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Summary

BCL11B is a Cys2-His2 zinc-finger (C2H2-ZnF) domain-containing, DNA-binding, transcription factor with established roles in the
development of various organs and tissues, primarily the immune and nervous systems. BCL11B germline variants have been associated
with a variety of developmental syndromes. However, genotype-phenotype correlations along with pathophysiologic mechanisms of
selected variants mostly remain elusive. To dissect these, we performed genotype-phenotype correlations of 92 affected individuals
harboring a pathogenic or likely pathogenic BCL11B variant, followed by immune phenotyping, analysis of chromatin immunoprecip-
itation DNA-sequencing data, dual-luciferase reporter assays, and molecular modeling. These integrative analyses enabled us to define
three clinical subtypes of BCL11B-related disorders. It is likely that gene-disruptive BCL11B variants and missense variants affecting zinc-
binding cysteine and histidine residues cause mild to moderate neurodevelopmental delay with increased propensity for behavioral and
dental anomalies, allergies and asthma, and reduced type 2 innate lymphoid cells. Missense variants within C2ZH2-ZnF DNA-contacting
o helices cause highly variable clinical presentations ranging from multisystem anomalies with demise in the first years of life to late-
onset, hyperkinetic movement disorder with poor fine motor skills. Those not in direct DNA contact cause a milder phenotype through
reduced, target-specific transcriptional activity. However, missense variants affecting C2H2-ZnFs, DNA binding, and “specificity resi-
dues” impair BCL11B transcriptional activity in a target-specific, dominant-negative manner along with aberrant regulation of alterna-
tive DNA targets, resulting in more severe and unpredictable clinical outcomes. Taken together, we suggest that the phenotypic severity
and variability is largely dependent on the DNA-binding affinity and specificity of altered BCL11B proteins.

Introduction scription factors." They act by either repressing or acti-

vating the expression of target genes through binding a
Proteins containing a Cys2-His2 zinc-finger domain specific DNA sequence by their tandem and modular
(C2H2-ZnF) constitute the largest class of human tran- C2H2-ZnFs. Each C2H2-ZnF shares a consensus sequence
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that folds in the presence of zinc (Zn%") to form a two-
stranded antiparallel g sheet and a DNA-contacting o« helix.
Indeed, ionic bonds between zinc and the two cysteines
and two histidines, within each C2H2-ZnF, provide the
structural stability of these domains.? Each C2H2-ZnF typi-
cally contacts three base pairs,” whereas the exact DNA
binding and sequence preference is mainly regulated by
the four “specificity residues” at amino acid positions
—1, +2, +3, and +6 within the o helix.>* In line with their

great abundance, C2H2-ZnF-containing proteins are
involved in diverse biological processes including develop-
ment and differentiation of various organs and tissues.”®
Pathogenic variants in genes encoding for C2H2-ZnF-con-
taining proteins are associated with a broad variety of hu-
man diseases, including more than 70 associated with a
neurodevelopmental or a neurologic disorder.”

BCL11B (RefSeq NM_138576.3, MIM: 606558), a
member of the Kriippel-like family encoding for B cell

Génétique, Hopital La Pitié-Salpétriére, Assistance Publique-Hopitaux de Paris, Paris, France; *?Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policli-
nico, Neuropathophysiology Unit, Milan, Italy; **Service de Génétique Moléculaire et Génomique, CHU, 35033 Rennes, France; *'University Rennes,
CNRS, IGDR, UMR 6290, 35000 Rennes, France; *?Institut fir Humangenetik, Universitdtsklinikum Essen, Universitdt Duisburg-Essen, Essen, Germany;
33Division of Genetics, Department of Pediatrics, Nemours Children’s Health, Wilmington, DE, USA; 3‘*Department of Cardiology, Nemours Children’s
Hospital, Wilmington, DE, USA; **Neonatal Intensive Care Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Via Francesco Sforza,
28, 20122 Milan, Italy; 3%Dell Children’s Medical Group, Austin, TX, USA; 37Departmem of Pediatrics, The University of Texas at Austin Dell Medical
School, Austin, TX, USA; *®Division of Genetics and Metabolism, Department of Pediatrics, University of North Carolina at Chapel Hill School of Medicine,
Chapel Hill, NC 27599, USA; *°Institute of Medical Genetics and Applied Genomics, University of Tiibingen, Tiibingen, Germany; **South West Thames
Centre for Genomics, St George’s University Hospitals NHS Foundation Trust, London SW17 0QT, UK; Hnstitute of Human Genetics, University of Liibeck,
Liibeck, Germany; *?Medical Genetics Laboratory, ASST Papa Giovanni XXIII, 24128 Bergamo, Italy; **Department of Medical Genetics, University of Hel-
sinki, P.O. Box 720, 00251 Helsinki, Finland; **Division of Pediatric Pulmonology, Allergy, and Sleep Medicine, Riley Hospital for Children, Indiana Uni-
versity School of Medicine, Indianapolis, IN, USA; **Unidade de Endocrinologia do Desenvolvimento, Laboratorio de Hormonios e Genetica Molecular
(LIM42), Hospital das Clinicas da Faculdade de Medicina, Universidade de Sdo Paulo (USP), Sdo Paulo, Brazil; 46Unidade de Endocrinologia Genetica
(LIM2S5), Hospital das Clinicas da Faculdade de Medicina, Universidade de Sdao Paulo (USP), Sdo Paulo, Brazil; 47Department of Clinical Genetics, Guy’s
and St. Thomas’ NHS Foundation Trust, London, UK; 48Department of Human Genetics, Radboud University Medical Center, Nijmegen, the Netherlands;
“*Division of Pediatric Hematology/Oncology, Department of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA; 50Departrnent of
Pediatric Neurology, Centre for Neuromuscular Disorders, Centre for Translational Neuro- and Behavioral Sciences, University Hospital Essen, Essen, Ger-
many; *'Department of Neurology, Center for Statistical Genetics, Gertrude H. Sergievsky Center, Columbia University Medical Center, Columbia Univer-
sity, New York, NY 10032, USA; 52Taub Institute for Alzheimer’s Disease and the Aging Brain, Columbia University Medical Center, New York, NY, USA;
53The Wellbeing Services County of South Ostrobothnia, 60280 Seindjoki, Finland; **Department of Human Genetics, New York State Institute for Basic
Research in Developmental Disabilities, New York, NY, USA; 55George A. Jervis Clinic, NYS Institute for Basic Research in Developmental Disabilities, Staten
Island, NY, USA; *®Biology PhD Program, The Graduate Center, The City University of New York, New York, NY, USA; 3’ Department of Pediatrics, Division
of Medical Genetics and Genomic Medicine, UPMC Children’s Hospital of Pittsburgh, Pittsburgh, PA, USA; *®Unit of Child Neuropsychiatry, IRCCS Istituto
Giannina Gaslini, Epicare Network for Rare Disease, Genoa, Italy; 59Dep;:u'tment of Pediatrics, Division of Clinical Genetics, Columbia University Irving
Medical Center, New York, NY, USA; °Division of Genetics, University of Illinois College of Medicine, Chicago, IL 60612, USA; ®'Fred A. Litwin Family
Centre in Genetic Medicine, Department of Medicine, University Health Network, Toronto, ON, Canada; 62Department of Precision Medicine, University
of Campania “Luigi Vanvitelli”, Naples, Italy; %3Telethon Institute of Genetics and Medicine, Pozzuoli, Italy; %4Clinical Genetics, Centre de Référence Mal-
adies Rares CLAD-Ouest, ERN-ITHACA, FHU GenOMedS, CHU de Rennes, Rennes, France; 65University Rennes, CNRS, INSERM, Institut de génétique et
développement de Rennes, UMR 6290, ERL U1305, Rennes, France; 66Department of Genetics, University Medical Center Utrecht, Utrecht University, 3584
EA Utrecht, the Netherlands; 67Department of Pediatrics, New York University Grossman School of Medicine, New York, NY 10016, USA; %Division of Ge-
netic and Genomic Medicine, Nationwide Children’s Hospital, Columbus, OH, USA; 69Department of Pediatrics, The Ohio State University College of Med-
icine, Columbus, OH, USA; "’Institute of Human Genetics, University of Leipzig Medical Center, 04103 Leipzig, Germany; 7IDivision of Medical Genetics,
Nemours Children’s Hospital, Wilmington, DE, USA; 72Department of Neurosciences, Rehabilitation, Ophthalmology, Genetics, Maternal and Child
Health, University of Genoa, 16145 Genoa, Italy; 73U.0.C. Genetica Medica, IRCCS Istituto Giannina Gaslini, Genoa, Italy; 74Department of Translational
Neurosciences, University of Arizona College of Medicine — Phoenix, Phoenix, AZ 85004, USA; 75Department of Medical Genetics and Metabolism, Valley
Children’s Hospital, Madera, CA, USA; ”®Institute of Pediatrics, Faculty of Medicine, University of Debrecen, 4032 Debrecen, Hungary; ’’Undiagnosed Dis-
eases Network, NIH, Bethesda, MD, USA; "®Institute of Neurogenomics, Helmholtz Zentrum Miinchen, Neuherberg, Germany; 79Department of Pediatrics,
Division of Pediatric Neurology, Developmental Medicine and Social Pediatrics, University Hospital of Munich, Munich, Germany; ®**Human Genome
Sequencing Center, Baylor College of Medicine, Houston, TX 77030, USA; ®'Cell Therapy Institute, Paracelsus Medical University (PMU), 5020 Salzburg,
Austria; 32 GeneDx, LLC, Gaithersburg, MD 20877, USA; ®*Texas Children’s Hospital, Houston, TX 77030, USA; #*German Center for Child and Adolescent
Health (DZK]), partner site Hamburg, Hamburg, Germany; ®Institute of Clinical Human Genetics, University Hospital Regensburg, 93053 Regensburg,
Germany

