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ARTICLE

Deleterious, protein-altering variants in the transcriptional
coregulator ZMYM3 in 27 individuals
with a neurodevelopmental delay phenotype
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Summary

Neurodevelopmental disorders (NDDs) result from highly penetrant variation in hundreds of different genes, some of which have not
yet been identified. Using the MatchMaker Exchange, we assembled a cohort of 27 individuals with rare, protein-altering variation in the
transcriptional coregulator ZMYM3, located on the X chromosome. Most (n = 24) individuals were males, 17 of which have a maternally
inherited variant; six individuals (4 male, 2 female) harbor de novo variants. Overlapping features included developmental delay, intel-
lectual disability, behavioral abnormalities, and a specific facial gestalt in a subset of males. Variants in almost all individuals (n = 26) are
missense, including six that recurrently affect two residues. Four unrelated probands were identified with inherited variation affecting
Arg441, asite at which variation has been previously seen in NDD-affected siblings, and two individuals have de novo variation resulting
in p.Arg1294Cys (c.3880C>T). All variants affect evolutionarily conserved sites, and most are predicted to damage protein structure or
function. ZMYM3 is relatively intolerant to variation in the general population, is widely expressed across human tissues, and encodes a
component of the KDM1A-RCOR1 chromatin-modifying complex. ChIP-seq experiments on one variant, p.Arg1274Trp, indicate
dramatically reduced genomic occupancy, supporting a hypomorphic effect. While we are unable to perform statistical evaluations to
definitively support a causative role for variation in ZMYM3, the totality of the evidence, including 27 affected individuals, recurrent
variation at two codons, overlapping phenotypic features, protein-modeling data, evolutionary constraint, and experimentally
confirmed functional effects strongly support ZMYM3 as an NDD-associated gene.

be identified. The wide availability of sequencing tests,
coupled with data sharing, has allowed identification of
many new NDD genes over the last few years.*

Introduction

Neurodevelopmental disorders (NDD) as a group affect 1%-

3% of children, but individual NDD syndromes are typically
rare and often result from highly penetrant genetic varia-
tion affecting one of many NDD-associated loci."”* While
exome- and genome-sequencing tests have provided molec-
ular diagnoses for many individuals with NDDs, the diag-
nostic yield from sequencing remains below 50%.® Various
hypotheses exist to explain this diagnostic limitation, one
of which is that some NDD-associated genes have yet to

ZMYM3 (MIM: 300061) lies on the X chromosome and
encodes a member of a transcriptional corepressor com-
plex that includes HDAC1, RCORI1, and KDM1A.>°
ZMYM3 has been hypothesized to function as a scaffolding
protein, coordinating interactions between deacetylases
and demethylases, in addition to RNASEH2A.° Knockout
of Zmym3 in male mice results in infertility due to a
defect in the metaphase-to-anaphase transition during
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spermatogenesis.” ZMYM3 was found to be necessary for
the regulation of various meiotic genes in this process.
ZMYM3 has also been found to promote DNA repair, as it
regulates the localization of BRCA1 at damaged chro-
matin.® ZMYM3 was originally identified as an NDD candi-
date gene in a female with a balanced X;13 translocation
affecting the 5’ UTR of one isoform of ZMYM3.? The pro-
band presented with ID, scoliosis, spotty abdominal hypo-
pigmentation, slight facial asymmetry, clinodactyly, and
history of a possible febrile seizure at age one year. Addi-
tionally, Philips et al. reported a family with three NDD-
affected brothers carrying a missense variant in ZMYM3
(GenBank: NM_005096.3; c.1321C>T [p.Arg441Trp])."’
The brothers displayed developmental delay, a sleeping
disorder, microcephaly, genitourinary anomalies, and facial
dysmorphism.

Given the extremely low prevalence for any given Mende-

Subjects and methods

ZMYM3 was submitted to GeneMatcher (https://genematcher.org/
) by HudsonAlpha in 2018, and follow-up discussion of cases from
either research studies or clinical sequencing was performed via
e-mail over the course of four years. Some matches originated
from GeneMatcher,'” while others originated from PhenomeCen-
tral.'® Over the course of the collaboration, some affected individ-
uals were excluded from the cohort due to segregation of the
variant of interest in unaffected male family members, including
two individuals harboring GenBank: NM_005096.3; c.2063G>A
(p-Arg688His), a variant that was initially identified as a VUS but
later reclassified to likely benign after observation in an unaffected
male relative. Additionally, one of the individuals with p.Ar-
g688His variation presented with developmental regression and
facial dysmorphism that was dissimilar to the phenotypes of other
probands described here.

