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Abstract Proper epigenetic regulation processes are crucial in
the normal development of the human brain. An ever-
increasing group of neurodevelopmental disorders due to de-
rangements of epigenetic regulation involve both
microdeletion and monogenic syndromes. Some of these syn-
dromes have overlapping clinical phenotypes due to
haploinsufficiency-sensitive genes involved in microdeletions.
It was shown recently that the ZMYND11 gene has important
functions in epigenetic regulation as an unconventional tran-
scription co-repressor of highly expressed genes, possibly act-
ing in the repression of cryptic transcription from gene bodies.
The aim of our study was to compare the clinical phenotypes of
patients with 10p15.3 deletions with the phenotypes of patients
with loss-of-function ZMYND1] mutations. The results of our
study further confirm that the ZMYNDII gene is the critical
gene for the clinical phenotype of 10p15.3 microdeletion in-
volving the terminal ~4 Mb of chromosome 10p. In addition,
accumulating clinical data allow for further characterisation of
this syndrome, including neurodevelopmental disorder,
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characteristic dysmorphic features and some other more fre-
quent symptoms, such as behavioural disturbances, hypotonia,
seizures, low birth weight, short stature in those older than
10 years of age, genitourinary malformations and recurrent
infections.

Keywords ZMYND1] mutation - 10p15.3 deletion -
Neurodevelopmental disorder - Epigenetic regulation

Introduction

Proper epigenetic regulation processes are crucial in the normal
development of the human brain. Numerous derangements of
major systems for epigenetic gene expression regulation were
recognised as causes of various inherited neurodevelopmental
disorders, including abnormalities of DNA methylation or
binding to methylated DNA (e.g. Angelman, Prader—Willi,
Rett and fragile X syndromes), abnormalities of histone mod-
ifications (e.g. Rubinstein—Taybi, Sotos, Kleefstra and Coffin—
Lowry syndromes) and abnormalities of chromatin-modelling
proteins involved in the organisation, composition, localisation
and movement of nucleosomes (Millan 2013). It was recently
shown that the ZMYND1I gene has important functions in
epigenetic regulation as an unconventional transcription co-
repressor of highly expressed genes, possibly acting in the
repression of cryptic transcription from gene bodies (Wen
et al. 2014a, b). The clinical phenotype resulting from the
haploinsufficiency of the ZMYNDI11 gene could be attributed
to neurodevelopmental disorders due to derangements of epi-
genetic regulation.

Terminal 10p15.3 deletion is a clinically recognisable syn-
drome with invariable neurodevelopmental disorder. More
than 25 patients with deletions involving the terminal 4 Mb
of chromosome 10p have been described to date, with the
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largest cohort (19 patients) being presented by DeScipio et al.
(2012). Interestingly, the clinical phenotype of these patients
having deletions ranging in size from 155 kb to 4 Mb was not
substantially different and seemingly unrelated to deletion size.
The minimal critical region of the overlap of the deletions
pointed to two genes, ZMYNDI1I and DIP2C, as the main
candidate genes determining the clinical phenotype of
10p15.3 microdeletion syndrome. A patient with a de novo
mutation in ZMYND]1 resulting in a phenotype closely resem-
bling 10p15.3 microdeletion syndrome was recently described
(Cobben et al. 2014). Furthermore, six more cases of hetero-
zygous loss-of-function mutations in the ZMYND1] gene were
found in a large cohort of 4716 patients with developmental
delay/autism (Coe et al. 2014). Of major importance, no mu-
tations in the DIP2C gene were found in this large cohort of
patients, while truncating mutations were found in two of 2193
controls. Therefore, ZMYND1I haploinsufficiency was con-
firmed as a major cause of 10p15.3 microdeletion syndrome.

The aim of our study was to compare the clinical pheno-
types of 14 patients with terminal 10p15.3 deletions, involv-
ing terminal ~800 kb or ~4 Mb of chromosome 10p, and eight
patients with loss-of-function ZMYND1] mutations. Further
characterisation of the syndrome due to presumable
ZMYNDI11 haploinsufficiency is also provided.

