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An increasing number of individuals with intellectual developmental disorder (IDD) and heterozygous variants in BCL11A are
identified, yet our knowledge of manifestations and mutational spectrum is lacking. To address this, we performed detailed analysis
of 42 individuals with BCL11A-related IDD (BCL11A-IDD, a.k.a. Dias-Logan syndrome) ascertained through an international
collaborative network, and reviewed 35 additional previously reported patients. Analysis of 77 affected individuals identified 60
unique disease-causing variants (30 frameshift, 7 missense, 6 splice-site, 17 stop-gain) and 8 unique BCL17A microdeletions. We
define the most prevalent features of BCL11A-IDD: IDD, postnatal-onset microcephaly, hypotonia, behavioral abnormalities, autism
spectrum disorder, and persistence of fetal hemoglobin (HbF), and identify autonomic dysregulation as new feature. BCL11A-IDD is
distinguished from 2p16 microdeletion syndrome, which has a higher incidence of congenital anomalies. Our results underscore
BCL11A as an important transcription factor in human hindbrain development, identifying a previously underrecognized
phenotype of a small brainstem with a reduced pons/medulla ratio. Genotype-phenotype correlation revealed an isoform-
dependent trend in severity of truncating variants: those affecting all isoforms are associated with higher frequency of hypotonia,
and those affecting the long (BCL11A-L) and extra-long (-XL) isoforms, sparing the short (-S), are associated with higher frequency of
postnatal microcephaly. With the largest international cohort to date, this study highlights persistence of fetal hemoglobin as a
consistent biomarker and hindbrain abnormalities as a common feature. It contributes significantly to our understanding of
BCL11A-IDD through an extensive unbiased multi-center assessment, providing valuable insights for diagnosis, management and
counselling, and into BCL11A’s role in brain development.
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INTRODUCTION layer projection neurons, differentiation and thalamocortical

BCL11A-related Intellectual Developmental Disorder (BCL11A-
IDD), also known as intellectual developmental disorder with
persistence of fetal hemoglobin [OMIM #617101] or Dias-Logan
syndrome, is an autosomal dominant condition caused by
heterozygous pathogenic variants in BCLT1A (HGNC:13221) [1, 2].
BCL11A encodes a Kriippel-like sequence-specific C2H2 zinc finger
(ZnF) transcription factor required for the fetal-to-adult hemoglo-
bin transition via transcriptional repression [3]. BCL11A is highly
expressed in the developing mammalian brain, regulating multi-
ple developmental processes, including subtype identity in deep-

integration of layer IV projection neurons, cell-polarity switch
and radial migration of upper-layer projection neurons [2, 4, 5]. We
have previously shown that Bc/77a haploinsufficiency in mice
leads to impaired memory and social behavior, along with
regionalized reduction of brain size, including of the hippocam-
pus, corpus callosum and cerebellum (superior vermis) [2].

The significance of BCL11A in human brain development is
underscored by the identification of individuals with neurodeve-
lopmental phenotypes associated with pathogenic heterozygous
variants or copy number loss of BCL11A [2, 6-8]. BCL11A-IDD has
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been identified in individuals with heterozygous loss-of-function
variants [2, 9-13] and N-terminus missense variants acting as
hypomorphic alleles, impacting BCLT1A transcriptional activity,
subcellular localization [2] and increasing proteasomal degrada-
tion of the BCL11A protein [14]. Despite these findings, a detailed
understanding of the phenotypic spectrum of BCL11A-IDD is
lacking, as is the effect of genotypic variation on disease features
and severity. Moreover, incomplete annotation of human and
mouse BCL11A isoforms (www.ensembl.org) poses challenges in
determining isoform-specific tissue and developmental expres-
sion. Experimental evidence supports the expression of three main
BCL11A isoforms in developing human brain, previously (and
herein) designated BCL11A-XL (extra-long, 835 aa), BCL11A-L
(long, 773 aa), and BCL11A-S (short, 243 aa) [15].

To address these knowledge gaps, we aimed to define the
phenotypic spectrum of BCL11A-IDD and determine genotype-
phenotype correlations by analyzing a large cohort of affected
individuals. Here we present detailed phenotypic data on 42
participants with BCL11A variants consistent with BCL11A-IDD and
review an additional 35 reported patients. We evaluate the effect
of variants in the context of different BCL11A isoforms and identify
a putative isoform-specific genotype-phenotype effect. We
demonstrate a broad spectrum of severity of neurodevelopmental
phenotypes and mild dysmorphic features, and confirm elevated
hemoglobin F (HbF) as a hallmark of the condition. We provide
further evidence for hindbrain abnormalities and report novel rare
autonomic phenotypes.

