been demonstrated.

@ VAFin an accessible tissue s a sampling
proxy—not a whole-body measure.

@ Variant effect, embryonictiming, tissue
distribution and X-inactivation also matter.

Deardorff et al., GeneReviews 2026 « Kline et al., Nat Rev Genet 2018




ORIGINAL ARTKLE
Genetic heterogeneity in Cornelia de Lange
syndrome (CdLS) and CdLS-like phenotypes with
observed and predicted levels of mosaicism
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3/46 NIPBL, 1/5 SMC1A and 1/5 SMC3 mutations in our
cohort were mosaic. All three mosaic NIPBL mutations
were in individuals with severe and typical CdLS

Is the mutation post-zygotic or

has there been a revertant event?

J Med Genet 2014

Patient 8, STAGZ ¢.1605T>A (p.C535*)

¢ sé/"%fﬂ

Patient 9, STAG2c.1811G>A (p.R604Q)

Yuan B, Neira J, Pehlivan D, et al.
Genetics in Medicine. 2019;21(3):663-675.

Why heterozygous females develop
STAG2-related disease

Mechanism Molecular consequence Clinical relevance

R Females become mosaics of cells expressing either
Random X-inactivation the normal or variant STAG2 allele Aproportion of cells are STAG2-deficient

et Reduced STAG2 disrupts cohesin-mediated One normal allele cannot fully rescue
STAG2 dosage Sensitivity yomatin organisation and transcription development
Tissue-specific X- The proportion of STAG2-deficient cells differs
e o Variable organ involvement and severity
inactivation between brain, craniofacial tissues, skin and blood
P Some tissues may preferentially retain the mutant X .
Skewed X-inactivation 2 the active chromosome Markedly reduced or absent STAG2 expression
Variable XCl escape f;:fezsmay partially escape X-inactivation insome [ e e STAGE o
q STAG2-negative fibroblasts may acquire a
Cellular selection ek e e X-inactivation patterns can change over time
partial ti Increased STAG1 and ectopic STAG3 can partially  Permits cellular survival but does not restore,
ELubL e LI L replace STAG2 within cohesin normal development

Moronta Gines et al., iScience, 2025
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RTS1; OMIM #180849, CREBBP-RTS

Distinctive Gestalt

CHARGE syndrome

Radial deviation of the thumbs

Keloids

v agnont crena (20)
(Virioes A 2005; Am ) Med Genel A 15:133A(3)06.8)

Lower average cognitive skills
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+ Bilateral choanal atresia + Bilateral choanal atresia
« Leftfacial palsy, resolving + Major feeding difficulties, PEG RTS2; OMIM #613684, EP300-RTS
+ Vestibular symptoms + Pontocerebellar hypoplasia with Preeclampsia
+ Chorioretinal coloboma poorly developed gyri/sulci S i e R
* noeffect on vision *+ PDAandASD Tl 048G 3 e, o 2
« Minor ASD and VSD *  Hearing loss e Microcephaly
missense variant CHD7 protein truncating
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Turning genomic answers into precision care pathways

User input
All known support groups contacted ->
Prioritization of themes.

Evidence base

Literature review + critical assessment
(>800 publications about RTS)

Clinical expertise
International clinictans + researchers
(multiple fields)

Lacombe et al. ] Med Genet 2024

Draft recommendations
- By theme/organ-system
(ciagnosis, genetics, follow-up)

consensus statement.

Diagnosis and

Taybi syndrome: first

* 41 institutions * 11 countries » 6 patient advocacy groups representatives

Modified Delphi

Video meetings » emalls » file exchange
Iterative revision (35)

|

Plenary meeting (in person)

Bergen, Sept 2022
27 participants (incl. 4 pasientrep.)

Voting + publication

Recommendations voted (47)
Online supplement + CC BY-NC 4.0

Glass syndrome — SATB2 - AD

Gene Reviews

Clinical Genetics, 2017, DOI: (10.1111/cge.13121)

Developmental gene regulation and chromatin architecture

Syndrome

Cornelia de Lange

STAG2-associated
Mullegama-Klein—
Martinez

CHARGE

Rubinstein-Taybi

SATB2-associated

Gene(s)

NIPBL, SMC1A,
SMC3, RAD21,
HDAC8

STAG2

CHD7

CREBBP, EP300

SATB2

Principal mechanism

Altered cohesin loading, function or
recycling disrupts chromatin looping and
developmental transcription

Cohesin subunit dysfunction alters
chromatin topology and developmental
gene expression

ATP-dependent chromatin-remodelling
dysfunction disrupts neural crest and

Craniofacial and palatal
phenotype

Characteristic facial gestalt, micrognathia
and high-arched palate; cleft palate occurs
in a minority

Microcephaly, prominent forehead, deep-
set eyes, broad nasal bridge and
micrognathia; palatal abnormalities vary

Choanal atresia, characteristic ears, facial
asymmetry and cranial-nerve
cleftlip or palate ina subset

placodal
Reduced histone acetylation and
transcriptional co-activator function alter
enhancer activity

Loss of chromatin organisation and
transcriptional regulation of jaw, palate and
osteoblast programmes