Materials and methods
Case reports

Patient 1 (patient 9 in Tables 1, 2 and the supplementary
table) This 34-month-old male patient was born at 42 weeks
of gestation from the second pregnancy of a healthy
Lithuanian non-consanguineous couple, both aged 30 years,
and there is one healthy older male sibling in the family.
Length at birth was 45 cm (<< 3rd centile) and weight at birth
was 2.7 kg (< 3rd centile). Failure to thrive, muscular hypo-
tonia and psychomotor retardation was observed from the first
several months. Increase in weight gain occurred with the
introduction of solid foods, but his weight was still below
the 3rd centile, while his height reached the 10th percentile
at the age of 34 months. Lack of spontaneous active move-
ments was noted by the parents from the first several months,
and left hemiparesis with spasticity was diagnosed at the age
of 5 months. There was global psychomotor delay: indepen-
dent sitting was achieved at the age of 30 months, and no
independent walking was observed at 34 months. The child
was examined at the age of 7 months by a pulmonologist due
to consistently loud breathing and frequent respiratory infec-
tions, and laryngotracheomalacia was diagnosed after bron-
choscopic evaluation. A normalising breathing pattern with
less frequent respiratory infections was observed with age.
Unilateral cryptorchidism was also diagnosed.

@ Springer

At the age of 34 months, the child actively communicated
and was characterised by a quiet but cheerful disposition and
frequent laughing. There was global psychomotor retardation
with muscular hypotonia and left hemiparesis, and his vocab-
ulary consists of several syllables. Although his arms are the
same size, facial asymmetry with a hypotrophic left side and
leg length asymmetry, with the left leg being 2 cm shorter than
the right one, has been observed. Dysmorphic features include
a metopic ridge, high forehead, low-set ears, epicanthus
inversus with upslanting palpebral fissures, broad nasal
bridge, anteverted nostrils, smooth philtrum, high palate and
slightly hypertrophic gums (Fig. 1).

Slight hyperlactaciduria till 4 mmol/L (n.r. 0.6-2.4 mmol/
L) and hyperammonaemia till 111 micromol/L (n.r. < 40
micromol/L), slight increase of liver transaminases (AST till
72 TU/L, n.r. < 40 TU/L; ALT 63 IU/L, n.r. < 40 IU/L) were
observed on several occasions. Also, 3-methylglutaconic, 3-
methylglutaric and succinic aciduria were found on two occa-
sions in urinary organic acid analysis, pointing to possible
derangements of mitochondrial functions. However, the phe-
notype of the patient was deemed non-compatible with any
type of methylglutaconic aciduria.

Patient 2 (patient 10 in Tables 1, 2 and the supplementary
table) This 30-year-old patient (see also Ciuladaite et al. 2014)
is the third child of healthy, non-consanguineous parents.
There was one female sibling who died in infancy after being
diagnosed with congenital heart disease and one healthy fe-
male sibling. She was born with breech presentation. Her
weight at birth was 2.9 kg (the 3rd centile) and her length at
birth was 50 cm (25th centile). The neonatal period was com-
plicated by sepsis and encephalopathy with seizures.
Recurrent respiratory infections occurred throughout child-
hood. Psychomotor retardation was evident from the first
months of life, with head lag until 6 months of age, sitting
alone from the age of 18 months and walking unaided from
the age of 24 months. Talipes was noted from infancy, and
scoliosis and a waddling gait due to hip dysplasia developed
with age. There was delayed pubertal development, with men-
arche at 15 years and secondary amenorrhoea afterwards. At
the age of 30 years, the patient is obese (weight 90 kg, height
170 cm, BMI 31) and microcephalic (OFC 54 ¢cm). She has a
waddling gait and moderately severe scoliosis. Dysmorphic
features include arched eyebrows, low-set ears, short
philtrum, high and narrow palate, dental crowding and
clinodactyly of her 2nd toes (Fig. 2). She has moderate intel-
lectual disability and has been able to talk in short, 2—3-word
sentences since the age of 4 years, but incomprehensiveness of
speech is noticeable, and although she is able to write some
letters, she is not able to read or calculate. Her hearing and
sight are normal. Behavioural problems developed with age
and included temper tantrums, episodes of mild self-
mutilation (biting of palms) and impatience, but autistic traits
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were not apparent. There was also occasional diurnal and con-
stant nocturnal enuresis.

Short stature,
recurrent
infections

Other

! Methods

Karyotyping was performed on metaphase spreads prepared
from PHA stimulated cultured peripheral blood lymphocytes
using standard methods.

