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TROUBLE DU DEVELOPPEMENT DE L’INTELLIGENCE :
UN MODELE D’'HETEROGENEITE CLINICO-GENETIQUE

Le trouble du développement de lintelligence (TDI), anciennement appelé
« déficience intellectuelle », est défini par I'Organisation Mondiale de la Santé
(OMS) comme une capacité réduite de comprendre une information nouvelle ou
complexe, d'apprendre et d’appliquer de nouvelles compétences, et de faire face
a toute situation de maniere indépendante!. La prévalence du TDI dans la
population occidentale est estimée entre 1 et 3% selon les différentes méta-
analyses?3. En France, le TDI concernerait alors plus de 1.300.000 personnes et

aux alentours de 120.000 pour la seule région Occitanie.

Selon le DSM-V, publié par I'’American Psychiatric Association (APA) en 2015, le

diagnostic de TDI doit reposer sur la présence de 3 criteres? :

1. Un trouble de I'intelligence, défini par un quotient intellectuel total (QIT)
inférieur a 70, et objectivé grace a une échelle de mesure du QIT
standardisée et adaptée pour I'dge (échelles de Wechsler)> ;

> Echelle WPPSI-1V (2 sous-types) : de 2 ans et 6 mois a 3 ans et 11
mois et de 4 ans a 7 ans et 7 mois ;

> Echelle WISC-V : de 6 ans a 16 ans et 11 mois ;

> Echelle WAIS : a partir de 16 ans.

2. Un trouble du fonctionnement adaptatif se manifestant par une
incapacité a se conformer aux normes socioculturelles et a endosser sa
responsabilité sociale dans la vie quotidienne ;

3. L'apparition de ces troubles dans I'enfance.

Avant 2015, la classification de la sévérité du TDI reposait uniquement sur la
mesure du QIT (DSM-IV)® :

1 Salvador-Carulla L, Reed GM, Vaez-Azizi LM, Cooper SA, Martinez-Leal R, Bertelli M, Adnams C, Cooray S, Deb S, Akoury-Dirani L, Girimaji SC, Katz
G, Kwok H, Luckasson R, Simeonsson R, Walsh C, Munir K, Saxena S. Intellectual developmental disorders: towards a new name, definition and
framework for "mental retardat on/intellectual disability" in ICD-11. World Psychiatry. 2011 Oct;10(3):175-80.

2 Committee to Evaluate the Supplemental Security Income Disability Program for Children with Mental Disorders; Board on the Health of Select
Populations; Board on Children, Youth, and Families; Institute of Medicine; Division of Behav oral and Social Sciences and Education; The Nat onal
Academies of Sciences, Engineering, and Medicine; Boat TF, Wu JT, ed tors. Mental Disorders and Disabil ties Among Low-Income Children.
Washington (DC): Nat onal Academies Press (US); 2015 Oct 28. 15, Prevalence of Intellectual Disabilities.

3 McKenzie, K., Milton, M., Smith, G. et al. Systemat c Review of the Prevalence and Inc dence of Intellectual Disabilities: Current Trends and

Issues. Curr Dev Disord Rep 3, 104-115 (2016).

4 Papazoglou A, Jacobson LA, McCabe M, Kaufmann W, Zabel TA. To ID or not to ID? Changes in classification rates of intellectual disability using
DSM-5. Intellect Dev Disabil. 2014 Jun;52(3):165-74.

5 Boake C. From the Binet-Simon to the Wechsler-Bellevue: tracing the history of intelligence testing. J Clin Exp Neuropsychol. 2002 May;24(3):383-
405.

6 Committee to Evaluate the Supplemental Security Income Disability Program for Children with Mental Disorders; Board on the Health of Select
Populations; Board on Children, Youth, and Families; Institute of Medicine; Division of Behav oral and Social Sciences and Education; The Nat onal
Academies of Sciences, Engineering, and Medicine; Boat TF, Wu JT, ed tors. Mental Disorders and Disabil ties Among Low-Income Children.
Washington (DC): Nat onal Academies Press (US); 2015 Oct 28. 9, Clinical Characteristics of Intellectual Disabil ties.
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— TDI léger : QIT entre 50 et 69 ;
— TDI modéré : QIT entre 36 et 49 ;
— TDI sévere : QIT entre 20 et 35 ;
— TDI profond : QIT inférieur a 20.

Depuis la publication du DSM-V, la sévérité du TDI est désormais évaluée a partir
de I'autonomie du patient au quotidien basée sur ses capacités pratiques, sociales

et conceptuelles* :

— TDI léger : autonomie quotidienne avec assistance minimale ;

— TDI modéré : autonomie quotidienne nécessitant une assistance active
(e.g. foyers de vie) ;

— TDI séveére : assistance nécessaire pour les taches du quotidien (e.g.
toilette, habillage, repas etc.) ;

— TDI profond : assistance 24h/24h nécessaire.

Selon les différentes études épidémiologiques, la distribution de la sévérité du TDI
serait la suivante : 85% de forme légere, 10% de forme modérée, 3,5% de forme

sévere et 1,5% de forme profonde?®.

Le spectre étiologique du TDI est extrémement vaste, allant des expositions

environnementales prénatales aux causes génétiques constitutionnelles.

La premiere étape de I'enquéte étiologique d'un TDI est ainsi d’éliminer une cause

acquise’8° :

— Période prénatale
> Causes médicamenteuses : embryofcetopathie au valproate etc.
> Causes toxiques : syndrome d’alcoolisation feetale (SAF)
> Causes infectieuses (infections materno-foetales) : toxoplasmose
congénitale, rubéole congénitale etc.
> Causes immunitaires : alloimmunisation feeto-maternelle
— Période périnatale
> Grande prématurité

> Encéphalopathie anoxo-ischémique néonatale

7 Reichenberg A, Cederlof M, McMillan A, Trzaskowski M, Kapra O, Fruchter E, et al. Discontinuity in the genetic and environmental causes of the
intellectual disability spectrum. Proc Natl Acad Sci U S A. 2016;113(4):1098-103

8 de Ligt J, Willemsen MH, van Bon BW, Kleefstra T, Yntema HG, Kroes T, Vulto-van Silfhout AT, Koolen DA, de Vries P, Gilissen C, del Rosario M,
Hoischen A, Scheffer H, de Vries BB, Brunner HG, Veltman JA, Vissers LE. Diagnostic exome sequencing in persons with severe intellectual disability.
N Engl J Med. 2012 Nov 15;367(20):1921-9.

9 Leonard H, Wen X. The ep demiology of mental retardation: challenges and opportunities in the new millennium. Ment Retard Dev Disabil Res Rev.
2002;8(3):117-34.
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— Période post-natale : étiologies séquellaires
> Causes infectieuses : méningites, syndrome hémolytique et urémique
(SHU) etc.
> Causes traumatiques : traumatisme cranien, shaken baby syndrom

etc.

Une fois I'ensemble de ces étiologies acquises éliminées, des analyses génétiques
constitutionnelles doivent étre conduites a la recherche d‘une variation
chromosomique et/ou moléculaire, ces dernieres étant identifiées chez plus de
60% des patients atteint d’'un TDI sans cause acquise retrouvée®°, Parmi les
causes génétiques les plus fréguemment responsables de TDI, nous pouvons ainsi

citer :

— Les causes chromosomiques (10%), telles que :
> Les aneuploidies : trisomie 21, premiére cause de TDI d’origine
génétique!?, trisomie 18 (syndrome d'Edwards) etc.
> Les syndromes microdélétionnels : microdélétion 22q11.2 (syndrome
vélo-cardio-facial), microdélétion 4pter (syndrome de Wolf-
Hirschhorn), microdélétion 7q11.23 (syndrome de Williams-Beuren)?!2
etc.
> Les syndromes microduplicationnels : microduplication 7q11.23,
microduplication Xg28 (syndrome de duplication du géne MECP2) etc.
— Les causes moléculaires (50%), caractérisées par des variations
ponctuelles (SNVs) et des petites insertions/délétions (indel) dans la
séquence de genes impliqués dans le développement du systéeme nerveux

centralt213,

Le syndrome de I'X fragile, décrit en 1991 et secondaire a un nombre de répétitions
du triplet CGG supérieur a 200 dans le gene FMR1, fut I'une des premiéres causes
moléculaires identifiées comme responsable de TDI et représente aujourd’hui la

premiére étiologie de TDI hérité!*>, Depuis, le développement des nouvelles

10 Gilissen C, Hehir-Kwa JY, Thung DT, van de Vorst M, van Bon BW, Willemsen MH, Kwint M, Janssen IM, Hoischen A, Schenck A, Leach R, Klein R,
Tearle R, Bo T, Pfundt R, Yntema HG, de Vries BB, Kleefstra T, Brunner HG, Vissers LE, Veltman JA. Genome sequencing identifies major causes of
severe intellectual disabil ty. Nature. 2014 Jul 17;511(7509):344-7.

11 Sherman SL, Allen EG, Bean LH, Freeman SB. Ep demiology of Down syndrome. Ment Retard Dev Disabil Res Rev. 2007;13(3):221-7.

12 vissers LE, Gilissen C, Veltman JA. Genetic studies in intellectual disability and related disorders. Nat Rev Genet. 2016 Jan;17(1):9-18.

13 Bowling KM, Thompson ML, Amaral MD, Finnila CR, Hiatt SM, Engel KL, Cochran JN, Brothers KB, East KM, Gray DE, Kelley WV, Lamb NE, Lose EJ,
Rich CA, Simmons S, Whittle 1S, Weaver BT, Nesm th AS, Myers RM, Barsh GS, Bebin EM, Cooper GM. Genom c diagnosis for children with intellectual
disability and/or developmental delay. Genome Med. 2017 May 30;9(1):43. doi: 10.1186/s13073-017-0433-1.

14 Verkerk AJ, Pieretti M, Sutcliffe JS, Fu YH, Kuhl DP, Pizzuti A, Reiner O, R chards S, Victoria MF, Zhang FP, et al. Identif cation of a gene (FMR-1)
containing a CGG repeat coincident with a breakpoint cluster region exhibiting length variation in fragile X syndrome. Cell. 1991 May 31;65(5):905-
14.

15 Ciacc o C, Fontana L, Milani D, Tabano S, Miozzo M, Espos to S. Fragile X syndrome: a review of clin cal and molecular diagnoses. Ital ] Pediatr.
2017 Apr 19;43(1):39.
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technologies telles que I'analyse chromosomique sur puce a ADN (ACPA) pour
I'identification des microréarrangements chromosomiques (i.e. microdélétions et
microduplications) et les examens pangénomiques basés sur le séquencage
nouvelle génération (NGS), a l'instar du séquencage de I'exome ou du génome,
ont entrainé une augmentation exponentielle des diagnostics génétiques chez les

patients atteints d'un TDI (Figure A).