SUBJECTS AND METHODS

Subjects

Present cohort: individuals with BCL11A-IDD were identified through
clinicians’ direct clinical practice, the Deciphering Developmental Disorders
Study [7], GeneMatcher [16] and publicly available databases (Decipher
[17] and ClinVar [18]). All individuals had a previously identified likely
pathogenic or pathogenic variant in BCLT71A. Individuals previously
reported by co-authors are included with updated phenotypic information:
P5 [19], P8 and P25 [20], P30, P36, P37 [2]. Informed consent for
participating in diagnostic or research studies had been obtained
according to institutional review boards and local regulatory authorities
(see Supplementary Material). Written consent was obtained for sharing of
deidentified clinical information, and photographs, where applicable,
according to principles outlined in the Declaration of Helsinki. Participants
did not receive a stipend.

Additional previously reported individuals were identified via literature
search in PubMed (to April 5, 2022). The following search terms were used:
“BCL11A”", “Dias-Logan syndrome”, “2p16.1 deletion”. For individuals with
copy number variants (CNVs), only those encompassing BCLT1A alone or
BCL11A and non-coding genes were included. Individuals with larger
genomic deletions encompassing additional protein-coding genes were
excluded from this cohort and considered only as a comparison group of
selected phenotypes (reported to July 1, 2021) [8, 21].

For DECIPHER (April 17, 2021) and ClinVar (Oct 2023), where the
submitter was unavailable or unable to provide further clinical information,
open access pathogenic and likely pathogenic variants with at least one
associated phenotypic term are presented as aggregate data.

Phenotyping

Clinicians provided retrospective clinical and molecular data on a
standardized proforma. Facial features of available photographs were
assessed independently by two experienced clinical geneticists (A.P. and
C.D.) and a final consensus phenotype was recorded using The Elements
of Morphology: Standard Terminology nomenclature [22]. Clinical
manifestations were annotated using Human Phenotype Ontology
(HPO) (Supplementary Table 1) [23]. Frequencies of clinical manifesta-
tions were calculated using the number of individuals for whom
evidence of presence/absence of each manifestation was available.
Age and sex-adjusted standard deviations (SD) for growth parameters
recorded as raw numbers were calculated with the UKWHO reference in
the childsds package version 0.7.6 [24] in R v.4.0.3. Percentiles/SD
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provided by the clinician were used where primary measurements were
unavailable.

Variant annotation

Variants annotated to GRCh37 were mapped to GRCh38 using Assembly
Converter (Ensembl release 103 - February 2021). CNVs were visualized as a
custom track in Ensembl (GRCh38.p13). Three BCL11A transcript isoforms
with evidence of expression in brain tissue [15] were selected for analysis:
BCL11A-XL (NM_022893.4, MANE transcript), BCL11A-L (NM_018014.4) and
BCLT1A-S (NM_138559.2) (Fig. 1). Variants were classified based on
predicted effects on these isoforms and nonsense mediated decay
(NMD) [25] (Supplementary Table 2): PTVa, premature termination codon
(PTQ) in all 3 isoforms; PTVb, PTC affects only BCL11A-XL and -L; MISS,
missense variants; SPL, splice variants predicted to alter the reading frame;
CNV, copy number variants (microdeletions).

Fetal forebrain and cerebellum samples

Human fetal hindbrain samples were provided by: 16 and 18 post-
conception weeks [pcw], the Joint MRC/Wellcome Trust (MR/R006237/1)
Human Developmental Biology Resource (HDBR,) with ethical approval
(RECs 18/NE/0290 and 18/L0O/0822, www.hdbr.org); 12 pcw, the Birth
Defects Research Laboratory (BDRL), University of Washington, Seattle, WA,
with ethics board approval, and in accordance with ethical and legal
guidelines of Seattle Children’s Hospital Institutional Review Board.
Immunohistochemistry was performed using standard methods detailed
in Supplementary Material.

Neuroimaging

Retrospectively acquired brain MRI scans of 13 individuals were analyzed
by an experienced pediatric neuroradiologist (F.D'A.), blinded to genotype.
Posterior fossa abnormalities were assessed qualitatively and using
quantitative measurements when DICOM images were available: the
vermian height, vermian antero-posterior diameter, antero-posterior
midbrain-pons junction and antero-posterior mid-pons diameter were
measured on the sagittal midline and compared with normal values for
age-matched controls available in literature [26]. Values below the 3d
percentile were considered abnormal. A cranio-caudal ratio with midbrain
and/or medulla oblongata less than 1.5:1 was used to define an abnormal
pons [27].