86These authors contributed equally

*Correspondence: davor.lessel@klinik.uni-regensburg.de

https://doi.org/10.1016/j.ajhg.2024.12.012.

2 The American Journal of Human Genetics 172, 1-20, February 6, 2025


mailto:davor.lessel@klinik.uni-regensburg.de
https://doi.org/10.1016/j.ajhg.2024.12.012

Please cite this article in press as: Lessel et al., DNA-binding affinity and specificity determine the phenotypic diversity in BCLI11B-related
disorders, The American Journal of Human Genetics (2025), https://doi.org/10.1016/j.ajhg.2024.12.012

lymphoma/leukemia 11B, constitutes one example of
C2H2-ZnF-containing, DNA-binding transcription factors.
As a transcriptional regulator, BCL11B controls various bio-
logical processes such as cell death, cell proliferation, and
cellular differentiation.” Interestingly, due to the specific
DNA-binding preferences, the target genes of BCL11B
differ among cell types and lineages, thus regulating the
gene expression in a context-dependent manner.”'"
Studies utilizing various genetic manipulations in mice
have established pleiotropic functions of Bcll11b in devel-
opment and differentiation. In the central nervous sys-
tems, Bcll1b is involved in the migration, differentiation,
and function of neural cells as well as proliferation of neu-
ral progenitor cells.'""'” Bcl11b is necessary for the proper
development of the teeth,"” epidermis,'* cranium,'® and
white adipose tissue.'® In the immune system, Bcl11b is
involved in the development and maintenance of the
T cell lineage'” and regulation of T cell lineage commit-
ment'® 2 as well as the control of the lineage specification
and persistence of type 2 innate lymphoid cells
(ILC2s).%'2* Moreover, mice with a heterozygous loss of
Bcl11b are susceptible to thymic lymphomas.***° Notably,
16% of human T cell acute lymphoblastic leukemias carry
somatic, inactivating BCL11B variants,”>*’ whereas acti-
vating BCL11B genomic rearrangements are potential
drivers of lineage-ambiguous leukemias,”®*’ suggesting
that BCL11B may act both as a tumor suppressor and an
oncogene.

The initial human pathogenic germline BCLI1B
missense variant was identified in a single individual
affected with severe combined immunodeficiency (SCID),
neurodevelopmental delay, craniofacial abnormalities, ab-
sent corpus callosum, and erythematous psoriaform
dermatitis (IMD49 [MIM: 617237]).>° We subsequently es-
tablished likely gene-disruptive (LGD) germline variants as
a cause of a neurodevelopmental delay with impaired T cell
development and severe reduction of ILC2s, which did
not result in overt clinical signs of immunodeficiency
(IDDSFTA [MIM: 618092]).>! Since then, more than 50 in-
dividuals harboring pathogenic or likely pathogenic
BCL11B variants have been documented.’”*’ DNA
methylation analysis of peripheral blood obtained from in-
dividuals harboring LGD BCLI11B variants identified an
episignature of high sensitivity and remarkable speci-
ficity,** consistent with BCL11B being a transcription fac-
tor. However, the molecular mechanisms underlying the
associated clinical heterogeneity remain mostly elusive.

Here, we describe 39 previously unreported individuals
who harbor heterozygous pathogenic or likely pathogenic
BCL11B variants and compare their findings to 53 previ-
ously documented ones. Integrative analysis of the geno-
type-phenotype correlations, immune phenotyping, anal-
ysis of chromatin immunoprecipitation DNA-sequencing
(ChlIP-seq) data, dual-luciferase reporter assays, and molec-
ular modeling suggest that, based on the location and na-
ture of the BCL11B alteration, the affected individuals can
be categorized in at least three clinical subtypes.

Material and methods

Human subjects and genetic analyses

Written informed consent for all 39 affected individuals included in
this study was obtained from the parents or legal guardians in accor-
dance with protocols approved by the respective ethics committees
of the institutions involved in this study. Next-generation-
sequencing-based analyses were performed in various independent
research or diagnostic laboratories worldwide using previously
described procedures,®'***%°% as described in the supplemental in-
formation. Classification of the identified variants was based on the
American College of Medical Genetics and Genomics (ACMG)
guidelines.>* For all 39 individuals, clinical data and information
on genetic testing were uniformly obtained from attending physi-
cians using a structured clinical summary (supplemental informa-
tion) and clinical table (Table S1).

Immunophenotyping

Processing and analysis of blood samples of individuals harboring
a heterozygous BCL11B variant followed previously described pro-
cedures.*! In brief, 75 uL of whole blood was incubated with com-
binations of the following fluorochrome-conjugated antibodies
for 30 min at room temperature: the “T-regulatory” panel con-
tained anti-CD3 BV510 (clone: OKT3), anti-CD4 AF700 (clone:
OKT4), anti-CD8 BV605 (RPA-T8), anti-CD25 BV421 (clone: 96
BC), anti-CD31 APC-Cy7 (clone: WMS$9), anti-CD39 PE-Cy7
(A1), anti-CD45RA PE-Dazzle (clone: HI100), anti-CD73 PE (clone:
AD2), anti-CD127 BV650 (clone: WMS59), anti-HLA-DR BV711
(clone: L243), and anti-CCR4 PerCP-Cy-5.5 (clone: TG6); the
“T-invariant” panel contained anti-CD3 BV510 (clone: OKT3),
anti-CD4 PE-Dazzle (clone: RPA-T4), anti-CD8 AF700 (clone:
HIT8a), anti-CD25 BV421 (clone: 96 BC), anti-CD27 BV650
(clone: 0323), anti-CD45RO BV785 (clone: UCHL1), anti-CD69
APC-Cy7 (clone: FNS50), anti-CD161 BV60S (clone: HP-3G10),
anti-CCR6 PerCP-Cy-5.5 (clone: GO34E3), anti-CCR7 BV711
(clone: G043H7), anti-Tgd PE-Cy-7 (clone: 11F2), anti-Va7.2 APC
(clone: 3C10), anti-Vdl FITC (clone: TS-1), anti-Vd2 APC
(123R3), and anti-Vd9 FITC IMMU 360); finally, the “T-effector”
panel contained anti-CD3 BV785 (clone: OKT3), anti-CD4 APC-
Cy-7 (clone: RPA-T4), anti-CD8 BV510 (RPA-T8), anti-CD25 PE
(clone: 2A3), anti-CD28 PE-Cy7 (clone: CD28.2), anti-CD38
AF700 (clone: HIT2), anti-CD45RA PE-Dazzle (clone: HI100),
anti-CDS57 FITC (clone: HCDS57), anti-CD95 BV421 (clone: DX2),
anti-CD127 BV650 (clone: WMS359), anti-CCR7 APC (clone:
GO043H7), and anti-HLA-DR BV711 (clone: L243). After staining,
1 mL of BD lysing solution was added for lysis of erythrocytes,
and stained cells were washed in PBS and resuspended in fluores-
cence-activated cell sorting (FACS) buffer. Flow-cytometric anal-
ysis was performed on an LSR Fortessa (BD Biosciences). Prior to
analysis, a spillover spreading matrix was produced, PMT voltages
were optimized, and a compensation matrix was calculated.
FlowJo software version 10.8.1 (FlowJo, Ashland, OR, USA) was
used for manual analysis, using a gating strategy adapted from Sib-
bertsen et al.>®

ChlIP-seq analysis

To identify gene targets of BCL11B, we performed extensive ana-
lyses of a publicly available ChIP-seq dataset obtained in
HEK293 cells (accession ENCODE: ENCSR770PQN), generated
by the ENCODE project.”® Data on the conservative peaks were
obtained from the Gene Expression Omnibus (GEO: GSE92041)
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bigBed file and ordered by signalValue, i.e., enrichment of signal
over input control in the peak. The functional analysis of peaks
and gene assignment was performed using the R package
ChlIPseeker,”” with default parameters for feature assignment.

