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Abstract Microdeletion syndromes are frequent causes
of neuropsychiatric disorders leading to intellectual dis-
ability as well as autistic features accompanied by epilepsy
and craniofacial anomalies. From comparative deletion
mapping of the smallest microdeletion to date at 12q24.31,
found in a patient with overlapping clinical features of
12g24.31 microdeletion syndrome, we narrowed the puta-
tive critical region to 445 kb containing seven genes, one
microRNA, and one non-coding RNA. Zebrafish in situ
hybridization and comprehensive transcript analysis of
annotated genes in the panels of human organ and brain
suggest that these are all candidates for neurological phe-
notypes excluding the gene HPD. This is also corroborated
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by synteny analysis revealing the conservation of the order
of these six candidate genes between humans and zebrafish.
Among them, we propose histone demethylase KDM2B
and histone methyltransferase SETDIB as the two most
plausible candidate genes involved in intellectual disabil-
ity, autism, epilepsy, and craniofacial anomalies. These two
chromatin modifiers located approximately 224 kb apart
were both commonly deleted in six patients, while two
additional patients had either KDM2B or SETDIB deleted.
The four additional candidate genes (ORAII, MORNS3,
TMEM120B, RHOF), a microRNA MIR548AQ, and a non-
coding RNA LINCO01089 are localized between KDM2B
and SETDIB. The 12q24.31 microdeletion syndrome with
syndromic intellectual disability extends the growing list
of microdeletion syndromes and underscores the causative
roles of chromatin modifiers in cognitive and craniofacial
development.

Introduction

With the prevalent application of high-resolution microar-
ray in medical genetics, a large number of new microde-
letion and microduplication syndromes involving many
chromosomal regions are emerging as disorders of syndro-
mic intellectual disability (Nevado et al. 2014). We report a
genomic delineation of eight unrelated patients with non-
recurrent 12q24.31 microdeletion syndrome to map the
size, extent, and gene content. The deleted regions in seven
cases significantly overlap with a microdeletion we identi-
fied, the smallest one described to date, enabling the refine-
ment of the candidate gene region for syndromic intellec-
tual disability. Four cases of microdeletions spanning this
region have been reported with similar phenotypes (Baple
et al. 2010; Chouery et al. 2013; Palumbo et al. 2015; Qiao
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et al. 2013) and we found three additional microdeletion
cases in the DECIPHER database (Firth et al. 2009).

Our clinical delineation of the 12q24.31 interval sug-
gests that intellectual disability, autism, epilepsy, and
craniofacial anomalies constitute core clinical features
of the 12q24.31 microdeletion syndrome. We refined
the smallest overlapping region to 445 kb encompassing
seven genes, one microRNA, and one non-coding RNA by
gqPCR. Among them, we propose two chromatin regulators,
KDM2B (MIM 609078) and SETDIB (MIM 611055), as
the most plausible two candidate genes for syndromic intel-
lectual disability along with four additional candidate genes
(ORAII, MORN3, TMEM120B, and RHOF). The perturba-
tion of a chromatin regulatory mechanism is a well-known
underlying cause of neurodevelopmental and psychiatric
disorders (Ronan et al. 2013). Whether the two chromatin
modifiers, KDM2B as a demethylase and SETDI1B as a
methyltransferase, act independently or work in concert to
coordinate histone modifications remains to be seen.

In the current study, we have analyzed putative candi-
date genes within this chromosomal region. Zebrafish in
situ hybridization and RT-gPCR in different human organ
and brain regions were performed to validate individual
candidate genes. We determined the level of transcript
reduction for all six candidate genes in our microdeletion.

Materials and methods

Genomic DNA extraction

Blood samples were obtained from patient DGDP343, his
parents as well as his younger brother. Genomic DNA was
extracted from blood using a standard phenol-chloroform
protocol.

Microarray

Genomic DNA derived from the patient was assayed on a
4 x 180 K oligonucleotide array (Agilent Technologies) to
identify pathogenic copy number variations (CNVs).

Cell culture

Lymphoblastoid cell lines (LCLs) were established from
the patient, his brother and father using the protocol
described in Nishimoto et al. (2014).