En effet, selon la derniere mise a jour du 03/08/2023 de la base de données

SysNDD (https://sysndd.dbmr.unibe.ch/), 1615 genes sont actuellement

identifiés comme responsable de TDI isolé ou syndromique et 1368 sont recensés

comme candidat.

i n=1013
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Génes liés au chromosome X

Génes autosomiques récessifs }

800

X fragile (FMR1) ACPA NGS

600
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200

1980 1985 1990 1995 2000 2005 2010 2015 2020

Années

Figure A. Evolution du nombre de génes responsables de trouble du
développement de l'intelligence (TDI). A ce jour, 1615 genes ont été décrits
comme responsables de TDI, dont 1013 genes autosomiques récessifs, 559 génes
autosomiques dominants (variations de novo pour 80% d’entre eux!?), 129 génes
liés au chromosome X et 15 génes du génome mitochondrial. Abréviations : ACPA
(analyse chromosomique sur puce a ADN), NGS (séquencage nouvelle génération).
Figure adaptée de [Vissers et al., Nature Review Genetics, 2016] a partir des

données de la base SysNDD.
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Cette hétérogénéité génétique majeure, associée a la variabilité de I'expression du
phénotype présenté par les patients atteints d’'un TDI (i.e. forme isolée ou
syndromique) rendent ainsi la stratégie « phenotype first » et I'approche ciblée par
séquencage d'un panel de genes responsables de TDI désormais désuetes. Aussi,
la stratégie diagnostique « genotype first with reverse phenotyping » demeure
désormais la regle chez les patients atteints d’'un TDI avec des explorations
génétiques de premiére intention reposant sur une ACPA associée a un séquencage
pangénomique de type exome ou génome, en fonction de l'urgence diagnostique

et de la demande parentale!®17,

L’article original utilisé comme base de cette thése s’intéresse ainsi a I'un de ces
nombreux geénes, dénommé BCL11B, et ayant récemment été identifié comme
responsable d'un TDI syndromique de forme autosomique dominante!®. Avec
seulement 29 patients rapportés dans la littérature, la maladie liée au gene
BCL11B est caractérisée par un trouble du neurodéveloppement syndromique
associant un TDI, des éléments morphologiques mineurs de la face et un déficit

immunitaire?”.

Basée sur une collaboration internationale, ce travail décrit les données cliniques,
génotypiques et immunitaires de 20 nouveaux patients porteurs d’'une variation
pathogéne dans le gene BCL11B identifiée par examens pangénomiques. Il
rapporte également l'existence d’une signature épigénétique spécifique de la
maladie liée au gene BCL11B pouvant désormais étre utilisée en pratique clinique
quotidienne afin d’aider a la reclassification des variations de signification
incertaine (VSI) de BCL11B, tout en permettant le diagnostic de cette maladie rare
chez les patients dont les explorations génétiques se sont avérées non

contributives.

16 100,000 Genomes Project Pilot Investigators; Smedley D, Sm th KR, Martin A, Thomas EA, McDonagh EM, Cipriani V, Ellingford JM, Arno G, Tucci
A, Vandrovcova J, Chan G, Williams HJ, Ratnaike T [...] Mumford AD, Wilson G, Beales P, B tner-Glindzicz M, Black G, Bradley JR, Brennan P, Burn J,
Chinnery PF, Elliott P, Flinter F, Houlden H, Irving M, Newman W, Rahman S, Sayer JA, Taylor JC, Webster AR, Wilkie AOM, Ouwehand WH, Raymond
FL, Chisholm J, Hill S, Bentley D, Scott RH, Fowler T, Rendon A, Caulfield M. 100,000 Genomes Pilot on Rare-Disease Diagnosis in Health Care -
Preliminary Report. N Engl J Med. 2021 Nov 11;385(20):1868-1880.

17 Turro E, Astle W], Megy K, Graf S, Greene D, Shamardina O, Allen HL, Sanchis-Juan A, Frontini M, Thys C, Stephens J, Mapeta R, Burren OS,
Downes K, Haimel M, Tuna S, Deevi SVV, Aitman TJ, Bennett DL, Calleja P, Carss K, Caulfield MJ, Chinnery PF, Dixon PH, Gale DP, James R, Koziell A,
Laffan MA, Levine AP, Maher ER, Markus HS, Morales ], Morrell NW, Mumford AD, Ormondroyd E, Rankin S, Rendon A, R chardson S, Roberts I, Roy
NBA, Saleem MA, Sm th KGC, Stark H, Tan RYY, Themistocleous AC, Thrasher AJ, Watkins H, Webster AR, Wilkins MR, Williamson C, Whitworth J,
Humphray S, Bentley DR; NIHR B oResource for the 100,000 Genomes Project; Kingston N, Walker N, Bradley JR, Ashford S, Penkett CJ, Freson K,
Stirrups KE, Raymond FL, Ouwehand WH. Whole-genome sequencing of patients with rare diseases in a national health system. Nature. 2020
Jul;583(7814):96-102.

18 | essel D, Gehbauer C, Bramswig NC, Schluth-Bolard C, Venkataramanappa S, van Gassen KLI, Hempel M, Haack TB, Bares c A, Genetti CA, Funari
MFA, Lessel I, Kuhimann L, Simon R, Liu P, Denecke J, Kuechler A, de Kruijff I, Shoukier M, Lek M, Mullen T, Lidecke HJ, Lerario AM, Kobbe R,
Krieger T, Demeer B, Lebrun M, Keren B, Nava C, Buratti J, Afenjar A, Shinawi M, Guillen Sacoto MJ, Gauthier J, Hamdan FF, Laberge AM, Campeau
PM, Louie RJ, Cathey SS, Prinz I, Jorge AAL, Terhal PA, Lenhard B, Wieczorek D, Strom TM, Agrawal PB, Britsch S, Tolosa E, Kubisch C. BCL11B
mutations in patients affected by a neurodevelopmental disorder w th reduced type 2 innate lymphoid cells. Brain. 2018 Aug 1;141(8):2299-2311.
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I. Preamble
A. List of abbreviations
ACMG : American College of Medical Genetics
ASD : autism spectrum disorder
AUROC : area under ROC curve
BCL11B : B-cell ymphoma/leukemia 11B
CDK9 : cyclin-dependent kinase 9
CDS : coding sequence
CT : computed tomography
CTD : C-terminal domain
CTL : cytotoxic T cells
CGH : comparative genomic hybridization
DMPs : differentially methylated probes
DN : double negative
DNA : deoxyribonucleic acid
EKD : EpiSign Knowledge Datase

ERN-ITHACA : European Reference Network on Rare Congenital Malformations

and Rare Intellectual Disability

GADEVS : Gabriele-de Vries syndrome

H3 : histone 3

HEXIM1 : hexamethylene bis-acetamide inducible 1
HGVS : Human Genome Variation Society

ID : intellectual disability

IDDSFTA : intellectual developmental disorder with speech delay, dysmorphic

facies and T cell abnormalities

IRB : institutional review board
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K9 : lysine 9

K122 : lysine 122

KMT1A : lysine N-methyltransferase type 1A
LHSC : London Health Sciences Centre

LoF : loss-of-function

LOOCYV : |leave-one-out cross validation

LP : likely pathogenic

MAPK : mitogen-activated protein kinase
MDS : multidimensional scaling

MIM : mendelian inheritance in man

MRI : magnetic resonance imaging

MVP : methylation variant pathogenicity
NK : natural killer

P : pathogenic

P-TFEDb : positive transcription elongation factor b
PBMC : peripheral blood mononuclear cells
PCA : principal component analysis

NuRD : nucleosome remodeling deacetylase
RD : related disorder

RNA : ribonucleic acid

RNAP II : RNA polymerase 11

RTE : recent thymic emigrants

RTS : Rubinstein-Taybi syndrome

SD : standard deviation

SNP : single-nucleotide polymorphism
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SP : single positive

SUMO : small-ubiquitin-like modifier

SVM : support vector machine

TCR : T cell receptor

TEM : effector memory CD8* T cells

TEMRA : effector-memory expressing CD45RA CD8* T cells
Th : T helper

Treg : regulatory T cell

TSS : transcription start site

VUS : variant of uncertain significance

ZnF : zinc finger
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II. Abstract

Purpose: BCL11B-related disorder (BCL11B-RD) arises from rare genetic variants
within the BCL11B gene, resulting in a distinctive clinical spectrum encompassing
syndromic neurodevelopmental disorder, with or without intellectual disability,
associated with facial features and impaired immune function. This study presents
an in-depth clinico-biological analysis of 20 newly reported individuals with
BCL11B-RD, coupled with a characterization of genome-wide DNA methylation

patterns of this genetic condition.

Methods: Through an international collaboration, clinical and molecular data from
20 individuals were systematically gathered, and a comparative analysis was
conducted between this series and existing literature. We further scrutinized
peripheral blood DNA methylation profile of individuals with BCL11B-RD,
contrasting them with healthy controls and other neurodevelopmental disorders

marked by established episignature.

Results: Our findings unveil rarely documented clinical manifestations, notably
including Rubinstein-Taybi-like facial features, craniosynostosis, and autoimmune
disorders, all manifesting within the realm of BCL11B-RD. We refine the intricacies
of T cell compartment alterations of BCL11B-RD, revealing decreased levels naive
CD4* T cells and recent thymic emigrants (RTE) while concurrently observing an
elevated proportion of effector-memory expressing CD45RA CD8* T cells (TEMRA).
Finally, a distinct DNA methylation episignature exclusive to BCL11B-RD is

unveiled.

Conclusion: This study serves to enrich our comprehension of the clinico-
biological landscape of BCL11B-RD, potentially furnishing a more precise
framework for diagnosis and follow-up of individuals carrying pathogenic BCL11B
variant. Moreover, the identification of a uniqgue DNA methylation episignature
offers a valuable diagnosis tool for BCL11B-RD, thereby facilitating routine clinical
practice by empowering physicians to reevaluate variants of uncertain significance
within the BCL11B gene.

Key words

BCL11B - Neurodevelopmental delay - Methylation - Episignature
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III. Introduction

B-Cell Lymphoma/Leukemia 11B (BCL11B, MIM 606558) is a zinc finger
transcription factor involved in the development of various tissues through a dual

action (i.e. activation/repression) on epigenetic regulation (Figure 1) [1-2].

Exon 1 Exon 2 Exon 3 Exon 4
19 aa 122 aa 72 aa 671aa

weme ANAL_ KA KN AL I Il
|

woms —ANAM_——

B RO binding domain  [J] c2HC ZnF . C2H2 ZnF

Figure 1. Linear representation of BCL11B isoforms. BCL11B gene is
composed of 4 exons encoding 2 isoforms, a and B, consisting of 884 and 812
amino acids respectively. Isoforms a and B contain a NuRD interacting domain
(blue), 1 C2HC (crimson) and 6 C2H2 (green) zinc finger domains [1-2].

MAPK-mediated SUMOylation of BCL11B results in recruitment of the
transcriptional co-activator p300 with subsequent induction of transcriptional
activity through histone 3 lysine 122 acetylation (H3K122ac) [3]. Oppositely, de-
SUMOylated BCL11B interacts with the nucleosome remodelling and histone
deacetylase (NuURD) complex and KMT1A (also known as SUV39H1), both leading
to chromatin compaction by histone deacetylation and histone 3 lysine 9

trimethylation (H3K9me3), respectively (Figure 2, upper panel) [4][5].