Plasmids
PIRES plasmid containing sequence for full-length Bcl11b wild-type
(WT) protein was a kind gift from Prof. Stefan Britsch (Ulm Univer-
sity). To assess BCL11B transcriptional activity, a construct coding
for full-length BCL11B WT protein was reinserted from pIRES to
PEGFP-N1 by applying restriction digestion with Xhol and Afel
(Thermo Fisher). Digested DNA was separated on 2% agarose gel,
and desirable plasmid parts were extracted by a Monarch DNA
Gel Extraction Kit (New England Biolabs) following the manufac-
turer’s instructions and ligated with T4 DNA Ligase (New England
Biolabs). This, however, produced a STOP codon between protein
sequence and EGFP sequence, so additional mutagenesis was per-
formed utilizing a QuikChange II Site-Directed Mutagenesis Kit
(Agilent Technologies) producing final pEGFP-N1-BCL11B-WT
plasmid coding for full-length BCL11B WT protein with C-terminal
EGFP tag. pmRFP-N1 and pEGFP-N1-BCL11B-WT were subjected to
another restriction digestion with Xhol and Hpal (Thermo Fisher),
gel separation, gel extraction, and T4 DNA ligase ligation. Subse-
quently, the EGFP tag sequence was substituted with mRFP, produc-
ing a construct coding for full-length BCL11B WT with a C-terminal
mRFP tag, respectively. Missense and frameshift variants were then
introduced into the BCLI1IB WT construct by applying the
QuikChange II Site-Directed Mutagenesis Kit with specially
designed primers (all primer pairs are available upon request). The
correctness of the DNA sequence was verified by direct Sanger
sequencing as previously described.*®

Further, primary reporter plasmids containing distal enhancer-
like signature (dELS) sequences within SHANK3 (MIM: 606230),
LTBP3 (MIM: 602090), and LTBP4 (MIM: 604710) loci were ob-
tained by amplification with primers (all primer pairs are available
upon request) designed to amplify the respective genomic regions
from DNA isolated from an unaffected individual. Fresh PCR prod-
ucts were inserted in the pCRTM2.1-TOPO vector (Invitrogen) us-
ing a TOPO TA Cloning Kit (Invitrogen) following the manufac-
turer’s instructions. Following restriction digestion with Kpnl
and Xhol (Thermo Fisher), DNA gel separation, and DNA extrac-
tion, inserts were ligated into pGL3-Enhancer vector with a modi-
fied coding region for firefly luciferase (Promega). Additionally,
pNL1.1.PGK [Nluc/PGK] vector (Promega) was used as a transfec-
tion normalization control.

Luciferase assay

HEK293T cells were transfected 24 h after seeding. A master mix
with a primary reporter pGL3-Firefly luciferase plasmid (contain-
ing a dELS within either SHANK3, LTBP3, or LTBP4) and
pNL1.1.PGK [Nluc/PGK] plasmid was combined in serum-free me-
dium and aliquoted. Each aliquot was then supplemented with
either pmRFP-N1 empty control vector, pmRFP-N1-BCL11B-WT,
or pmRFP-BCL11B containing one of the selected missense vari-
ants. For analyses of potential dominant-negative effect, pEGFP-
N1 empty control vector and pEGFP-BCL11B-WT were added in
combination. Transfection was carried out for 24 h using Turbo-
fect transfection reagent (Thermo Fisher). Next day, cells were
loosened from plates by PBS supplemented with 10 mM EDTA,
and transfected cells (RFP-positive, or both RFP- and GFP-positive
cells) were sorted on FACS Aria IlTu (Becton Dickinson). Following

sorting, only transfected cells were transferred to white 96-well
plates, and the Nano-Glo dual-luciferase reporter assay was carried
out following the manufacturer’s instructions (Promega). ONE-
Glo EX reagent was added to each sample, and the plate was
incubated for 10 min at room temperature, shaking on orbital
shaker at 300 rpm. Measurement of firefly luminescence activity
was performed on a Synergy H1 Microplate reader (BioTek) or a
Spark Multimode Microplate Reader (Tecan). An equal volume of
NanoDLR Stop & Glo reagent was added to each sample, and
the plate was again incubated for 10 min at room temperature,
shaking on orbital shaker at 300 rpm, after which Nanoluc activity
in the form of luminescence was assessed. Three experiments were
carried out for each dELS (at SHANK3, LTBP3, and LTBP4 loci) and
for each BCL11B missense variant in comparison to WT and empty
vector. Each experiment was normalized to the mean lumines-
cence of measured samples to correct for different order of magni-
tude between experiments. Statistical significance was calculated
by one-way ANOVA with Dunnett correction for multiple compar-
isons (GraphPad Prism).

DNA-binding motif prediction

The DNA-binding motif landscape and DNA-binding specificity of
BCL11B-WT and the missense variants were analyzed using two
modeling approaches: “Interactive PWM predictor”*>? and “Zinc
finger recognition code.”*

Results

Identification of likely gene-disruptive variants in
BCL11B

Twenty-six heterozygous, pathogenic, or likely pathogenic
BCL11B variants have so far been documented in the litera-
ture (Figure 1, upper panel). Here, we report 39 individuals,
30 of whom harbor previously unreported heterozygous var-
iantsin BCL11B. Among them, 22 individuals harbor a likely
gene-disruptive (LGD) germline variant, out of which 11
have so far not been documented in the literature. Unrelated
individuals 1 and 2 harbor an identical de novo nonsense
variant, NM_138576.3: ¢.183_189delTCAAATG, p.Cys61*%,
located in exon 2, predicted to activate the nonsense-medi-
ated mRNA decay and to result in haploinsufficiency. Indi-
viduals 3-22 harbor heterozygous frameshift variants
located in the last exon (exon 4), which are predicted to
escape nonsense-mediated mRNA decay and result in a
protein with loss of at least the last two C-terminal DNA-
binding zinc-finger domains, C2H2-ZnF5 and C2H2-ZnF6
(Figure 1, lower panel; Table S1). Interestingly, individual
4 harbors a de novo c.1474delC, p.Leud92Serfs*71 variant,
which she transmitted to her similarly affected son (individ-
ual 5). Siblings, individuals 21 and 22, harbor ¢.2499delC,
p-Cys833Trpfs*11, which was not identified in any of
the parental samples, pointing to a gonadal mosaicism.
Moreover, we identified five recurrent frameshift variants:
€.1552delC, p.Arg518Alafs*45, c.1887_1893delCGGCGGG,
p-Gly630Thrfs*91, ¢.1944_1965del CGGCGCGGTCAACGG
GCGCGGG, p.Gly649Alafs*67, c.2448_2461delGAGCCAC
ACCGGCG, p.Ser817Alafs*63, and ¢.2439_2452dupGC
ACCGGCGGAGCC, p.His818Argfs*31 (Figure 1). Out of
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Schematic protein structure of BCL11B. Previously identified variants are shown in the upper panel. Variants identified in this study are
shown in the lower panel. Likely gene-disruptive (LGD) variants are shown in gray. Missense variant in the very N terminus is shown in
black. Missense variants affecting “specificity residues” are shown in blue, other missense variants within the o helix are shown in violet,
and missense variants affecting ZnF-contacting cysteines and histidines are shown in red. Recurring variants are underlined. C, C ter-

minus; N, N terminus; ZnF, zinc-finger C2H2 domain.

the identified BCL11B LGD variants, only the c.1742delG,
p-Gly581Alafs*24, with allele frequency of 0.000003, is pre-
sent in the gnomAD dataset v.4.1.0°" (Table S1). BCL11B,
with a probability of loss-of-function intolerance (pLI) score
of 1 and a loss-of-function observed/expected upper bound
fraction (LOEUF) score of 0.27, is strongly intolerant to
loss-of-function variants. Thus, according to The ACMG
guidelines,”* all variants were classified as either likely path-
ogenic or pathogenic (Table S1).