Real-time PCR (qPCR and RT-qPCR)

Primers for qPCR were designed across the chromo-

somal regions containing the proximal and distal dele-
tion breakpoints. We also designed RT-qPCR primers
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against exonic sequences of genes including KDM2B
and SETDIB (Table S1). Total RNA was extracted from
LCLs using the RNeasy Plus Mini kit (Qiagen, Valen-
cia, CA, USA) following the manufacturer’s instruc-
tions. Total RNA from whole human brain, fetal brain
and from an additional 11 different regions of the brain
(Clontech, Mountain View, CA, USA) were also used
to investigate the transcript levels of KDM2B, ORAII,
MORN3, TMEM120B, RHOF, and SETDIB. Samples of
total RNA used were derived from several patients aged
between 16 and 89, except for hippocampus and kidney
where the total RNA was obtained from single individu-
als aged 27 and 40, respectively. Fetal brain total RNA
was pooled from 21 spontaneously aborted 26-33-week-
old Caucasians. cDNA was synthesized from 1 pg of
total RNA using the RevertAid First cDNA Synthesis
Kit (Thermo Scientific, Waltham, MA, USA). Real-time
PCR was carried out using 2 pl cDNA, 2.5 pM primer
and 10 pl FastStart DNA Green Master (Roche, Indian-
apolis, IN, USA) in a 20 pl reaction volume. The A Act
method was used to determine relative transcript levels
of genes, as well as copy number of the loci of interest,
and beta-2-microglobulin (MIM 109700) was used as the
endogenous control. Samples were run in triplicates and
standard deviations were calculated from 2-3 independ-
ent experiments.

Cloning and RNA probe preparation from zebrafish

Total RNA was extracted from adult zebrafish brains
using TRIzol® (Ambion). Total RNA was reverse tran-
scribed to cDNA using the SuperScript III First-Strand
synthesis kit (Invitrogen™). From the sequences at NCBI
(National Center for Biotechnology Information) and
ZFIN (The Zebrafish Model Organism Database) prim-
ers were designed for cloning of the following parts of 7
genes in zebrafish. kdm2bb (XM_009305661.1) primer
pair: forward 5-GAGGACGATGAGGAGTACGAGGAG
C-3/,reverse 5'-GCTCCCATTTAGGCCCCAGCCAATC-3'
for a 439 bp fragment; orailb (NM_205600.1) primer pair :
forward 5-GTGGAGGTCCAGCTGGACACCAATC-3/,
reverse 5'-GGCGGCCACTCCGGCAGACACAGT-3’ for a
342 bp fragment; morn3 (NM_001017666.1) primer pair :
forward 5-GTGAAAAGACCCCCGACCGCAGAAC-3/,
reverse 5'-TTCTCATACTGCATTCGTCCCCATCC-3/ fora
389 bp fragment; tmemlI20b (NM_001045230.2) primer
pair: forward 5'-GGCCTGAAAGACCTCAAGCAGAGC
C-3', reverse 5-TTGAGACGTAGTGATGTGACACCCAC-3’
for a433 bp fragment; rhof (NM_001020642.1) primer pair :
forward 5-TCGTGATCGTCGGGGATGGAGGATG-3/,
reverse 5'-AGCTCTGGCTGCTAGCGCTCGCTTT-3' for a
527 bp fragment; setd1ba (NM_001045134.2) primer pair :
5’-CCCTAGAACCCCTGGTCATGAAGGC-3,reverse5'-G
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AGGAATGCCAGCACTGAGCACAGG-3' for a 383 bp
fragment; hpda (NM_201167.1) primer pair : forward
5'-GCCCGAGAGAGGAAAGTTTCTAAACTT-3/, reverse
5'-TAAGAGAGGGTCTCTGAACAGCGGCT-3’ for a 484
bp fragment. The RT-PCR products were subcloned into the
pGEM-T easy vector (Promega) and digoxigenin (DIG)-
labeled sense and antisense RNAs were produced using a
DIG-RNA labeling kit (Roche) according to the manufac-
turer’s instructions.

Whole mount in situ hybridization

At least ten embryos at a time were used for each probe,
and whole mount in situ hybridization was repeated three
times for each probe. Two developmental stages (48 h and
5 day) of embryos were used. Thus, at least 60 embryos
(10 x 3 x 2) were used for each probe. Control sense
probes were also tested as negative controls.

Fixation and storage

Whole mount in situ hybridization was performed with
digoxigenin-labeled probes, essentially as described
in Thisse et al. (1993). 48-hpf (hour post-fertilization)
embryos were fixed overnight in 4 % paraformaldehyde in
PBS at 4 °C and then transferred to methanol before being
stored at —20 °C until use.