BCL11B further represses RNA polymerase II (RNAP II) activity by the recruitment
of HEXIM1 resulting in down-regulation of the positive transcription elongation
factor b (P-TFEb) and subsequent dephosphorylation of RNAP II C-terminal domain
(CTD) (Figure 2, bottom panel) [6].
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Figure 2. Control of BCL11B over transcriptional activity. BCL11B is a key
regulator of transcriptional activity through its influence on chromatin dynamics
and histone 3 (H3) post-translational modifications (i.e acetylation and
methylation) (upper panel). On the other hand, the BCL11B/HEXIM1 heterodimer
is a down-regulator of the positive transcription elongation factor b (P-TFEb),
composed of cyclin T and cyclin-dependent kinase 9 (CDK9). This complex is
involved in the phosphorylation of RNA polymerase II (RNAP II) C-terminal domain
(CTD), an essential step for transcription activation [6-7] (bottom panel).

From a functional standpoint, BCL11B orchestrates various cellular and
physiological functions including T cell lymphopoiesis, craniofacial bone
development and postnatal neurogenesis [8-15]. In T cell lymphopoiesis, BCL11B
is involved at multiple stages, from early T cell progenitors in the thymus to the
differentiation of mature T cells in the peripheral blood (Figure 3). BCL11B plays a
pivotal role in lineage commitment, governing the differentiation of hematopoietic
stem cells into T cell precursors while inhibiting alternative cell fates, such as B
cell development. Beyond its role in lineage specification, BCL11B further exerts
control over mature T cell functions, including their activation, proliferation and
cytokine production. Hence, BCL11B acts like a gatekeeper for effector and
memory T cell differentiation, shaping T cell repertoire and ensuring T cell
homeostasis [8].
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Figure 3. Involvement of BCL11B in T cell lymphopoiesis. BCL11B expression
is initiated during T cell development at DN2 stage. BCL11B promotes DN3 and
double positive (DP) thymocytes survival, governs TCR B-selection at DN3 stage
and drives the differentiation of invariant natural killer T cells (iNKT) and regulatory
T cells including natural (nTreg) and inducible (iTreg) subtypes. In mature T cells,
BCL11B controls the expansion of cytotoxic T cells (CTL) and Th1l7 cells by
inhibiting Th2 program [8-11].

BCL11B further assumes a pivotal role in craniofacial development, exhibiting high
expression level in both osteogenic and sutural mesenchyme of the nascent
craniofacial complex. Additionally, Bc/11b knock-out in mice results in a premature
osteoblast proliferation associated with increased skull density and synostosis of
facial and calvarial sutures [12-13]. Moreover, BCL11B activity extends into the
realm of adult neurogenesis. In vivo experiments employing Bc/11b loss-of-
function models identified its crucial role in hippocampal functionality, leading to
reduced dentate gyrus size, blocking of granule cells differentiation, and impaired

spatial learning abilities in adult mice [14-15].

BCL11B-related disease was firstly reported in 2018 by exome sequencing of

individuals displaying neurodevelopmental delay associated with facial features
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and immunodeficiency, revealing 13 individuals with a pathogenic variation in
BCL11B [1]. Ever since, BCL11B pathogenic variants were found to be responsible
for BCL11B-related disorder (BCL11B-RD), also known as intellectual
developmental disorder with dysmorphic facies, speech delay and T cell
abnormalities (IDDSFTA, MIM 618092).

Increasing number of genetic disorders including ones with genes related to DNA
methylation and chromatin accessibility were demonstrated to exhibit sensitive
and specific DNA methylation profiles in peripheral blood, also known as
episignature [16-17]. DNA methylation analysis has recently been implemented
with the diagnosis of clinical genomic DNA methylation test EpiSign™ in individuals
with rare genetic disorders, therefore proving strong evidence of clinical utility,
including the ability to provide conclusive diagnostic findings in most tested
individuals [18-19]. As abnormal transcription and chromatin compaction may
have indirect consequences on DNA methylation, individuals with BCL11B-RD

might display specific episignature compared to other individuals.

Therefore, the purpose of this study is to give further insights into clinical
manifestations and molecular spectrum of individuals with BCL11B-RD. To this aim,
we describe 20 unreported individuals with BCL11B-RD and perform a literature
review to summarize both clinical and molecular data of 29 previously published
individuals. In addition to refine the clinico-biological spectrum of BCL11B-RD, we
provide evidence of a sensitive and specific DNA methylation episignature for

individuals with pathogenic and likely pathogenic variants in BCL11B.

IV. Material and methods
A. Clinical and molecular data

i Recruitment of individuals and data collection

Individuals with BCL11B-RD caused by rare BCL11B variants were identified by
targeted genes panel, exome or genome sequencing after being referred to genetic

centers for syndromic neurodevelopmental delay.

Data for 20 previously unreported individuals with heterozygous pathogenic or
likely pathogenic variants in BCL11B were examined (Individual #1-20,

Supplemental Table 1) and compared with a series of 29 individuals from the
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literature [1] [20-29]. We assembled front and lateral view photographs for 15 and
12 individuals with BCL11B-RD respectively. Clinical phenotype was evaluated by
analyzing health and medical data systematically collected by using a standardized
form sent to collaborators. Compliance with Human Genome Variation Society
(HGVS) nomenclature has been verified using batch validation tool of

VariantValidator (https://variantvalidator.org/service/validate/batch/).

Clinical and molecular information for 7 unreported individuals with variant of
uncertain significance (VUS) in BCL11B and neurodevelopmental delay were also
gathered (VUS #1-7, Supplemental Table 1) but not included in the study. Detailed
flow chart of data collection is available in Supplemental Figure 1.

Clinical and molecular data were collected using clinical networks including
“Groupe Déficience Intellectuelle France, Anomalies du Développement et

Déficience Intellectuelle de Cause Rare” (http://anddi-rares.org/) and “European

Reference Network ITHACA Congenital Malformations and Rare Intellectual

Disability” (https://ern-ithaca.eu/) or by directly contacting clinicians from centers

in France, Italy and USA.

Previously reported individuals were retrieved using the terms "BCL11B", "BCL11B-
related disorder” or “"IDDSFTA” in articles indexed in PubMed between inception
and April 1t 2023. The full texts of manuscripts were reviewed. The inclusion
criteria for published individuals in this study were as followed: availability of
clinical information; unambiguous description of the BCL11B variant; and no

duplication in any previous report.

ii. DNA sample collection

For 16 individuals with pathogenic or likely pathogenic variant in BCL11B from this
series (Individual #1-4, #6-7, #11-20, Supplemental Table 1) we obtained a DNA
sample from previous genetic studies, which included a minimum sample of 0.5
Mg (1.76x10°® oz) of DNA from peripheral blood with information on the individual’s
gender and age at the time of sample collection. Two additional samples (Individual
#21-22, Supplemental Table 1) were extracted from previously reported
individuals whose clinical and molecular information were not included in the study
[25]. Detailed flow chart of DNA sample collection is available in Supplemental

Figure 1.
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iii. Statistical analyses

For calculating frequencies of features, we excluded individuals with feature coded
as “unknown” (i.e. when the presence or absence of a particular feature was not
clearly documented or when a feature might not be applicable owing to the

individual’s gender or age) in the clinical form.

Absolute and relative frequencies (expressed as n [%], n being the number of
individuals with the feature, and the percentage was calculated as n/number of
individuals with information on the clinical feature) were used for describing
categorical variables. Median and interquartile range were used for describing

continuous variables and calculated using Microsoft Excel software.

iv. Composite gelstat of BCL11B-RD

We used the Face2Gene online tool (https://www.face2gene.com/) to generate a

computed gestalt of individuals with BCL11B-RD and to assess the Rubinstein-

Taybi-like facial features of individuals from this series (Supplemental Figure 2).

B. Immunophenotyping

Immunophenotyping analyses were performed using flow cytometry of peripheral
blood mononuclear cells (PBMCs). CD4* and CD8* T cells were sorted by antibody
detection. T cells subpopulations were defined as follows: activated T cells
(CD3*/HLA-DR™*), recent thymic emigrants (RTE, CD4*/CD45RA*/CD31%), naive
CD4* T cells (CD45RA*/CD4%); memory CD4* T cells (CD45R0O*/CD4%); regulatory
T cells (Treg, CD25%/CD1277/CD4"); naive CD8" T cells (CD45RA*/CCR7+*/CD8");
effector-memory expressing CD45RA CD8* T cells (TEMRA, CD45RA*/CCR7-
/CD8*), effector memory CD8* T cells (TEM, CD45RA"/CCR7-/CD8").

C. DNA methylation analysis

Following a similar approach to previously published results, DNA methylation
analysis was conducted using Illumina Infinium MethylationEPIC BeadChip
microarrays, which cover approximately 860,000 human genomic CpG sites (San
Diego, CA) [30]. DNA extracted from peripheral blood samples was supplied to the

microarrays after bisulfite conversion, following the manufacturer’s guidelines. The
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detailed procedure for DNA methylation analysis and profiling has been described
in previous publications [16-17][30]. The process can be summarized as follows:
The resulting methylated and unmethylated signal intensities were analyzed using
R version 4.1.2. The mini package version 1.40.0 was utilized for Illumina
normalization with background correction [31]. Probes that contained SNPs near
or at the CpG interrogation or single nucleotide extension locations, were located
on the X or Y chromosomes, cross-reacted with chromosomal locations other than
their target regions, or were suggested by Illumina to be excluded, were eliminated
from the downstream data analysis. Additionally, arrays with high probe failure
rates (> 5%) were removed. Principal component analysis (PCA) was used to

visualize the overall structure of batches and to identify any outliers.

D. Matched controls selection and DNA methylation profiling

In this study, two episignatures were identified for BCL11B-RD, one with higher
sensitivity and the other with higher specificity. The initial cohort comprised 25
samples, consisting of 13 males and 12 females. Among these samples, 18
individuals had pathogenic (n = 15) or likely pathogenic variants (n = 3) in
BCL11B. Seven individuals with VUS in BCL11B and neurodevelopmental delay
(VUS #1-7, Supplemental Table 1) were also tested for episignature but not
included in the analysis (Supplemental Figure 1). To ensure the highest possible
sensitivity, all 18 samples with pathogenic or likely pathogenic variants were
included for methylation profiling. Using the MatchIt package version 4.3.3 [32],
54 control samples from the in-house database at LHSC, called the EpiSign

Knowledge Database (EKD, https://episign.lhsc.on.ca/index.html), were selected.

These control samples were matched to the case samples based on age, sex, and

array type.

Methylation levels or B-values (ranging from 0 (no methylation) to 1 (full
methylation)) were measured and converted M-values using logit transformation.
The M-values were then used for linear regression modelling using the limma
package version 3.50.0 [33]. This modelling approach created mean methylation

differences between the case and control groups and p-values for each probe.

To account for confounding factors, Houseman's method was employed to estimate

blood cell proportions [34]. These proportions were included in the model matrix
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as confounding variables. Additionally, the batch information was added as another
confounding variable to the model matrix. To moderate the resulting p-values, the
eBayes function from the limma package was applied. Subsequently, multiple
testing correction using the Benjamini-Hochberg (BH) method was performed to
control for false discovery rate. A subset of probes was selected as the BCL11B-
RD episignature based on the following criteria: The i = 800 probes with the highest
product of mean methylation differences and the negative logarithm of p-values
were retained. Among those probes, the j =200 probes with the highest areas
under the receiver operating characteristic curve (AUROC) were selected as the
episignature probes. The robustness of the selected probes in distinguishing
between the BCL11B-RD and control groups was assessed through the following
methods: Hierarchical clustering: Ward's method was applied to calculate the
Euclidean distance between samples, and hierarchical clustering was performed.
Multidimensional scaling (MDS): Pairwise Euclidean distances between samples

were scaled, and MDS was conducted.