Statistical analysis

Categorical variables are presented as n (frequency, %), and continuous
variables as median with ranges. Statistical analyses were performed using
Graphpad Prism v.8.0.1. Graphical representations were generated using
Graphpad Prism and R v.4.0.3 (ggplot2 v.3.3.3, circlize v.0.4.13). For
statistical testing, despite standardized data recording on the same
proforma, we recognize we cannot correct for all the technical variation in
prior assessment of individuals. We therefore performed descriptive
statistics and where possible applied unpaired t-test and Fisher’s exact
test (FET) for comparing frequencies between groups, at a significance
threshold of p < 0.05.

RESULTS

Cohort overview

We present 42 individuals (18 female, 24 male) with hetero-
zygous pathogenic or likely pathogenic variants in BCLT1A
including 35 previously unreported in a publication and seven
previously reported with updated and detailed clinical assess-
ments. Median age at molecular diagnosis was 87'"'? years
(range 1-41y); median age at last assessment was 97%'2 years
(range 2-42y) (Supplementary Table 1). We analyzed data from
17 additional previously published cases and 18 records
deposited in publicly available databases (not included in our
42-patient cohort), for a total of 77 patients with BCL11A-IDD
(“combined dataset”, n=77, present cohort combined with
previously reported and aggregate data from open access
databases) [2, 9-13]. The main clinical manifestations of each
subgroup and of the combined dataset are presented in Table 1,
with additional details provided in Supplementary Table 1. To
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Fig. 1

BCL11A genomic variants. BCL11A genomic variants annotated to MANE select BCL11A-XL (A), BCL11A-L (B) and BCL11A-S (C)

isoforms. Stop gain: red square; frameshift: red triangle, with downstream premature termination codon as small red square; missense
variants: yellow triangle; splice variants: light blue triangle. Light blue outline on red triangle: frameshift and potential splice variant
ClinVar_VCV000987092.1; light blue outline on yellow triangle: missense and potential splice variant ClinVar_VCV000987093.1 (see
Supplementary Table 2). Green: C2H2 DNA binding zinc finger domains. Dark gray bars: regions of predicted NMD escape by “start proximal”
and “last exon junction” mechanisms. Purple bar: region of putative interaction with TBR1 (den Hoed et al. [37]). This figure was generated in

collaboration with the Decipher team (https://deciphergenomics.org).

address potential biases in data ascertainment, results of the
“present cohort” (n=42) and of the “combined dataset” are
presented separately.

Mutational spectrum

The present cohort of 42 includes 32 individuals with 27 unique
protein truncating variants (PTV: 11 individuals heterozygotes for 10
unique PTVa variants, 21 for 17 unique PTVb variants); 3 splice
variants (SPL); 4 missense variants (MISS) (Fig. 1, Supplementary
Table 3); and 3 with unique CNVs (Supplementary Fig. 1A,
Supplementary Table 4). Notably, only 5 variants are predicted to
efficiently undergo nonsense mediated decay (NMD) in all 3 isoforms
(PTVa2). All others are predicted to escape or have reduced efficiency
of NMD via different mechanisms, leading to truncated proteins with
or without changes to the open reading frame (Supplementary
Table 3). Overall, the combined dataset includes 56 patients with PTV
(21 PTVa and 35 PTVb), 6 with SPL, 7 MISS and 8 CNV.

We report 2 novel missense variants, His188Arg and Asn756Lys,
classified as “pathogenic” by AlphaMissense [28]. His188Arg
localizes to the first C2H2 ZnF present in all 3 major isoforms
(Fig. 1). Asn756Lys locates to the fourth BCL11A-XL C2H2 ZnF in
the C-terminus ZnF cluster required for globin repression [3].
Based on previously reported crystal structure of BCL11A [29], we
computationally predicted the Asn756Lys variant alters the zinc
finger structure (Supplementary Fig. 1B) .

Inheritance information was available for 40 individuals.
Thirty-three (33/40, 83%) had de novo variants. Parental germ-
line mosaicism is suspected in two sib pairs from unaffected
parents in 2 families (P2 and P3; P23 and P24); parents do not
carry the variant in the tissue tested (buccal (parents of P2,3) and
blood (parents of P23,24)) and do not present cognitive or
neurobehavioral phenotypes. In another affected individual, the
variant was not maternally inherited (P11; paternal DNA
unavailable).

SPRINGER NATURE

Frameshift variants were inherited in two families (P31, P32;
neither parent formally assessed). P31's heterozygote mother was
described as having learning difficulties. P32's heterozygote father
was described as having “autistic traits” and mild cognitive
impairment; parental ratio of mutant and wildtype allele could not
confirm mosaicism (48.7% ALT/REF in blood). P32’'s variant,
Ser657ThrfsTer134, is expected to generate a truncated protein
with an altered amino acid sequence disrupting the C-terminus
C2H2 ZnF; frameshifted BCLT1A-XL cDNA is detected in lympho-
blastoid cells (Supplementary Fig. 1C; Supplementary Methods).
However, BCL11A expression in lymphoblastoid cells of P32 was
not decreased in comparison to his mother without the variant
(Supplementary Fig. 1D, E), consistent with NMD escape.