Array CGH for patient 1 and patient 2 was performed by
using 180 K and 60 K arrays (Agilent Technologies, Santa
Clara, CA, USA), respectively, according to the manufac-
turer’s recommendations. Image analysis, normalisation and
annotation were based on Agilent Feature Extraction 10.7.1.
Data were analysed with CytoGenomics 3.0.0.27 software for
microarrays (Agilent Technologies). All parameter thresholds
were set to default values (segment mean log?2 ratio of > 0.5 or
— 0.8 were called gain or loss events, respectively). The array
data were analysed using the annotation GRCh37/hg19.
: Fluorescent in situ hybridisation (FISH) analyses of patient 1
and his parents, and patient 2, her sibling and mother were
performed by using two probes from chromosome 10
(10pTEL006, D10S2290) (Vysis, Downers Grove, IL,
USA). All FISH procedures were done according to the man-
ufacturer’s recommendations. Fluorescent signals were
analysed using a Nikon Eclipse 80i fluorescent microscope
with CytoVision version 3.6 (Applied Imaging, UK).

Genitourinary

Head CT/MRI

n.d
n.d.
n.d
n.d

Neurologic

Muscular hypotonia/
walking unaided

+ (21 months)

n.d. (24 months)

n.d.
n.d.

developmental
delay, bipolar

disorder,
impulsivity,

psychosis
temper

tantrums

Results

Behavioural
Aggression,

Autism
Pervasive
Autism

+

G-banded chromosome analysis did not reveal abnormalities
in either patient.

Array CGH revealed a 4.3-Mb deletion of 10p15.3pter (pa-
tient 1: chr10:102,539-4,440,292; patient 2: chrl10:1-
4,396,320, NCBI Build GRCh37) and a 13.4-Mb duplication
of 10g26.12qter (patient 1: chr10:122,032,434—-135,434,178;
patient 2: chr10:122,014,670-135,404,523, NCBI build
GRCh37). FISH analysis confirmed the array CGH results
by showing an unbalanced derivative chromosome 10 in both
patient 1 and patient 2: rec(10)dup(10q)inv(10)(p15.3q26.12).
The healthy father of patient 1 and healthy female sibling of
patient 2 were found to be inversion carriers: ish
inv(10)(p15.3)(10pTEL006—,D10S2290+)(q26.3)(D10S2290
—,10pTEL006+) (Fig. 2). The paternal inversions detected by
FISH proves that the recombinant chromosome originated
from a crossing-over between a displaced segment in the pa-
tients: rec(10)dup(10q)inv(10)(p15.3q26.12).

Low birth
weight (kg)
-(3.2)
+(2.7)

Age at last
follow-up
17 years
41 years
25 years
Child

pT:
p.
p.

1761delCAG:p.GIn587del

ZMYNDI1

p-Thr70Asnfs
ZMYNDI11

GlIn326Ter

Met1871lefs

NM_006624.5:¢.1159-1C>A

Microdeletion/mutation
NM_006624.5:¢.1759
NM_006624.5:¢.206du;
NM_006624.5:¢.976C>T:
NM_006624.5:¢.561del:

ZMYNDI11
ZMYNDI11

Discussion

20 [Coe et al. 2014]
21 [Coe et al. 2014]
22 [Coe et al. 2014]
23 [lossifov
et al. 2012]

Copy number variation (CNV) is an important part of human
genetic pathology. The pathogenicity of microdeletions is

n.d. — not determined; ADHD — attention deficit hyperactivity disorder; MRI — magnetic resonance imaging

*(Proband no. in ref.) Only patients with sufficient clinical data were included

Table 1 (continued)

Patient no*./[ref.]

@ Springer
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Table 2 Dysmorphic features of patients with 10p15.3 deletions and heterozygous ZMYND1I mutations

Patient no./[ref.]