Approval for human subject research was obtained from all local

ethics review boards, and informed consent for publication
(including photos, where applicable) was obtained at individual
sites. Exome sequencing (ES), genome sequencing (GS), or panel
testing was performed on DNA extracted from blood, buccal cells,
or muscle tissue using typical clinical or research protocols, as
described in supplemental material and methods.

For protein modeling, the wild-type 3D protein structure was
downloaded from AlphaFoldDB (https://alphafold.ebi.ac.uk/),"*
which was included with the reference from UniProt (accession

lian NDD, data sharing to facilitate cohort building is essen-
tial and has had a large impact on rare disease gene discovery
over the last decade.'' Here we describe a cohort of individ-
uals with rare variants in ZMYM3, assembled from submis-
sions to GeneMatcher'? and PhenomeCentral.'* We provide
strong evidence for an X-linked, ZMYM3-associated NDD
based on phenotypic, computational, and experimental
analysis of variants observed in 27 individuals.
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Figure 1. Observed variation along the length of ZMYM3
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The 1,370 aa ZMYM3 (Q14202, GenBank: NP_005087.1) is annotated with MYM-type zinc fingers (1-9, orange) and Cre-like domain

(blue) as described by UniProt and InterPro.

(A) Hemizygous variants observed in males in this study are noted above the protein model, with de novo variants in red. *Note that
p-Arg441GIn was observed in three unrelated males. Hemizygous variants that were previously reported in males are shown below

the protein.'%?°

(B) Maternally inherited (black) or de novo (red) heterozygous variants observed in females in this study are noted above the protein

model.

number: Q14202). When visualization and coloring were not
possible with the online tool, structures were visualized and
colored and the sequence was mutated with Chimera v.1.15, ro-
tamer builder tool.'> Structure superposition was obtained in
Chimera with the tool Matchmaker. Structure refinement was per-
formed with the Chimera tool Dock Prep with standard settings, as
previously described.'® Depiction of molecular surfaces was
defined as VAW surface and colored according to the electrostatic
potential. For additional analyses, see supplemental material and
methods. For eukaryotic linear motif analysis (ELM), the UniProt
accession (Q14202) was submitted to the online ELM server
(http://elm.eu.org/) with standard settings (100 as probability cut-
off, species Homo sapiens).

For ChIP-seq experiments, we edited the genomic DNA at
the ZMYM3 endogenous locus in HepG2 cells to introduce the
variant (the “variant” experiment) or to reintroduce the reference
sequence (the “control” experiment), simultaneously with a 3X
FLAG tag, 2A self-cleaving peptide, and neomycin resistance
gene, using a modified version of the previously published
CRISPR epitope tagging ChIP-seq (CETCh-seq) protocol.'” We nu-
cleofected cells and selected for correctly edited cells using
neomycin, confirmed edits by PCR and Sanger sequencing of
genomic DNA, and performed ChIP-seq as previously described'®
with duplicate experiments for each condition (see supplemental
material and methods). We performed peak calling using SPP*’
and Irreproducible Discovery Rate (IDR),?° using ENCODE-stan-
dardized pipelines for analysis and quality-control.>! We per-
formed additional differential binding analyses using the R pack-
age csaw v.1.28.0.%%

As an additional control, we used the standard CETCh-seq
ZMYM3 experiment in HepG2 available on the ENCODE portal
(ENCSR505DVB), with these data processed to match (i.e., down-

sampled to 20M reads) the other CETCh-seq experiments
described here. See supplemental material and methods for addi-
tional details.