Proteinase K treatment and hybridization

48-hpf embryos were rehydrated with PBST, incubated
in proteinase K (10 pg/ml, Roche) for 20 min, fixed for
20 min in 4 % paraformaldehyde, and then washed with
PBST. Embryos were prehybridized in HYB [hybridization
solution: 50 % formamide (Bioneer), 5X SSC, 50 pg/ml
heparin (Sigma-Aldrich), 500 pg/ml torula RNA (Sigma-
Aldrich), 46 mM citric acid, pH 6.0 and 0.1 % Tween-20]
for 1 h at 70 °C. After prehybridization, RNA probes were
added (100 ng per 10 embryos), and embryos hybridized at
70 °C overnight.

Probe washing and blocking

After the hybridization, embryos were washed at 70 °C for
30 min with 50 % HYB in 2X SSC, once with 100 % 2X
SSC for 15 min, and three times with 0.2X SSC for 15 min.
Through a series of 4 washes with increasing percentages
of PBST, embryos were transferred into PBST at room
temperature, and washed three times with PBST for 10 min
each wash. For staining, embryos were protected with 5 %
horse serum (Sigma-Aldrich)/PBST blocking solution for
30 min.

Staining

Embryos were incubated with anti-digoxigenin Fab frag-
ment conjugated with alkaline phosphatase (Roche) at a
concentration of 1:4000 overnight in 4 °C. After extensive
washing with PBST, labeling was visualized using NBT/
BCIP (nitroblue tetrazolium/5-bromo 4-chloro 3-indolyl
phosphate, Roche) as alkaline phosphatase substrate. After
a sufficient intensity of staining was reached, the reaction
was stopped by washing in stop solution (I mM EDTA
in PBST, pH 5.5). The whole mount in situ hybridization
results were examined with a differential interference con-
trast microscope (Leica MX16FA).

Synteny analysis

The chromosomal location of kdm2bb, setdlba, orailb,
morn3, tmemli20b, rhof, setdlba and hpda genes in
zebrafish was compared with that of human counter-
part genes based on the Synteny database (http://teleost.
cs.uoregon.edu/acos/synteny_db).

Clinical report

The patient, now age 3, is a white male born at 417 weeks
by vaginal delivery from a 35-year-old mother after an une-
ventful pregnancy. At ~6 months, he displayed significant
torticollis and developmental delay. He sat at 10-1/2 months
and exhibited command crawling at 15 months. However,
he often threw himself backwards onto the floor from a sit-
ting position.

At 1912 years, myoclonic seizures began. He soon devel-
oped screaming seizures during which his face displayed
a terrified look. His screaming seizures ranged from mild
panic to loud, horrified screaming. He was placed on val-
proic acid treatment, but he became extremely passive and
did not engage with people, so it was discontinued. He was
then placed on a ketogenic diet. When he was 1”'? years,
an electroencephalogram (EEG) showed a generalized epi-
leptiform activity classified as E1, generalized.

At 1912 years, he crawled and maintained a standing
position using the wall for support. He preferentially used
his right hand with a raking grasp. He imitated some of
his parents’ speech, and learned to make a few consonant
sounds. He had seizures several times a day, but the dura-
tion lessened with clonazepam treatment. At age 2, the
boy underwent Occupational Therapy (OT), Physiotherapy
(PT), and Speech-Language—Pathology (SLP) assess-
ments. He was followed by infant development services,
and genetics and neurology specialists. The child enjoyed
banging toys together, spinning toys, and clapping. At age
2, his EEG showed a very active epileptiform disturbance
classifying his epilepsy as E3, generalized.
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At 2312 years, he was diagnosed with mild to moder-
ate hypotonia. He displayed poor head righting bilaterally,
mild to moderate head lag, significant tightness in motion,
and did not fully develop protective reactions. Early stages
of four-point crawling were observed. His sensory seek-
ing and arching into full extension impacted his gross
motor skill development as he often fell out of position. An
evaluation placed his gross motor skills at a ~7-month-old
level, and he received physiotherapy. Interestingly, he had
a high pain tolerance. He frequently curled his fingers into
his palms, but had full active and passive range of motion
in his fingers and upper extremities. The boy also often
sucked on his fingers. He enjoyed car rides, played on the
exercise ball, swing, and walker.