To examine the reproducibility of the episignature, 18 iterations of leave-one-out
cross-validation (LOOCV) were performed. At each iteration, one BCL11B-RD
sample was excluded from the probe selection process. An MDS analysis was then
conducted on the remaining selected probes, and the left-out sample was used for
testing. To obtain a more specific episignature, the following six samples, which
demonstrated an intermediate pattern, were selected to be removed from the
probe selection set (Individuals #11-12-13-15-20-21, Supplemental Table 1) and

above procedure was repeated.

E. Construction of the binary classification model

The el071 package was utilized to construct a support vector machine (SVM)
classifier, following the methodology described in previous publications [16-
17][30]. The model was constructed based on the selected set of probes, by
training the 18 samples with pathogenic BCL11B variants, against the matched
control samples and 75% of other control samples and individuals with ~60 other
genetic disorders with known episignatures from the EpiSign v3 classifier. The
remaining 25% of the samples from the EpiSign v3 classifier database were used.
The model generates methylation variant pathogenicity (MVP) scores that range

from 0 (indicating the lowest similarity to the identified episignature) to 1
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(indicating the highest similarity to the identified episignature). Applying a
methodology akin to that outlined for the initial episignature, a second episignature
was formulated and a classifier was established by utilizing 12 out of the 18
samples containing pathogenic variants for training. A sole additional criterion was
applied to the episignature derived from these 12 samples, involving the exclusion
of probes exhibiting pair-wise Pearson's correlation coefficients surpassing 0.9.

This refinement led to a more optimal outcome.

F. Functional genomic assessment and methylome overlap

In accordance with the methodology outlined in the study of Levy and colleagues
[35], the study aimed to determine the degree of overlap between the differentially
methylated probes (DMPs) associated with BCL11B-RD and those associated with
other disorders with previously published episignatures from the EpiSign v3
classifier within the EpiSign Knowledge Database (EKD) [36]. Control samples
were selected from a pool of samples with no known disorder associated with an
episignature. To select the DMPs, only probes that were common between the 450k
and EPIC arrays were considered. The criteria for selection were as follows: mean
methylation differences between the case and control groups had to be greater
than 0.05, and the corrected p-values had to be less than 0.01. The investigation
and visualization of the overlap between the DMPs of BCL11B-RD and other
disorders' DMPs within the EKD were conducted using these methods, as detailed

in the mentioned publications.

To annotate the DMPs, the annotation package version 1.20.0 was utilized [37].
AnnotationHub version 3.2.1, along with the annotations hgl9_cpgs,
hg19_basicgenes, hg19_genes_intergenic, and
hgl19_genes_intronexonboundaries, were employed for the annotation process.
The TreeAndLeaf package version 1.6.1 was employed to visualize the similarity in
methylation levels of differentially methylated probes (DMPs) among various
disorders. This previously detailed approach facilitated the identification of
potential relationships and clusters among the disorders through a tree-and-leaf
diagram [35-36].
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V. Results

A. Clinico-biological data

We have collected clinical data for 20 individuals with BCL11B-RD. Main clinical
features are summarized in Table 1. Across this series, growth parameters were in
the low normal range, with mean height of -0.2 SD, mean weight of -0.2 SD and
mean heard circumference of -0.8 SD. From a general development standpoint, all
individuals displayed a global neurodevelopmental delay associated with an
intellectual disability (ID) in 16 individuals out of 20. Motor skills were mostly
preserved with mean age at walking independently of 18 months. Oppositely, first

words were delayed with mean of 18.5 months.

Figure 4. Front and lateral views of individuals with BCL11B-related
disorder. (A) Front view of 15 individuals with BCL11B-RD. Individuals #1, #2,
#3 and #4 are shown at two different age period. (B) Lateral view of 12 individuals
with BCL11B-RD.

Beyond the development of first words, communication could also be delayed as 6
individuals aged over 4 still do not use full sentences (i.e. single words or words
association). Besides early walking milestones, 4 individuals displayed additional
motor features including ataxic gait (n = 2) and pyramidal syndrome (n = 2).
Psychiatric comorbidity was also frequent, including anxiety (n = 8) and
auto/hetero-aggressive behaviour (n = 7). Autism spectrum disorder (ASD) was
detected in 5 of 20 individuals and 9 individuals displayed sleep disturbance. Brain

MRI was mostly normal when performed.
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Table 1. Clinical features of individuals with BCL11B-related disorder in

this series and comparison with the literature. ? The number of individuals is

detailed for every feature, and their frequencies/distributions were calculated

according to that number. ® Craniosynostosis included oxycephaly, scaphocephaly

and plagiocephaly. € Dental anomalies included tooth agenesis, dental malposition

and anterior overbite. 9 Anomaly of ear morphology included low-set ears and

protruding ears. € Abnormal brain MRI included cerebellar tonsillar ectopia,

vermian hypoplasia and delayed myelination. f Autoimmune disorder included

Hashimoto thyroiditis, Graves’ disease, idiopathic juvenile arthritis and crescentic

glomerulonephritis.

Clinical features?

General information

This series

Literature

Global

Growth parameters

Gender (males/females, n [%]) (N = 20 + 29) 11 (55)/9 (45) | 16 (55.2) /13 (44.8) | 27 (55.1)/22 (44.9)
Age at last examination (years, m[IQR]) (N = 20 + 29) 12 [2.3;44] 10 [1;39] 10.5 [1;44]

LoF molecular vanant, n(%) (N = 18 + 23) 16 (88.9) 14 (60.9) 30(73.2)

De novo molecular variant, n (%) (N = 18 + 23) 17 (94 4) 16 (69.6) 33 (80.5)
Heterozygosity, n (%) (N = 20 + 29) 20 (100) 29 (100) 49 (100)

Developmental features

Height at last examination (SD, m[IQR] (N = 20) -0.2 [-3;3.9] - -
Weight at last examination (SD, m[IQR] (N = 20) -0.2[-2;3.5] - -
Head circumference at last examination (SD, m[IQR] (N = 20) -0.8 [-3.6;3] - -

Psychiatric features

Failure to thrive, n (%) (N =20 + 9) 0(0) 1(11.1) 1(34)
Neurodevelopmental delay, n (%) (N =20 + 25) 20 (100) 25 (100) 55 (100)
Developmental regression, n (%) (N = 20 + 25) 1(5) 2(8) 3(54)
Age at walking independently (months, m[IQR]) (N = 20) 18 [12;30] - -

Age at first words (months, m[IQR]) (N = 14) 18.5[12;53] - -
Intellectual disability, n (%) (N = 20 + 25) 16 (80) 22 (88) 38 (69)
Ability to read, n (%) (N = 18) 9 (50) - -

Autism spectrum disorder, n (%) (N = 20 + 25) 5(25) 6 (24) 11(24.4)

Craniofacial features

Attention deficit hyperactivity disorder, n (%) (N = 20) 2(10) - -
Anxiety disorder, n (%) (N =20 + 13) 8 (40) 1(7.7) 9 (27.3)
Auto/heteroagressivity, n (%) (N = 20) 7 (35) - -

Craniosynostosis®, n (%), (N = 20 + 29) 4 (20) 6 (20.7) 10 (20.4)
Myopathic facial appearance, n (%) (N = 20 + 25) 3 (15) 9 (36) 12 (26.6)
Thin eyebrows, n (%) (N = 20 + 25) 13 (65) 14 (56) 27 (60)
High arched eyebrows, n (%) (N = 20 + 25) 6 (30) 3(12) 9 (20)
Small palpebral fissures, n (%) (N = 20 + 25) 7 (35) 12 (48) 19 (42.2)
Semi-lunar shape of eyelids when smiling, n (%) (N = 20) 6 (30) - -
Hypertelorism, n (%) (N = 20 + 25) 3(15) 11 (44) 14 (31.1)




Hands and feet features

Clinical features?® This series Literature Global
Broad nasal bridge, n (%) (N = 20 + 25) 4 (20) 3(12) 7 (15.5)
Bulbous nose tip, n (%) (N = 20 + 25) 10 (50) 14 (56) 24 (53.3)
Beaked nose, n (%) (N = 20) 8 (40) - -

Long columella, n (%) (N = 20) 8 (40) - -

Long philtrum, n (%) (N =20 + 25) 11 (55) 20 (80) 31(68.8)
Smooth philtrum, n (%) (N = 20) 12 (60) - -

Thin upper lip vermillion, n (%) (N = 20 + 25) 16 (80) 16 (64) 32(71.1)
Dental anomalies®, n (%) (N = 20 + 25) 5(25) 11 (44) 16 (35.6)
Anomaly of ear morphology®, n (%) (N = 20 + 25) 3 (15) 3(12) 6 (13.3)

Neurological features

Broad/large thumb, n (%) (N = 20) 1(9) - -
Laterally deviated thumb, n (%) (N = 20) 0(0) - -
Broad/large hallux, n (%) (N = 20) 1(9) - -
Laterally deviated hallux, n (%) (N = 20) 2(10) - -
Flexion deformity of finger, n (%) (N = 20) 3 (15) - -

Ophthalmological features

Seizures, n (%) (N =20 + 25) 0(0) 2(8) 2(4.4)
Pyramidal syndrome, n (%) (N = 20) 2(10) - -

Ataxic gait, n (%) (N = 20) 2 (10) - -

Sleep disturbance, n (%) (N = 20) 9 (45) - =
Abnormal brain MRI%, n (%) (N = 15 + 18) 3(20) 3(16.7) 6(18.2)

Immunological features

Myopia, n (%) (N = 20 + 20) 2(10) 2(10) 4 (10)
Hyperopia, n (%) (N = 20 + 20) 4 (20) 4 (20) 8 (20)
Astigmatism, n (%) (N = 20 + 20) 1(5) 2 (10) 3(7.5)
Strabismus, n (%) (N = 20 + 25) 4 (20) 1(4) 5(11.1)

Recurrent infections, n (%) (N =20 + 29) 10 (50) 9 (31) 19 (38.8)
Asthma, n (%) (N =20 + 29) 7 (35) 10 (34.5) 17 (34.7)
Autoimmune disorder’, n (%) (N =20 + 25) 3(15) 1(4) 4(8.9)

Craniofacial development was also affected as a craniosynostosis was found in 4
of 20 individuals. Most frequent facial features were thin upper lip vermillion, long
and smooth philtrum, thin eyebrows, bulbous nose tip, broad nasal bridge and long
columella (Figure 4). Refractive error and strabismus were observed in 7 and 4

individuals respectively.

From an immunological standpoint, a significant and commonly encountered
medical issue was recurrent non-severe infections, which were present in 10 of 20
individuals. Strikingly, autoimmune disorder was found in 3 individuals, including

Hashimoto thyroiditis, Graves’ disease and idiopathic juvenile arthritis in
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association with crescentic glomerulonephritis. Seven individuals further presented

allergic asthma.