Results

ZMYM3 variants
Through a collaboration facilitated by the MatchMaker Ex-
change,'" we identified 22 unique variants in ZMYM3 in 27
affected individuals from 25 unrelated families (Figure 1 and
Table 1). All observed variants had high CADD scores
(average 24.3, range 19-32, Table S1), indicating that they
rank among the 1.25% most highly deleterious SNVs in
the human reference assembly, similar to most known high-
ly penetrant NDD-associated variants.”* All SNVs also had
high conservation scores (average GERP score of 4.97, range
3.47-5.22), suggesting they affect positions under selective
constraint throughout mammalian evolution.”*
Twenty-four of these 27 individuals are males that har-
bor hemizygous missense variants, including two sets of
affected brothers. For most males (n = 17), variants were
inherited from heterozygous carrier mothers. In four
males, the ZMYM3 variant arose de novo, while inheritance
could not be defined for three. All variants are rare, with
three or fewer total alleles and no hemizygous males or
homozygous females in gnomAD?® or TopMed/Bravo
(https://bravo.sph.umich.edu/freeze8/hg38/) (Table S1).
In addition, we identified three heterozygous ZMYM3
variants in three unrelated, affected females (Figure 1 and
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Table 1. Individual variant and phenotypic data for the entire cohort
Mother’s
NDD- Variant
Age related (NM_005096.3; Speech Motor ASD Behavioral Facial dys-
Individual Sex (years) Zygosity Inheritance phenotype NP_005087.1) delay delay ID traits problems morphism GU anomalies Other
1 male 3 hemizygous maternal none c.205G>A (p.Asp69Asn)  yes yes N/A N/A  no no urinary tract congenital heart defects
dilatation of
left kidney on
ultrasound
21 male 18.2 hemizygous unknown  none c.507A>T (p.Argl69Ser)  yes no yes yes  yes yes hypospadias -
2 male 14 hemizygous maternal Hx of LD  ¢.721G>A (p.Glu241Lys) yes yes no no  no yes no history of growth hormone
resistance and IGF1 deficiency
(basis unknown), fasting and heat
intolerance, excessive fatigue
3 male 8 hemizygous maternal none c.905G>A (p.Arg302His) yes yes N/A yes  yes yes pielonephritis, GERD
vesicoureteral
reflux
4a male 21 hemizygous maternal none c.1183C>A (p.Arg395Ser) yes yes yes yes  yes yes hypospadias -
4b male 16 hemizygous maternal none c.1183C>A (p.Arg395Ser) yes no yes yes  yes yes no -
5 male 7 hemizygous maternal none ¢.1192C>T (p.Pro398Ser) yes yes yes yes  yes no no weight <1%ile
22 male 4 hemizygous unknown  unknown  c.1321C>T (p.Arg441Trp) yes no yes yes  no yes no mild short stature
6 male 7.42 hemizygous maternal ADHD c.1322G>A (p.Arg441GIn) yes yes yes yes  yes yes single renal cyst constipation
7 male 13 hemizygous maternal none c.1322G>A (p.Arg441Gln) yes yes yes yes  yes yes cryptorchidism, short stature
enuresis
8 male 15 hemizygous maternal Hx of LD c.1322G>A (p.Arg441GIn) yes yes yes yes  yes yes hypospadias, short stature
ambiguous
genitalia
23 male 16 hemizygous de novo N/A ¢.1360T>C (p.Cys454Arg) yes yes no no yes yes vesicoureteral  short stature, microcephaly,
reflux myopia, retinopathy, GI
dysmotility
9a male 6 hemizygous maternal none ¢.2193G>C (p.Glu731Asp) yes no yes yes  yes yes no -
9b male 4 hemizygous maternal none c.2193G>C (p.Glu731Asp) yes no yes yes  yes yes no -
10 male 2.5 hemizygous maternal dyslexia €.2794A>G (p.lle932Val) yes no N/A N/A  yes yes no GERD, constipation
11 male 19 hemizygous maternal none c.3371G>A yes no yes no  yes yes ectopic kidney  short stature, kyphoscoliosis
(p.Arg1124Gln)
12 male 5 hemizygous maternal none c.3409T>A yes yes yes no yes yes no microcephaly
(p-Tyr1137Asn)
24 male 8 hemizygous maternal ADHD, Hx ¢.3518G>A yes yes yes yes  no yes no -
of delays (p.Ser1173Asn)

(Continued on next page)
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Table 1. Continued

Mother’s
NDD- Variant
Age related (NM_005096.3; Speech Motor ASD Behavioral Facial dys-

Individual Sex (years) Zygosity Inheritance phenotype NP_005087.1) delay delay ID traits problems morphism GU anomalies Other

13 male 3.42 hemizygous de novo none c.3605T>A yes yes yes no  yes yes cryptorchidism microcephaly, short stature,
(p.Val1202Asp) weight <3%ile, kyphosis, long

bone defects, Madelung deformity

14 male 62 hemizygous unknown  none ¢.3638T>C yes yes yes no no no enuresis microcephaly, scoliosis, reflux
(p-Met1213Thr)

15 male 16.25 hemizygous de novo none ¢.3820C>T yes yes yes yes  yes yes no microcephaly, scoliosis
(p.Arg1274Trp)

16 male O hemizygous de novo none ¢.3880C>T N/A N/A N/A N/A  N/A N/A N/A deceased
(p.Arg1294Cys)

25 male 8.5 hemizygous maternal none ¢.3970C>T yes no yes yes  yes no no -
(p-Arg1324Trp)

17 male 8 hemizygous maternal none c.4029G>A yes yes no yes yes no no GI dysmotility, joint laxity, pain &
(p-Met13431le) swelling, dysautonomic symptoms
Total 23/23  15/23 17/ 15/21 18/23 18/23 11/23 -

20
18 female 1.5 heterozygous, maternal none c.671_674dup yes yes N/AN/A no yes no GERD
skewed XCI (p.Leu226TrpfsTer8)
19 female 1.42 heterozygous  de novo none €.2255A>G (p.Tyr752Cys) yes yes N/A'N/A  no yes no -
20 female 3 heterozygous,  de novo unknown  ¢.3880C>T yes yes N/A N/A N/A yes pyelectasis volvulus of midgut, pancreatic
skewed XCI (p.Arg1294Cys) cysts

Total 3/3 3/3 0/2 3/3 1/3

Individuals 4a and 4b are full siblings; individuals 9a and 9b are full siblings. ID, intellectual disability; ASD, autism spectrum disorder; GU, genitourinary; N/A, not assessed; GERD, gastroesophageal reflux disease; Hx, history;
LD, learning disability; ADHD, attention deficit-hyperactivity disorder.




