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ARTICLE

MSL2 variants lead to a neurodevelopmental syndrome with lack of
coordination, epilepsy, specific dysmorphisms, and a distinct

episignature
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ARTICLE

MSL2 variants lead to a neurodevelopmental syndrome
with lack of coordination, epilepsy, specific
dysmorphisms, and a distinct episignature
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Summary

Epigenetic dysregulation has emerged as an important etiological mechanism of neurodevelopmental disorders (NDDs). Pathogenic
variation in epigenetic regulators can impair deposition of histone post-translational modifications leading to aberrant spatiotemporal
gene expression during neurodevelopment. The male-specific lethal (MSL) complex is a prominent multi-subunit epigenetic regulator of
gene expression and is responsible for histone 4 lysine 16 acetylation (H4K16ac). Using exome sequencing, here we identify a cohort of
25 individuals with heterozygous de novo variants in MSL complex member MSL2. MSL2 variants were associated with NDD phenotypes
including global developmental delay, intellectual disability, hypotonia, and motor issues such as coordination problems, feeding dif-
ficulties, and gait disturbance. Dysmorphisms and behavioral and/or psychiatric conditions, including autism spectrum disorder, and to
a lesser extent, seizures, connective tissue disease signs, sleep disturbance, vision problems, and other organ anomalies, were observed in
affected individuals. As a molecular biomarker, a sensitive and specific DNA methylation episignature has been established. Induced
pluripotent stem cells (iPSCs) derived from three members of our cohort exhibited reduced MSL2 levels. Remarkably, while NDD-asso-
ciated variants in two other members of the MSL complex (MOF and MSL3) result in reduced H4K16ac, global H4K16ac levels are
unchanged in iPSCs with MSL2 variants. Regardless, MSL2 variants altered the expression of MSL2 targets in iPSCs and upon their dif-
ferentiation to early germ layers. Our study defines an MSL2-related disorder as an NDD with distinguishable clinical features, a specific
blood DNA episignature, and a distinct, MSL2-specific molecular etiology compared to other MSL complex-related disorders.

Introduction scription in response to intrinsic or extrinsic cell signals.

Epigenetic regulators are key mediators of lineage-specific
Epigenetic regulators are a diverse class of proteins respon- developmental gene programs, particularly in the nervous
sible for modulating chromatin accessibility and gene tran-  system. 1.2 Unsurprisingly, variants in epigenetic regulators
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and chromatin-related genes are frequently linked to neu-
rodevelopmental disorders. Among the chromatin regula-
tors, lysine acetyltransferases were found to be the subfam-
ily with the 3rd highest frequency of de novo missense and
protein-truncating variants in autism and developmental
disorders,® making it imperative to gain a deeper under-
standing of the involvement of this category of epigenetic
factor in the neurodevelopmental context. Within the
lysine acetyltransferase class, MOF (KATS8) is particularly
interesting for its ability to change substrate specificity ac-
cording to the protein complex with which it associates. As
part of the MSL complex, MOF predominantly acetylates
histone H4 lysine 16 (H4K16).*® On the other hand, as a
member of the NSL complex, MOF has the capacity to
acetylate multiple H4 tail residues (H4KS, H4KS8, H4K12,
H4K16) as well as several non-histone substrates.”
MOF’s direct or indirect interactions with MSL complex
components are key determinants for guiding its activity
toward H4K16ac. The mammalian MSL complex is formed
by the homodimerization of the heterotetramer sub-com-
plex consisting of MSL1, MSL2, MSL3, and MOE. MOF is
the acetyltransferase and MSL3 is required to stimulate
MOF’s catalytic activity. MSL2 confers DNA binding,
whereas MSL1 provides the dimerization interface required
for complex integrity.'*"*

In recent years, H4K16ac has been linked to neurodeve-
lopmental disorders (NDDs) via the discovery of de novo
pathogenic variants in the MSL complex members. Path-
ogenic variants in MOF (KAT8 [MIM: 609912]) are linked
to Li-Ghorbani-Weisz-Hubshman syndrome (LIGOWS
[MIM: 618974]), an NDD with global developmental
delay (DD) and intellectual disability (ID). Patient-
mimicking mutations in MOF result in reduced in vitro

H4K16 acetylation activity of the protein."*> De novo
variants in another member of the MSL complex,
MSL3 (MIM: 300609), lead to the Basilicata-Akhtar syn-
drome (MRXSBA [MIM: 301032]), an X-linked condition
affecting both sexes and characterized by ID, global DD,
hypotonia, gait disturbance, and spasticity.'*'> Primary
human dermal fibroblasts taken from individuals with
MRXSBA exhibit reduced bulk H4K16ac."*

Most recently, MSL2 (MIM: 614802) was identified as a
candidate gene with recurrent de novo pathogenic variants
in autism spectrum disorder (ASD).'® In addition, two
MSL2 protein-truncating variants were detected in a large
cohort of individuals with neurodevelopmental disorders
(NDDs).'” Accordingly, three individuals with MSL2 de
novo pathogenic variants (two frameshift, one missense)
have been reported as a case study revealing strikingly
similar phenotypes: ASD, obsessive compulsive disorder
(OCD), mild ID, and joint hypermobility.'® However, the
limited number of probands described to date prevents a
detailed description of the disorder. Furthermore, the mo-
lecular basis of the phenotypic effects of likely pathogenic
variants of MSL2 has not been analyzed in previous
studies.'”'®

Genome-wide DNA methylation profiles in individuals
with a number of rare diseases have been used to derive
highly sensitive and specific biomarkers called episigna-
tures'®?° and provide functional insights related to
the genome-wide DNA methylation profiles in genetic
neurodevelopmental disorders.”’ This technology has
recently been applied in clinical diagnostics for reclassifica-
tion of ambiguous genomic findings and for screening of
individuals with clinical features overlapping this growing
list of episignature-positive rare diseases.””**
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Here we describe 25 individuals with heterozygous,
missense, or protein-truncating variant alleles in MSL2,
delineating genotypes and phenotypes associated these
variants with global DD, ID, hypotonia, and motor issues
such as coordination problems, feeding difficulties,
and gait disturbance. Dysmorphisms and behavioral
and/or psychiatric conditions including ASD were also
observed in affected individuals. Epilepsy, connective tis-
sue disease (CTD) signs, sleep disturbance (i.e., sleep apnea
and/or fragmentation), and dysfunction of other organs
were also present. Using blood samples from six cohort
members, we have established a sensitive and specific
DNA methylation episignature as a molecular biomarker.
Furthermore, we have derived induced pluripotent stem
cells (iPSCs) from three cohort members, allowing molecu-
lar characterization of the MSL2 variants. Patient-derived
iPSCs with truncating variants showed reduced intact
MSL2 levels without an effect on bulk H4K16ac levels.
On the other hand, the expression levels of putative
MSL2 target genes were dysregulated both in iPSCs and
upon their differentiation into early germ layers. Overall,
heterozygous MSLZ2 variants alter the expression of MSL2
targets leading to a neurodevelopmental disorder with spe-
cific phenotypic features and a distinct episignature. We
tentatively suggest a name for this phenotype: the MSL2-
associated neurodevelopmental syndrome (MANDS).

Material and methods

Clinical and genetic data

We established a cohort with 25 individuals in whom an
MSL2 variant had been identified. Their clinical information
was obtained through their respective physicians. An interna-
tional collaboration was facilitated by the online platform
GeneMatcher,?* which allows clinicians and researchers inter-
ested in the same gene to find and communicate with each
other. Clinical information is shared according to the rules in
place by Institutional Review Boards of each institution.
Affected individuals or their guardians provided informed con-
sent to participate in research studies. Signed consent to publish
photographs was obtained where applicable.

Phenotypic quantitative analysis

As previously described,”>?° phenotypes were annotated with
Human Phenotype Ontology (HPO) terms corresponding to their
clinical features, then used to generate symmetric Lin scores with
the OntologyX suite of packages®” in R (https://www.R-project.
org/). The resulting matrix of phenotype similarity scores was
used to generate a distance matrix, then used to generate a hierar-
chical clustering with the Ward method. A heatmap was generated
with the ComplexHeatmap package in R,*® and clusters were
traced after determining the optimal number of clusters (k = 3)
by applying the Elbow method to a gap statistic curve.

DNA isolation and methylation analysis

DNA extracted from peripheral blood was processed using Illu-
mina Infinium methylation EPIC bead chip arrays, following
bisulfite conversion, according to the manufacturer’s protocol.