Neurodevelopmental phenotypes

Developmental delay and/or intellectual disability (ID) was present
in all individuals in the present cohort, except two (38/40, 95%).
The severity ranged from mild to severe/profound, with the
majority having moderate ID (Table 1, Supplementary Fig. 2A).
Interestingly, two individuals with PTVb class variants (P16,
Ser378Ter; P32, Ser657ThrfsTer134) had a normal cognitive
function assessment, with 1Q scores of 93 and 80, respectively.
Both were diagnosed with autism spectrum disorder (ASD), with
P16 diagnosed with dyslexia and dysgraphia, and P32 receiving
speech therapy and special education.

Speech and language were affected in most individuals (Table 1),
involving both receptive and expressive language. Median age at
first words was 2 years (range 9 m - 47%'2y). Eight had no speech at
last assessment. Dysarthria, articulation problems and/or speech
apraxia were reported in 7. Gross and fine motor development delay
were common, with a median age of 11 months for independent
sitting (range 6-19 months) and 29 months for walking indepen-
dently or with support (range 14 months - 9 years).

European Journal of Human Genetics (2025) 33:312-324
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ASD was diagnosed in 38% (14/37), with a similar prevalence in
the combined datasets: 19/51, 37%. Prevalence of ASD was
greater, albeit non-significant (FET, p =0.6942), in patients with
PTVb (12/14) vs. PTVa (4/10) variants. Additional behavioral
problems were reported in 69% of patients (27/39), including
aggressiveness (n = 13), repetitive behavior (n=13), sleep dis-
turbances (n=11), attention deficit hyperactivity disorder
(n=10), and anxiety (n=13), some co-occurring in the same
individual (Supplementary Table 1).

Additional neurologic manifestations

Hypotonia was observed in 25/38 patients (66%) and was
significantly more frequent in individuals with PTVa variants (10/
11, 91%) when compared to MISS (1/4, 25%, FET, p = 0.0330).
Twenty-two percent of patients (8/37) had seizures, with median
age at onset of 472 years (range 5 months - 10 years). Two
additional individuals had suffered a single seizure and 3 had
abnormal EEG findings without clinical seizures. Seizures were
polymorphic, including generalized tonic-clonic, myoclonic, and
focal-onset, with no dominant seizure type (Supplementary
Table 1). Motor impairment, such as ataxia, broad-based gait, or
lower limb spasticity, was reported in 13/31 individuals (42%).

Hindbrain abnormalities are common in BCL11A-IDD

Brain abnormalities were identified on MRI in 55% of scanned
patients (21/38) and 59% in the combined dataset (29/49,
Supplementary Table 1, Supplementary Fig. 2B). The most common
findings in our cohort were cerebellar abnormalities (12/38, 32%)
and brainstem abnormalities (12/37, 32%) (Fig. 2). A small or
hypoplastic cerebellar vermis was observed in all of these
(Supplementary Table 5). No differences per variant type were
detected. BCL11A (a.k.a. CTIP1) is highly expressed in Purkinje cells
(PC) of the rodent cerebellum [30, 31]. Previous single cell gene
expression analysis showed high BCLT1A expression in human
cerebellum PCs, [30] yet protein expression beyond Carnegie stage
19 in human development has not been investigated. Thus, we
further explored expression in human tissues using immunohis-
tochemistry, confirming high protein expression in the cerebellar
PC layer during human development from 12 to 18 pcw (Fig. 3A-C).

The primary brainstem imaging finding was a small pons,
objectively and/or relative to medulla, consistent with BLCT1A
expression in the developing human brainstem [30] (Fig. 3D).
Supratentorial abnormalities were rare, occurring in only 2
patients (Supplementary Table 5). Seven of 38 patients (18%)
had callosal abnormalities, a frequency comparable to that
observed in reported large CNVs (3/16, 19%).

We compared the frequency of brain malformations in the
combined dataset of BCL11A-IDD with that in patients reported
with large contiguous gene deletions encompassing BCLT11A
(Supplementary Table 6). Cortical malformations are significantly
less frequent (FET, p=0.0109) in individuals with variants or
deletions affecting BCLT17A only (2/38, 5%) compared with those
carrying large CNVs (5/17, 29%) (Supplementary Fig. 2B).