Table 1). All three of these variants are absent from popula-
tion databases. Two of these variants arose de novo, while
one was inherited from an apparently unaffected mother.
As variation observed in males was often inherited from
unaffected heterozygous mothers (with presumed random
X-inactivation), we hypothesized that the three affected fe-
male individuals might have skewed X-inactivation that
could result in expression of primarily the variant ZMYM3
allele. In two of the three females, X-inactivation testing tar-
geting either the ARlocus®” or the RP2locus”® was performed,
and in both, skewed X-inactivation was observed. In individ-
ual 20, a female carrying a de novo p.Arg1294Cys variant
(GenBank: NM_005096.3; ¢.3880C>T), 97% skewing at
the AR locus was observed. In the case of the maternally in-
herited p.Leu226TrpfsTer8 variant (individual 18, GenBank:
NM_005096.3;c.671_674dup), >94% skewing was observed
in both the proband and her unaffected, heterozygous
mother at the RP21locus. Both mother and daughter were het-
erozygous for two RP2 alleles (366/362), and in both, the 366
allele was inactivated (see supplemental note: case reports for
additional details). Due to the presence of skewing in both
the proband and her unaffected mother, it is possible that
this predicted loss-of-function allele is benign. However,
skewing of the precise ZMYM3 alleles was not tested in these
individuals.

Phenotypic characterization
Of the 24 identified males, one was a fetus terminated at
26 weeks gestational age with a de novo variant in ZMYM3
(GenBank: NM_005096.3; ¢.3880C>T [p.Arg1294Cys]) and
a very severe phenotype (supplemental note: case reports).
For this reason, we did not include this male in further
phenotypic comparisons. Of the remaining 23 affected
males, all were reported to have developmental delay (23/
23), with speech delay (23/23) being more prominent than
motor delay (15/23) (Table 1 and supplemental note: case re-
ports). Of those who could be assessed, 17/20 showed intel-
lectual disability, and most were diagnosed with autism or
were reported to have autistic traits (15/21). Most males
had behavioral concerns at some point in development
(18/23). Most affected males were also reported to have at
least mild facial dysmorphism (18/23), some of which were
highly similar to the individuals reported in Philips et al.'®
(Figure 2). Similarities include thick eyebrows, deeply set
eyes, long palpebral fissures, protruding ears, and a high ante-
rior hairline. Other variable features include genitourinary
anomalies (n = 11 individuals), short stature (n = 6), micro-
cephaly (n = 5), scoliosis/kyphosis (n = 4), and functional
gastrointestinal problems (n = 6) (Table 1). See supplemental
note: casereports for additional clinical features for each case.

Among the affected females, all three displayed develop-
mental delay and some facial dysmorphism, but many of
their additional features were variable and do not lead to
a clear syndromic picture (Table 1, Figure 2, and supple-
mental note: case reports).

Additionally, while most variants in affected male probands
were inherited from apparently unaffected heterozygous car-

rier mothers (10/15 mothers), five heterozygous mothers
were reported to have a history of learning disabilities, atten-
tion deficit-hyperactivity disorder (ADHD), or dyslexia (Ta-
ble 1, supplemental note: case reports, and Figure S1).

Protein modeling

ZMYM3 encodes a DNA-binding transcriptional coregula-
tor with multiple protein isoforms, the longest of which
is 1,370 amino acids (Q14202, GenBank: NP_005087.1).
This isoform has nine MYM-type zinc fingers and a C-ter-
minal Cre-Like domain (Figure 1). As most of the observed
variants are missense (21/22 unique variants), we per-
formed computational modeling to assess the potential ef-
fects of these changes. Homology-based protein modeling
using AlphaFold'* indicates that 17 of the 21 missense var-
iants lie in ordered regions, and the majority have interme-
diate to high predicted local distance difference test
(pLDDT) scores,?” indicating that there is a moderate to
high degree of confidence in further computational predic-
tions (Figures 3 and S2 and Table S2).