Characteristic facial and dental phenotype,
high or narrow palate; cleft palateis
uncommon

Cleft or high-arched palate, dental
abnormalities, mandibular abnormalities
and severe speech disorder
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Choanal atresia, membranous
Short palpebral fissures

Thin upper lip/cleft lip

* Prominent ears

+ Hearing loss
Cardiac defect — ASD/VSD
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Burn-McKeown Syndrome

REPORT

Compound Heterazygosity of Low-Frequency Promoter
Deletions and Rare Loss-ol-Function Mutations
in TXNL4A Causes Bumn-McKeown Syndrome
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Treacher Collins syndrome

17

Bilateral effects on maxilla and mandible

Downward sloping palpebral fissures,
absent lower lashes, lower lid sagging

Microtia, deafness
+1- cleft palate

TCOF1 (5q31), AD
Treacle, he protein encoded by TCOF1, co-
localizes with upstream binding factor (UBF), an

ymerase | ranscrpion facor, n e
nucleolus, itis involved in rRNA transcription and
Ras an essental ol in ibosoms biogenesss
Haploinsuffiency of Tcoft in mice resutsin
craniofacial maformations a3 o
& daficioncy i the number of cranil neural crest
cells, which results from reduced production of
‘mature ribosomes in the neuroepithelium and
Peural cres

+ POLR1D (13¢22), AD and AR
+ POLR1C (6p21), AR

Mutations impair RNA polymerase, resulting in
lower amount of mature dimeric ribosomes.

18




Craniofacial spliceosomopathies

A ribonucleoprotein complex. Guion-Almeida,
The site in the cell nucleus where introns are excised AD, EFTUD2
from precursor messenger RNA and exons are

joined together to form functional messenger RNA.

A dynamic ribonucleoprotein (RNP) machine that

performs the function of splicing. Nager,
Distinguished in 2 different types in mammals AD, SF384
(major and minor) that splice out mutually exclusive
types of introns.

Assembled in distinct subcellular compartments as
part of a cellular quality control mechanism. AD, SNRPB

Syndrome

Treacher Collins

Cerebro-Costo-Mandibular,

Mandibulofacial
dysostosis with

microcephaly
Richieri-Costa-Pereira,

AR, EIF4A3
Burn—McKeown

Burn-McKeown,
Padgett, 2012 AR, TXNLA
Matera and Wang, 2014

Lehalle, 2015
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Gene(s)
TCOF1,
POLR1B,

POLRIC,
POLRID

EFTUD2

TXNLIA

Principal mechanism

Impaired rRNA transcription or processing
causes nucleolar stress, pS3 activation and
loss of neuroepithelial and cranial neural
crest progenitors

US spliceosome dysfunction causes

mis-splicing, pS3
and apoptosis of cranial neural crest
progenitors

Reduced US snRNP assembly and
spliceosome activity impair cranial neural
crest formation and survival

Ribosome biogenesis and spliceosome dysfunction

Craniofacial and palatal
phenotype

Bilateral malar and mandibular hypoplasia,
microtia, external auditory-canal
abnormalities and cleft palate

Malar and mandibular hypoplasia,
microtia, hearing loss, choanal
abnormalities and variable cleft or high-
arched palate

Choanal atresia, lower-eyelid
abnormalities, prominent nose, short
philtrum and variable cleft lip or palate

20

Milunsky JM, Maher TM, Zhao G, et al
American Journal of Medical Genetics Part A. 2011;155A:22-32.
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Branchio-oculo-facial syndrome

AD TFAP2A disorder, chromosome 6p24.3

Approximately 50-60% de novo

Marked inter- and intrafamilial variability, without a reliable genotype—phenotype correlation

Most reported missense variants affect the AP-2a DNA-binding domain and can produce

hypomorphic, null or dominant-negative effects

Clinical diagnostic criteria

A4

Do not cauterise the characteristic branchial skin defects.

v

Assess for an associated sinus tract and ectopic thymic tissue before excision.

v

Baseline assessment should include ophthalmology, hearing/ENT, cleft and dental evaluation,

and renal ultrasonography. Gene Reviews

22

FOXI3-related craniofacial microsomia

* AD with reduced penetrance

« Often bilateral and asymmetric, external
ear abnormalities

« Rarer, CFM/Goldenhar

Mao, Borel et al, Nature Communications, 2022

23

Pharyngeal-arch, neural-crest and placodal patterning

Syndrome Gene(s)

Branchio-oculo-

N TFAP2A
facial

FOXI3-related

craniofacial FOXI3
microsomia
Branchio-oto-renal A, six1

spectrum

Principal mechanism

Disrupted AP-2a regulation in surface
ectoderm and cranial neural crest alters
facial-prominence growth and fusion

Abnormal pharyngeal ectoderm and
endoderm signalling impairs the
developmental niche supporting first-and
second-arch neural crest

Disruption of the EYA1-SIX1 regulatory
network affects pharyngeal pouches and
otic placodes

Craniofacial and palatal
phenotype

Cervical branchial skin defects, ocular
anomalies and characteristic cleft or
pseudocleft of the upper lip; cleft palate
can occur