Craniofacial phenotype

Mild dysmorphisms were shared among patients regardless of
variant class, however we did not identify a uniquely recognizable
gestalt (Fig. 4A; Table 1). We tested this using GestaltMatcher
[32, 33] for facial features analysis (see Supplementary Materials),
revealing the absence of a specific facial gestalt in BCL11A-IDD
individuals (Fig. 4B), although the individuals below age ten years
exhibited relatively higher similarities (Supplementary Fig. 3A).
Furthermore, no facial similarities linked to specific variant types
were observed (Supplementary Fig. 3B).

At the feature-specific level, common craniofacial features
included epicanthus (12/41, 29%), wide nose (21/41, 51%), malar
flattening (21/41, 51%), full cheeks (19/41, 46%), thin upper lip
vermillion (14/41, 34%), thick or everted vermillion of the lower lip
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(22/41, 54%), and external ear abnormalities (24/41, 59%)
(Supplementary Table 1). Facial appearance changed with age
(where longitudinal information was available), with a round face
with full cheeks and thick/everted vermillion of the lower lip more
evident in younger ages, in keeping with higher phenotypic
similarity below age 10 (Supplementary Fig. 3A), and a less specific
longer face in adolescence and young adulthood. Ear abnormal-
ities varied, most commonly small and/or attached earlobes. Sixty
percent of individuals had strabismus (21/35). Increased body hair
(synophrys, thick eyebrows, long eyelashes, or hypertrichosis) was
recorded in 11/41 (27%). Supplementary Fig. 2D and Supplemen-
tary Table 1 display additional craniofacial features.

Prenatal and birth

Abnormal prenatal history was reported in 34% of cases (13/38,
detailed in Supplementary Table 1). Postnatally, congenital malforma-
tions were observed in 6/41 patients (15%), including polydactyly,
cleft palate, pulmonary artery branch stenosis, craniosynostosis, and
umbilical hernia. The frequency of congenital abnormalities in the
present cohort was significantly lower than in reported individuals
with large CNVs encompassing additional coding genes (Supplemen-
tary Table 6, 12/20; p = 0.0006). This difference remained significant
with the combined dataset (p = 0.0004).

Growth

Head circumference (HC) was normal at birth in all patients with
data available, except one with congenital microcephaly (P29).
Median birth HC SD was 0.08 (range —2.55 to 2.18 SD). Postnatal
microcephaly (below —25D or 3 centile) was observed in 16/35
(46%, Table 1; Fig. 4C). Postnatally, HC for age was significantly
smaller than at birth (median SD —1.87 vs 0.08, p <0.0007)
(Fig. 4C), with progressive relative postnatal microcephaly in
most patients with consecutive measurements (p < 0.0001,
Fig. 4D). Individuals with PTVb class variants had overall smaller
head size within the cohort (median SD —2.124), statistically
significantly smaller compared to those with MISS variants
(p = 0.0083; Fig. 4E).

Most patients had normal height and weight for age
(Supplementary Table 1); only 2 had stature below —2SD. Three
individuals were reported to have short stature, though measure-
ments were unavailable. Median height and weight SDs were
—0.47 and —0.42, respectively (Fig. 4C) and were not significantly
different per variant class (Supplementary Fig. 2G).

Hematological phenotype

All 23 individuals in whom quantification was performed had HbF
levels above maximum reference for age (ref. of <2% from age 2
years; before 2 years HbF may be physiologically elevated). With a
median age at last HbF measurement of 10.5 years (range 5-41),
the median value of HbF was 15.6% (range 4.1-35), with an
inverse trend between age and HbF (Supplementary Fig. 2C) and
no detectable correlation with variant class. In individuals with
sequential measurements, HbF decreased over time, yet remained
above reference levels for age (Supplementary Table 7).

Additional features

Scoliosis was noted in 20% of affected individuals (6/30), including
in 5/11 patients over 10 years of age. Joint hypermobility/laxity
was reported in 36% of individuals (12/33). Constipation was
reported in 35% (11/31). Signs of autonomic dysfunction in 5/30
(17%) consisted mostly of cutis marmorata, intermittently cold
extremities or Raynaud’s phenomenon, and altered sensitivity to
pain (Supplementary Fig. 2H).