These arrays cover >860,000 human genome CpGs. The process
of DNA methylation analysis was described in detail previ-
ously.”>*??% In summary, analysis was performed in R (v.4.1.2),
where methylated and unmethylated signal intensities were
normalized by background correction using minfi package
(v.1.40.0).>" Probes meeting certain criteria (such as detection p
value above 0.01, located on X and Y chromosomes, containing
SNPs at or near CpG interrogation or single nucleotide extension,
or known to cross-react with chromosomal locations other than
their target regions) were excluded from the analysis. Principal
component analysis (PCA) was used to observe batch structure
and detect possible outliers. The samples used for the study
were from six affected individuals (three individuals with
the c.694_697delTCTG [p.Ser232Thrfs*10] variant and one each
with c¢.767delT [p.Phe256Serfs*5], c.796_797delCT [p.Leu266-
Valfs*5], and ¢.949A>G [p.Met317Val] variants).

Selection of matched control subjects and DNA
methylation profiling

Fifty-four control individuals were selected from the EpiSign
Knowledge Database (EKD, https://episign.lhsc.on.ca/index.
html) using Matchlt package (v.4.3.3),”” matched to six MSL2
subjects by age and sex. PCA was performed after every round
of matching until no outliers were detected in the first two com-
ponents of PCA. Probe selection procedure was described in
detail previously.*’ In summary, methylated signal intensity
was divided by the sum of methylated and unmethylated signal
intensities to obtain the methylation level (B-value), which was
then converted into M-values using logit transformation. The
limma package (v.3.50.0)** was used to perform a linear model
to obtain the mean methylation difference and the correspond-
ing p value for each probe, taking into account the blood
cell type compositions estimated by Houseman’s algorithm®®
as confounding variables. The resulting p values were moderated
using eBayes function in the limma package and corrected
for multiple testing using the Benjamini and Hochberg (BH)
algorithm.

Probes most differentiating the samples with MSL2 variants
from controls were selected using a three-step process. First, 900
probes with the highest products of mean methylation differences
and p values were chosen. Second, 450 probes with the highest
areas under the receiver operating characteristic curve (AUROC)
were retained. Thirdly, probes with a correlation higher than 0.7
were excluded, resulting in 239 probes forming the MSL2-related
disorder episignature. To verify the robustness of the selected
probes, hierarchical clustering was performed using Ward's
method on Euclidean distance, and multidimensional scaling
(MDS) was conducted by computing the pairwise Euclidean dis-
tances between samples.

Datasets used in this study that are available publicly were pre-
viously described.”” Some of the datasets used in this study are
publicly available and may be obtained from Gene Expression
Omnibus (GEO) using the following accession numbers: GEO:
GSE116992, GSE66552, GSE74432, GSE97362, GSE116300, GSE9
5040, GSE104451, GSE125367, GSE55491, GSE108423, GSE11
6300, GSE89353, GSE52588, GSE42861, GSE85210, GSE87571,
GSE87648, GSE99863, and GSE35069.

Binary classifier construction
Using 239 selected probes, a support vector machine (SVM) classi-
fier was constructed to classify MSL2 subjects with greater
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accuracy. This process has been previously described in
detail.?>***° The e1071 package (v.1.7.9) was utilized for con-
structing the SVM model. The model produces a methylation
variant pathogenicity (MVP) score for each individual, ranging
from O to 1, with a higher score indicating greater similarity to
the MSL2-related disorder episignature. The construction of the
model involved training six samples with MSL2 variants against
54 matched control individuals, 75% (N = 587) of other control
subjects, and 75% (N = 1315) of subjects from other rare genetic
disorders with known episignatures from the EKD. The remaining
25% (N = 635) of control samples and individuals with other rare
genetic disorders were used as testing samples.

Differentially methylated regions and gene set
enrichment analysis

To investigate differentially methylated regions (DMRs), the
DMRcate package (v.2.8.3) was utilized.*® A region was considered
differentially methylated if the mean methylation difference be-
tween case and control groups was >0.05 for at least 3 CpG sites
within 1 kb. Following this, missMethyl package (v.1.28.0) was
used for gene ontology (GO) enrichment analysis of the identified
DMRs.”’

Isolation of dermal fibroblasts and iPSC reprogramming
Skin fibroblasts were biopsied and cultured using standard
methods.*® These were reprogrammed to iPSCs using integra-
tion-free Sendai virus expressing the OSKM Yamanaka factors,
then iPSC colonies were stained with antibodies for SSEA-4,
Sox2, OCT4, and TRA1, as described previously.*’

iPSC maintenance

The control iPSC line used in this study, HMGU1, is a well-charac-
terized male iPSCs line (ISFi001-A, hpscreg.eu/cell-line/ISFi001-A),
provided by Drs. Mishca Drukker and Ejona Rusha from Helm-
holtz Zentrum Miinchen (HMGU). All iPSCs lines were adapted,
maintained, and passaged in mTeSR Plus medium (Stemcell Tech-
nologies) on Matrigel (Corning)-coated cell culture plates accord-
ing to manufacturer’s guidelines. hPSC Genetic Analysis Kit (Stem-
cell Technologies) was used to test all iPSC lines for the majority of
karyotypic abnormalities reported in human iPSCs.

Protein extraction and western blotting

iPSCs were harvested at the day of passaging using ReLeSR Human
PSC Selection & Passaging Reagent (Stemcell Technologies). Sub-
cellular protein fractions were prepared using Nuclear NE-PER Nu-
clear and Cytoplasmic Extraction Reagents (Thermo Scientific),
and protein concentrations were measured using Pierce Rapid
Gold BCA Protein Assay Kit (Thermo Scientific). Chromatin-
bound proteins were extracted from the remaining insoluble frac-
tion using reducing buffer ROTILoad 1 (Carl Roth) and sonication.
For Western blot loading, ROTILoad 1 was added to protein sam-
ples, followed by boiling for 5 min. Proteins were separated by
SDS-PAGE using NuPAGE Bis-Tris 4-12% gels (Invitrogen) and
1X MOPS buffer (Invitrogen), or NuPAGE Bis-Tris 12% gels (Invi-
trogen) and 1X MES buffer (Invitrogen) for proper separation of
histones. Proteins were transferred onto 0.2 um polyvinylidene di-
fluoride (PVDF) membranes using Trans-Blot Turbo Transfer Sys-
tem (Bio-rad) according to manufacturer’s instructions. Mem-
branes were blocked in 5% milk in PBS with 0.3% Tween 20 for
1 h at room temperature, then incubated with primary antibodies
overnight at 4°C. Primary antibodies used are rabbit anti-MSL2

(Atlas Antibodies/Sigma-Aldrich, Cat.# HPA003413), rabbit anti-
DHX9 (Abcam, Cat.# ab26271), rabbit anti-MOF (Abcam, Cat.#
ab200660), rabbit anti-H4K16ac (Sigma-Aldrich, Cat.# 07-329),
and mouse anti-H4-HRP (Abcam, Cat.# ab197517); all were
1:1,000 diluted in the blocking solution. HRP-conjugated second-
ary antibodies were used and bands were detected using Lumi-
light Western blotting substrate (Roche) or SuperSignal West
Atto Ultimate Sensitivity Substrate (Thermo Scientific) and visual-
ized using a Bio-Rad Imager.

RNA isolation and reverse transcription quantitative PCR
(RT-qPCR)

Total RNA was extracted using the Direct-zol RNA Miniprep Plus
Kit (Zymo Research) according to the manufacturer’s instructions.
GoScript Reverse Transcription System (Promega) was used to syn-
thesize cDNA from total RNA according to the manufacturers’ in-
structions. Quantitative reverse transcription PCR (RT-qPCR) was
carried out on Roche LightCycler II using the Faststart SYBR Green
Master (Rox) mix (Roche) at a final volume of 10 pL. Primer se-
quences are provided in Table S1.

Trilineage differentiation

iPSCs were differentiated to all three germ layers using StemDiff
Trilineage Differentiation Kit (Stemcell Technologies) according
to manufacturer’s instructions. Differentiation success was con-
firmed based on the relative expression of lineage specific markers
measured by RT-qPCR.

Statistical analysis

Methods used in HPO and DNA methylation analyses are
described above. For qPCR and RT-qPCR data, Graphpad Prism 9
was used to generate bar graphs and perform the statistical ana-
lyses, one-way and two-way ANOVA, which are detailed in figure
legends.

Results

Clinical findings

We identified 25 individuals aged from 4 months to 37
years (average of 10 years, median of 6) with start-loss,
missense, nonsense, or frameshift variants in MSL2 (see
Table 1). The complete clinical information can be found
in Table S2.