Identification of BCL11B missense variants affecting
DNA-binding zinc-finger domains

C2H2-ZnFs harbor a two-stranded antiparallel B sheet and
one DNA-contacting o helix, which regulates DNA binding
and sequence preference. The stability of C2ZH2-ZnFs is pro-
vided by the zinc-binding cysteine and histidine residues.”
Here, we identified 17 individuals harboring a heterozygous
amino acid substitution affecting either one of the residues
within the DNA-contacting a helix or one of the zinc-bind-
ing residues within one of the BCL11B’s C2H2-ZnF. Among
them, three individuals harbor a missense variant within
C2H2-ZnF3. Individuals 23 and 24 harbor different de
novo nucleotide substitutions, namely c¢.1407G>T and

¢.1407G>C, respectively that, however, result in identical
amino acid substitution p.Lys469Asn. Individual 25 harbors
a de novo ¢.1414C>T, p.Arg472Cys variant. Two missense
variants were identified within C2H2-ZnF4, one of them pre-
viously reported (individual 26, with a de novo c.2421C>G,
p-Asn807Lys variant).”"*® Individuals 27-29 inherited a
€.2422T>C, p.Cys808Arg from their similarly affected father
(individual 30), in whom the variant occurred de novo.
We found seven missense variants in C2H2-ZnF5. Individ-
uals 31 and 32 harbor the identical de novo c.2507G>A,
p-Ser836Asn variant. Two individuals harbor an amino acid
substitution affecting Lys838, individual 33 harboring a de
novo ¢.2513A>C, p.Lys838Thr variant and individual 34 a
de novo c.2513A>G, p.Lys838Arg variant. Notably, an
identical de novo p.Lys838Arg variant was recently re-
ported.*® Further, de novo variants ¢.2519C>T, p.Thr840Met,
c.2522G>T, p.Arg841Leu, c.2525A>C, p.His842Pro, and
€.2536C>G, p.His846Asp were identified in individuals 35,
36, 37, and 38, respectively. Finally, we identified a single
missense variant within C2H2-ZnF6, a de novo variant
€.2629C>T, p.His877Tyr in individual 39 (Figures 1 and 2).

Notably, six of the identified missense variants within
ZnF-C2H2s affected one of the four (-1, +2, +3, and +6)
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Location of missense variants within BCL11B’s Cys2-His2 zinc-finger domains

Schematic diagrams of Cys2-His2 (C2H2-ZnF) zinc-finger domains 2-6. Each C2H2-ZnF contains paired cysteines (C) and histidines
(H) that bind the zinc ion (Zn). B sheet is depicted in orange, « helix is depicted in blue, and 1, +2, +3, and +6 depict “specificity res-
idues” within the « helix. Missense variants affecting “specificity residues” are shown in blue, other missense variants within the o helix
are shown in violet, and missense variants affecting ZnF-contacting cysteines and histidines are shown in red.

critical C2H2-ZnF “specificity residues”, that is, variants
p-Lys469Asn, p.Arg472Cys, p.Asn807Lys, p.Lys838Thr,
p-Lys838Arg, and p.Arg841Leu (Figure 2). Such missense
variants are thought to impair binding of the altered
BCL11B to its physiologic target DNA sites and addition-
ally promote binding to alternative DNA-binding sites.”’
Three missense variants, p.Cys808Arg, p.Ser836Asn, and
p-Thr840Met, are localized within ZnF-C2H2s, although
not affecting one of the four “specificity residues”
(Figure 2). We hypothesized that they may have steric ef-
fects on the a helix containing the DNA-recognition site,
thereby reducing the affinity of the altered protein for
binding to its target DNA sites. The last three missense var-
iants, p.His842Pro, p.His846Asp, and p.His877Tyr, affect
histidine residues that are in direct contact with the zinc
cation (Figure 2), likely unfolding C2H2-ZnF5 and ZnF6-
C2H2, respectively, and resulting in loss of function.”

None of these BCL11B missense variants are present in
the gnomAD dataset v.4.1.0 (Table S1),°" indicating that
they are extremely rare and likely to be disease associated
variants. Thus, according to The ACMG guidelines,* again
all these variants were classified as either likely pathogenic
or pathogenic (Table S1).

Clinical spectrum of individuals harboring BCL118B likely
gene-disruptive variants

All individuals reported here harboring an LGD variant are
affected by a neurodevelopmental disorder, albeit with var-
iable expressivity and interfamilial variability (Table 1 and
Note S1). In more detail, all individuals have mild to mod-
erate intellectual disability and impaired speech develop-
ment, and most of them (77%) have a delay in motor
development. Further common phenotypic features in
this cohort include various dental anomalies (Figure 3),
such as dental crowding, dental caries, hypodontia, and
oligodontia (71%). Additionally, 68% had feeding diffi-
culties in infancy. Interestingly, a review of the literature
revealed both dental anomalies (32%) and feeding diffi-

culties (23%) to be less common in previously documented
cases (Table 1). Similar to the previous findings, behavioral
issues including attention-deficit/hyperactivity disorder
(ADHD), autism spectrum disorder, anxiety, obsessive-
compulsive disorder, frustration intolerance, and aggres-
sive behavior were relatively common (67%). Additional
common phenotypic features included refractive error
(45%) and muscular hypotonia (41%). Common facial dys-
morphisms (Table 1 and Figure 3) included prominent
nose (68%), thin upper lip vermilion (67%), hypertelorism
(64%), long philtrum (59%), thin eyebrows (57%),
myopathic facial appearance (45%), and small palpebral
fissures (32%). Abnormalities of the skull including cranio-
synostosis, scaphocephaly (sagittal craniosynostosis),
microcephaly, macrocephaly, and dolichocephaly were
observed in 11 individuals (58%). Compared to previous
studies, hypertelorism, skull abnormalities, and myopathic
facial appearance were somewhat more common in our
case series (Table 1). Regarding the immune system, 12
(55%) had frequent infections in the first years of life, 12
(55%) developed some type of allergy or atopy, and 7
(33%) had asthma, similar to the previous findings (Ta-
ble 1). Noteworthy, only a single individual (individual
14) developed a hematologic malignancy, a T cell large
granular lymphocytic leukemia.

Clinical variability in individuals harboring BCL11B
missense variants within C2H2-ZnFs

Compared to the individuals harboring an LGD variant,
we observed high clinical variability among individuals
harboring a missense variant within the C2H2-ZnFs (Ta-
ble 2 and Note S1), likely due to variant-specific effects. In-
dividuals 23 and 24, both harboring a de novo p.Lys469Asn
variant, were affected by neonatal-onset multisystem
anomalies. These included common dysmorphic features,
sparse hair, global developmental delay (GDD), muscular
hypotonia, oral feeding problems, respiratory insuffi-
ciency, and early-onset epileptic encephalopathy with
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Table 1. Summary of clinical signs and symptoms of individuals harboring BCL71B likely gene-disruptive (LGD) variants

Likely gene-disruptive

Likely gene-disruptive variants (previous Likely gene-disruptive
Clinical findings variants (this study) studies)>'/>>36:38-41,43-47 variants (all studies)
Sex 15 female/7 male 22 female/23 male 37 female/30 male
Cognitive and motor development
Intellectual disability 21/21 (100%) 39/43 (91%) 60/64 (94%)
Speech impairment 22/22 (100%) 41/43 (95%) 63/65 (97%)
Delay in motor development 17/22 (77%) 32/43 (74%) 49/65 (75%)
Dysmorphic features
Prominent nose 15/22 (68%) 28/44 (64%) 43/66 (65%)
Thin upper lip vermilion 14/21 (67%) 37/44 (84%) 51/65 (78%)
Hypertelorism 14/22 (64%) 17/44 (39%) 31/66 (47%)
Long philtrum 13/22 (59%) 31/44 (70%) 44/66 (67%)
Skull abnormalities 11/19 (58%) 9/33 (27%) 20/52 (38%)
Thin eyebrows 12/21 (57%) 25/44 (47%) 37/65 (57%)
Myopathic facial appearance 10/22 (45%) 10/44 (23%) 20/66 (30%)
Small palpebral fissures 7/22 (32%) 23/44 (52%) 30/66 (45%)
Retrognathia 2/22 (9%) 6/44 (14%) 8/66 (12%)
Neurologic signs
Behavioral issues 14/21 (67%) 23/42 (55%) 37/63 (59%)
Muscular hypotonia 9/22 (41%) 6/25 (24%) 15/47 (32%)
Reduced fine motor skills 7/22 (32%) 3/16 (19%) 10/38 (26%)
Brain MRI anomalies 3/10 (30%) 10/33 (30%) 13/43 (30%)
Gait abnormalities 5/21 (24%) 2/15 (13%) 7/36 (19%)