Only one individual was identified with abnormalities of the
immune system (P39, Supplementary Table 1). In four other patients
where an immunoglobulin panel was performed, this was normal.
Malignancies were queried because somatic variants in BCL11A are
reported in sporadic malignant tumors, however no individuals had
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Control

Fig. 2 Neuroradiological features of individuals with BCL11A-IDD. Sagittal (A), Coronal (B) and axial (C) 3D T1 weighted-images (WI) in
P35 showing inferior vermian hypoplasia (long arrows in A and B) with associated enlargement of the tegmento-vermian, mild reduction in
size of the posterior aspect of the corpus callosum (short arrow in A), hypoplasia of the left cerebellar hemisphere (dashed arrow in B) and
mild dysplasia of the vermis (arrowhead in C). Sagittal T1 WI (D) and coronal T2 WI (E) in P25 and sagittal T1 WI in P8 (F) showing isolated
vermian hypoplasia with associated enlargement of the tegmento-vermian. Vermian hypoplasia was confirmed with measurements compared
to normal values described in Jandeaux et al. [26]. The pons is small in both patients. Sagittal T1 Wl in P35 (G), P41 (H), and P17 (I) showing the
short pons and abnormally elongated medulla. Normal control for comparison on the bottom right (J).

been diagnosed with solid or hematologic malignancies. One patient
(P41) had a benign tumor (osteochondroma).

DISCUSSION

We present the comprehensive phenotypic and genotypic
spectrum of BCL11A-IDD based on 77 affected individuals: 42
from our cohort (Fig. 4F) and 35 from previous reports,
highlighting persistence of fetal hemoglobin as constant and
hindbrain abnormalities as common features. While recurrent
subtle dysmorphisms were observed, BCL11A-IDD is not asso-
ciated with an objectively distinct facial appearance. We observed
a trend towards a more severe phenotype for protein truncating
variants (PTV) compared to missense and splice variants. PTVb

SPRINGER NATURE

variants, sparing the BCL11A-S isoform, tended to exhibit more
severe neurobehavioral features, while PTVa variants trended
toward a higher frequency of hypotonia, though larger cohorts are
needed for further confirmation. HbF persistence in all missense
variant patients tested is consistent with loss of transcriptional
repression, through reduced activity or proteasomal degradation
of mutant protein [14].

Intrafamilial variability, reduced penetrance, or undetected
parental mosaicism may explain affected children with variants
inherited from apparently un- or mildly affected heterozygote
parents in two families. We also report the first two cases of
apparent germline mosaicism in BCL11A-IDD, specifically 2 in 35
families where parents tested negative, i.e., ~6%, or 4% (2 in 50)
considering the combined cases with parental testing. Given the
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Fig. 3 BCL11A expression in developing human cerebellum. Inmunohistochemistry of human fetal cerebellum at 12 (A), 16 (B) and 18 (C)
weeks post conception. CH cerebellar hemisphere, V developing vermis (with island like fissures); filled arrow, Purkinje cells; open arrow,
cerebellar granule neuron precursors; EGL external granule layer, PCL Purkinje cell layer, IGL internal granule layer, GN granule neurons. Bars:
gray, 200 pm; white, 100 uym; yellow, 50 pm. D BCL11A normalized gene expression by cell type in developing human cerebellum (data from
Aldinger et al. [30]). RPKM, reads per kilobase of transcript per million mapped reads.

variability of neurobehavioral and cognitive phenotypes, we
recommend parental testing and detailed assessment of parental
phenotypes to ensure appropriate recurrence risks and genetic
counselling. We recommend quoting a ~4% recurrence risk for
parents of a single affected child until larger cohorts are identified.

European Journal of Human Genetics (2025) 33:312-324

The broad variability of neurodevelopmental phenotypes and
broad range of achievement of developmental milestones in
individuals with pathogenic variants in BCL11A, even for the same
variant class (Supplementary Table 1) is highlighted by our
extensive cohort, which includes patients assessed independently
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in different centers, thus reducing biases. It is likely that additional
genomic variation and non-genetic factors influence this varia-
bility. Further studies in extended cohorts will be required to
confidently ascertain penetrance and identify modifiers [34].
Most variants may escape NMD (Supplementary Table 3) by
different mechanisms [25], resulting in significantly truncated
proteins, with or without aberrant protein sequences. Using allele-
specific expression, Teran et al. [35] predictively modeled that rare
variants (MAF <0.001%) are less likely to escape NMD [35].
Variants classified as pathogenic in ClinVar were more likely to
exhibit allelic imbalance across tissue types due to NMD. We could
not confirm this in P32 with the methods used. The gnomAD

SPRINGER NATURE

database (v4.0) [36], records 25 heterozygous BCL11A variants
potentially truncating at least one of the three major isoforms
discussed here, excluding those annotated as “pathogenic”
(Supplementary Table 8). All are anticipated to escape NMD.
gnomAD includes six alleles disrupting the same leucine at
position 360 in isoforms BCL11A-XL and -L, in a total of 26
individuals; two alleles at this multiallelic locus are classified as
pathogenic, including the p.Leu360ProfsTer212 recurrent in our
cohort. While sequencing artifacts are possible, two of the three
patients in our cohort (all with a single nucleotide duplication,
¢.1078dup) had hemoglobin isoforms assessed, confirming
persistence of HbF and supporting pathogenicity of the alleles