Impaired neurodevelopment

All individuals had some form of DD and/or ID. Please note
that the term DD is usually reserved for children younger
than S years and refers to a delay in the achievement of
milestones in the motor domain, speech domain, or both
(global DD). Most of the individuals had motor (21/24,
88%) and/or speech (18/23, 78%) delay, as well as hypoto-
nia (18/24, 75%), either neonatal or permanent. One indi-
vidual (13, c.659dup [p.Cys221Metfs*2]) presented with
the specific neuromuscular condition of spastic diplegic ce-
rebral palsy (see Table S2 for detailed clinical data). Coordi-
nation (11/19, 58%) and feeding (8/22, 36%) difficulties
were present in approximately half of the individuals.
Other signs of neurodevelopmental impairment in our
cohort included dyspraxia, ataxic gait, heel-toe gait, and
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Table 1. Clinical summary

Individual 1 2 3 4 5 6 7 8 9 10 1 12 13
Sex M M M M M F M M M M F M F
Age 10y1lmo 3y Sy 8y Sy 4 mo Sy 37y 3ySmo 34y 18y 2y Sy
Variant c.1A>G c.44G>T c949A>G ¢.511C>T c¢.534dupT c.778delA c.1057 C>T ¢.1231_  c.105dup «c.112_ €.396_399 c¢.521dupT c.659dup
p-Met1? p.Argl5  p.Met317 p.GInl71* p.Glul79* p.lle260* p.GIn353* 1232del  p.Pro36 115dup delGCTT p.Leul74 p.Cys221
Leu Val p.-His412* Alafs*36  p.Arg39 p-Leul33  Phefs*6 Metfs*2
Leufs*34  Metfs*22
Coding impact  start-loss missense missense nonsense nonsense nonsense nonsense nonsense frameshift frameshift frameshift frameshift frameshift
CADD score - 31 17.15 - - - - - - - - - -
Inheritance N/A dn dn dn dn dn dn het dn dn dn dn dn
Clinical information
Perinatal + - + + + + - - + - - + -
complications
OFC anomaly + - + - N/A + - N/A - - - - N/A
ID/DD + + + + + + + + + + + + +
Speech delay + + + + + N/A - - - + + + N/A
Motor delay + - + + + + + - + + + + N/A
Hypotonia + + + + + + + - + N/A - - +
Feeding - - + - + + + - + N/A - N/A N/A
difficulties
Coordination + - N/A + + N/A N/A - - + N/A N/A +
issues
Breathing - - - - - + - - - - - - -
assistance
Behavioral + + N/A + + N/A - + + N/A + + +
abnormalities
Autistic features  + + N/A - - N/A - - + N/A + + -
Attention deficit + N/A N/A - - N/A - + - N/A + - +
Psychiatric + - N/A - - N/A - + - N/A + - -
concerns
Sleep issues + + + - - - + + - - + - -
Seizures - - + - - + + + + + + - -
MRI - + + + - N/A - - - + - - +
abnormalities
EEG - - - N/A - + + + + N/A - - -
abnormalities
Dysmorphisms  + + + + + + + - + + - + -
Deep-set eyes + + + - + - + - - + - - -
CTD signs + - - + + - + - + - - - -
Visual + - + + - - + - - - - - -
anomalies
Gastrointestinal - + + + - - + N/A + - - - -
anomalies
Renal anomalies - - - - - + - N/A - - - - -
Cardiac - - + - - - - N/A - - - - -
anomalies
Genitourinary - - + - - - - N/A - - + - -
anomalies

M, male; F, female; y, years; mo, months; OFC, occipital frontal circumference; ID, intellectual disability; DD, developmental impairment; CTD, connective tissue
disease; dn, de novo; +, yes; —, no; N/A, not available.
?9.[136152145_136152149delinsC;136152802_136152981inv] (GenBank: NC_000003.12)
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14 15 16 17 18 19 20 21 22 23 24 25

M F M F F F M F M M M F
13 y 6 mo 2y 2y 6y 33y 8y 6 mo 2y 8y 7 mo 9y 3 mo Sy 6y 1mo 13y
c.684_685del  ¢.694_697 €.694_697  c.694_697 €.694_697  ¢.707_708 c.767delT €.796_797delCT  ¢.796_797 c.823del c.1102delG ~ complex®
p.Glu229 delTCTG delTCTG delTCTG delTCTG insTGCC p-Phe256 p-Leu266 delCT p-Arg275 p-Ala368
Glyfs*4 p-Ser232 p.Ser232 p-Ser232 p.Ser232 p.Pro237 Serfs*5 Valfs*5 p.Leu266 Alafs*3 Hisfs*5
Thrfs*10 Thrfs*10 Thrfs*10 Thrfs*10 Alafs*S Valfs*5
frameshift frameshift frameshift frameshift frameshift frameshift frameshift frameshift frameshift frameshift frameshift
maternal dn dn dn dn dn dn dn dn dn dn dn

Clinical information

- - - + - + + - + - - -
- N/A N/A - + + N/A - - N/A - -
+ + + + + + + + + + + +
+ - + + + + + + + - + +
+ + + + + + + + + - + +
+ - + + + + + + + - + -
- + + - - - - + - - - -
+ N/A - + + + - + - - - +
+ + - - - + - + + - + +
+ + - - - + N/A + + - + -
- - - - + - N/A + + - + +
- + - - - - N/A + - - + -
_ _ _ _ _ _ _ _ _ _ + _
_ _ _ _ _ + _ _ _ + _ _
- N/A - - - + + N/A + - + N/A
- - - - - + - N/A - - - -
+ + + + - + + - + - + +
+ + + - - + - - N/A - + -
+ - + + - + + - + - + +
+ - - + + - - - + - + -
— — — — —_ — + — — _ — —
— — — — — — + — — — — —
- - - - - - - - - - + -
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excessive drooling. The youngest individual (6, c.778delA
[p.Ile260*]) was severely affected and required respiratory
support (1/25, 4%). These observations indicate that
neuromuscular impairment is a recurrent element in our
cohort.

Over a third of the individuals had seizures (9/25, 36%),
while around half of them had MRI abnormalities (9/21,
43%). These included delayed myelination, white matter
loss, small corpus callosum, enlarged extracerebral spaces,
dilated ventricles, hydrocephaly, periventricular nodular
heterotopia, cavum septum pellucidum, polymicrogyria,
and schizencephaly. EEG abnormalities were observed in
around a quarter of the assessed individuals (5/22, 23%)
and they included hypsarrhythmia, slowing of back-
ground rhythms with spike and polyspike wave com-
plexes, and burst suppression patterns (the latter seen on
individual 6, p.lle260* along with an epilepsy onset
from the first 24 hr after birth). Occipital frontal circumfer-
ence (OFC) anomalies (5/18, 28%) must also be underlined
as one individual had absolute macrocephaly (OFC > 2
SD), three had absolute microcephaly (<—2 SD), and
others had relative macrocephaly (close to OFC > 2 SD)
or microcephaly (close to < —2SD) (see Table S2 for detailed
clinical data). These observations suggest that cerebral mal-
formations and neurophysiological anomalies are key in
the MSL2-related disorder, which may help explain the
DD, neuromotor conditions, epileptic activity, and even
behavioral abnormalities commonly seen in our cohort.*’
Behavioral abnormalities
Behavioral abnormality (16/22, 73%) was predominant in
our cohort, including anxiety, depression, echolalia, repet-
itive movements, OCD, aggressivity, hyperactivity, self-
injurious behavior, mixed receptive-expressive language
delay, sensory processing disorder, oppositional defiant
disorder, food obsession, strong mimicking, and poor regu-
lation. Over half of the assessed individuals presented with
autistic features (11/21, 52%). Attention deficit (9/20,
45%) and psychiatric disorders (6/21, 29%) were relatively
common. Difficulty with sleep was noted in close to a third
of the individuals (7/25, 28%), while three individuals (1,
c.1A>G [p.Met1?)]; 3, p.Met317Val; and 7, ¢.1057C>T
[p.GIn353*]) were diagnosed with sleep apnea. These ob-
servations suggest that individuals with pathogenic or
potentially pathogenic variants in MSL2 may require thor-
ough medical monitoring in regard to autistic features and
psychiatric conditions.

Perinatal complications

Around half of the individuals overcame perinatal compli-
cations (11/25, 44%). These included prematurity, intra-
uterine growth restriction, reanimation due to fetal
distress, dystocia, and maternal substance abuse. Prenatal
stress is linked to cognitive, behavioral, and developmental
problems later in life,*' so there might be some etiological
overlap between these and other clinical features previ-
ously described, but excluding some conditions represen-
tative of our cohort such as cerebral anomalies, seizures,
and neuromotor impairment.

Dysmorphisms and appearance

Most of the individuals (19/25, 76%) had dysmorphic fea-
tures (see Table S3), including deep-set eyes, abnormal
calvaria, toe anomalies, strabismus, downslanted palpebral
fissures, large ear/earlobe, low-set/posteriorly rotated ears,
short/upturned/flat nose, retrognathia, dermal translu-
cency, narrow/tall forehead, abnormal philtrum, and
thin vermillion (see Table S2 for detailed clinical data).
Deep-set eyes (11/24, 46%) and CTD signs (13/25, 52%)
were present in around half of the individuals. CTD
signs encompass abnormalities of any connective tissue:
tendons, ligaments, skin, cartilage, bone, and/or blood
vessels. In our cohort, CTD signs included joint subluxa-
tions, mild pectus excavatum, translucent skin, epistaxis,
and inguinal hernias. One individual (individual 13, p.Cy-
s221Metfs*2) had a femoral anteversion, and two of them
(individuals 11, ¢.396_399delGCTT [p.Leul33Metfs*22],
and 18, p.Ser232Thrfs*10) had atopic dermatitis, but
neither of them had CTD signs.