Considering the crucial role of BCL11B in the production of T cell lineage, we
collected immunophenotyping data from 10 individuals with BCL11B-RD [1][38].
Haemoglobin, haematocrit, platelets and leukocytes counts were normal in all
individuals. Immune profiling of the T cell compartment was found abnormal for 4
individuals as they all displayed low levels of naive CD4* T cells and recent thymic
emigrants (RTE) in association with increased percentage of CD4* memory T cells
and effector-memory expressing CD45RA CD8* T cells (TEMRA) (Table 2).
Additional features were identified including moderate T cell lymphocytosis with
preserved CD4/CD8 ratio (n = 2), increased percentage of activated T cells (n =
2) and reduced levels of naive CD8* T cells (n = 3). Of note, T regulatory cells, NK
cells and serum immunoglobulins were normal in all 10 individuals (data not

shown).

Table 2. Immunophenotyping profiles of 4 individuals with BCL11B-
related disorder associated with abnormal T cell compartment. Values
above and below the normal range are marked in blue and orange respectively.

Normal ranges are expressed according to individual’s gender and age.

Cells Individual #2 Individual #4 Individual #14 Individual #15
T cells (cellsimm?) 3500 [1239-2611] | 1187 [954-2332] | 3200 [807-1844] | 1028 [807-1844]
T cells (%) 77 [63-78] 80 [63-80] 86 [64-85] 80 [64-85]
CD3*/CD4* (cells/mm?) 1702 [646-1515] | 584 [610-1446] 2280 [460-1232] | 466 [460-1232]
CD3*/CD4* (%) 38 [32-47] 40 [33-52] 62 [34-62] 36 [34-62]
CD3*/CD8"* (cells/mm?) 1273 [365-945] 461 [282-749] 1316 [187-844] 407 [187-844]
CD3*/CD8* (%) 30 [17-30] 30 [19-30] 36 [14-42] 33 [1442]
CD4/CD8 ratio 1.34[1-4.9] 1.27 [1-4.9] 1.73[1-4.9] 1.13[14.9]
CD3*/HLA-DR* (%) 8 [2-7] 5[2-9] 5[2-12] 26 [1-8]
CD4*/CD45RA*/CD31* [RTE CD4%] (%) 31 [43-55] 23 [43-55] 34 [43-55] 7 [20-28]
CD45RA*/CD4* [naive T CD4*] (%) 51[63-74] 12 [41-66] 13.5 [34.5-61] 20 [34.5-61]
CD45R0O*/CD4* [memory T CD4*] (%) 49 [22-37] 71[25-52] 57 [16-34] 78 [16-34]
CD25*/CD127-/CD4* [Treg] (%) 6 [4-10] 7[4-10] 4[4-10] 6 [4-10]
CD45RA*/CCRT7*/ CD8* [naive T CD8*] (%) 22 [52-68] 4 [62-68] 19.5 [52-68] 45 [29-57]
CD45RA*/CCR77/ CD8* [TEMRA CD8%] (%) 69 [16-28] 72 [16-28] 42 [16-28] 48 [11-26]
CD45RA/CCR7-/CD8* [TEM CD8"] (%) 7 [11-20] 24 [11-20] 17 [11-20] 7 [2041]
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Four pathogenic chromosomal microdeletions were detected by array CGH analysis
(Figure 5A). Fourteen heterozygous germline molecular variations, including 11
previously unreported pathogenic or likely pathogenic variants, were identified in
this series using targeted genes panel, exome or genome sequencing (Figure 5B).
Majority of genetic variations occurred de novo, with the exception of the
p.(Lys825*) variant inherited from a healthy mother with germline mosaicism
(Individual #20, Supplemental Table 1).
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Figure 5. BCL11B genotypic spectrum in this series. (A) Array CGH analysis
identified four heterozygous copy number variations responsible for complete or
partial deletion of BCL11B. Additional OMIM genes are shown in blue. (B)
Pathogenic and likely pathogenic single nucleotide variations in BCL11B
(NM_138576.4) were identified by next generation sequencing including 12 loss-
of-function (red) and 2 missense (blue) variants (GRCh37/hg19). Newly reported

variants are shown in bold.

B. Episignature discovery

Two episignatures were identified for BCL11B-RD, one with higher sensitivity

including samples with robust and milder methylation profiles (i.e. accurate
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episignature) and one with higher specificity, including only samples with robust

methylation profiles (i.e. subset specific episignature).

i Accurate episignature

The identification and validation of the episignature for BCL11B-RD involved the
use of 18 samples with pathogenic (n = 15) or likely pathogenic (n = 3) BCL11B
variants and 54 matched control individuals. A total of 200 probes were selected
as the identifying episignature for BCL11B-RD based on their ability to distinguish
between case samples and controls. The robustness of these selected probes in
differentiating case samples from controls was assessed using hierarchical
clustering and multidimensional scaling (MDS), as depicted in Figures 6A and 6B,
respectively. Furthermore, the reproducibility of the episignature was investigated
through 18 iterations of LOOCV, as shown in Supplemental Figure 3A. This process
involved excluding one BCL11B-RD sample at each iteration and using the
remaining samples for probe selection. The excluded sample was then tested to
observe if it clustered correctly with the remaining case samples, ensuring the
consistency and reliability of the episignature. It is worth noting that out of the 18
BCL11B-RD samples, 6 samples (Individuals #11-12-13-15-20-21) exhibited an
intermediate methylation pattern. These samples were excluded from the probe
selection process in the discovery of the next episignature, likely to obtain a more
specific episignature for BCL11B-RD. Based on the selected probe set, an SVM
classifier was constructed. The SVM was trained using the 18 BCL11B-RD samples,
matched controls, and 75% of other controls and EpiSign v3 classifier samples.
The remaining 25% of the samples were used for testing the model. The resulting

MVP scores were visualized in Figure 6C.

In Figure 6C, it can be observed that the majority of testing samples from the
EpiSign v3 classifier received MVP scores near 0, indicating low similarity to the
identified episignature for BCL11B-RD. This suggests that the model effectively
distinguishes BCL11B-RD samples from other disorders with known episignatures.
The model's specificity, calculated using a cohort of unresolved samples and a cut-
off MVP score of 0.25, was found to be 99.96%. This indicates that the model has
a high ability to correctly classify control samples and minimize false positive
results. Among the 6 samples with an intermediate methylation pattern on the

clustering plots, 5 of them also received lower MVP scores, as shown in Figure 6C.
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This suggests that the model's scores align with the methylation patterns observed

in these samples, providing additional support for its accuracy and reliability.
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Figure 6. Assessment of the robustness of the episignature with higher
sensitivity. (A) Hierarchical clustering was performed using the selected probes,
with rows and columns representing probes and samples, respectively. On the
heatmap pane, red and blue represent BCL11B-RD and matched control samples,
respectively. The colour scale illustrates methylation levels ranging from blue (O,
no methylation) to red (1, full methylation). (B) MDS was conducted, with red and
blue circles representing BCL11B-RD and control samples, respectively. Both the
heatmap and the MDS plots indicate a clear separation between the case and
control groups, confirming the robustness of the selected probe set. (C) The MVP
scores generated by the classification model were visualized, with blue and grey
circles representing the training and testing samples, respectively. The orange
circle represents individual #8 which received an MVP score of 0.93. One GADEVS
sample also received an MVP score close to 1. Among the BCL11B-RD training
samples, majority of samples with an intermediate LOOCV methylation pattern (5
out of 6) also received a lower MVP score, indicated by a circular boundary around

them. All MVP scores are fully described in Supplemental Table 1.
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ii. Subset specific episighature

After removing the 6 samples that did not cluster completely with BCL11B-RD
cases in the previous analysis, probe selection was performed using the remaining
12 BCL11B-RD samples and 60 matched control individuals. The robustness and
reproducibility of the 130 identified probes were confirmed through hierarchical

clustering, MDS, and 12 iterations of LOOCV, as shown in Figures 7A and 7B.
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Figure 7. Assessment of the robustness of the episignature with higher
specificity. (A-B) Hierarchical clustering and MDS were performed, with case and
control samples represented by red and blue, respectively. Both plots demonstrate
separate clusters for the case and control samples, thus verifying the robustness
of the episignature. (C) MVP scores measured using the SVM classifier were
plotted, with blue, grey, and orange circles representing the training and testing
samples, as well as individual #8, respectively. Individual #8 and the GADEVS
subject received MVP scores of 0.25 and 0.38. The group labelled as "BCL11B-RD
test" represents the 6 samples with an intermediate methylation pattern in the
higher sensitivity episignature. All MVP scores are fully described in Supplemental
Table 1.
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Furthermore, an SVM classifier was constructed using the selected probes set. The
SVM was trained using the 12 BCL11B-RD samples, matched controls, and 75% of
control and other syndromes individuals, with the remaining 25% used for testing
the classifier. The performance of the classifier was assessed on the BCL11B-RD
samples that were not used for probe selection and model construction, including
samples with BCL11B VUS (Figure 7C, Supplemental Table 1).

The full specificity (100%) of the model suggests that it correctly classifies the
control samples and samples from other rare genetic disorders without producing

false positives.

C. Functional genomic assessment and methylome overlap

Using the criteria described in the Materials and Methods section, we identified
3983 DMPs between 18 BCL11B-RD samples and 54 matched control samples. We
compared these DMPs to those found in other disorders classified by the EpiSign
v3 classifier, examining the degree of overlap and visualizing similarities in
methylation levels in Supplemental Figures 4A and 4B. Additionally, in
Supplemental Figure 4C, we demonstrated the global hyper/hypomethylation
pattern across all cohorts, including the BCL11B-RD cohort, by calculating the
average mean methylation differences between the case and control groups for all
DMPs within each cohort. Notably, BCL11B-RD exhibited an overall hyper-
methylated profile. We also annotated the genomic locations of the DMPs in

relation to CpG islands and genes (Supplemental Figure 5).

VI. Discussion
A. Clinico-biological description

The majority of clinical manifestations exhibited a congruent distribution between
this series and existing literature (Table 1). It is also pertinent to note that no
discernible phenotypic differences were discerned between individuals harbouring

large deletion of encompassing BCL11B and those with BCL11B molecular variant.

Growth parameters generally fell within the lower bounds of the normal range,
while  psychomotor development was delayed for all individuals.

Neurodevelopmental disorder, notably intellectual disability (ID) and autism
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spectrum disorder (ASD), manifested in 69% and 24.4% of individuals
respectively, upon amalgamation of data from this series and literature.
Consequently, individuals carrying a pathogenic BCL11B variant necessitate
focused attention with regard to early developmental milestones, ideally with the
involvement of physiotherapists, psychometricians and speech-language

pathologists, when deemed necessary.

Anxiety disorders, sleep disturbance, as well as auto/hetero-aggressive
behaviours, were seldom documented in this existing literature but exhibited a
higher frequency within our series. These interconnected comorbidities often form
a self-perpetuating cycle, warranting in-depth investigation through

supplementary studies to identify optimal therapeutic strategies.

Refractive errors were also prevalent in this series, implying that meticulous
ophthalmological evaluation with regular assessments is crucial for individuals with
BCL11B-RD.