European Journal of Human Genetics (2025) 33:312-324
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Fig. 4 Physical features of individuals with BCL11A-IDD in the present cohort. A Facial features of selected individuals with BCLT1A
pathogenic variants, grouped according to variant class (see methods). Patient number is indicated in the bottom right of each image.
Approximate ages at time of photographs (y, years; m, months): P1, 42y; P9, 3y2m; P19, 16y; P26, 4yém; P32, 18y; P36, 11y2m (left), 12y10m
(right); P37, 16'y; P41 3y3m (left), 7y8m (right). Additional photographs of the face (profile) and limbs are available in Supplementary Fig. 2.
PTV: Protein Truncating Variants (PTVa, type a; PTVb: type b); MISS: missense variants; CNV: Copy Number Variants. No photographs are
available for patients with splice-site variants. B GestaltMatcher comparison of the distance distribution among BCL11A-IDD individuals
(orange), the random selection from the subjects with 328 disorders (red), and the selection with the same disorder (blue). The black vertical
line is the threshold that classifies whether it is the same disorder or random selection. 34.5% of the BCL11A distribution is below the
threshold, indicating only a small portion of BCL11A individuals presenting similar facial gestalt. C Distribution of growth parameters
(standard deviations, SD) of present cohort (a single value for each individual is represented); lines indicate median, upper and lower quartiles;
*** unpaired t-test p = 0.0001. n = 13 HC birth; n = 35 HC; n = 34 height; n = 33 weight. D Head circumference (HC) at birth and postnatal (SD
for age and sex) for individuals in present cohort and previously reported where both measurements available; n =15 (13 PTV, 1 SPL (splice), 1
CNV); paired t-test: ***p < 0.0001. E Head circumference SDs for individuals in present cohort (PTVa, n=11; PTVb, n = 18; MISS, n = 3); lines
indicate median, upper and lower quartiles; unpaired t test: *p = 0.0083; ns not significant. F Circular bar plot representing frequencies for
phenotypic features in the present cohort; bars are proportional to frequency, 25% intervals indicated by ticks. DD developmental delays, IDD
intellectual developmental disorder, ASD autism spectrum disorder, abn. abnormalities, MRl magnetic resonance imaging, HbF fetal

hemoglobin.

inducing frameshift at the same locus. There are three alleles in
gnomAD downstream of the variants identified in the BCL11A-IDD
cohort and downstream of a putative TBR1 interaction domain of
BCL11A-L (Fig. 1B) [37], and seven that spare the BCL11A-XL
isoform, affecting BCL11A-L, with or without affecting BCL11A-S.
HbF and neurocognitive assessment of these individuals would be
useful to determine the impact of variants on BCL11A transcrip-
tional activity, and provide further insight into the requirement of
disruption of the putative TBR1 interaction domain for neurobe-
havioral and/or cognitive phenotypes. BCL11A’s intolerance to loss
of function is underscored by the high pLI score of 1, and a LOEUF
(loss-of-function observed / expected upper bound fraction) of
0.04. Given the variable severity of IDD and rareness of
malformations we identify in BCL11A-IDD, we posit that indivi-
duals reported to have loss of function inducing variants in
gnomAD had a mild neurodevelopmental phenotype not
precluding their inclusion in gnomAD cohorts, and/or the variants
have minimal phenotypic impact due to their C-terminal location
or sparing of BCL11A-XL. Importantly, version v4 of gnomAD
includes biobank samples, namely from the UK Biobank, which
include disease samples without associated phenotypic metadata.
Based on our current and previous evidence for loss of function
and hypomorphic alleles disrupting BCL11A transcriptional activity
[2], we suggest HbF levels be used as a proxy for loss of activity in
clinical interpretation of putative loss of function BCL171A variants.

Our data and observations by Aldinger et al. [20] support the role of
BCL11A in hindbrain abnormalities. While posterior fossa involvement
(reduced vermis) is documented in the heterozygous mouse model
[2], pons and medulla abnormalities have not been explored. Our
findings may represent a mild pontocerebellar hypoplasia phenotype,
which should be distinguished from classical forms of pontocerebellar
hypoplasia (PCH) by absence of evolving cerebellar atrophy and
associated supratentorial features [38]. In individuals with 2p16
deletions, haploinsufficiency of BCLT1A, but not of adjacent coding or
non-coding regions, is likely responsible for the rare cerebellar and
pontine anomalies [20]. Interestingly, ataxia and/or spasticity were
more frequent in previously reported patients. This may reflect a
selection bias; four individuals listed in ClinVar as having IDD and
spastic paraplegia were submitted by the same center (Supplemen-
tary Table 1). Nonetheless, neuroradiological findings in patients and
BCL11A expression in human fetal cerebellar development are
consistent with its importance in motor control. Longitudinal studies
will be required to ascertain if patients who present with hypotonia, a
common feature, develop motor impairment and spasticity with age.