Microdeletion/mutation

Dysmorphic features

10p15.3 deletions (up to 800 kb from 10pter)

1 (1)* [DeScipio et al. 2012]

2 (2) [DeScipio et al. 2012]

3 (4) [DeScipio et al. 2012]
4 (6) [DeScipio et al. 2012]
5 (9) [DeScipio et al. 2012]

6 (13) [DeScipio et al. 2012]

7 (17) [DeScipio et al. 2012]

10p15.3 del (269,248-577,223)

10p15.3 del (103,934-591,089)

10p15.3 del (101,955-739,804)
10p15.3 del (170,772-631,403)
10p15.3 del (284,172-730,188)

10p15.3 del (115,543-451,742)

10p15.3 del (148,946-303,504)

10p15.3 deletion (not including ZMYND11)

8 (16) [DeScipio et al. 2012]

10p15.3 del (115,544-1,748,581)

10p15.3 deletions (up to 4.4 Mb from 10pter)

9

10 [Ciuladaite et al. 2014]

11 (5) [DeScipio et al. 2012]
12 (7) [DeScipio et al. 2012]
13 (18) [DeScipio et al. 2012]

14 (4) [Lindstrand et al. 2010]

15 [Vargiami et al. 2014]

ZMYND 11 mutations

16 [Cobben et al. 2014]

17 [Coe et al. 2014]

18 [Coe et al. 2014]

19 [Coe et al. 2014]

20 [Coe et al. 2014]

10p15.3 del (102,539—4,440,292)

10p15.3 del (1-4.,396,320)

10p15.3 del (214,559-2,464,948)
10p15.3 del (62,797-1,230,967)
10p15.3 del (106,829-3,812,917)

10p15.3 del

10p15.3 del (171,237-2,880,776)

ZMYNDII
NM_006624.5:¢.1798C>T:p.Arg600Trp

ZMYNDI11
NM_006624.5:c.1246_1247delGA:p.Glu416Serfs

ZMYNDI1

NM_006624.5:c.454 455insC:p.Asnl152Thrfs
ZMYNDI1
NM_006624.5:¢.1759_1761delCAG:p.GIn587del

ZMYNDI11

Epicanthus inversus, long eyelashes, hypertelorism,
depressed nasal bridge, thickened superior helices,
broad philtrum, high palate, micrognathia.

Fine blond hair, a triangular appearance to face
and a prominent forehead.

Macrocephaly.
Epicanthus, pointed chin.

Bilateral epicanthus inversus, epicanthal folds,
wide nasal bridge, tall/bossed forehead,
mild micrognathia, slightly high anterior palate,
flat facial profile and mild tenting of the upper lip.

Macrocephaly, frontal bossing, down-slanting
palpebral fissures, bilateral epicanthal folds,
stellate iris pattern, wide nasal bridge,
prominent incisors, thin whitish eyebrows.

Microcephaly, short palpebral fissures,
depressed nasal bridge, epicanthic folds,
mild cleft uvula, thin/slow growing hair,
smooth philtrum, broad mouth and thin
upper lip vermilion.

Macrocephaly, synophrys, thick lower lip, thickened ears.

Microcephaly, facial asymmetry, metopic ridge,
high forehead, low-set ears, epicanthus inversus
with upslanting palpebral fissures, broad nasal bridge,
anteverted nostrils, smooth philtrum with somewhat
thin upper lip, high palate, slightly hypertrophic gums.
Arched eyebrows, strabism, low-set ears, short philtrum,
high narrow palate.

0
Plagiocephaly, prominent columella, narrow palate.

Macrocephaly, high forehead, arched eyebrows,
depressed nasal bridge, downturned mouth corners,
thin upper lip, large, low-set ears.

Hypertelorism, epicanthus, posteriorly rotated large,
low set ears.

Microcephaly, high palate, downturned corners
of the mouth, retrognathia and slightly thin
lower lip vermilion.

Microcephaly, slight metopic ridge, low-set ears,
hypopigmentation of the right eyebrow and eyelashes,
telecanthi, epicanthus, upslanting palpebral fissures,
broad nasal bridge, smooth philtrum,
thin upper lip, widely spaced teeth.

Microcephaly, asymmetric skull,
deep-set eyes, hypertelorism,
overfolded ears, long philtrum.

Microcephaly, strabism.

Upslanting palpebral fissures,
strabism, wide mouth, wide gaps between teeth,
ectopic left lacrimal punctum.

Small overfolded ears, mild ptosis, wide mouth.

@ Springer
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Table 2 (continued)

Patient no./[ref.] Microdeletion/mutation Dysmorphic features
NM_006624.5:¢.206dupT:p.Thr70Asnfs
21 [Coe et al. 2014] ZMYNDI1 Hypertelorism.