We also obtained facial photos of individuals 4
(c.511C>T [p.GIn171*)), 7 (c.1057C>T [p.GIn353*]), 10
(c.112_115dup [p.Arg39Leufs*34]), 21 (p.Leu266Valfs*5),
and 25 (complex variant) (Figure 1). Individual 4 had large
ears and visible veins on the forehead. Individual 7 had a
higher forehead, mild metopic ridge, mild malar hypopla-
sia, slightly smoother philtrum, thin vermillion border of
the upper lip, and mild retrognathia. Individual 10 had a
high forehead, mild bitemporal narrowing, downslanting
palpebral fissures, and anteverted ears. Individual 20 had
slight micrognathia and telecanthus. Individual 25 had
downslanting palpebral fissures. Photos showing hand
anomalies of individual 1 (p.Met1?) were also obtained.
Involvement of other systems
Visual problems were relatively common (9/25, 36%) and
included strabismus, high myopia, and congenital cata-
racts. Other anomalies were diagnosed in the gastrointes-
tinal (6/24, 25%), genitourinary (3/24, 13%), and renal
(2/24, 8%) systems. These included dysmotility, bilateral
inguinal hernias, low levels of creatinine in urine, elevated
sulfites in urine, polycystic kidney, and hypospadias.
Two individuals also had cardiac anomalies (2/24, 8%),
including a ventricular septal defect (VSD) that closed
spontaneously, a smaller muscular VSD in the apical
trabecular septum, a persistent foramen ovale which also
closed spontaneously, left aortic arch with common origin
of right brachiocephalic and left common carotid arteries
(left bovine arch), as well as mild dilatation of aorta with
normal tricuspid aortic valve, also a sign of CTD. These ob-
servations indicate that the MSL2-related disorder may be
linked to a variety of multisystemic conditions besides
the syndrome-defining neurodevelopmental impairment.

Variant description

A total of 21 different MSL2 variants were identified
among our 25 individuals (Figure 2A). There were 12
different frameshift variants and 5 nonsense variants
in 17 individuals. 15 of these variants are predicted
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Figure 1. Photos of individuals with the MSL2-related disorder

(A) Individual 4 (p.GIln171*). Note prognathism as well as broad and high forehead.

(B) Individual 7 (p.GIn353*). Note high forehead and retrognathia.

(C) Individual 10 (p.Arg39Leufs*34). Note high forehead and prominent ridge of the nose.

(D) Individual 21 (p.Leu266Valfs*5). Note mild telecanthus and retrognathia.

(E) Individual 25 (complex variant). Note downslanting palpebral fissures.

(F) Individual 1 (p.Met1?) fingers. Note thumb and 5th finger leading to a Beighton score of 4. Note mild malar hypoplasia in all facial

photos.

to lead to truncated proteins by escaping from the
nonsense-mediated decay mechanism, as they are
located in the last exon, or within the last 50 nucleo-
tides of the penultimate exon.*’ c.105dup (p.Pro36A-
lafs*36) (individual 9) and p.Arg39Leufs*34 (individual
10) are located in exon 1 causing immediate-early
stop codons and predicted to undergo nonsense-medi-
ated decay or lead to non-functional peptides lacking
any intact annotated domains and thus targeted for
degradation.

All variants in our cohort were de novo, with the exception
of p.Glu229Glyfs*4 (individual 14), inherited from the

mother, who had ID, as did her other two children, and
p-Met1? (individual 1), whose inheritance was unknown.
The latter was analyzed as a start-loss variant, given that
most missense variants affecting the first methionine usu-
ally lead to a significant loss of protein expression.*> Howev-
er, the effect of this variant is more complicated to
predict since additional transcript variants such as MSL2
transcript variant 2 (GenBank: NM_001145417.2) that lacks
the sequence translating to the 74th amino acid (aa) from
the N-terminal of the main MSL2 transcript variant 1 (Gen-
Bank: NM_018133.4) or those carrying an alternative start
codon (AUG) could still be produced. Notably, there are
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Figure 2. Variant location along MSL2

(A) The variants studied in our cohort are represented on the MSL2 protein, excluding the complex variant of individual 25. The active
regions are named and highlighted in different colors according to the legend. Variant types are also indicated, and if the same one was
shared by multiple individuals, their total number is in a circle. Illustration adapted from ProteinPaint** and domain sequences obtained

from Pfam.**

(B) Amino acid conservation of the two missense variants (individuals 2 and 3).

(C) Homology model of human MSL2 as experimentally crystalized (PDB: 4B86),'°

represented by UCSF Chimera, from two angles.

MSL2 is in yellow, the missense variants of our cohort in red, the zinc finger domain in blue, the two zinc atoms in fuchsia, and the
MSL1 protein in green. MSL2 is illustrated from the 1° to the 115™ residues, so Met317 is not represented.

no loss-of-function variants in the gnomAD v3.1.2 non-
neuro cohort, which suggests human neurodevelopment
is likely intolerant to losing one allele of MSL2. Addition-
ally, the pLI and LOEUF scores of 1 and 0.17, respectively
(gnomAD v.4.0.0), further suggest MSL2 loss-of-function
intolerance.

One complex variant in our cohort (individual 25),
affecting the last exon of MSL2 at aa Thr244, involved
a 4-bp deletion where a cytosine and a 180 nt sequence
from the neighboring intron are inserted. The variant can
be written g.[136152145_136152149delinsC; 136152802_
136152981inv] (GenBank: NC_000003.12). The pheno-
type was not only similar but also typical of the rest of
the cohort: neurodevelopmental impairment, behavioral
anomalies, dysmorphisms, and CTD signs.

The two missense variants in our cohort, c.44G>T (p.Ar-
gl5Leu) (individual 2) and p.Met317Val (individual 3), had
CADD scores of 31 and 17.15, respectively. This means that
p-Met317Val is among the 10% most deleterious possible
substitutions in the human genome (10 < CADD < 20),
while p.Argl5Leu is among the 1% (CADD > 20).%° p.Ar-
gl5Leu is in a gene region highly conserved across eukary-
otes (see Figure 2B). Some evolutionary variation was noted
in and around p.Met317Val, with valine being the normal

317th residue encoded by the chicken msI2. In theory, since
this variant leads to a functional protein in chickens,
p-Met317Val would be predicted to be less likely to have a
significant impact on MSL2 function, which was not neces-
sarily corroborated by the phenotype. Individual 3 pre-
sented with a severe global DD, complex epilepsy, MRI
anomalies, and several dysmorphisms and multi-systemic
anomalies (cardiac, gastrointestinal, genitourinary, and vi-
sual). These observations suggest that residue conservation
in other species is not necessarily proportional to the clin-
ical impact of MSL2 missense variants. Alternatively, it is
possible that the variant is benign and that some of the
features of the individual and the abnormal functional re-
sults are due to another cause, such as stochasticity or a
de novo COL4A1 variant in this individual (MIM: 120130)
(c.2008G>A [GenBank: NM_001845.6] [p.Gly670Arg]).
Both missense variants were associated with MRI abno-
rmalities and multi-systemic involvement, which might
indicate a correlation. The p.Met1? phenotype was restr-
icted to neurodevelopmental and behavioral problems,
dysmorphisms including CTD signs, sleep issues, and vis-
ual anomalies; whereas the variants predicted to undergo
nonsense-mediated decay and therefore likely to exhibit
reduced MSL2 levels (p.Pro36Alafs*36 and p.Arg39Leufs*34)
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led to a more severe phenotype as the individuals presented
with early-onset epilepsy. These observations may suggest
that the start-loss variant has a different impact than do
the variants predicted to lead to reduced MSL2 levels, the
latter being associated with seizures.

Comparisons based on sex

The majority of our individuals were males; only 9/25
(36%) were females. Despite this asymmetry and keeping
in mind that sex-based tendencies in our cohort would
not necessarily be representative of the MSL2-related disor-
der, we searched for sex-specific phenotypic differences
(Table 2). The vast majority of males presented with dys-
morphisms, while only around half of the females did
(88% vs. 56%). CTD signs were twice as common in males
(63% vs. 33%). Vision problems were also twice as com-
mon (44% vs. 22%), while gastrointestinal ones (40% vs.
0%) were seen only in males. Sleep issues were also more
common in males (38% vs. 11%).