(1 non-ambulatory)
Seizures 3/22 (14%) 3/40 (8%) 6/62 (10%)
Dystonia 2/22 (9%) 1/14 (7%) 3/36 (8%)
Involuntary movements 1/22 (4.5%) 0/14 1/36 (3%)
Cerebral palsy 1/22 (4.5%) 1/14 (7%) 2/36 (6%)
Hyperkinesia 1/23 (4%) 0/14 1/37 (3%)
Other
Dental anomalies 15/21 (71%) 14/44 (32%) 29/65 (45%)
Feeding difficulties 15/22 (68%) 5/22 (23%) 20/44 (45%)
Refractive error 10/22 (45%) 13/37 (35%) 23/59 (39%)
Short stature 7/19 (37%) 4/34 (12%) 11/53 (21%)
Clinodactyly 5/22 (23%) 1/14 (7%) 6/36 (17%)
Hypothyroidism 3/22 (14%) 2/32 (6%) 5/54 (9%)
Hair abnormalities 3/22 (14%) 1/41 (2%) 4/63 (6%)

Immune system function

Frequent infections 12/22 (55%) 22/44 (50%) 34/66 (52%)
Allergies 12/22 (55%) 6/20 (30%) 18/42 (43%)
Asthma 7/21 (33%) 11/38 (29%) 18/59 (31%)
Hematologic malignancy 1/22 (4.5%) 0/42 1/64 (1.5%)
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agenesis or absence of corpus callosum. Abnormalities of
the skin included pigmentary mosaicism in individual 23
(Figure 3E) and periorbital skin and scalp eczema in indi-
vidual 24. Both had an idiopathic CD4* T cell lymphocyto-
penia (ICL) and died following infections in the third and
second year of life, respectively. Individual 25, who har-
bors a de novo p.Arg472Cys variant, had developmental

Figure 3. Images of individuals affected
by BCL11B-associated disorders

(A) Dental photos show primary molars of
individual 8 immediately after eruption
(left). The other two photos were taken at
the age of 9 years. The “raised” gums above
the left incisor were much more pro-
nounced after the permanent tooth erup-
ted and have slowly but steadily grown
well downward.

(B) Images of individual 10 at the age of
5 years shows short forehead, thin eye-
brows, “beaked nose” with narrow nasal
tip, small mouth, horizontal crease of
chin, bilateral earlobe hypoplasia, and cli-
nodactyly of II toe and V finger bilaterally
(right panel).

(C) Images of individual 12 at the age of
5 years show a high anterior hairline, small
upslanting palpebral fissures, thin eye-
brows, a broad forehead, a short nose
with anteverted nostrils, a long philtrum,
and small mouth with thin lips and down-
turned corners. Note a somewhat short
neck with low posterior hairline.

(D) Images of individual 14 at the age of 19
years show upwardly slanted palpebral fis-
sures, epicanthal folds, broad nasal bridge,
long nose, downturned nasal tip, short
columella, long philtrum, and thin upper
vermillion.

(E) Images of individual 15 at the age of 12
years show a high anterior hairline, a long
nose with protruding columella hypoplas-
tic alae nasi, thin upper lip vermilion, and
low-set ears.

(F) Images of individual 18 at the age of 3
years show midface flattening, flattened
nasal bridge with rounded nasal tip, mi-
crognathia, and a small mouth.

(G) Images of individual 23 at the age of
20 months show a high anterior hairline,
white and thin hair, absent eyelashes,
small mouth, and micrognathia.

and epileptic encephalopathy with
global neurologic regression. Individ-
ual 26 had GDD but did not develop
congenital erosive dermatitis, which
we previously observed in an individ-
ual harboring the identical de novo
p.Asn807Lys variant.*'

The four affected family members
harboring the p.Cys808Arg variant
(individuals 27-30) showed interfa-
milial clinical variability. Twins (indi-
viduals 27 and 28) exhibited moder-
ate delay in speech and motor development, poor fine
motor skills, hyperkinetic movement disorder, anxiety,
and obsessive-compulsive disorder. Their younger brother
(individual 29) had an articulation disorder, severe rigidity
dystonia, and ataxic gait. Their father (individual 30) had
poor fine motor skills and mild hyperkinetic movement
disorder, and developed Henoch-Schonlein purpura in
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Table 2. Clinical signs and symptoms of individuals harboring pathogenic BCL11B missense variants within Cys2-His2 zinc-finger domains (C2H2-ZnF)

Location of BCL11B Within a C2H2-ZnF but not
missense variants Affecting a “specificity residue” within a C2H2-ZnF affecting a “specificity residue”

Within a C2H2-ZnF,
affecting a zinc-binding

cysteine or histidine residue

Exact BCL11B missense variants Asn441Lys Lys469Asn Arg472Cys Asn807Lysl Asn810His Lys838Thr Lys838Argl Arg841Leu Cys808Arg Ser836Asn Thr840Met

Cys826Tyr His842Pro

this study this study this study this study this study this study this study this study Cys826Arg His846Asp

His877Tyr
this study

Sex 2M*% 1F/IM 1F 2P AMPE 1Fe M 1IF°/IM 1M 4M 1F/1M M 1F7/1M* 1F/2M

Cognitive and motor development

Intellectual disability 1/1 2/2 + 2/2 + + 2/2 + 0/4 1/2 + 2/2 3/3

Speech impairment 1/1 2/2 + 2/2 + + 2/2 + 3/4 2/2 - 1/1 3/3

Delay in motor development 1/1 2/2 + 3/3 + + 2/2 + 2/4 2/2 — 1/1 3/3

Dysmorphic features

Prominent nose 2/2 0/2 - 1/3 + + 0/2 + 0/4 2/2 + 1/1 0/3

Thin upper lip vermilion 0/1 2/2 + 2/3 + + 1/2 + 3/4 2/2 — 1/1 2/3

Hypertelorism 1/2 1/2 + 2/3 + - 1/2 + 0/4 2/2 - 0/1 1/3

Long philtrum 2/2 0/2 + 1/3 + + 1/2 + 2/4 1/2 - 0/1 1/3

Skull abnormalities 2/2 2/2 + 1/3 - + 0/2 - 0/4 2/2 + 1/2 2/3

Thin eyebrows 2/2 0/2 + 0/3 + - 0/2 - 0/4 0/2 + 1/1 0/3

Myopathic facial appearance 0/2 0/2 - 2/3 + + 2/2 + 0/4 0/2 - 0/1 1/3

Small palpebral fissures 2/2 0/2 - 2/3 + - 0/2 + 0/4 1/2 - 0/1 1/3

Retrognathia 2/2 2/2 + 0/3 - - 0/2 + 0/4 1/2 + N/A 0/3

Neurologic signs

Behavioral issues ? ? ? 0/2 ? ? 0/2 + 2/4 0/2 + 0/1 3/3

Muscular hypotonia 2/2 2/2 + 2/2 - + 2/2 + 3/4 2/2 — N/A 1/3

Reduced fine motor skills ? ? + 0/2 N/A N/A N/A - 3/4 0/2 + N/A 0/3

Brain MRI anomalies 2/2 2/2 + 1/2 N/A + 11 N/A 1/1 0/2 - 0/2 2/3

Gait abnormalities 1/1 ? + 2/3 + + 2/2 - 4/4 2/2 - N/A 0/3

Seizures 1/1 2/2 + 0/2 N/A + 0/2 - 0/4 0/2 - 0/1 0/3

Dystonia 1/1 ? ? 0/2 N/A - 2/2 - 3/4 0/2 - N/A 0/3

Involuntary movements N/A ? + 0/2 N/A - 2/2 - 0/4 0/2 + N/A 0/3

(Continued on next page)
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Table 2. Continued

Location of BCLT1B
missense variants

Affecting a “specificity residue” within a C2H2-ZnF

Within a C2H2-ZnF but not

affecting a “specificity residue”

Within a C2H2-ZnF,
affecting a zinc-binding
cysteine or histidine residue

Cerebral palsy N/A ? + 1/3 N/A + 2/2 - 0/4 0/2 - N/A 0/3
Hyperkinesia N/A ? N/A 0/2 N/A N/A N/A - 3/4 0/2 - N/A 0/3
Other

Feeding difficulties 1/1 2/2 - 2/3 + + 1/2 - 1/4 2/2 - 1/1 2/3
Dental anomalies 1/2 1/2 - 3/3 + - 0/2 N/A 2/4 1/2 - 0/1 1/3
Refractive error 1/1 1/1 - 0/3 N/A + 0/2 - 0/4 0/2 - 0/1 2/3
Short stature N/A 1/1 - 0/2 N/A + 1/1 N/A 0/4 0/2 - N/A 1/3
Clinodactyly N/A 0/2 - 0/3 N/A - 0/2 - 0/4 0/2 - N/A 0/3
Hypothyroidism N/A 0/2 - 0/3 N/A - 0/2 - 0/4 0/2 - 0/1 0/3
Hair abnormalities N/A 2/2 (sparse) — 0/3 - - 0/2 — 0/4 0/2 - 1/1 0/3
Immune system function