We assessed flexibility, stability, solvent exposure, and
deformation energy of the variant protein models
(Figures S3-S6). A general trend toward protein destabiliza-
tion (negative folding energy differential) was observed for
several variants, while p.Arg1274Trp was predicted to be sta-
bilizing (Figure S3). We observed patterns somewhat consis-
tent with solvent exposure across the 21 unique missense
variants (Table S2). Six of the seven variants leading to
the highest destabilization (p.Arg441Gln, p.Glu731Asp,
p-Tyr752Cys, p.Argl1124Gln, p.Tyr1137Asn, p.Met1213Thr)
(Figure S3) are buried residues in high confidence regions of
the protein. While disruption of each of these rigid residues is
predicted to be destabilizing, some are due to likely increased
flexibility (p.Glu731Asp, p.Tyr752Cys, p.Tyr1137Asn) while
others are predicted to be more rigid (p.Arg441Gln,
p-Argl1124Gln, p.Met1213Thr). This result is consistent
with the observation that substitutions of amino acids
within the protein core are often associated with folding
destabilization.

Conversely, the remaining 14 variants affect exposed
residues; seven of these lie in low confidence regions or
have very low pLDDT values (p.Asp69Asn, p.Argl169Ser,
p-Glu241Lys, p.Arg302His, p.Arg395Ser, p.Pro398Ser,
p-Arg1274Trp). These wild-type residues are predicted
to be flexible, and in most cases the observed mutation
is predicted to lead to a more rigid structure. The remain-
ing seven are rigid residues, with the observed mutations
associated with varying predicted effects. More detailed
surface analyses indicated that several variants result in
significant changes of polarity, charge, and hydrophobic-
ity (Table S2 and Figure S6). In particular, p.Arg1274Trp
is predicted to have major effects, resulting in stabiliza-
tion of an exposed residue through the substitution of
a polar, charged, and flexible arginine with a neutral, ar-
omatic, and hydrophobic tryptophan moiety (Figure S6).

In addition to structural analysis, we submitted the se-
quences to the eukaryotic linear motif (ELM).*” This resource

220 The American Journal of Human Genetics 110, 215-227, February 2, 2023



2 3 4a 4b
p.Glu241Lys

p.Arg302His

p.Arg395Ser p.Arg395Ser

5 7 8
p.Pro398Ser p.Arg441Gin p.Arg441Gin

1 12 24
p.Arg1124GIn p.Tyr1137Asn p.Ser1173Asn

25 17

18 19

p.Arg1324Trp p.Met1343lle

p.Leu226TrpfsTer8

—
f_,z

Figure 2.

Facial features of a subset of individuals with ZMYM3 variation

Individual ID and protein effect are noted for each. Note deep-set eyes, long palpebral fissures, large/prominent/cupped ears, and tall

forehead.

annotates short amino acid motifs predicted to mediate
binding to other proteins or to be affected by post-transla-
tional modifications (phosphorylation, cleavage sites, ubig-
uitination, etc.). Intersecting this information with the posi-
tion of our mutations suggests that several of the variants
alter motifs (Tables S2 and S3) and that modifications of
residues Arg302, Serl173, Vall202, Met1213, Argl274,
and Met1343 are predicted to possibly disrupt multiple
interactions.

Genome-wide occupancy of selected ZMYMS3 variant
transcription factors

A key role of ZMYM3 is to function as a component of the
KDM1A/RCOR1 chromatin-modifying complex that regu-
lates gene expression by binding to specific loci throughout

the genome.’ Therefore, we sought to measure the impact
of variation on ZMYM3 genome-wide DNA association, hy-
pothesizing that proband-observed variants may alter
ZMYM3 genome-wide occupancy patterns. Given the time
and expense of these experiments, we chose three variants
for testing: p.Arg441Trp, a previously reported variant'®
that affects a residue where we have seen recurrent variation
(p-Arg441Trp and p.Arg441Gln); p.Argl274Trp, a de novo
variant within the Cre-like domain that was found in an in-
dividual with notable facial similarities to those individuals
with Arg441 variation; and p.Arg688His, which early in our
collaboration was seen in two affected individuals. Subse-
quently, segregation studies in one family indicated that
the p.Arg688His variant was present in an unaffected
maternal uncle, suggesting that it is likely benign.
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Figure 3. Missense variants in ZMYM3 mainly lie in ordered regions

Three disordered regions (red line) were identified (aa 1-72, 90-301, and 759-830), while the remainder of the protein is predicted to be
structured (green line). AlphaFold produces a per-residue confidence score (predicted local distance difference test, pLDDT) between
0 and 100, which is plotted along the length of the ZMYM3 protein. Horizontal bars and shading indicate confidence ranges for pLDDT
scores. Missense variants observed here are noted on the graph, and while residues 69, 169, 241, and 302 lie in disordered regions, the

remainder of residues lie in structured regions.