Microtia, mandibular hypoplasia and facial
asymmetry; clefting is not a defining
feature

Branchial cysts or fistulae, preauricular
pits, ear abnormalities and hearing loss;
cleft palate s uncommon

24




IRF6-related syndromes
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syndromes

Van der Woude syndrome
Mimics non-syndromic clefting
AD with variable penetrance
Lip pits

Hypodontia

Ankyloblepharon

Syndactyly

Ectedermal dysplasts

Clet lppabae
Spla haod fove mlformaron ety ly
Lacrimal duct obatracton
fromeerpe—

Hymoprmenanen

Hypespadas

Trismss
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Gene Reviews

Periderm, epithelial adhesion and facial fusion

Syndrome Gene(s)

Van 'der Woude 'and IRF6
popliteal pterygium
TP63-related

ectodermal dysplasia  TP63
and clefting spectrum

Blepharocheilodontic
1and CDH1-related CDH1
clefting

Principal mechanism

Impaired periderm differentiation and
abnormal oral epithelial adhesion
interfere with lip and palatal fusion
Disruption of the TP63-IRF6
regulatory feedback loop alters
epithelial proliferation and
differentiation

Reduced E-cadherin-mediated
adhesion affects epithelial integrity
and cranial neural crest migration

Craniofacial and palatal
phenotype

Cleft lip with or without cleft palate,
isolated cleft palate and lower-lip pits

Cleft lip or palate accompanied by
variable ectodermal and limb
abnormalities

Cleft lip or palate, dental
abnormalities and lower-eyelid
anomalies; penetrance is incomplete
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Culler Jones syndrome

Truncating and zinc-finger variants in GLIZ
are associated with hypopituitarism

Corder et al, 2022

+ SHH protein acts as a crucial factor that patterns the ventral forebrain and is.
required for the division of the primordial eye field and brain into 2 distinct halves.
+ Occasional pituitary hypoplasia and/or holoprosencephaly also seen in patients
with Pallister-Hall syndrome caused by GLI3 mutations.

Peters-Plus syndrome — B3GLCT - AR

FDNA
Peters-Plus Syndrome OMIM# 261540

Most affected individuals tested to date are homozygous for a splice site
pathogenic variant in intron 8 (c.660+1G>A) [Lesnik Oberstein et al 2006].
However, several other loss-of-function variants have been identified,
including pathogenic missense variants located in the putative catalytic
domain of the enzyme.

Gene Reviews

«non-progressive, mild-moderate
developmental delay

«a variety of ophthalmic abnormalities; early
onset myopia and a progressive retinopathy
«characteristic craniofacial features comprising
microcephaly, thick hair, eyebrows and
eyelashes, wave -shaped and downslanting
eyelids, a short philtrum that does not cover the
front teeth giving an open-mouth expression
with prominent incisors, and micrognathia

«chil ia, joint h

neutropenia

Douzgou S et al, Am J Med Genet, 2011
Douzgou S and Petersen M8, Clin Genet, 2011
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https://www.ncbi.nlm.nih.gov/books/NBK1464/table/peters-plus.T.b3glct_variants_discussed/?report=objectonly
https://www.ncbi.nlm.nih.gov/books/NBK1464/

Cohen syndrome

Bar plot showing the 20 most
frequent recessive diagnoses in
the rare disease arm of 100kGP

Jackson A, Blakes AJM, Alhaddad B, et al.

Nat Genet. 2026;58(4):798-809

31

Miscellaneous

Syndrome Gene(s)
Culler-Jones 62
spectrum

Peters-plus B3GLCT
Cohen VPS138

Principal mechanism

Reduced GLI activator function impairs
Sonic Hedgehog transcriptional output and
midline craniofacial patterning

Loss of B1,3-glucosylation of O-fucosylated
thrombospondin type-1 repeats disrupts
ER quality control, protein secretion and
extracellular-matrix function

Abnormal Golgi organisation, glycan
maturation, lipid handling and endosomal—
lysosomal trafficking

Craniofacial and palatal
phenotype

Midface hypoplasia, solitary maxillary
central incisor and occasional cleft lip or
palate; pituitary abnormalities and
polydactyly are important diagnostic clues

Peters anomaly, cleft lip with or without
cleft palate, characteristic face, short limbs
and growth restriction

Short philtrum, thick hair and eyebrows,
short upslanting palpebral fissures and
high or narrow palate; clefting is not
characteristic

32

Chromosomal Causes Of
Craniofacial syndromes
with clefting

oy 13, somy 15 ond 35 deeton

CP, submucous CP or VPI: 22q11.2
deletion

CP plus severe speech and dental
gg_?ggmalltles: 2q33.1 deletion involving

Cleft plus branchial and ocular anomalies:
6p24.3 deletion involving TFAP2A

HPE plus midline cleft: 7936, 1332 or
18p deletion

Pierre Robin sequence: 17q24.3
regulatory rearrangement affecting SOX9

Craniosynostosis: 7p21, 9p deletion or
9q22.3 deletion

33
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