Females were more than twice as likely to have an OFC
abnormality (43% vs. 18%), and speech delay was slightly
more pronounced (86% vs. 75%). Behavioral anomalies
were equally seen in both sexes (~73%), with the particu-
larity that psychiatric concerns (38% vs. 23%) and atten-
tion deficit (63% vs. 33%) were more common in females.
The most relevant observation is that females seemed to be
more affected in the neuromotor aspect since they all pre-
sented with motor delay (100% vs. 81%) and, especially,
coordination issues (100% vs. 38%).

Comparisons based on variant position along MSL2

One missense variant, p.ArglSLeu (individual 2), was
located in the characterized region interacting with MSL1
(see Figure 2C). Interaction between MSL2 and scaffolding
protein MSL1 is critical for its incorporation into the MSL
complex.'” The p.Argl5Leu missense variant would poten-
tially disrupt the protein domain conformation, hindering
MSL1-MSL2 binding. Interestingly, individual 2 did not
necessarily have a more severe nor diverse phenotype
compared to the rest of the cohort (ID, speech delay,
mild hypotonia, behavioral problems, dysmorphisms,
one MRI anomaly, constipation). The frameshift variants
p-Pro36Alafs*36 (individual 9) and p.Arg39Leufs*34 (indi-
vidual 10), located in the same characterized region, would
be predicted to lead not only to the premature truncation
of this MSL1-interacting domain, but also to the loss of the
zinc-binding site of the RING finger domain, further di-
minishing the possibility of an efficient interaction with
MSL1.*” They were both associated with seizures. Overall,
no generalization could be observed with respect to the
variants located directly in the N-terminal MSL1-binding
portions of the MSL2.

When comparing variants producing a loss and/or disrup-
tion of the MSL1-interacting region (p.Met1?, p.Argl5Leu,
p-Pro36Alafs*36, and p.Arg39Leufs*34) to the rest (see
Figure 2A), which are predicted to lead to an isolated loss
of the DNA-binding CXC domain, a few observations could
be highlighted (see Table 2). Behavioral abnormalities
(100% vs. 67%), including autistic features (100% vs.

47%) and sleep issues (50% vs. 25%), were around twice
more common in individuals with variants affecting the
MSL1-interacting region. Hypotonia (100% vs. 75%), sei-
zures (50% vs. 35%), gastrointestinal anomalies (50% vs.
21%), and dysmorphisms (100% vs. 68%) although not
CTD signs (both 50%) were also more common. However,
renal (0% vs. 11%), cardiac (0% vs. 11%), and genitourinary
(0% vs. 16%) anomalies were seen only with an isolated loss
of the CXC domain, and vision problems were more com-
mon in this subgroup too (25% vs. 40%).

Same-variant comparison

Four individuals (15-18) shared the p.Ser232Thrfs*10
variant. The phenotypes were very similar, associated
with the absence of seizures, brain imaging anomalies, or
multisystemic involvement, with the exception of cardiac
anomalies seen in individual 16. When compared in terms
of sex-specific differences, one does not notice any of the
particularities previously suggested in that section, which
could indicate that variant-specific features are more
pronounced than sex-specific ones. It also reiterates the
importance of corroborating our cohort-limited observa-
tions. Finally, there were two individuals (21 and 22)
who shared the p.Leu266Valfs*S variant. Their phenotypes
were also similar: ID/DD, hypotonia, behavioral problems,
the absence of seizures, and limited multi-systemic
involvement.

Phenotypic clusters

Human Phenotype Ontology (HPO) analysis was per-
formed using the OntologyX package in R’ (see Table S4
for HPO annotations assigned to each individual). No
appropriate clustering was identifiable after gap statistic
curve analysis (Figure 3). This suggests that, overall, there
are no specific clinical subgroups of the MSL2-related disor-
der and that individuals cannot be clustered based on their

genotypes.

Establishment of a specific episignature for the MSL2-
related disorder

DNA methylation episignatures have been used as a reli-
able biomarker for the molecular diagnosis of rare genetic
disorders in a clinical setting and for the reclassification
of variants of unknown clinical significance (VUSs)."?
Global DNA methylation profiles were analyzed in pe-
ripheral blood samples of 6 individuals with MSL2 vari-
ants (see Table S6 for individual identification, age, sex,
and ethnicity), revealing a robust, sensitive, and specific
episignature. Hierarchical clustering and MDS models
were performed using the 239 probes selected in the
three-step process outlined in the material and methods
section (for detailed information about the selected
probes, refer to Table S5). These models demonstrated a
clear separation between the individuals with MSL2 vari-
ants and control groups, further indicating the robustness
of the episignature (Figures 4A and 4B). Methylation
levels (B values) at these probes for individuals with
MSL2 variants and control individuals can be found in
Table S6.
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Table 2. Clinical features frequency according to variant coding impact, variant position along MSL2 protein, and individual sex, as well as comparison with MRXSBA

MSL1-interacting Only DNA-interacting MRXSBA
Start-loss Missense Frameshift/nonsense Complex region loss/disruption domain loss M F Total cohort cohorts'*'°
n affected/ n affected/

=1 n=2 n=21 n=1 n=4 n=20 n=16 n=9 nassessed % nassessed %
Perinatal + 1/2 43 (9/21) - 50 (2/4) 45 (9/20) 50 (8/16) 33  (3/9) 11/25 44 N/A N/A
complications
OFC anomaly + 1/2 21 (3/14) - 25 (1/4) 31 (4/13) 18 (2/11) 43 (3/7) 5/18 28 >16/33 >48
ID/DD + 2/2 100 (21/21) + 100 (4/4) 100 (20/20) 100 (16/16) 100 (9/9) 25/25 100 37/37 100
Speech delay + 2/2 74 (14/19) + 75 (3/4) 78 (14/18) 75 (12/16) 86 (6/7) 18/23 78 37/38 100
Motor delay + 1/2 90 (18/20) + 75 (3/4) 89 (17/19) 81 (13/16) 100 (8/8) 21/24 88 36/37 97
Hypotonia + 2/2 75 (15/20) - 100 3/3) 75 (15/20) 80  (12/15) 67  (6/9) 18/24 75  33/37 89
Feeding - 1/2 39 (7/18) - 33 (1/3) 39 (7/18) 36 (5/14) 38 (3/8) 8/22 36 >17/37 >46
difficulties
Coordination + 0/1 56 (9/16) + 50 (2/4) 57 (8/14) 38 (5/13) 100 (6/6) 11/19 58 N/A N/A
issues
Breathing - 0/2 5 (1/21) - 0 (0/4) 5 (1/20) 0 0/16) 11  (1/9) 1/25 4 1/37 3
assistance
Behavioral + 11 68 (13/19) + 100 (3/3) 67 (12/18) 71  (10/14) 75 (6/8) 16/22 73 20/31 65
abnormalities
Autistic features + 11 50 (9/18) - 100 (3/3) 47 (8/17) 54 (7/13) 50 (4/8) 11/21 52 10/20 50
Attention deficit ~ + 0/0 39 (7/18) + 50 (1/2) 41 (7/17) 33 (4/12) 63  (5/8) 9/20 45  4/19 21
Psychiatric + 0/1 28 (5/18) - 33 (1/3) 29 (5/17) 23 (3/13) 38 (3/8) 6/21 29 N/A N/A
concerns
Sleep issues + 2/2 19 (4/21) - 50 (2/4) 25 (5/20) 38 (6/16) 11 (1/9) 7/25 28 N/A N/A
Seizures - 1/2 38 (8/21) - 50 (2/4) 35 (7/20) 38 (6/16) 33  (3/9) 9/25 36 5/35 14
MRI abnormalities - 2/2 39 (7/18) NA 50 (2/4) 41 (7/17) 44  (7/16) 40 (2/5) 9/21 43 20/35 57
EEG abnormalities - 0/2 28 (5/18) - 33 (1/3) 22 (4/18) 21  (3/14) 25 (2/8) 5/22 23 N/A N/A
Dysmorphisms + 2/2 71 (15/21) + 100 (4/4) 70 (14/20) 88  (14/16) 56  (5/9) 19/25 76  23/24 96
Deep-set eyes + 2/2 40 (8/20) - 75 (3/4) 42 (8/19) 60 (9/15) 22 (2/9) 11/24 46  >2/37 >5
CTD signs + 0/2 52 (11/21) + 50 (2/4) 50 (10/20) 63 (10/16) 33 (3/9) 13/25 52 N/A N/A

(Continued on next page)



Continued

Table 2.