Within this series, only one individual with craniosynostosis displayed a missense
variant (p.(Ser753Cys)), whereas three other individuals carried loss-of-function
variant, including two frameshift variations (p.(649Alafs*67); p.(Gly656Alafs*67))
and a single chromosomal microdeletion. Hence, it appears that no substantiated
genotype-genotype correlation exists between missense variants in BCL11B and
the occurrence of craniosynostosis. This leads us to suggest consistent monitoring
of craniofacial development, including routine head circumference assessments

and the consideration of low-dose CT scans in cases of abnormal skull morphology.

Two novel facial features were identified in our investigation: a beaked nose and
semi-lunar eyelid shape upon smiling, present in approximately 40% and 30% of
individuals from this series, respectively. Together, these morphological features
could inadvertently lead to a misdiagnosis of Rubinstein-Taybi syndrome (RTS).
This phenotypic overlap is further corroborated by the misclassification of 4
individuals from this series as RTS by the Face2Gene machine learning software,
displaying a high-confidence index (Supplemental Figure 2). Nevertheless, it is
important to highlight that significant morphological features of RTS, such as a
broad and laterally deviated thumb/hallux, are conspicuously absent in BCL11B-
RD, as confirmed by the pooled data from this series and existing literature.

Therefore, this study underscores BCL11B-RD as a differential clinical diagnosis of
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RTS, emphasizing the importance of meticulous assessment of hands and feet
morphology to discriminate these two distinct genetic conditions. From a broader
standpoint, it is reiterated that facial recognition software underpinned by artificial
intelligence should be employed with caution, ideally by clinicians well-versed in

dysmorphology.

Although recent research has indicated BCL11B's role in preventing autoimmunity
by promoting the Treg cell program, instances of autoimmune manifestations in
this context of BCL11B-RD are sparsely documented within available literature
[20][39]. In this study, 3 novel individuals were documented wherein autoimmune
disorders including Hashimoto’s thyroiditis, Grave’s disease, and idiopathic juvenile
arthritis associated with crescentic glomerulonephritis, were observed. This
outlines the importance of systematically exploring autoimmune symptoms at the

time of diagnosis and instituting rigorous monitoring during individual follow-up.

Notably, the immunophenotyping profile of 4 out of 10 individuals displayed
abnormalities, characterized by diminished levels of naive CD4* T cells and RTE
associated with increased percentage of TEMRA. These findings align with recent
research and underscore the pivotal role of BCL11B in regulating the T cell lineage
[1][36][40-41]. Hence, we posit that immunophenotyping of peripheral blood
lymphocytes serve as a valuable diagnostic tool for BCL11B-RD. This tool can be
employed either prior to molecular testing in individuals with suggestive
morphological features of BCL11B-RD or as part of a reverse phenotyping approach
when interpretating BCL11B variants identified through pangenomic analyses.

B. Epigenetic signature

DNA methylation episignatures are being utilized as stable and dependable
biomarkers for diagnosing rare genetic disorders in clinical labs [19]. For BCL11B-
RD, 2 distinct episignatures have been identified, each specifically designed to

prioritize a different aspect of diagnostic performance.

The first episignature was developed to maximize sensitivity, ensuring a high rate
of correctly identifying samples with pathogenic or likely pathogenic variants in
BCL11B. On the other hand, the second episignature was designed to prioritize
specificity, aiming to minimize false positive results. This episignature focused on

selecting probes that exhibited high specificity in distinguishing BCL11B-RD cases
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from controls, while reducing the inclusion of samples with an intermediate pattern

or overlapping characteristics with other disorders.

By having 2 episignatures with distinct emphasis on sensitivity and specificity,
researchers can apply the appropriate episignature based on the specific diagnostic

needs and goals of a given scenario.

In our study, we initially detected an episignature for a cohort consisting of 18
individuals with pathogenic or likely pathogenic BCL11B variants. Using this
episignature, we constructed a highly sensitive and specific classifier with a

remarkable specificity of 99.96%.

Further analysis was conducted on a cohort of unresolved samples from our
database, and Individual #8 received an MVP score of 0.93. Through
comprehensive investigation, including the creation of hierarchical clustering and
MDS plots, this individual was classified as positive for the BCL11B-RD
episignature. Subsequent communication with the corresponding physician, who
submitted the sample previously for EpiSign analysis and had been stored in the
EpiSign Knowledge Database, confirmed that this individual indeed carries a
BCL11B pathogenic variant, further highlighting the robustness of BCL11B-RD

episignature.

Another intriguing case in our database received an MVP score close to 1, indicating
a strong association with the episignature (Figure 6C). This sample was identified
as a Gabriele-de Vries syndrome (GADEVS, MIM 617557) sample and exhibited an
18 megabase deletion at 14g32.2 locus overlapping with both YY1 and BCL11B.

To assess the reproducibility of the episignature, we performed LOOCV. Among the
tested samples, 6 displayed an intermediate methylation pattern (Individuals #11-
12-13-15-20-21, Supplemental Figure 3A, Supplemental Table 1). Interestingly, 5
of these samples also received lower MVP scores. These samples are marked with
a circular boundary in Figure 6C. After excluding the 6 samples with an
intermediate methylation pattern from the episignature discovery cohort, we
constructed a classifier with full specificity. It is worth noting that individual #8
and the GADEVS individual obtained MVP scores of 0.25 and 0.38, respectively,
indicating a slightly lower sensitivity compared to the previous model. However,
despite this slight decrease in sensitivity, the classifier still correctly classified these

individuals.
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Newly discovered BCL11B-RD episignature was finally challenged by analyzing the
7 subjects with neurodevelopmental delay and VUS in BCL11B (VUS #1-7, Figure
6C, Figure 7C). VUS #6 individual carrying de novo methionine-1 variant shown
an intermediate pattern with MVP scores of 0.63 of 0.07. However, methylation
profiles of VUS #1-5 individuals sharing the familial p.(Glu203Serfs*15) variant
did not match any BCL11B-RD episignatures. This mismatch could result from an
alternative co-segregating variant within a non-OMIM morbid gene, capable of
contributing to the familial phenotype or exerting an influence on the episignature
signal. Similarly, VUS #7 individual with ID and p.(Pro725His) variant obtained
MVP scores of 0. Although occurred de novo, this missense variant is not localized
in a functional domain of BCL11B and further considered as “uncertain” by in silico
prediction scores (Revel: 0.48; MetalLR: 0.1). Thus, the diagnosis of BCL11B-RD

can reasonably be excluded for this individual.

In conclusion, the detection of sensitive and specific DNA methylation signatures
for BCL11B-RD facilitates a more accurate diagnosis of individuals with clinical
features evocative of BCL11B-RD and VUS in BCL11B. Moreover, functional
genomic assessment provides further insights into pathophysiology of BCL11B-RD
and potential molecular pathways shared between BCL11B-RD and other genetic

disorders.
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VIII. Supplemental

A. Supplemental figures

RECRUITMENT Individuals
with BCL11B variant
n=27
DATA Unprovided SAMPLES
COLLECTION I DNAsample COLLECTION
n=3
Individuals Individuals
with BCL11B VUS with BCL11B VUS
n=7 n=7

Individual with previously
—— > performed episignature (unsolved)
n=1

Previously reported
[«— (but unanalyzed) individuals

n=2
ANALYSIS :
] Y
Individuals i Individuals
with BCL11B P/LP variant : with BCL11B P/LP variant
n=20 : n=18
1

Supplemental Figure 1. Flow chart diagram of the study. Twenty-seven
unreported individuals with BCL11B variant and neurodevelopmental delay were
initially recruited. To ensure accurate clinico-biological refinement of BCL11D-RD,
7 individuals were excluded from the clinical and molecular analysis as their variant
were classified as VUS (VUS #1-7). On the other hand, the epigenetic discovery
was based on DNA methylation analysis of 18 samples from individuals with
pathogenic or likely pathogenic BCL11B variant: DNA sample was unprovided for
3 individuals (Individual #5-9-10); 7 individuals with BCL11B VUS were excluded
(VUS#1-7); and 1 individual had previously performed DNA methylation profile
and was part of the unresolved cohort (Individual #8). Two additional samples,
extracted from previously reported individuals with pathogenic variant in BCL11B
(Individual #21-22), were included in DNA methylation analysis [25].
Abbreviations: VUS (variant of uncertain significance), P (pathogenic), LP (likely

pathogenic).
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Rubinstein-Taybl Syndrome, RSTS Rubinstein-Taybi Syndrome. RSTS

Rubinstein-Taybi Syndrome, RSTS

Supplemental Figure 2. Facial features analysis of 4 individuals with
BCL11B-related disorder (BCL11B-RD) using Face2Gene software. (A)
Composite gelstat for BCL11B-RD. (B) Rubinstein-Taybi syndrome as the top-

ranking suggested diagnosis for 4 individuals.
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Supplemental Figure 3. LOOCV for both episignatures. (A) LOOCV for the
more sensitive episighature was performed. In 12 out of 18 iterations, the sample
that was left out from probe selection (depicted as a black circle) clustered with
the remaining BCL11B-RD samples (represented by red circles), separate from the
control samples (shown as blue circles). Additionally, in 6 rounds, the testing
sample clustered between the case and control groups, indicating that those
samples exhibit an intermediate methylation pattern. (B) LOOCV for the more
specific episignature was conducted. In all iterations, the left-out sample clustered

with the BCL11B-RD samples used for probe selection.
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Supplemental Figure 4. Comparison of the methylation pattern of BCL11B-
RD and EpiSign v3 classifier disorders. (A) The color scale, ranging from white
to red, represents the percentage of DMPs shared between each pair of disorders,
ranging from 0% to 100%. Each entry demonstrates the percentage of DMPs
present in the syndrome below that are also present in the DMPs of the syndrome
to the right. (B) A tree-and-leaf diagram was created to demonstrate the degree
of similarity in methylation levels between different disorders. Each node
represents a cohort, with the node size being proportional to the number of DMPs
in the corresponding cohort divided by the total number of probes. The color of a
node illustrates the global mean methylation difference between the case and
control groups for that particular cohort. Cohorts located closer to each other on
the tree indicate a higher similarity in their methylation levels. (C) An overall

hypermethylation pattern was observed in the BCL11B-RD cohort.

68



B 1siand
B shore
B shet
W inter_CGI

WHS
ICF2_3_4

Chri6p11.2del

B Promoter
B Promoters
B cos

B intergenic

35 B EPBE P RERG 8 RE N0 282 0B 328828328380
i g §§§&§<%°§~gﬁiiiggsjéésgai§3§9§§§§§3§§§§§§§g
8 3 8

Supplemental Figure 5. Annotation of differentially methylated probes
(DMPs). The "probes" column represents the "default" distribution of all probes
that remain after the initial probe-filtering process. (A) Annotation in the context
of CpG islands included the following regions: CpG islands, shores (within 2 kb of
a CpG island boundary), shelves (within 2-4 kb of a CpG island boundary), and
inter_CGI regions (elsewhere on the genome). The distribution of DMPs was as
follows: shores (40%), inter_CGI regions (27%), shelf regions (7%), and islands
(6%). (B) The DMPs were annotated with respect to genes based on the following
regions: promoter (within 1 kb upstream of the transcription start site) and
promoter+ (1-5 kb upstream of the transcription start site), coding sequence
(CDS), and intergenic regions (other genomic regions). The majority of the DMPs
were found in promoter and CDS regions.
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B. Supplemental tables

Supplemental Table 1. DNA samples annotation, molecular findings and

detailed methylation variant pathogenicity (MVP) scores.