For each of these, we introduced the variant into the
ZMYMS3 gene in the genomic DNA of cultured HepG2 cells
using a modified version of the CRISPR epitope tagging
ChIP-seq (CETCh-seq) protocol.'” We simultaneously
introduced a “super-exon” consisting of all exons of
ZMYM3 downstream (relative to coding direction) of the
exon in which the variant resides, along with an FLAG
epitope tag and selectable resistance gene. These modifica-
tions result in cells that express the ZMYM3 protein with
the variant residue and a carboxyl terminus FLAG tag for
immunoprecipitation, as well as a neomycin resistance
gene product for selection of correctly edited cells. As a
control for each super-exon edit, we performed the same
protocol but reintroduced the reference sequence instead
of the missense variant. Genomic DNA modifications
were confirmed by PCR and Sanger sequencing. The key
advantage of this approach is that the control and variant
ZMYM3 proteins are produced from the endogenous
genomic loci, each modified by the same super-exon,
and that the antibody used (along with other experimental
and analytical steps) is the same; the only difference be-
tween the variant and control experiments is the presence
of the missense variant of interest. For both p.Arg688His
and p.Arg1274Trp, we successfully obtained correctly edi-
ted cells and performed chromatin immunoprecipitation
followed by high-throughput sequencing (ChIP-seq) and
peak calling as previously described'®*'; however, for
p-Arg441Trp, we were unable to obtain edited cells. As
an additional control, we also analyzed data from a stan-
dard CETCh-seq experiment on ZMYM3 (ZMYM3“FT¢h)
in HepG2 cells (ENCODE dataset ENCSR50SDVB).

When comparing ZMYM3P-A81274TP_yariant  to
ZMYM3P-A81274T_control, we observed a large differ-
ence in the number of peaks called between the experi-
ments. The control experiment yielded 16,214 peaks
and the variant only 3,699 peaks (Table S4); most
(68%) of the peaks in the variant experiment were also
called in control, suggesting the variant protein occupies
a subset of the sites occupied by the control protein. We
know from extensive previous ChIP-seq analyses that
many loci exhibit read-depth levels near (above or
below) peak-calling thresholds, resulting in situations
where experiments are more similar than they appear
when only considering peak-call overlaps. Thus, we per-
formed additional, more quantitative comparisons, such
as global read-depth correlations, which also support a
global, variant-specific reduction of occupancy (see sup-
plemental material and methods). Further, we performed
a differential occupancy analysis using the R package
csaw.”” Rather than relying on peak calls, csaw performs
a sliding window analysis to detect regions with signifi-
cantly different read-depths between experiments; csaw
identified 25,845 genomic regions with sufficient reads
for analysis in the p.Argl274Trp experiments. Among
these regions, 13,225 showed differential read-depth be-
tween control and variant experiments at FDR < 0.0S.
All but 19 of these sites (99.9%) had higher read counts
in the control than in the variant. We also intersected
csaw regions with the union of peak calls between con-
trol and variant experiments, resulting in 11,259
genomic regions; of these, 6,631 show significantly
more reads in control than in variant, and only three
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Figure 4. p.Arg1274Trp is a hypomorphic variant, while p.Arg688His has similar genome occupancy to that of wild type

(A and B) Genomic regions called by csaw between experiments, then overlapped with IDR 0.05 peaks called in either experiment. Yel-
low color indicates regions determined by csaw to have significantly higher differential binding (at FDR < 0.05) in control, orange in-
dicates regions with no differential binding, and red indicates regions with higher differential binding in variant. For p.Arg1274Trp (A),
there are 6,631 regions with higher binding in control, 4,625 regions with no differential binding, and 3 regions with higher binding in
variant. For p.Arg688His (B), all 6,416 regions had no differential binding.

(C) Protein modeling of Arg1274 (left) and p.Arg1274Trp (right). The van der Waals protein surface is depicted in light gray, and residues
in position 1,274 are colored by partial charge (blue, positive; red, negative; white, neutral). Magnified squares show zoomed-in view of
the side chains.