Immune response anomalies 1 SCID 2/2 - 1/3 SCID SCID 2/2 + 4/4 2/2 — 1/2 1/3

1ICL ICL (1 ITP) FI FI FI FI

Allergies N/A 1/1 - 1/3 N/A - 0/2 + 0/4 0/2 - 1/2 2/3
Asthma N/A 0/1 - 1/3 N/A - 0/2 + 0/4 1/2 - 2/2 0/3
Hematologic malignancy N/A 0/2 - 0/3 N/A - 0/2 - 0/4 1/2 - NA 0/3

F, female; M, male; +, present; —, absent; ?, too young to evaluate; N/A, unknown; SCID, severe combined immunodeficiency; ICL, idiopathic CD4™" T cell lymphocytopenia; ITP, idiopathic thrombocytopenic purpura; Fl,

frequent infections.
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adulthood. All family members suffered from frequent
viral infections and/or environmental allergies (Table 2
and Note S1). Individuals 31 and 32 harbor the identical
de novo p.Ser836Asn variant, had GDD, and had a history
of frequent infections. Notably, individual 32 developed
acute T cell lymphoblastic leukemia at the age of 12 years.
Individual 33, harboring a de novo p.Lys838Thr variant,
had severe GDD with focal seizures, dysgenesis of the
corpus callosum, cortical vision loss, and SCID. Individual
34, harboring a heterozygous p.Lys838Arg variant, was
affected with severe GDD, was non-ambulatory, and had
no speech at the age of 24 years, with spastic cerebral palsy,
abnormal involuntary movements, thrombocytopenia
purpura, and a history of frequent infections. Following
an unremarkable early development, individual 35, who
harbors a de novo p.Thr840Met variant, starting from the
age of 4 years developed mild intellectual disability,
developmental coordination disorder, ADHD, and subcor-
tical myoclonias. Individual 36, harboring a de novo
p-Arg841Leu variant, had GDD, autistic features, food al-
lergies, asthma, and a mild decrease of T cell counts. Indi-
vidual 37, harboring a de novo p.His842Pro variant, was
affected by GDD, lingual dyspraxia, and asthma. Individ-
ual 38, harboring a de novo p.His846Asp variant, had
GDD with autistic features, food allergies, and asthma.
Lastly, individual 39, harboring a de novo p.His877Tyr
variant, was affected by GDD with autistic features.
Notably, all individuals harboring a missense variant dis-
played variable dysmorphic features, as summarized in
Table 2.

Common immune traits in individuals with BCL11B
variants

Analyses in mice have established Bcl11b as essential for the
development of T cells and the specification and mainte-
nance of ILC2s.'”"** In line with murine data, we have pre-
viously observed alterations in the T cell compartment and
severe reduction of ILC2s in individuals harboring patho-
genic, mostly LGD, BCL11B variants.”’ Thus, to further
delineate the BCL11B-associated immune phenotype, we
analyzed the immune compartment of 13 available affected
individuals included in this study. Six individuals (individ-
uals 2, 6, 8, 9, 14, and 15) harbored an LGD variant, and
seven (individuals 25, 27, 28. 29, 31, 32, and 35) harbored
a missense variant. Similar to our previous findings, leuko-
cyte counts were mostly within the normal range (data
not shown). Furthermore, six out of nine individuals
analyzed had high eosinophil counts, in line with increased
prevalence of allergy/atopy (Table S2). The absolute count
and frequency of T cells was within the normal range in
all individuals, except individual 31 who had few T cells,
and the two cases with malignancies (individuals 13 and
32) with aberrant lymphocyte cell compartment due to
the tumor (T cell large granular lymphocytic) and chemo-
therapy, respectively. The frequency of B and natural killer
cells was also within normal range, except in individuals
with a malignancy (individuals 14 and 32). Detailed anal-

ysis of the T cell compartment revealed an over-representa-
tion of cells bearing the T-yd receptor in 10 out of 12 indi-
viduals without a malignancy and an abnormally low
percentage of CD4" recent thymic emigrants (RTEs), that
is, the cells that have recently migrated from the thymus
to the peripheral blood, indicating impaired T-a cell devel-
opment, in nine individuals (Table S2). As a result, most of
the individuals with few RTEs also had a low frequency of
naive CD4" cells and CD8" T cells and a concomitant
higher frequency of memory T cells (data not shown). Inter-
estingly, although we previously suggested that the reduc-
tion of ILC2s is pathognomonic for BCL11B-associated dis-
orders, in this cohort we observed a low proportion of ILC2s
in only eight individuals. Of note, the reduction in the fre-
quency of ILC2s occurred in all analyzed individuals
harboring an LGD BCL11B variant and both individuals
harboring p.Ser836Asn. In contrast, family members (indi-
viduals 27-29) who harbor p.Cys808Arg, and individuals
25 and 35 who harbor p.Arg472Cys or p.Thr840Met, respec-
tively, had ILC2s within the normal range (Table S2). Taken
together, our data show that T cell development is affected
in nearly all analyzed individuals and indicate low thymic
output and a bias in the usage of the T cell receptor chains.
In contrast, the ILC2 compartment seems to be altered in a
variant-specific manner, primarily in individuals harboring
LGD variants.

BCL11B ZnF-C2H2 missense variants differentially affect
binding to target genes

To further confirm the pathogenicity of the here identified
ZnF-C2H2 missense variants and possibly provide an
explanation for the variability in clinical and immune
phenotype, we next analyzed the publicly available
ChlIP-seq (ChIP with massively parallel DNA sequencing)
dataset obtained in HEK293 cells (accession ENCODE:
ENCSR770PQN) generated by the ENCODE project.’®
Using the ChIPseeker package,’” we annotated 9,009 con-
servative peaks. The full list including annotation with
peaks ordered by descending signal value (i.e., enrichment
of signal over input control) can be found in Table S3.
Notably, almost half of the peaks, 4,123 (46%), were
located within 1 kb each side of an annotated transcription
start site (TSS) (Figure S1). To analyze whether the
ZnF_C2H2 missense variants affect the DNA-binding affin-
ity, we chose three putative binding targets, each affecting
a candidate cis-regulatory element (cCRE),°* namely, a
dELS within SHANK3 (ENCODE: EH38E2173377), a dELS
within LTBP3 (ENCODE: EH38E1545299), and a dELS
within LTBP4 (ENCODE: EH38E1954213) (Figure S2).
Significantly stronger luciferase activity for the three target
dELS in HEK293T cells transfected with a plasmid encod-
ing WT human BCL11B compared to those transfected
with the empty vector confirmed the binding to all three
targets (Figure 4A). We next measured the transcriptional
activity of the three missense variants within a C2H2-
ZnF that do not affect a “specificity residue,” p.Cys808Arg,
p-Ser836Asn, and p.Thr840Met, and of four missense
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Figure 4. Analysis of DNA-binding affinity of selected BCL71B missense variants

Luciferase assay utilizing HEK293T cells.

(A) Firefly luciferase plasmid (containing a dELS within either SHANK3, LTBP3, or LTBP4 locus) and pNL1.1.PGK [Nluc/PGK] plasmid
were transfected together with empty pRFP-N1, pRFP-N1-BCL11B-WT, or one of the depicted missense variants in pRFP-N1-BCL11B
plasmid. Results are presented as the means from three independent experiments. Each experiment was normalized to the mean lumi-
nescence of measured samples to correct for different order of magnitude between experiments.

(B) Experiments as in (A) performed for selected frameshift variants.

(legend continued on next page)
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variants affecting a “specificity residue” within a C2H2-
ZnF, p.Lys469Asn, p.Asn807Lys, p.Lys838Thr, and
p-Lys838Arg along with p.His842Pro, affecting a zinc-
binding histidine residue within C2H2_ZnF5. For the anal-
ysis of the p.Lys469Asn variant, we introduced only the
nucleotide substitution c.1407G>T as identified in individ-
ual 23. The measurement of the luciferase activity revealed
that all mutant proteins, apart from p.Ser836Asn and
p-Cys808Arg, displayed significantly reduced activation
for each of the analyzed targets compared to the WT. The
p-Ser836Asn showed decreased activation at the SHANK3
and LTBP4 loci, while p.Cys808Arg only showed this at
the LTBP3 locus (Figure 4A). To compare the findings ob-
tained by analyzing missense variants to proteins lacking
C-terminal C2H2-ZnFs, we next analyzed two frameshift
variants that were identified in affected individuals.
p-Ser817Alafs*27, which alters the amino acid sequence
of the C2H2-ZnF4, likely results in a truncated protein
lacking the last two C2H2-ZnFs, and p.Cys833Trpfs*11,
which alters the amino acid sequence of C2ZH2-ZnFS, likely
results in a truncated protein lacking the last C2ZH2-ZnFe6.
Notably, both frameshift variants, to a similar degree, dis-
played significantly reduced activation for each of the
analyzed targets compared to the WT (Figure 4B).