Only DNA-interacting

domain loss

MSL1-interacting
Complex region loss/disruption

MRXSBA
cohorts'*'°

Total cohort

Start-loss Missense Frameshift/nonsense

n affected/
n assessed

n affected/
n assessed

%

%

n=16

n=20

12/22 55

36

(2/9) 9/25

22

(7/16)

40 (8/20) 44

(1/4)

(7/21)

+ 1/2 33

Visual anomalies

28/35 80

25

0/9) 6/24

6/15) 0

(2/4) 21 (4/19) 40

50

(4/20)

20

2/2

Gastrointestinal

anomalies

20

7/35

4

11 (1/9) 1/24

(1/15)

11 (2/19) 7

(0/4)

(1/20)

- 0/2

Renal anomalies

7/34 21

8

(2/19) 13 (2/15) 0  (0/9) 2/24

11

(0/4)

(1/20)

1/2

Cardiac anomalies

N/A

N/A

13

11 (1/9) 3/24

(2/15)

16 (3/19) 13

(0/4)

10 (2/20)

1/2

Genitourinary
anomalies

M, male; F, female; OFC, occipital frontal circumference; ID, intellectual disability; DD, developmental impairment; CTD, connective tissue disease; MRXSBA, MSL3-related X-linked Syndrome Basilicata-Akhtar, or Basilicata-

Akhtar syndrome; N/A, not available.

Classification model construction

To ensure accurate classification of individuals with NDD-
associated MSL2 variants with high specificity, an SVM
was constructed using the 239 selected probes. This was
achieved by training the SVM model on 6 samples with
MSL2 variants against matched control individuals, as
well as 75% of other controls and samples from other dis-
orders with established episignatures from the EpiSign
v3 clinical classifier within the EKD, as described in the
materials and methods section. The remaining 25% of
samples were used for testing the model. With the excep-
tion of 2 samples, all testing samples received MVP scores
close to 0, indicating the high specificity of the classifier
(Figure 4C).

Differentially methylated regions and gene set enrichment
analysis

Differentially methylated regions (DMRs) were identified
as those containing a minimum of 3 CpGs with a mean
methylation difference >0.05 between case and control
groups and a Fisher’s multiple comparison p value < 0.01
within 1 kb. Based on these criteria, 8 DMRs were identified
and are listed in Table S7. GO enrichment analysis was per-
formed for these DMRs; however, no enriched terms were
detected in those regions with an adjusted p value < 0.01.

Modeling the effect of MSL2 variants in vitro

Generation of patient-derived iPSCs

To examine the molecular phenotypes of MSL2 variants,
we have derived MSL2 patient-specific iPSCs from three
of our individuals with distinct traits representative of
the cohort and complementary for comparative analyses:
(1) individual 16, a male carrying the most frequent trun-
cating variant p.Ser232Thrfs*10 (ST), (2) individual 6, a fe-
male with a truncating variant p.lle260* (IX), and (3) indi-
vidual 3, a male with a missense variant p.Met317Val (MV)
(Figure 5A). Two distinct clones were picked for each pro-
band, and the generation of iPSCs confirmed by the
expression of pluripotency markers TRA-1-60, SOX2,
OCT4, and SSEA4 (Figure 5B). The genetic stability of these
clones was also confirmed using a qPCR-based assay for
recurrent karyotypic abnormalities in iPSCs (Figure S1A).
Characterization of MSL2 expression and linked epigenetic
marks in patient-derived iPSCs

In the patient-derived iPSC clones, we sought to determine
the effect of variants on MSL2 levels and stability
(Figure 5C). Full-length MSL2 was detectable in all iPSC
lines, including those with truncating variants (ST and
IX) (Figures 5C and 5D, nuclear soluble fraction), indi-
cating that full-length MSL2 is still produced from the
intact allele. However, there is an appreciable decrease in
the overall levels of MSL2 in ST and IX iPSCs relative to
controls (C), indicating that the intact allele does not pro-
duce more MSL2 to compensate for the variant. We could
not detect the truncated variants with the MSL2 antibody
since the antibody is generated against an antigen with the
amino acid (aa) sequence 211-353 (Figure 5A). The level of
full-length MSL2 in iPSCs with the missense variant (MV)
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Figure 3. HPO analysis of the MSL2-related disorder cohort

(A) Hierarchical clustering with Ward method of the phenotypes of our 25 probands.
(B) Gap statistic curve serving to determine the optimal number of clusters (vertical dashed line); error bars represent the uncertainty in

the estimation of the Gap statistic parameter (k).

(C) Quantitative phenotypic similarity among individuals based on HAC analysis.

was similar to the control (Figure 5D), suggesting that the
missense variant, which is expected to be the same size as
the intact MSL2, is stable and detected by the MSL2
antibody.

Interestingly, global levels of H4K16ac, the main epige-
netic mark deposited by the MSL complex, were not altered
in any of the patient-derived iPSCs compared to the con-
trol (Figure 5D, nuclear insoluble fraction). We also saw
that the levels of MOEF, the catalytic subunit of the MSL
complex responsible for H4K16ac, were the same across
our iPSC samples (Figure 5D, nuclear soluble fraction),
indicating that MSL2 variants did not alter the protein sta-
bility of another member of MSL complex. Together, our
results suggest a distinct epigenetic mechanism underlying
the MSL2-related disorder compared to the MRXSBA.
MSL2 target gene expression profiles in patient-derived iPSCs
and differentiated germ layers
MSL2 regulates the expression of X-linked (e.g., Zfp185,
Bex2, Tsix) as well as autosomal (Bscl2, Gng3) genes in
mouse embryonic stem cells.*® Furthermore, MSL2-medi-
ated regulation of gene expression has been shown to be
dynamic in more differentiated cellular states compared
to naive pluripotency.*® To investigate the effect of MSL2
variants on MSL2-dependent gene regulation during early
lineage differentiation, we differentiated patient-derived
iPSCs into the three germ layers: ectoderm, mesoderm,
and endoderm (Figure 6A, top). All clones from patient-
derived iPSCs successfully differentiated into the three
germ layers assessed by the expression of germ layer-spe-
cific marker genes (PAX6 and NES for ectoderm, TBXT
and CXCR4 for mesoderm, and SOX17 and FOXA2 for
endoderm) comparable to the control line (Figure 6A).

We next tested whether human orthologs of the putative
mouse MSL2 target genes (ZNF185 [MIM: 300381], BEX2
[MIM: 300691], TSIX [MIM: 300181], BSCL2 [MIM:
606158], GNG3 [MIM: 608941]) are dysregulated in the
MSL2 patient-derived iPSCs or differentiated early germ
layers. We observed significant downregulation in the
expression of these target genes in patient-derived iPSCs
compared to the control (Figure 6B), suggesting that both
copies of intact MSL2 are necessary for the expression of
these genes in humans. The expression of MSL2 and
MSL1 was also downregulated in patient-derived iPSCs
(Figure S2A) which may have contributed to the downre-
gulation of target genes.

When differentiated into three germ layers, significant
differences in target gene expression persisted in patient-
derived cells compared to control (Figure 6B), while
gene-, individual-, and lineage-specific dysregulations
emerged, suggesting varying vulnerabilities to MSL2 vari-
ants. For example, truncating variants (ST and IX) showed
more significant downregulation in target gene expres-
sion, especially after differentiation. The expression of
each target gene was also different among the three
germ layers (Figure S2B), indicating that dynamic regula-
tion of gene expression is necessary during differentia-
tion. The expression of MSL2 and other complex members
MOF (KATS8) and MSL1 was similar across the iPSC-derived
germ layers compared to control, except for increased
MSL2 expression in IX and MV mesoderm (Figure S2B).
This may explain the stable, and occasionally increased,
target gene expression in IX and MV mesoderm lineage,
highlighting potential sex-, variant-, and lineage-specific
effects.
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Figure 4. Verification of the identified episignature and MVP scores generated by the SVM classifier

(A) The heatmap depicts hierarchical clustering, where the rows represent the 239 selected probes and the columns represent the affected
and control individuals. The case and control samples are indicated by the colors red and blue, respectively. The color gradient ranges
from blue (representing no methylation or 0) to red (representing full methylation or 1).

(B) MDS plot, where the MSL2 case samples are represented by red circles and the control individuals by blue circles.

Both plots (A and B) clearly demonstrate a distinct separation between the case and control groups.