(D). Genome browser track for ZMYM3-p.Argl1274Trp-variant ChIP-seq experiments. Human genome (hg38) chr8:131,561,953-
131,925,404 is displayed. Top track is activity-by-contact ("ABC loops") showing predicted interaction between enhancer element on
left and TSS for the gene EFR3A on right. "Genes" track is RefSeq gene model. "Control Rep 1” and "Control Rep 2” are aligned bam reads
from ZMYM3-p.Arg1274Trp-control experiments, "Variant Rep 1” and "Variant Rep 2" are aligned bam reads from ZMYM3-
p-Arg1274Trp-variant experiments. All bam files are downsampled to an equal number of reads in each replicate, and all four replicate
tracks are scaled from O to 60 vertically. "ENCODE" tracks are shown below the ChIP-seq tracks: "cCREs" represent candidate cis-regula-
tory elements colored by ENCODE standards, "H3K27Ac" is layered H3K27Ac signal from seven ENCODE cell lines, and "TFBSs" are
ENCODE TF clusters (340 factors, 129 cell types). The putative enhancer element identified as the most significant loss of binding in
the variant experiment is highlighted in yellow, showing the ENCODE distal enhancer cCRE call, the ABC loop to the TSS of EFR3A,
and the difference in binding with the two control replicates showing strong signal and the two variant replicates showing substantially
less binding.

were significantly higher in variant (Figure 4A). Finally,
we performed immunocytochemistry on control and
variant p.Arg1274Trp-edited cells to assess ZMYM3 local-
ization. While ZMYM3 is predominantly nuclear in
p-Arg1274Trp-control cells, as expected for a DNA-bind-
ing transcriptional regulator, ZMYM3 is predominantly
cytoplasmic in p.Argl274Trp-variant cells (Figure S7).
Thus, the reduction of ZMYM3P-A81274TP genomic occu-

pancy appears mediated, at least in part, by reduced nu-
clear localization.

We similarly analyzed the ZMYM3P-418%88His_control and
ZMYM3P-AE688HIS_yariant experiments. Both control and
variant p.Arg688His experiments yielded fewer peaks than
ZMYM3P-ABIZ74TP_control and ZMYM3“ET! experiments
(Figure S8), suggesting that the super-exon insertion at this
location may by itself impact activity. However, there
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appears to belittle to no functional impact from the missense
variant. Pearson correlation coefficients of read counts of
each of the two replicates of control and variant ranged
from 0.71 to 0.84, indicating a high degree of overall similar-
ity among these experiments (Figure S9). Similarly, analysis
of csaw regions intersected with peak calls gave 6,416
genomic sites with sufficient reads for analysis, none of
which were significantly different (FDR < 0.05) between con-
trol and variant (Figure 4B). As such, p.Arg688His does not
appear to alter ZMYM3 genomic occupancy, a result consis-
tent with its presence in an unaffected male.

Discussion

Here we describe 27 NDD-affected individuals with protein-
altering variation in ZMYM3, mostly (n = 24) hemizygous
males. Six of these variants arose de novo, but most were in-
herited from unaffected or mildly affected heterozygous
mothers. All variants presented here are rare in the general
population and predicted to be deleterious. Many of the var-
iants are predicted to interfere with protein structure or
function. ZMYM3 is relatively intolerant to both missense
variation (gnomAD missense Z = 4.31) and loss-of-function
variation (RVIS = 8.46,*> pLOEUF = 0.11%°), further sup-
porting the potential for the variants observed here to
have phenotypic effects. Using ChIP-seq, we have also pro-
vided functional analyses showing that one variant,
p-Argl274Trp, acts as a hypomorphic variant with greatly
reduced genome occupancy compared to its control, and
that one likely benign variant, p.Arg688His, has genome oc-
cupancy similar to its control experiment.

Among the variants in our cohort, there are two sets of
alleles affecting the same codon. At Arg441, a residue
that lies within a zinc finger domain that functions in
DNA binding, we found substitutions (p.Arg441Trp or
p-Arg441Gln) in four unrelated males. Three additional
affected males with p.Arg441Trp in one family have been
previously reported.'” Overlapping phenotypic features
of these seven individuals include developmental delay
(mainly speech), nocturnal enuresis, and microcephaly.
In addition, the facial features in these individuals are
quite similar. The other recurrent variant that we observed
here is p.Arg1294Cys, observed as de novo in an aborted
male fetus and de novo in a female with 97% skewed X
inactivation. p.Arg1294Cys has also been submitted to
ClinVar’*® as a VUS (SCV000297052.2) by a different group
than those that identified p.Arg1294Cys variation for this
study. We thus believe the ClinVar submission represents a
third, independent report of p.Arg1294Cys pathogenicity,
although we are unable to confirm this (see supplemental
material and methods).

The biological context of ZMYM3 is supportive of disease
relevance. ZMYM3 is part of a transcriptional corepressor
complex that includes HDAC1, RCOR1, and KDM1A.>°
Additional interactors in this complex can include
ZMYM2 and REST. Variation in two of these five genes

(KDM1A and ZMYM2) has been robustly associated with
neurodevelopmental disorders.>>** Additionally, ZMYM3
has since been shown to physically interact with
RNASEHZ2A; variation in RNASEH2A (MIM: 606034) has
been associated with Aicairdi-Gouteres syndrome 4
(AGS4 [MIM: 610333]). Specifically, a cluster of pathogenic
variants found in individuals with AGS4 have been shown
to disrupt binding of RNASEH2A to ZMYM3.° Residues
within the PV-rich domain of ZMYM3 (codons 862-943)
have been shown to be necessary for this interaction.
p-11e932Val, observed in our cohort, lies in this region
and may disrupt this interaction.