NM_006624.5:¢.976C>T:p.GIn326Ter

22 [Coe et al. 2014] ZMYNDI11

NM_006624.5:c.561del:p.Met1871lefs

23 [lossifov et al. 2012] ZMYNDI1

NM_006624.5:c.1159-1C>A

Macrocephaly, synophrys, ptosis, hypertelorism.

0

*(Proband no. in ref.) Only patients with sufficient clinical data were included

largely determined by genes with inherent sensitiveness to
haploinsufficiency. Mutations in these genes usually lead to
autosomal dominant syndromes with mostly de novo muta-
tions. Indeed, recent large exome sequencing studies involv-
ing from 500 to 2000 patients show that de novo heterozygous
mutations are responsible for a large part of genetic human
pathology and usually amount to slightly more than 40% of all
detected causal variants in exomes (Farwell et al. 2015; Yang
et al. 2014). Comparisons of clinical phenotypes arising from
microdeletions versus those determined by mutations in genes
contained in relevant microdeletions can give important in-
sights into the actiology of genetic syndromes.

As was noted in two recent publications (Coe et al. 2014;
Cobben et al. 2014), comparison of the clinical phenotypes of
10p15.3 microdeletion patients and of those with heterozygous
ZMYNDI11 mutations reveals striking phenotypic similarities,
leading to a definition of a ‘syndrome due to presumable
ZMYNDII gene haploinsufficiency’. Besides intellectual
disability/developmental delay, behavioural disturbances,

Fig. 1 Patient 1 at the age of 9 months (a) and 3 years (b). Note facial
asymmetry, metopic ridge, high forehead, low-set ears, epicanthus
inversus with upslanting palpebral fissures, broad nasal bridge, anteverted
nostrils and smooth philtrum

@ Springer

hypotonia, mild craniofacial dysmorphism, brain anomalies
and seizures, as described by DeScipio et al. (2012) and Coe
etal. (2014), low birth weight (10/17 patients with birth weight
indicated, 59%), microcephaly (5/22 patients, 23%) or
macrocephaly (4/22 patients, 18%), and short stature in those
older than 10 years of age (3/9 patients, 30%) were observed in
a substantial portion of patients in this study to be associated
with the syndrome. Also, recurrent infections, laryngomalacia,
hemiparesis and movement disorders, including myoclonus,
tremor, choreoathetosis and progressive dystonia, were ob-
served in some of them (Tables 1 and 2). Genitourinary
malformations, including cryptorchidism, hypospadia and
hydronephrosis, were seen in 10p15.3 microdeletion patients
only.

Somewhat dysmorphic features of the syndrome may be
recognised (Table 2), including prominent forehead/metopic
ridge (5/22 patients), hypertelorism/broad or depressed nasal
bridge (9/22 patients), upslanting or downslanting palpebral
fissures, epicanthus (8/22 patients) and smooth/broad philtrum
(6/22). Other features, like facial asymmetry, ptosis,
synophrys/arched eyebrows, wide mouth and high palate, were
reported less frequently (DeScipio et al. 2012; Ciuladaite et al.
2014; Lindstrand et al. 2010; Vargiami et al. 2014; Cobben
etal. 2014; Coe et al. 2014). Although similarity of craniofacial
dysmorphic features is more pronounced in patients with
smaller terminal 10p15.3 microdeletions (up to 1 Mb from
10pter, ‘group A’ patients according to DeScipio et al. 2012),
there is a high variability of facial dysmorphism in some pa-
tients having larger microdeletions but showing no dysmorphic
features (e.g. patient 11 (5) in Table 2), while other patients
with ZMYND 11 mutations have more pronounced
dysmorphism (e.g. patient 16 in Table 2). Moreover, there is
a high variability in head circumference, ranging from micro-
cephaly to macrocephaly. Of note, the phenotype of a patient
with 10p15.3 microdeletion not including ZMYND1] is some-
what different (patient 8 in Tables 1 and 2). Phenotypic vari-
ability is a feature of multiple genetic syndromes, including
those resulting from aberrations in genes for epigenetic regu-
lation (Grillo et al. 2013; Bartsch et al. 2010). Although down-
stream targets of ZMYND]I are currently largely unknown,
genes regulated by ZMYNDI1I potentially interact with
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Fig. 2 Pedigrees of patient 1 (a) and patient 2 (b). The father of patient 2 (unavailable for studies) is presumably an inversion carrier
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multiple other genes with functions in craniofacial morphogen-
esis, creating variability in clinical phenotypes.