Individual | DNA sample Variant ACMG class | MVP score 1 | MVP score 2 | Reported individual?
#1 MS10504 p.(Val651Glyfs*68) 5 0.99 0.94 No
#2 MS10499 p.(Gly630Thrfs*91) 5 1 0.99 No
#3 | Ms10508 p.(Gly656Alafs*67) 5 1 1 No
#4 MS10498 p.(Gly630Thrfs*91) 5 1 0.99 No
#5 No sample p.(Met873Glufs*11) 5 No
#6 MS10509 p.(Gly649Alafs*67) 5 1 0.99 No
#7 MS10510 p.(Cys826Arg) 5 0.97 0.95 No
#8 | MS07238 p.(Ser753Cys) 5 093 0.25 No
19 No sample p.(Ser220Alafs*61) 5 No
#10 No sample 14q32.2 deletion 4 No
#11 | MS10502 p.(Gly501Argfs*16) 5 0.86 0.01 No
#12 MS10503 p-(Arg262Trpfs*7) 5 0.86 0.23 No
#13 MS10507 p.(Thr406Asnfs*112) |5 0.97 0.53 No
| #14 MS10506 p.(GIn228%) 5 0.86 0.94 No
#15 MS10500 14q32.2 deletion 5 0.86 0.08 No
#16 | MS13162 14q32 2 deletion 4 0.94 0.94 No
#17 MS10505 p.(Asn884Thrfs*112) |5 1 0.99 No
#18 MS13170 14q32.2 deletion 4 1 0.95 No
#19 | Ms13169 p.(Gly649Alafs*67) 5 1 0.99 No
#20 MS13160 p.(Lys825%) 4 0.85 0.05 No
#21 MS12648 p-(Asn807Lys) 5 0.86 0 Yes [25]
MS13074 p.(Gly649Alafs*67) 5 0.99 0.98 Yes [25]
MS13164 p.(Glu203Serfs*15) 3 0.1 0.01 No
MS13166 p.(Glu203Serfs*15) 3 0.02 0.02 No
| MS13165 p.(Glu203Serfs*15) 3 0.05 0 No
‘ MS13163 p.(Glu203Serfs*15) 3 0 0 No
| MS13167 p.(Glu203Serfs*15) 3 0 0.03 No
| MS13161 p.(Met1?) 3 0.63 0.07 No
| MS13168 p.(Pro725His) 3 0 0 No
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MALADIES RARES :
LE CHALLENGE DE L'INNOVATION DIAGNOSTIQUE

Les maladies rares sont définies par une prévalence inférieure a 1/2000 et
concernent 5% de la population générale dans le monde occidental, soit plus de
3.000.000 de personnes sur le territoire francais!® et 290.000 dans la région
Occitanie?®. Huit-mille maladies rares ont été identifiées a ce jour, avec une

origine génétique établie pour plus de 80% d’entre elles?!.

Suite a la loi n°2004-806 du 9 aolt 2004 établissant les maladies rares comme
I'une des 5 priorités de la politique de santé publique, la France fut le premier pays
européen a se doter d’'un Plan National Maladies Rares (PNMR)?2. Des lors, 3
PNMR se succédéerent avec comme objectifs 'amélioration de I'accés au diagnostic,
I'optimisation du parcours de soins proposé aux patients et la promotion de la
recherche dans le domaine des maladies rares?32425, Furent ainsi labellisées 23
filieres de santé maladies rares (FSMR)?%, régissant a I'heure actuelle 603
centres de référence (CRMR)?’ et 1723 centres de compétence (CCMR)?’
maladies rares sur l'ensemble du territoire frangais, ainsi que 19 plateformes
d’expertise maladies rares (PEMR)?? afin de renforcer |'articulation inter-filiere
au sein des établissements universitaires siéges de plusieurs centres labellisés.
Une banque nationale de données maladies rares (BNMDR)?* fut également
créée afin de centraliser les données de santé des patients atteints d’'une maladie

rare.

Cependant, malgré I'avénement du séquencage nouvelle génération (NGS) et des
examens pangénomiques (i.e. séquencgage de I'exome et du génome), le diagnostic
génétique des maladies rares demeure un véritable challenge. En effet, les patients
atteints d’une maladie rare, ainsi que leur famille, sont le plus souvent confrontés

a une période d’errance diagnostique avec un délai moyen d’un an et demi

19 Ministére de la Santé et de la Prévention. Les Maladies Rares. Mise a jour le 28/07/2023. https://sante.gouv.fr/soins-et-maladies/prises-en-
charge-specialisees/maladies-rares/article/les-maladies-rares

20 Maladies Rares Occitanie. Qu’est-ce qu’une maladie rare ? 2022. https://www.maladies-rares-occitanie.fr/toutes-les-questions-que-vous-vous-
posez-sur-la-maladie-rare/

21 European Commission. Rare diseases. Updated on 2023.09.13. https://health.ec.europa.eu/non-communicable-diseases/expert-group-public-
health/rare-diseases en#:~:text=Up%20t0%2036%20mill on%?20people,70%25%20already%20start%?20in%20childhood

22 | égifrance. Loi n°2004-804 du 9 ao(t 2004 relative a la pol t que de santé publique (1).

https://www.legifrance.gouv.fr/loda/ d/JORFTEXT000000787078,

23 Ministére de la Santé et de la Prévention. Plan National Maladies Rares 2005-2008.

https://sante.gouv.fr/IMG/pdf/plan national maladies rares 2005-2008.pdf

24 Ministére de la Santé et de la Prévention. Plan National Maladies Rares 2011-2014.

https://sante.gouv.fr/IMG/pdf/plan_national maladies rares 2011-2014.pdf

25 Ministére de la Santé et de la Prévention. Plan National Maladies Rares 2018-2022. https://sante.gouv.fr/IMG/pdf/pnmr 3 v25-09pdf.pdf

26 Filieres de Santé Maladies Rares. « Et si c’était une maladie rare ? ». https://www.filieresmaladiesrares.fr,

27 Anne-Sophie Lapointe et Héléne Berrué-Gaillard. En route vers un 4¢™e Plan Nat onal Maladies Rares. 9¢™¢ congrés de la Société Francaise de
Médecine Prédictive et Personnalisée (SFMPP). 22/09/2023.
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entre I'apparition des premiers symptomes et le diagnostic de la maladie. Ce délai
s’étend méme au-dela de quatre ans pour un quart des patients??, dont 45%
recevront au moins diagnostic erroné durant leur parcours de soins?®. Les
premiers signes cliniques apparaissent le plus souvent a I'age pédiatrique, avec
50% de patients agés de moins de 2 ans et 75% ayant moins de 12 ans,
nécessitant ainsi I'existence de stratégies diagnostiques précoces afin
d’accompagner I'enfant au plus tot dans son développement et prévenir toute perte

de chance.

Aussi, au de-la de la recherche de microréarrangements chromosomiques par
ACPA et des techniques de séquencage pangénomique (i.e. exome ou génome),
nombreuses sont les innovations technologiques ayant récemment vu le jour dans
le but d’améliorer et de faciliter le diagnostic génétique des maladies rares a I'ére

de la Médecine Personnalisée de demain?® (Figure B).

Le séquencage long reads (SLR) représente sans doute I'une des avancées
technologiques les plus prometteuses pour le diagnostic des maladies génétiques.
Cette nouvelle technologie repose sur le séquencage et I'alignement sur le génome
de référence de fragments d’ADN de grande taille, le plus souvent situés entre 10
et 60 kilobases (kb), Ia ou le NGS ne peut séquencer que des fragments de 100 a
300 paires de bases (pb)3°. Le SLR présente ainsi de nombreux avantages face au
NGS tels qu’une meilleure détection des variations de structure équilibrées (SVs)
et des microduplications segmentaires avec la caractérisation de leurs points de
cassure respectifs, une meilleure analyse des régions riches en GC étant le plus
souvent difficiles d'étude en NGS, I'étude par haplotype permettant le phasage des
variants identifiés (i.e. variants en cis ou en trans), et l'identification des marques
de méthylation de I’ADN, au premier rang desquels la 5-methylcytosine3!32, Le SLR
est d’ores et déja a I'’étude dans plusieurs pays anglo-saxons avec comme objectif,
a terme, le remplacement progressif du NGS en faveur de cette nouvelle

technologie de séquencage de 3°™¢ génération33.

28 Molster, C., Urwin, D., Di Pietro, L. et al. Survey of healthcare experiences of Australian adults living with rare diseases. Orphanet J Rare Dis 11, 30
(2016).

29 Marwaha S, Knowles JW, Ashley EA. A guide for the diagnosis of rare and undiagnosed disease: beyond the exome. Genome Med. 2022 Feb
28;14(1):23.

30 Logsdon, G.A., Vollger, M.R. & Eichler, E.E. Long-read human genome sequencing and its applications. Nat Rev Genet 21, 597-614 (2020).

31 Sedlazeck FJ, Lee H, Darby CA, Schatz MC. Piercing the dark matter: bioinformatics of long-range sequencing and mapping. Nat Rev Genet. 2018
Jun;19(6):329-346.

32 Mantere T, Kersten S, Hoischen A. Long-Read Sequencing Emerging in Medical Genetics. Front Genet. 2019 May 7;10:426. doi:
10.3389/fgene.2019.00426.

33 Gorzynski JE, Goenka SD, Shafin K, Jensen TD, Fisk DG, Grove ME, Spiteri E, Pesout T, Monlong J, Ba d G, Bernstein JA, Ceresnak S, Chang PC,
Christle JW, Chubb H, Dalton KP, Dunn K, Garalde DR, Guillory J, Knowles JW, Kolesnikov A, Ma M, Moscarello T, Nattestad M, Perez M, Ruzhnikov
MRZ, Samadi M, Setia A, Wright C, Wusthoff CJ, X ong K, Zhu T, Jain M, Sedlazeck FJ, Carroll A, Paten B, Ashley EA. Ultrarapid Nanopore Genome
Sequencing in a Critical Care Setting. N Engl J Med. 2022 Feb 17;386(7):700-702.
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Figure B. Technologies innovantes pour le diagnostic génétique des

maladies rares. Figure adaptée de [Marwaha et al., Genome Medicine, 2022].
Abréviations : LC-MS/MS (chromatographie en phase liquide-spectrométrie de
masse), GC-MS (chromatographie en phase gazeuse-spectrométrie de masse), Bi-

seq (bisulfite sequencing), EM-seq (enzymatic methyl sequencing).

La cartographie optique (CO) représente quant a elle une avancée technologique
majeure pour le monde de la génétique chromosomique. Cet examen, basé sur le
traitement par enzymes de restriction de molécules d’ADN étirées et fixées sur un
appareil microfluidique, permet I‘obtention d’une carte de restriction
pangénomique (whole genome map) de l'individu analysé. La CO permet I'analyse
des variations de structures chromosomiques jusqu’a une résolution théorique de
500 pb, avec d'un co6té une étude quantitative et la détection des variations du
nombre de copies (CNVs) et de l'autre une analyse qualitative et l'identification
des SVs34, Cette nouvelle technologie « 2 en 1 », déja utilisée en routine clinique
pour I’étude des remaniements chromosomiques complexes et des phénomeénes
de chromoanagenesis (i.e. chromothripsis, chromoanasynthesis et chromoplexy)3>
s’‘appréte ainsi a occuper une place croissante dans les laboratoires de

cytogénomique, aussi bien constitutionnels que somatiques.