We next assessed whether any of the missense variants
exert a dominant-negative effect. When each of the mu-
tants was co-transfected with the WT BCL11B vector, we
observed differing results. Co-expression of p.Cys808Arg
and p.Ser836Asn did not inhibit WT activation for any of
the three targets. Mutants p.Asn807Lys, p.Lys838Arg,
and p.His842Pro inhibited WT activation only at the
SHANKS3 locus, and p.Thr840Met inhibited WT activation
at SHANK3 and LTBP3 loci, whereas p.Lys469Asn and
p-Lys838Thr inhibited WT activation for all three targets,
albeit to a different degree. Thus, these data suggest that
specific ZnF-C2H2 missense variants exert a dominant-
negative effect in a target-dependent manner (Figure 4C).
To further evaluate whether this dominant-negative
effect is specific for missense variants, we repeated the
experiments analyzing the two frameshift variants,
p-Ser817Alafs*27 and p.Cys833Trpfs*11. Notably, their
co-expression did not inhibit WT activation for any of
the three targets, suggesting that they do not exert a domi-
nant-negative effect (Figure 4D).

Missense BCL11B variants affecting ZnF-C2H2 specificity
residues are predicted to regulate alternative genome
regions

Transcriptional regulation governed by C2H2-ZnF-con-
taining proteins is not only dependent on DNA-binding af-
finity but also on their specificity. The latter is mainly

controlled by the four “specificity residues” that are the
most exposed amino acids on the surface of the DNA-con-
tacting o helix.” We have previously postulated that
BCL11B missense variants affecting a “specificity residue”
within a C2H2-ZnF may cause clinical heterogeneity
through acquisition of alternative DNA-binding regions.*'
Accordingly, the affected individuals presented here who
harbor a BCL11B missense variant affecting a “specificity
residue” displayed a broader and more severe phenotype
compared to other individuals harboring BCL11B variants.
However, this clinical variability could not be explained by
differential binding affinity in our assays (Figure 4). We
therefore utilized two independent bioinformatics algo-
rithms, “Zinc Finger Recognition Code”* and “Interactive
PWM predictor,””*? to analyze the DNA-binding prefer-
ences of the BCLI1B missense variants within C2H2-
ZnFs. Importantly, none of the other C2H2-ZnF missense
variants within the DNA-contacting « helix were predicted
to regulate alternative targets, suggesting that their main
mode of action is the reduced binding capacity due to ste-
ric effects on the a-helix-containing DNA-recognition site.
In contrast, both modeling approaches, albeit in a different
manner, suggest that all missense variants affecting a
“specificity residue” result in binding to different alterna-
tive genomic sequences, thereby probably regulating
different alternative target genes (Figures 5 and S3) and
providing further clarification of the observed clinical
heterogeneity.

Discussion

This study further delineates the clinical spectrum of
BCL11B-related neurodevelopmental disorders through
analysis of 92 affected individuals, 39 of whom have so
far not been reported in the literature. All affected individ-
uals display impaired function of the nervous system,
ranging from severe GDD to poor fine motor skills and
late-onset, mild hyperkinetic movement disorder. Most in-
dividuals display impaired development of the immune
system, although overt signs of immunodeficiency are
observed exclusively in individuals harboring missense
variants affecting “specificity residues” within the DNA-
contacting « helices. In line with previous findings in
mice,'*'® further commonly affected organs include the
cranium, skin, and teeth. Based on the clinical, genetic,
and molecular findings, we propose that BCL11B alter-
ations result in a phenotypic spectrum that can be classi-
fied into at least three subtypes.

Individuals harboring heterozygous LGD BCL11B vari-
ants are affected by mild to moderate intellectual disability
and impaired speech development, and the majority

(C) For analyses of potential dominant-negative effect, pPEGFP-BCL11B-WT was added in combination with the above. Statistical signif-
icance was calculated by one-way ANOVA with recommended Dunnett correction for multiple comparisons (GraphPad Prism). Means +
standard deviation values are based on three independent experiments. Significantly different from BCL11B-WT: *p < 0.05, **p < 0.01,
*p < 0.001, ***p < 0.0001; n.s., not significantly different from BCL11B-WT.

(D) Experiments as in (C) performed for selected frameshift variants.
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Figure 5.

Modeling of BCL11B DNA-binding specificity due to BCLT1B missense variants

(A) Predicted DNA-binding sites of the BCL11B-WT for the four C2H2-ZnFs in which missense variants were identified.

(B) Predicted DNA-binding sites for each of the missense variants within the o helix. Note that all missense variants affecting a “spec-
ificity residue” (shown in blue) alter the DNA-binding site and are therefore predicted to bind to different alternative genomic sequences
as compared to the BCL11B-WT. Missense variants within the o helix not affecting a “specificity residue” (shown in violet) do not alter

the DNA-binding specificity. Data are based on “Interactive PWM Predictor.

display a delay in motor development. Further common
clinical signs and symptoms include feeding difficulties
in infancy, various dental anomalies (dental crowding,
dental caries, hypodontia, and oligodontia), behavioral is-
sues (ADHD, autism spectrum disorder, anxiety, obsessive-
compulsive disorder, frustration intolerance, and aggres-
sive behavior), refractive error, muscular hypotonia, and
common facial dysmorphisms. Regarding the function of
the immune system, these individuals show impaired
T cell development, with low numbers of RTEs, and low
frequencies of ILC2s. They commonly suffer from frequent
infections (~50%) and have an increased risk of devel-
oping asthma and allergies (~40%, Tables 1 and S2). In
addition, distinct abnormalities of the skull were found
in 38% of affected individuals, including craniosynostosis,
scaphocephaly, microcephaly, macrocephaly, and dolicho-
cephaly. Moreover, we document the occurrence of short
stature, clinodactyly, retrognathia, and hypothyroidism
(Table 1). These LGD variants result in either haploinsuffi-
ciency or truncated proteins with loss of at least the last
two C-terminal DNA-binding zinc-finger domains (C2H2-
ZnFs). In vitro analyses, using two exemplary frameshift
variants, p.Ser817Alafs*27 and p.Cys833Trpfs*11, have
shown that both result in reduced DNA-binding affinity
without exerting a dominant-negative effect on the
BCL11B targets analyzed in this study.

Individuals harboring a heterozygous BCL11B missense
variant affecting a zinc-binding residue within C2H2-

n3

ZnFs mostly display clinical similarities to the individuals
harboring LGD variants. Individuals 37-39, harboring
p-His842Pro, p.His846Asp, or p.His877Tyr, respectively,
were affected by GDD with behavioral issues. Two had hy-
peropia and feeding difficulties in early childhood.
Although we were unable to obtain fresh blood samples
for immune phenotyping, two were reported to have
eosinophilia, asthma, and allergies. Similar clinical presen-
tation, a neurodevelopmental delay with asthma, and a
primary atopic disorder were reported in two individuals
harboring de novo missense variants that affect a zinc-bind-
ing cysteine residue within C2ZH2_ ZnFS, p.Cys826Arg and
p.Cys826Tyr.** Our in vitro analyses, using the exemplary
variant p.His842Pro, suggested that these missense vari-
ants lead to reduced DNA-binding affinity and may addi-
tionally exert a dominant-negative effect in a target-depen-
dent manner, therefore confirming the importance of zinc
coordination for the proper folding and stability of the
C2H2-ZnFs.”

The phenotypic variability is even more pronounced in
individuals harboring missense variants affecting the
DNA-contacting o helix within a C2H2-ZnF that affect
neither a zinc-binding residue nor a “specificity residue.”
We observed interfamilial phenotypic variability in indi-
viduals 27-30, all harboring the p.Cys808Arg variant.
Twins (individuals 27 and 28) presented with moderate
speech and motor developmental delay, poor fine motor
skills, hyperkinetic movement disorder, and behavioral
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issues, while their father (individual 30) had poor fine mo-
tor skills and late-onset, mild hyperkinetic movement dis-
order. All members of the family had an intact ILC2
compartment, and the changes in the T cell compartment
were rather mild, except in individual 28, who had a very
high frequency of y3-T cells. Both individuals (individuals
31 and 32) harboring the de novo p.Ser836Asn variant
displayed many clinical similarities to the individuals
harboring LGD variants. Individual 32, however, devel-
oped acute T cell lymphoblastic leukemia, while individual
31, at age 2 years, does not have a malignancy but has a
profoundly affected T cell compartment and reduced
ILC2s, similar to individuals harboring LGD variants.
Following unremarkable early development, individual
35, harboring a de novo p.Thr840Met variant, developed
mild intellectual disability, developmental coordination
disorder, ADHD, and subcortical myoclonias at the age of
4 years. This individual had a minor alteration in the T cell
compartment, with slightly high frequency of y3-T cells.
Notably, reduced DNA-binding affinity for p.Cys808Arg
was observed only at the LTBP3 locus and for p.Ser836Asn
at SHANK3 and LTBP3 loci. Contrarily, p.Thr840Met dis-
played impaired DNA-binding affinity at all three analyzed
loci and seems to exert a dominant-negative effect on
SHANK3 and LTBP3 loci. These findings suggest that
observed phenotypic and immune variability results
from the impaired DNA-binding affinity in a locus-specific
and dosage-dependent manner.