(C) The SVM-generated MVP scores ranging from O to 1, indicating similarity to the MSL2 episignature, with high scores indicating
greater similarity. Blue circles represent training samples, while gray circles represent testing samples. The low MVP score of testing con-
trol samples and testing samples from other rare genetic disorders, except for two individuals, suggests high specificity of the classifier.
ADCADN, cerebellar ataxia, deafness, and narcolepsy, autosomal dominant; ARTHS, Arboleda-Tham syndrome; ATRX, X-linked
alpha-thalassemia/impaired intellectual development syndrome; AUTS18, autism, susceptibility to, 18; BAFopathy, Coffin-Siris
syndrome-1,2,3,4 (CSS1,2,3,4) and Nicolaides-Baraitser syndrome (NCBRS); BEFAHRS, Beck-Fahrner syndrome; BFLS, Borjeson-
Forssman-Lehmann syndrome; BIS, blepharophimosis intellectual disability SMARCA2 syndrome; CdLS, Cornelia de Lange syn-
dromes 1,2,3,4 (CdLS1,2,3,4); CHARGE, CHARGE syndrome; Chrl6pll.2del, chrl6pl1.2 deletion syndrome, 593-KB;
CSS_c.6200, Coffin-Siris syndrome-1,2 (CSS1,2); CSS4_c.2656, Coffin-Siris syndrome-4 (CSS4); Down, Down syndrome; Dup7,
Williams-Beuren duplication syndrome (chr7q11.23 duplication syndrome); DYT28, dystonia 28, childhood-onset; EEOC, epileptic
encephalopathy, childhood-onset; FLHS, Floating Harbor syndrome; GADEVS, Gabriele-de Vries syndrome; GTPTS, genitopatellar
syndrome; HMA, Hunter McAlpine craniosynostosis syndrome; HVDAS_C and HVDAS_T, Helsmoortel-van der Aa syndrome;
ICF_1, immunodeficiency-centromeric instability-facial anomalies syndrome 1 (ICF1); ICF_2_3_4, immunodeficiency-centromeric
instability-facial anomalies syndromes 2,3,4 (ICF2,3,4); IDDSELD, intellectual developmental disorder with seizures and language
delay; Kabuki, Kabuki syndrome 1,2 (KABUK1,2); KDVS, Koolen de Vreis syndrome; Kleefstra, Kleefstra syndrome 1 (KLEFS1);
LLS, Luscan-Lumish syndrome; MKHK_ID4, Menke-Hennekam syndromes 1,2 (MKHK1,2); MLASA2, myopathy, lactic acidosis,
and sideroblastic anemia 2; MRD23, intellectual developmental disorder, autosomal dominant 23; MRDS1, intellectual develop-
mental disorder, autosomal dominant 51; MRX93, intellectual developmental disorder, X-linked 93; MRX97, intellectual develop-
mental disorder, X-linked 97; MRXSA, intellectual developmental disorder, X-linked, syndromic, Armfield type; MRXSC]J, intellec-
tual developmental disorder, X-linked, syndromic, Claes-Jensen type; MRXSN, intellectual developmental disorder, X-linked
syndromic, Nascimento-type; MRXSSR, intellectual developmental disorder, X-linked, Snyder-Robinson type; PHMDS, Phelan-
McDermid syndrome; PRC2, Cohen-Gibson syndrome (COGIS) and Weaver syndrome (WVS); RENS1, Renpenning syndrome;
RMNS, Rahman syndrome; RSTS, Rubinstein-Taybi syndrome; SBBYSS, Ohdo syndrome, SBBYSS variant; Sotos, Sotos syndrome
1; TBRS, Tatton-Brown-Rahman syndrome; VCFS, velocardiofacial syndrome; WDSTS, Wiedemann-Steiner syndrome; WHS, Wolf-
Hirschhorn syndrome; Williams, Williams-Beuren deletion syndrome.
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Figure 5. Generation and molecular characterization of induced pluripotent stem cell (iPSC) lines from individuals with the MSL2-
related disorder

(A) Schematic highlighting the MSL2 variants of the three probands whose dermal fibroblasts have been reprogrammed into iPSCs.
(B) Immunofluorescence images showing the expression of pluripotency markers (TRA-1060, SOX2, OCT4, and SSEA4) in patient-
derived iPSC clones, two clones per individual. Scale bars, 100 pm.

(C) Schematic depicting the predicted outcome of the variants on MSL2. Heterozygous de novo frameshift (ST) or nonsense (IX) variants
lead to the generation of early stop codons leading to truncation of MSL2 whereas the intact allele would produce the full-length MSL2.
The missense variant (MV) would not alter the size of the translated MSL2 with the variant.

(D) Immunoblotting on nuclear soluble extracts from patient-derived iPSC clones showed lower levels of full-length MSL2 in ST and IX
compared to a control (C) iPSC line. Note the comparable levels of detection of MSL2 in MV to the C replicates. The asterisk shows un-
specific bands on the MSL2 blot. MOF levels are similar across patient-derived clones compared to Cs. DHX9 is used as the loading con-
trol. Immunoblotting on nuclear insoluble fractions shows similar levels of H4K16ac in all affected-individual-derived clones compared

to the control. H4 is used as the loading control for the insoluble fractions.

Discussion

In the current study, we identified 25 individuals with var-
iants in MSL2. Genotype-phenotype analysis linked
these variants to ID, global DD, hypotonia, and other mo-
tor limitations such as coordination problems, feeding
difficulties, and gait disturbance, defining a distinctive syn-
drome. Dysmorphisms as well as behavioral and psychiat-
ric conditions including ASD were frequently observed.
To a lesser extent, seizures, CTD signs, sleep issues, vision
problems, and other organ anomalies were also associated
with MSL2 variants. With the invaluable participation
of the individuals, a sensitive and specific DNA methyl-
ation episignature has been established as a molecular
biomarker. Moreover, the generation of MSL2 patient-
derived iPSCs allowed us to molecularly characterize three
MSL2 variants proving invaluable in further disease
modeling and research.

Deciphering the functional and phenotypic outcomes of
MSL2 variants is challenged by the multifunctional nature

of the protein. MSL2 has two evolutionarily conserved and
functional domains: a RING domain which is both respon-
sible for ubiquitin ligase activity and is embedded within
the portion of the protein required for MSL1 interaction as
well as a CXC domain capable of DNA targeting.'**”#>0
In our cohort, the four members whose variants
were predicted to lead to a monoallelic loss and/or
disruption of the MSL1-interacting region (individuals 1,
2, 8, 9) were empirically more likely to have behavioral ab-
normalities and autistic features, seizures, sleep issues, and
dysmorphisms, but less multi-systemic involvement,
excepting gastrointestinal anomalies (Table 2). Two of
these variants were predicted to undergo nonsense-medi-
ated decay and were both associated with seizures.
Same-variant phenotypes were highly similar, regardless
of individual sex. While warning that females were under-
represented in our cohort and that sex-based tendencies
would not necessarily be representative of the MSL2-
related disorder, we still attempted a comparison. Our ob-
servations suggested that, overall, dysmorphisms, CTD
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signs, gastrointestinal anomalies, and vision and sleep
problems were more common in males. OFC anomalies,
psychiatric concerns, and, most importantly, neuromotor
impairment (specifically coordination issues and motor
delay) were more common in females. Further research
on bigger, more equally distributed cohorts remains
imperative.

A study of more than 2,500 simplex families cited MSL2 de
novo variants as possible contributors to ASD, although the
gene did not reach statistical significance.”’ It was subse-
quently confirmed as a candidate with recurrent de novo
variants in an ASD cohort."® In 2021, a case study of an indi-
vidual whose diagnosis was facilitated by genotypic match-
making through the electronic health record was published.
The 26-year-old woman with a de novo p.Ser232Thrfs*10
variant presented with mild ID, ASD, OCD, high myopia,

hypermobile Ehlers-Danlos syndrome

(EDS) diagnosis for the joint hypermo-
bility; second, a 13-year-old female (p.Thr217Aspfs*2, codon
coordinates unavailable) who had DI, ASD, OCD, attention
deficit disorder, visual and language processing disorder,
high myopia, and hypermobile EDS.'® These phenotypes
corroborate the common traits of autistic features and behav-
ioral abnormalities, visual anomalies, and CTD signs seen in
our cohort. The missense p.ArglSLeu (individual 2) and
p.Pro25Ser (aforementioned 15-year-old male'®) variants
are located in the MSL1 interaction domain. These individ-
uals had similar phenotypes, specifically in terms of autistic
features and behavioral abnormalities, which might suggest
a stronger correlation between those traits and missense var-
iants in the MSL1 interaction domain. Finally, a study from
2021 reported an association between NDDs and MSL2 based
on two de novo protein-truncating variants (p.Leu192Valfs*3
and p.Ser486llefs*11, codon coordinates unavailable) and
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on frequent co-expression/interaction of MSL2 with known
candidate genes.'” Our study provides a substantial cohort
with de novo protein-truncating variants exhibiting NDD-
associated phenotypes (ASD, behavioral/psychiatric prob-
lems, speech disorders, etc.), suggesting the previously iden-
tified MSL2 variants are linked to the MSL2-related disorder.
We also provide evidence that start-loss or missense MSL2
variants may be pathogenic leading to the MSL2-related dis-
order phenotype. Finally, we propose that variants predicted
to lead to partial MSL2 loss are associated with seizures.