34 Bocklandt S, Hastie A, Cao H. Bionano Genome Mapping: High-Throughput, Ultra-Long Molecule Genome Analysis System for Precision Genome
Assembly and Haploid-Resolved Structural Variation Discovery. Adv Exp Med Biol. 2019;1129:97-118.

35 pellestor F, Gaillard JB, Schneider A, Puechberty J, Gatinois V. Chromoanagenesis, the mechanisms of a genomic chaos. Semin Cell Dev Biol. 2022
Mar;123:90-99.
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Le génome humain est composé d’environ 20.000 genes dont uniguement 25%
ayant une fonction connue a I'heure actuelle®. L’amélioration du diagnostic
génétique des maladies rares passera ainsi par une meilleure compréhension de
ces 15.000 genes dont le réle demeure encore inconnu a ce jour, tout en optimisant
I’étude de I'impact fonctionnel des variations de séquence identifiées. Pour cela,
I'analyse multiomique, déja utilisée dans le monde de la recherche, apparait
comme une technologie d’avenir pour le patient. Cette technique d’analyse
intégrée, associant a I'analyse du génome celle du transcriptome, du protéome
et du métabolome permet |'’étude des conséquences fonctionnelles d’une
variation d’intérét tout en apportant des précieuses informations quant aux
mécanismes moléculaires sous-jacents de la maladie génétique étudiée®.
L'analyse multiomique, en s’associant a des études fonctionnelles
complémentaires in vitro et in vivo, jouera ainsi un réle prépondérant dans la
Médecine de Précision de demain notamment pour la reclassification des variations
de signification incertaine (VSI) ainsi que l'interprétation et la priorisation des
variations non codantes situées au niveau des sites d’épissage et des régions
régulatrices. A l'instar de I'article original de cette these, I'analyse du méthylome
a la recherche d’une signature épigénétique spécifique d’'une maladie génétique
d'intérét représente également une stratégie diagnostique innovante pour les
patients porteurs d’'une variation pathogene dans un géne impliqué dans la
dynamique chromatinienne3®. A I'heure actuelle, une cinquantaine de maladies
génétiques sont d'ores et déja associées a une épisignature pouvant étre utilisée
en pratique courante pour la reclassification des VSI ou le diagnostic de la
pathologie chez un patient dont les explorations génétiques se sont avérées non
contributives3. Aussi, I'implémentation du méthylome comme partie intégrante de
I'analyse multiomique constituerait une source d’informations complémentaires
pour |'étude des mécanismes impliqués dans les maladies rares encore non

élucidés.

36 Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV, Mikheenko A, Vollger MR, Altemose N, Uralsky L, Gershman A, Aganezov S, Hoyt SJ, Diekhans
M, Logsdon GA, Alonge M, Antonarakis SE, Borchers M, Bouffard GG, Brooks SY, Caldas GV, Chen NC, Cheng H, Chin CS, Chow W, de Lima LG,
Dishuck PC, Durbin R, Dvorkina T, Fiddes IT, Formenti G, Fulton RS [...] Sims Y, Sm t AFA, Soto DC, Sov ¢ I, Storer JM, Streets A, Sullivan BA,
Thibaud-Nissen F, Torrance ], Wagner ], Walenz BP, Wenger A, Wood JMD, Xiao C, Yan SM, Young AC, Zarate S, Surti U, McCoy RC, Dennis MY,
Alexandrov IA, Gerton JL, O'Neill R, Timp W, Zook JM, Schatz MC, Eichler EE, Miga KH, Phillippy AM. The complete sequence of a human genome.
Science. 2022 Apr;376(6588):44-53.

37 Dar MA, Arafah A, Bhat KA, Khan A, Khan MS, Ali A, Ahmad SM, Rashid SM, Rehman MU. Multiomics technologies: role in disease biomarker
discoveries and therapeut cs. Brief Funct Genomics. 2023 Apr 13;22(2):76-96.

38 Aref-Eshghi E, Kerkhof ], Pedro VP, France GD, Barat-Houari M, Ruiz-Pallares N, Andrau JC, Lacombe D, Van-Gils ], Fergelot P, Dubourg C, Cormier-
Daire V, Rondeau S, Lecoquierre F, Saugier-Veber P, N colas G, Lesca G, Chatron N, Sanlaville D [...] Balci TB, Siu VM, Stuart A, Kadour M, Masters J,
Takano K, Kleefstra T, de Leeuw N, Field M, Shaw M, Gecz J, Ainsworth PJ, Lin H, Rodenhiser DI, Friez MJ], Tedder M, Lee JA, DuPont BR, Stevenson
RE, Skinner SA, Schwartz CE, Genevieve D, Sadikov c B. Evaluation of DNA Methylation Episignatures for Diagnosis and Phenotype Correlations in 42
Mendelian Neurodevelopmental Disorders. Am J Hum Genet. 2021 Jun 3;108(6):1161-1163.

39 Sadikov ¢ B, Levy MA, Kerkhof J, Aref-Eshghi E, Schenkel L, Stuart A, McConkey H, Henneman P [...] Louie RJ, Lee JA, Tedder ML, Alders M. Clin cal
epigenomics: genome-wide DNA methylation analysis for the diagnosis of Mendelian disorders. Genet Med. 2021 Jun;23(6):1065-1074.
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L'approche computationnelle in silico constitue la derniere clef du diagnostic
des maladies génétiques de demain. En effet, a I'heure de l'accélération des
connaissances dans le domaine des maladies rares, des relectures
bioinformatiques périodiques des données de séquencage issues d’examens
pangénomiques initialement non contributifs apparaissent comme essentielles.
Ainsi, différents algorithmes bioinformatiques standardisés furent développés pour
la réinterprétation des données de séquencage pangénomiques a la lumiéere des
nouvelles connaissances de la littérature. A titre d’exemple, le pipeline de
réinterprétation Genome Alert! permis un sauvetage diagnostique dans 356
exomes initialement non contributifs sur les 4929 réanalysés, soit plus de 7% de
nouveaux diagnostics*®. A I'ére du Big Data et de la multiplication des bases
données, le recours a l'intelligence artificielle (IA) et au machine learning
s‘averera également incontournable pour I|'extraction, la synthése et
I'interprétation des données utiles au diagnostic génétique des maladies rares*:.
Enfin, l'optimisation des pipelines bioinformatiques dédiés a l'alignement des
séguences sur le génome de référence constituera un véritable défi. Différentes
technologies novatrices sont actuellement développées dans ce domaine au
premier rang desquelles le pangenome-based genome inference®’.
Contrairement aux pipelines conventionnels, cet algorithme bioinformatique
repose sur l'identification des variants de séquence (variant calling) en amont de
leur alignement sur le génome de référence*’. Cette technologie, basée sur le
principe d’inférence, permet ainsi un meilleur alignement des séquences
nucléotides dans les régions polymorphiques et riches en GC, réduisant alors

drastiquement le risque de biais d’alignement*2.

En conclusion, le diagnostic génétique des maladies rares représente un véritable
challenge pour la communauté médicale et scientifique. A I'avenir, 'optimisation
de celui-ci passera par |'association de ces différentes techniques complémentaires
décrites comme innovantes aujourd’hui, mais dont I'utilisation généralisée dans le
monde de demain les feront alors tomber en désuétude au profit de nouvelles

technologies novatrices dépassant les limites de notre imagination actuelle.

40 Yauy K, Lecoquierre F, Baert-Desurmont S, Trost D, Boughalem A, Luscan A, Costa JM, Geromel V, Raymond L, Richard P, Coutant S, Broutin M,
Lanos R, Fort Q, Cackowski S, Testard Q, Diallo A, Soirat N, Holder JM, Duforet-Frebourg N, Bouge AL, Beaumeunier S, Bertrand D, Audoux J,
Genevieve D, Mesnard L, Nicolas G, Thevenon J, Philippe N. Genome Alert!: A standardized procedure for genomic variant reinterpretation and
automated gene-phenotype reassessment in clinical routine. Genet Med. 2022 Jun;24(6):1316-1327.

41 Banerjee J, Taroni JN, Allaway RJ, Prasad DV, Guinney J, Greene C. Machine learning in rare disease. Nat Methods. 2023 Jun;20(6):803-814.

42 Ebler ], Ebert P, Clarke WE, Rausch T, Audano PA, Houwaart T, Mao Y, Korbel JO, Eichler EE, Zody MC, Dilthey AT, Marschall T. Pangenome-based
genome inference allows efficient and accurate genotyping across a wide spectrum of variant classes. Nat Genet. 2022 Apr;54(4):518-525.
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DESCRIPTION CLINICO-BIOLOGIQUE DE LA MALADIE LIEE AU GENE
BCL11B ET IDENTIFICATION D'UNE SIGNATURE EPIGENETIQUE

RESUME

Rationnel : La maladie liée au géne BCL11B (MIM 618092) est caractérisée par
un trouble du neurodéveloppement syndromique associant un décalage des
acquisitions, des variations morphologiques mineures et un déficit immunitaire. A
ce jour, 29 patients ont été rapportés dans la littérature. Cette étude repose sur
une description clinico-biologique de 20 nouveaux individus porteurs d’‘une
variation pathogéne du gene BCL11B, ainsi que sur l'analyse pangénomique de

leur profil de méthylation.

Méthodes : Les données cliniques, immunitaires et moléculaires des 20 patients
porteurs d’une variation pathogene du géne BCL11B ont été récoltées a partir
d’une collaboration internationale, via un questionnaire standardisé, et comparées
aux données de la littérature. L'analyse du méthylome, menée en collaboration
avec le London Health Sciences Centre (Ontario, Canada), a été réalisée a partir
d’ADN extrait sur prélevement sanguin en utilisant la technologie du séquencgage
au bisulfite (Bi-Seq).

Résultats : Nous décrivons des manifestations cliniques peu documentées dans
la littérature telles qu’une morphologie cranio-faciale évocatrice du syndrome de
Rubinstein-Taybi, ainsi qu’un surrisque de craniosténose, de maladies auto-
immunes et de comorbidités psychiatriques (i.e. trouble anxieux et comportement
auto/hétéro-agressif). De surcroit, nous identifions une signature épigénétique

spécifique de la maladie liée au gene BCL11B.

Conclusion : Cette étude enrichit nos connaissances du spectre clinico-biologique
de la maladie liée au gene BCL11B, optimisant ainsi le diagnostic et la prise en
charge des patients atteints de cette maladie rare. De surcroit, |'identification d'une
signature épigénétique sensible et spécifique représente une véritable avancée
pour le diagnostic de la maladie liée au gene BCL11B. Cette nouvelle analyse
pourra désormais étre déployée en pratique quotidienne afin, notamment, d’aider

a la reclassification des variations de signification incertaine du gene BCL11B.
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