Recently, Connaughton et al. demonstrated a connection
between loss-of-function variation in ZMYM2 (MIM:
602221), a paralog of ZMYM3 with 44% protein identity, to
congenital anomalies of the kidney and urinary tract, with
extra-renal features or NDD findings (MIM: 619522).%° This
same publication also reported two male probands who
had hemizygous variants of uncertain significance in
ZMYM3, resulting in p.Gly673Asp and p.Val866Met,
although the latter does appear in Bravo/TopMed in a homo-
zygous state (Figure 1). Phenotypic overlap of individuals
with variation in ZMYM2 and ZMYM3 presented here
include developmental delay, microcephaly, and ID. Some
similarity of facial features is also shared with the ZMYM2
cohort, including one ZMYM2 proband with protuberant
ears. In addition to ZMYM2 and ZMYM3, the ZMYM-family
of proteins includes two additional members, ZMYM4 and
QRICH]1. Variation in QRICHI (MIM: 617387) has been
associated with Ververi-Brady syndrome (MIM: 617982),
which has features including developmental delay, intel-
lectual disability, non-specific facial dysmorphism, and
hypotonia.*

Variants observed in this cohort lie across the length of
the protein, and modeling data suggest that while several
may affect protein structure, several also likely affect pro-
tein interactions, which are key in the biological function
of ZMYM3. ChIP-seq data for ZMYM3P-A181274TP jndjcate a
large reduction in genome-wide occupancy specific to the
variant protein, even though the variant is not within
any direct DNA-binding domains. Leung et al. have previ-
ously shown that this specific residue is necessary for inter-
action with RAP80, a ubiquitin-binding protein that plays
a role in the DNA damage response.® The authors also
showed that ZMYM3P-A81274GIn ha{ increased cytoplasmic
localization compared to wild-type protein, consistent
with our results showing that ZMYM3P-AB1274TIP i pre.
dominantly cytoplasmic (Figure S7). While the observed
widespread reduction in genomic occupancy indicates a
global hypomorphic effect, individual binding event dif-
ferences may be of particular interest. For example,
one of the most significant differential binding events, as
determined by csaw, occurs at a regulatory element on
chromosome 8 (Figure 4D); this region is annotated as a
distal enhancer by the ENCODE Consortium,® and, ac-
cording to activity-by-contact (ABC) analysis,”’ this region
connects to and is likely a regulatory element for the gene
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EFR3A (MIM: 611798). Pathogenic variants in EFR3A have
been associated with autism spectrum disorders,*® with
phenotypes that overlap those described here.

Akey limitation of this study is the location of ZMYM3 on
chromosome X and the fact that most of the probands
observed here inherited their ZMYM3 variant from an unaf-
fected or mildly affected parent, which makes the statistical
evaluation of pathogenicity difficult. We cannot, for
example, use denovo variant enrichment testing, a powerful
means of inferring pathogenicity for dominant NDDs.*’
Traditional association or burden testing also cannot be
done given the absence of systematically ascertained and
matched cases and controls. Additionally, none of the fam-
ilies described here are large enough to support linkage
studies. Testing in other family members may nevertheless
be informative for each individual variant’s interpretation
(Figure S1); this additional information may be useful for
flagging potential benign variants within these families,
particularly those present in a hemizygous state in unaf-
fected male relatives as was observed for p.Arg688His. X
chromosome inactivation studies in additional females,
both affected and unaffected, may also be informative.

Despite the above limitations, the totality of the evidence
presented here is strong. This includes 27 affected probands
that exhibit overlapping phenotypic features, some of which
are shared with four previously reported individuals,
bringing the total number of NDD-affected individuals
known to harbor rare protein-altering variation in ZMYM3
to at least 31. Six probands described here have variants
that arose de novo, two of which result in the same
missense effect (p.Argl294Cys). Also, both p.Arg441Trp
and p.Arg441Gln were seen in this study; thus, like at
Arg1294, there have necessarily been at least two indepen-
dently arising variants at Arg441 in affected individuals.
We further describe protein-modeling data, evolutionary
constraint analyses, and experimentally confirmed func-
tional effects, all of which support the phenotypic relevance
of the observed variation. While additional analyses are
necessary to ultimately confirm these findings and adjudi-
cate the pathogenicity of each individual variant, we provide
substantial evidence that ZMYM3 is an NDD-associated gene.
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