On the other hand, cortical malformations are rare in BCL11A-
IDD vs. large CNVs, suggesting that neocortex development is less
sensitive to BCLT1A haploinsufficiency with other genes in the
2p16p15 region playing a more significant role. Nevertheless,
postnatal microcephaly emerged as a common and previously
underappreciated feature of BCL11A-IDD. Despite its role in late
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differentiation and survival of upper layer neurons [4], and
interaction with TBR1, a transcription factor critical for early-born
neurons in the developing cortex in in vitro assays [37],
heterozygous loss of BCLTTA may not be sufficient to cause
cortical malformations detectable by current imaging techniques.
Though birth defects are rare, polydactyly was identified in four
independent individuals (Supplementary Table 1). Bcllla is
expressed in mouse developing limb buds, though limb anomalies
have not been observed in mutant models [2, 39]. Further
experimentation may be required to define the role of BCL11A in
developing limbs and links to malformations. Increased frequency
of malformations in patients with large CNVs encompassing
additional coding genes suggests that other genes in the deleted
region(s) may be responsible for congenital malformations. Our
findings strengthen the proposition that BCL11A-IDD and larger
deletions of 2p16.1p15 encompassing BCL11A with multiple
adjacent genes should be considered two distinct conditions [1].
The frequency of strabismus and behavioral abnormalities/ASD
warrant ophthalmologic and behavioral assessment at diagnosis,
respectively, to ensure appropriate management. Features sugges-
tive of autonomic dysfunction, reported in other neurodevelop-
mental syndromes [40, 41], are newly identified manifestations of
BCL11A-IDD. In 1981 Manders et al. reported a child with IDD,
persistent HbF and Raynaud’s phenomenon [42]; genetic testing of
this patient has not been reported, though could represent the very
first description of BCL11A-IDD or 2p16.1p15 deletion syndrome.
Elevated HbF, reported in BCLT1A variants and microdeletions
[2, 8, 43], is also observed in hereditary persistence of fetal
hemoglobin (HPFH) and ZBTB7A-related neurodevelopmental
disorder [OMIM#619769]. BCL11A-IDD is distinguished from the
latter as ZBTB7A-NDD is characterized by macrocephaly and
hypertrophy of pharyngeal lymphoid tissue [44]. HPHF is a benign
condition usually caused by deletions encompassing the 3-globin
gene cluster or by SNVs in the y-globin gene-promoter region.
Although HPFH and BCL11A-IDD share the elevated HbF trait,
HPFH lacks the cognitive and systemic features discussed above.
As previously identified in individuals with HPFH in association
with sickle cell anemia, we identified a negative correlation
between HbF levels and age [45], though its significance in the
absence of concomitant hematological disease is unknown. We
suggest using HbF testing by hemoglobin electrophoresis or HPLC
as a biomarker for BCL11A-IDD with variants of unknown
significance, though physiologically elevated HbF in the general
population in the first 12-24 months of life precludes it as an early
infant biomarker. It is possible that BCL11A-IDD could mask HPFH
in individuals where persistent HbF has dual etiology, hence,
parental HbF testing may be offered where relevant.
In conclusion, our study provides a comprehensive under-
standing of the BCL11A-IDD phenotype in the largest cohort
reported to date. Our recognition of previously underappreciated
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manifestations, such as postnatal microcephaly, behavior abnorm-
alities, seizures, abnormal motor function, and autonomic dysregu-
lation, expands the phenotypic spectrum. Brain imaging analysis
underscored cerebellar and posterior fossa abnormalities as a
prevalent manifestation of BCL11A-IDD, supporting the role of
BCL11A in hindbrain development. We expand the BCLT1A
mutational spectrum and find that protein-truncating variants tend
to be associated with a more severe phenotype compared to the
other variant types and that BCL11A-S retention may contribute to
protein dysfunction. Longitudinal assessments of our cohort
through adulthood or identification of larger numbers of affected
adults will be required to determine additional features, such as
progressive neurologic manifestations or scoliosis, and to exclude
the possibility of an increased risk of malignancy and immunologic
disease. To further our understanding of BCL11A-IDD, we founded
the publicly available website https://humandiseasegenes.nl/bcl11a
collecting genotypic and phenotypic data. Additional investigation
into the pathogenesis of disease in human in vitro models may
permit further characterization of the molecular and cellular defects
produced by BCL1TIA haploinsufficiency in human brain
development.

Online resources referenced
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