Finally, the BCL11B subtype characterized by the most
severe clinical outcome and largest clinical heterogeneity
is attributable to the missense variants affecting one of
the four “specificity residues” within C2H2-ZnFs. Indeed,
such missense variants result in multisystem anomalies
with SCID*° or syndromic ICL leading to early demise
due to infections (individuals 23 and 24; p.Lys469Asn)
but also in isolated, severe epileptic encephalopathy (indi-
vidual 25; p.Arg472Cys). In addition, somewhat compara-
ble to the individuals harboring LGD variants, individual
36, harboring a de novo p.Arg841Leu variant, had GDD,
autistic features, food allergies, and asthma. Immunodefi-
ciency, either SCID or ICL, was observed exclusively in in-
dividuals harboring a missense variant affecting the “spec-
ificity residue” at amino acid position +3 (p.Asn441Lys,
p-Lys469Asn, p.Asn810His, and p.Lys838Thr) (Figure 2
and Table 2). Similarly, brain MRI abnormalities, gait ab-
normalities, and seizures, rarely observed in individuals
harboring an LGD variant, were more common (>50%)
in individuals harboring a “specificity residue”-affecting
missense variant. Dystonia, involuntary movements, and
cerebral palsy were observed in both individuals harboring
the p.Lys838Arg variant, which was extremely rare in indi-
viduals harboring an LGD variant (3%-6%). These data
suggest that such missense variants exert a more severe ef-
fect than the LGD variants on the protein function. Inter-
estingly, the reporter assay revealed that whereas all of the
analyzed missense variants affecting a “specificity residue”
impair DNA-binding affinity in a similar manner, they

differ in seemingly target-specific dominant-negative ef-
fects. The clinical variability is likely further explained by
alterations in DNA-binding specificity as revealed by the
modeling approaches (Figures 4 and S3) and already
confirmed for p.Asn441Lys.”’ The latter is further sup-
ported by the clinical phenotype of individuals harboring
a missense variant at residue Lys838. Namely, individual
33, harboring p.Lys838Thr, did not develop signs of dysto-
nia, involuntary movements, and cerebral palsy, which
were observed in both individuals harboring p.Lys838Arg.
Similarly, in comparison to individual 33, both individuals
harboring p.Lys838Arg did not develop SCID.

Taken together, the clinical, genetic, molecular, and
modeling data suggest that the phenotypic diversity of
BCL11B-related disorders is strongly dependent on the
impact of diverse BCL11B alterations on its DNA-binding
affinity and specificity. LGD variants, resulting either in
haploinsufficiency or truncated proteins, with loss of at
least the last two C-terminal C2H2-ZnFs leading to reduced
DNA-binding affinity, cause a mild to moderate neurode-
velopmental delay with increased propensity for behav-
ioral and dental anomalies, allergies, and asthma, and
reduced type 2 innate lymphoid cells. A similar clinical
course is observed in individuals harboring a missense
variant affecting zinc-binding residues, cysteines, and his-
tidines within C2H2-ZnFs. Such missense variants result in
reduced DNA-binding affinity and may additionally exert a
dominant-negative effect in a target-dependent manner.
However, missense variants affecting the DNA-contacting
o helix within a C2H2-ZnF that affect neither a zinc-bind-
ing residue nor a “specificity residue” result in variable clin-
ical outcomes either similar to those of LGD variants or
much milder and later in onset. The comparison of clinical
data and results obtained by luciferase assay for other
BCL11B alterations strongly suggest that their clinical
outcome mostly depends on their DNA-binding affinity.
The largest clinical heterogeneity and most severe clinical
outcomes are observed in individuals harboring a missense
variant affecting one of the four “specificity residues”
within C2H2-ZnFs. Such missense variants result in
reduced DNA-binding affinity and exert a dominant-nega-
tive effect in a target-dependent manner. In addition, how-
ever, missense variants affecting “specificity residues”
result in binding to alternative DNA targets, thus resulting
in altered expression of various genes that are not gov-
erned by WT BCL11B. Currently, it is impossible to predict
such genes and how they will be altered due to such
missense variants. Therefore, especially in a prenatal
setting, it is impossible to predict their clinical outcome.

In addition to the three suggested BCL11B subtypes,
an individual affected by syndromic GDD with craniosy-
nostosis harboring a de novo p.Arg3Ser was recently
described.’* The identified missense variant, located
within a conserved amino terminus, leads to impaired
interaction with the RBBP4-MTA1 complex. It is conceiv-
able that missense variants affecting further specific func-
tional sites within BCL11B, e.g., affecting phosphorylation
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sites or protein-interacting motifs, might further expand
the clinical spectrum.

A further emerging question regarding individuals
harboring a causative BCL11B variant remains the poten-
tially increased risk for developing a malignancy. The anal-
ysis of murine models with Bcl11b alterations'’** and the
somatic data of hematologic malignancies®*’ suggest
that BCL11B may act both as a tumor suppressor and as
an oncogene. We report here two individuals harboring
BCL11B variants, a frameshift variant and p.Ser836Asn,
who developed a hematologic malignancy. However, it is
arguable whether an incidence of ~2% (2/92) allows estab-
lishment of BCL11B as a tumor predisposition gene. The
fact that both developed a different type of malignancy,
namely T cell large granular lymphocytic leukemia and
T cell acute lymphoblastic leukemia, does not currently
allow recommendation of meaningful surveillance
strategies.

Beyond the interfamilial variability in individuals 27-30,
harboring p.Cys808Arg, several identical de novo variants
result in variable clinical presentation. All three individuals
harboring heterozygous p.Gly630Thrfs*91 included in this
study developed a skull abnormality. However, they are
very different. Individual 9 had scaphocephaly, individual
10 developed secondary microcephaly, and individual
11 had macrocephaly. Moreover, an individual harboring
p-Asn441Lys identical to the initially described BCL11B
variant®® had a somewhat milder clinical course, especially
in terms of immunodeficiency, compared to the
initial case.’” Similarly, despite harboring the identical
p-Asn807Lys variant, neither the here described individual
26 nor the previously reported individual®® developed a
congenital erosive dermatitis that we have documented
previously.?! Likewise, despite many similarities be-
tween individuals 23 and 24, both harboring de novo
p-Lys469Asn, only individual 23 developed pigmentary
mosaicism of the skin and white hair, which may be
explained by the different nucleotide substitution
c.1407G>T and ¢.1407G>C. Obviously, we cannot
completely exclude the possibility that some of these indi-
viduals harbor additional variants or epigenetic alterations
that may have modified the phenotype. It is worth noting,
however, that DNA-binding affinity and specificity of tran-
scription factors can additionally be altered due to changes
within the DNA-binding regions, even resulting in cell-
type-specific binding changes.®” Such alterations, in partic-
ular single nucleotide polymorphisms, are thought to un-
derlie the increased risk for common diseases.®* It is thus
reasonable to hypothesize that at least some of the
observed clinical variability between individuals harboring
an identical BCL11B variant might be due to rare or even
common alterations within its target sites. Since BCL11B
regulates gene expression in a context-dependent
manner,”'? several integrated multi-omics approaches,
including ChlIP-seq, whole-genome sequencing, methyl-
ation profiling, and RNA sequencing, preferentially per-
formed in various cell types and cell lineages, are required

to further elucidate the molecular mechanisms underlying
the BCL11B phenotypic spectrum. Clearly, such analyses
will require extensive further work and will be the main
aim of our future studies.

In summary, by comparing the clinical and genetic data
of altogether 92 affected individuals harboring a likely
pathogenic or pathogenic BCLI1B variant, we have
expanded the known clinical spectrum. Combination of
immune phenotyping, ChIP-seq followed by luciferase as-
says, and molecular modeling suggest that the broad
phenotypic spectrum of BCLII1B-related disorders is
mainly due to the differential impact of the variants on
its DNA-binding affinity and specificity. Our data further
highlight the possibility that specific BCL11B missense var-
iants can result in unpredictable clinical outcomes differ-
entially affecting the immune system along with develop-
ment and function of the brain, skin, and teeth.
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