Intellectual disability/developmental delay was observed
as an almost constant feature of the syndrome. Furthermore,
it seems that the severity of neurodevelopmental disorder is
not different between patients with the 10p15.3 microdeletion
involving the terminal ~4 Mb of 10p and patients with loss-of-
function heterozygous ZMYND 11 mutations. It should be not-
ed, however, that a de novo substitution at codon 239 G>A in
the ZMYNDI1 gene was described in a patient with autism
spectrum disorder without intellectual disability (lossifov
et al. 2012). Also, behavioural problems, including autism/
autistic traits, attention deficit and hyperactivity disorder
(ADHD), aggressiveness/temper tantrums/self-mutilation, bi-
polar disorder, psychosis, and alcohol and drug abuse (10/17
patients), are observed in the majority of patients.
Interestingly, a sociable and affectionate disposition was men-
tioned in four children from 2 to 9 years old. Hypotonia is a
remarkable feature of the syndrome (13/22 patients, 59%) and
unaided walking was achieved at the age of 1.5 to 4 years (9
patients). Epilepsy or seizures were observed in five of 22
patients (23%).

There were some limitations to our study. Both our patients
had concomitant 10g26.12 duplications, hindering phenotype
comparisons. According to available data based on the analysis
of publications and the DECIPHER database, terminal 10q
duplications involving only the 10q26 chromosomal band are
associated with mild skeletal symptoms only, and all cases with
definitely pathogenic 10q terminal duplications involve bands
10g25 and/or 10q24 (supplementary table). Both duplications
include 79 RefSeq genes, four of them are associated with
autosomal dominant diseases (FGFR2, HTRAI, EBF3,
WDRI1). Recently, point mutations of the EBF3 gene were
identified in several patients with neurodevelopmental disorder
(Blackbum et al. 2017; Chao et al. 2017; Harms et al. 2017,

Sleven et al. 2017). Although these patients have some over-
lapping features, including intellectual disability, muscular hy-
potonia, seizures, behavioural problems and urogenital anom-
alies, there are currently no data indicating that whole-gene
duplications of the EBF3 gene could be associated with this
phenotype. The phenotypes of other autosomal dominant dis-
eases are not compatible with the phenotypes of our patients.

According to available data, ZMYNDI1I functions as an
unconventional transcription co-repressor of these highly
expressed genes, possibly acting in the repression of cryptic
transcription from gene bodies (Wen et al. 2014a). Since a
knockdown of ZMYND11 was associated with only moderate
changes in gene expression, it is also proposed that this protein
acts in fine-tuning gene expression (Wen et al. 2014b). An
ever-increasing group of neurodevelopmental disorders
caused by derangements of epigenetic regulation involve both
microdeletion and monogenic syndromes. Some of these syn-
dromes have overlapping clinical phenotypes due to
haploinsufficiency-sensitive genes involved in microdeletions,
with Kleefstra syndrome being caused by both 9q34.3 deletion
and EHMTI gene mutation, and Angelman syndrome being
caused by both maternal 15q11-13 deletion and UBE3A gene
mutation, among others. These findings point to a possible
inherent sensitivity to the haploinsufficiency of some genes
involved in epigenetic regulation (Millan 2013).

In conclusion, comparison of the clinical phenotypes of 14
patients with 10p15.3 microdeletion involving the terminal
~4 Mb of 10p and eight patients with loss-of-function
ZMYNDII mutations allowed us to further confirm an earlier
established concept that the ZMYNDII gene is the critical gene
for the 10p15.3 microdeletion syndrome involving the terminal
~4 Mb of 10p. Accumulating clinical data also allow for further
characterisation of a syndrome that includes neurodevelopmental
disorder, characteristic dysmorphic features and other clinical
signs and symptoms, and is due to presumable ZMYNDI1
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haploinsufficiency. This syndrome could be included into an
ever-increasing group of neurodevelopmental disorders caused
by derangements of epigenetic regulation.
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