By analyzing blood DNA from six individuals, we have
identified a sensitive and specific episignature associated
with MSL2 variants. These findings further confirm a
shared molecular pathophysiology in these individuals in
association with this disorder. This finding also suggests
that, in the future, this test may be useful in resolving
ambiguous cases, including those with VUSs (Figures 3
and 4). No additional samples with MSL2 variants were
available for DNA methylation analysis at the time of the
study. Current ongoing work is focused on collecting addi-
tional samples from affected individuals with a broader
range of variant types for further episignature refinement.
One point to consider even in this limited cohort is that a
more robust methylation pattern was observed in case 18
relative to the rest of the cohort, suggesting a possibility
of episignature heterogeneity, which we hope to address
as part of the future work on an expanded cohort. It would
be also interesting to establish the episignature of MRXSBA
and compare it to the MSL2-related disorder to see if the
two disorders have a convergent or divergent profile.

We have derived MSL2 patient-specific iPSCs from three
of our cohort members. These clones were genetically sta-
ble and were functionally pluripotent showing that our
MSL2 patient-derived iPSC lines can be faithfully used for
further investigations. The generation of these iPSCs al-
lowed us to characterize the molecular nature of the
MSL2-related disorder. De novo truncating variants of
MSL2 lead to lower levels of intact MSL2 in the nucleus;
thus, loss of functional MSL2 levels may be linked to
haploinsufficiency. The manifestation of pathological
nonsense variants in the MSL1 interaction domain also
supports MSL2 haploinsufficiency. An additional factor
contributing to the pathology could be that truncated
MSL2 retaining the MSL1 interaction domain may lead
to malfunctional MSL complex. Similarly, the MSL2
missense variant p.Met317Val is likely still expressed and
localized to the nucleus (Figure 5D). Considering that
this individual also shows similar phenotypes, missense
MSL2 variant p.Met317Val is expected to be dysfunctional.
A closer biochemical analysis of MSL2 is needed to deter-
mine whether the truncated or missense variants are stably
expressed and/or partially functional to better understand
the molecular etiology of the disease.

Our findings in MSL2 patient-derived iPSCs mirror previ-
ous findings in mouse embryonic stem, neural progenitor,
and human THP-1 cells, which similarly do not exhibit
global decreases in H4Kl6ac upon loss of MSL2.**%>2

Our previous work in mouse cells suggests that instead of
eliciting bulk effects on H4K16ac, MSL2 fine-tunes levels
of this histone modification at a specific subset of develop-
mental target genes.*® Therefore, a potential underlying
mechanism of pathology could be a dysregulation of local
H4K16ac at the direct chromatin targets of MSL2, which
are linked to fetal and neural development.>*>* This is sup-
ported by our results showing that MSL2 variants resulted
in the dysregulation of putative MSL2 targets in iPSCs
and differentiated cells. This provides the evidence that
common genes are under the regulation of MSL2 in mice
and humans. These target genes were affected more in
the truncating variants lacking the CXC domain. The vari-
ability in lineage-specific differential gene expression
among proband-derived samples may reflect the varying
vulnerabilities of different tissues to MSL2 variants, consis-
tent with the findings that MSL2 chromatin targeting is
dynamically regulated in different cell types.® The variant-
and germ-layer-specific dysregulations implied by our
in vitro studies support the heterogeneity and the multi-
systemic involvement seen in our cohort’s phenotypes.
In addition, our recent work showed that MSL2 ensures
bi-allelic expression of dosage-sensitive developmental
genes.”*%2 It is possible that MSL2 variants lead to the
disturbance in the control of allelic gene dosage which
may partly explain the heterogeneity of symptoms
observed in the MSL2-related disorder. Indeed, mice lack-
ing one or both copies of Msl2 show variable embryonic
phenotypes linked to neurodevelopment.

MSL3 variants are associated with MRXSBA characterized
by global DD/ID, feeding difficulties, and hypotonia (see
last two columns of Table 2), which are all features seen
in our MSL2 cohort but are not very specific.'*'®
MRXSBA is also characterized by spasticity, while ataxic
gait is commonly seen as well. There was only one proband
in our cohort who presented with each of these features
(individuals 13 and 10, respectively). However, one highly
specific clinical trait of particular interest seen with both
conditions is the dilatation of the aorta. Further explora-
tion and in vitro studies would be required in order to eluci-
date why some MSL2-related disorder probands exhibit
CTD signs and why aorta dilation has been observed, as
in MRXSBA. It could be that the expression of specific
genes (collagens, fibrillins, TGF-B signaling) is affected in
both conditions. Respiratory and gastrointestinal issues
as well as macrocephaly are much more common in
MRXSBA than in our cohort. Finally, in MRXSBA, specific
movement disorders such as brady-/hypokinesia and dys-
tonia are frequently seen, as is hearing loss. These were
not seen in our cohort. Despite being members of the
same histone acetyltransferase (HAT)-containing complex,
variants in MSL2 do not have a bulk effect on the enzy-
matic activity of MOF, whereas MSL3 variants strongly
attenuate its ability to catalyze global H4K16ac. The molec-
ular differences between MSL2- and MSL3-associated syn-
dromes are also interesting from a therapeutic perspective.
Treatment of female MSL3-affected-individual-derived
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fibroblasts with histone deacetylase inhibitors (HDACI) to
pharmacologically raise their H4K16ac levels led to a
remarkable reversal of gene expression defects, suggesting
this as a potential therapeutic avenue.'* It is unclear
whether a similar approach would be suitable for the
MSL2-related disorder given that HDACIi often has global
rather than localized effects on histone acetylation
levels.””

MOF variants have also recently been reported in an
NDD characterized by DD/ID, dysmorphisms, as well as
epilepsy, EEG/MRI defects, behavioral abnormalities
including autistic traits, and cardiac anomalies."® Addi-
tional neurodevelopmental features commonly seen in
our cohort, such as hypotonia and coordination issues,
were not as recurrent in the MOF-related disorder. Where
investigated, the molecular phenotype of NDD-associated
variants in KATs and components of KAT-associated com-
plexes is almost always reported to manifest at the level
of enzyme activity. Variants in KAT6A (MIM: 601408),
KAT6B (MIM: 605880), BRPF1 (MIM: 602410), CREBBP,
KAT3A (MIM: 600140), and KAT5 (MIM: 601409) have
all been demonstrated to exhibit reduced in vivo or
in vitro histone acetyltransferase activity.’°°° Similarly,
case-mimicking mutations in MOF result in reduced
in vitro H4K16 acetylation activity of the protein,'* and pri-
mary human dermal fibroblasts taken from individuals
with de novo heterozygous variants in MSL3 (causative of
MRXSBA) exhibit reduced bulk H4K16ac.'* NDD-associ-
ated deleterious variants in KATs and associated proteins
that do not affect acetyltransferase activity at the molecu-
lar level have, therefore, not been well explored in the liter-
ature. On the other hand, MSL2-associated variants have
no influence on global H4K16ac levels (Figure 5D). This
makes our MSL2 cohort a unique category of individuals
with KAT-associated variants with no noticeable global ef-
fect on KAT activity. We hypothesize that MSL2 targets the
MSL complex to specific developmental genes for H4K16ac
regulation. Further studies in patient-derived samples
exploring the changes in the chromatin binding profile
of MSL2 as well as changes in H4K16ac at MSL2-bound
loci will improve our understanding of the molecular
mechanism of the MSL2-related disorder pathology.

Despite the different effects of pathogenic MSL3
and MOF variants compared to MSL2 variants toward
H4K16ac levels, there are shared neurodevelopmental
phenotypes among MSL-complex syndromes, namely ID,
DD, and epilepsy. Remarkably, these phenotypes emerge
as recurrent characteristics in pathogenic variants of
diverse epigenetic regulators.®”~®” This suggests a distinc-
tive vulnerability of the nervous system to disruptions in
finely tuned dynamics of developmental gene expression
by epigenetic regulators. Although the molecular origins
may differ, the resulting neuronal misdevelopment ap-
pears to converge on shared neurological symptoms.
Conversely, expanding these clinical phenotypes into sub-
categories to capture the intricate distinctions in underly-
ing mechanisms might prove challenging, largely due to

the symptomatic heterogeneity observed within each syn-
drome. Furthermore, while lysine acetylation is a key mo-
lecular function of KATs and KAT-associated complexes,
recent work has suggested that many histone-modifying
enzymes, including KATs, have both enzymatic and
nonenzymatic functions.®®’° Although further work will
be required to substantiate this hypothesis, we speculate
that the MSL complex may have non-histone targets or
non-catalytic functions that are indispensable during early
human development and linked to the MSL2-related disor-
der pathology. It is also conceivable that MSL2 alone may
have complex-independent functions.

Taken together, MSL2 variants lead to a neurodevelop-
mental syndrome characterized by DD and ID with a
high prevalence of motor disease, dysmorphisms, and psy-
chiatric conditions including ASD, as well as with a charac-
teristic blood episignature and a distinct, MSL2-specific,
molecular etiology compared to other MSL complex-
related diseases.
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