At 2¥12 years, the child was evaluated for fine motor,
language, pragmatic and social skills. He had difficulty
processing touch input and particularly with vestibular/
movement in space input. He seemed to require repetition
to understand, and he did not point to items or wave to
express himself. He displayed attention to pictures, some-
times responded to the ‘give me’ command, and understood
some new words. When asked questions, he vocalized in
response. He did not understand words referring to body
parts, prepositions, or the word “no”. The patient showed
developmental delay in fine motor skills and his pre-lan-
guage skills were severely delayed for his age. His develop-
ing pragmatic skills were at the 3—6-month age level and
developing interaction—attachment skills at the 9—12-month
age level on the Rossetti Infant-Toddler Scale. His social
pragmatic skills were also severely delayed for his age.
He exhibited less than half of the language comprehension
skills at the 12—15-month age level on the Rossetti and half
of the skills at the 9-12-month age level. His receptive and
expressive language skills were severely delayed for his
age.

At 2912 years, his epilepsy was categorized as E3 gener-
alized, E3 multifocal, D1 generalized indicating a change
in epilepsy type over time. When 2”2 years, the myoclonic
seizures were replaced by tonic seizures. He appeared
happy and rarely cried except during a seizure. He was
fed small pieces of food and often sucked on his finger,
probably to help with swallowing. He tended to hold onto
objects and transferred them from hand to hand and into his
mouth. At 21112 years, he showed an interest in numbers
and letters, music, lights, and fans. He enjoyed looking at
books, turning pages, and listening to someone reading. He
often rubbed the knuckles of his hands against each other
in a rhythmic way. The child attended school 4 days a week
where he was monitored by a one-on-one worker.

At 212 years, he drank thin liquids, but occasionally
coughed while drinking. He also frequently had a cough.
He had a narrow face, a prominent forehead, and hyper-
telorism (Fig. la). At this age he was diagnosed having
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Fig.1 Composite figure showing the facial and hand pictures
of patient DGDP343, comparative deletion mapping of CNVs at
12q24.31 and whole mount in situ hybridization. The patient has a
narrow face and also displays a prominent forehead and hyper-
telorism (a). He displays a mild plagiocephaly with flattened occiput
in the side view (b) as well as mild tapering fingers (e and f) at the
age of 2!'12. g Genomic delineation at 12q24.31 showing the size
of the deletion in our patient DGDP343 relative to other microdele-
tion cases. DGDP343 has the smallest microdeletion reported in this
region. The deleted chromosomal region in DGDP343 is completely
contained within the microdeletions reported in Baple et al. (2010),
Palumbo et al. (2015), as well as the three DECIPHER (DCP) cases.
Blue dotted lines show the proximal region of DGDP343’s micro-
deletion that overlaps distal end of the deleted region reported in
Chouery et al. (2013), while dotted lines in purple indicate the dis-
tal part of the microdeletion partially overlapping with the proximal
deleted region in Qiao et al. (2013). h—q Whole mount in situ hybrid-
ization analysis in zebrafish showing tissue-specific expression levels
of 7 candidate genes involved in the 12q24.31 microdeletion. All are
shown as side view of head region, except for i, j and 1 (dorsal view).
h, i kdm2bb is extensively expressed in central nervous system and
retinal photoreceptor cell layer at 48 hpf. j No signals are obtained
with kdm2bb sense control probe (k, 1) setdlba is strongly expressed
in brain but weakly expressed in retinal cell layer. m tmemlI20b is
ubiquitously expressed. n orailb is expressed in brain. 0 morn3 is
expressed in ependymal cilia cells and brain region faintly. p rhof
produced little or no signal at 48 hpf. q hpda is only expressed in
liver. Scale bar 100 pm

a mild plagiocephaly (Fig. 1b), and mild tapering fingers
(Fig. le, f). He enjoyed exaggerated sensations such as
loud music. He loved being in a swing and listening to
music, so he was enrolled in music therapy. His social
engagement was very limited. He was interested in other
children, and sometimes tried to touch them, but in general,
he was very passive with other people. The child did not
engage in any creative or pretend play. He displayed some
unusual finger movements and repetitive scratching of one
arm. At that time, the family was informed that the boy’s
behaviors were probably compatible with an autism spec-
trum diagnosis.

At 4%'? years, his head circumference was 19”, being at
the 4th percentile. This study was approved by the Institu-
tional Review Board of Augusta University and a written
informed consent was obtained from the mother of the
patient DGDP343 for the publication of this report and
accompanying images.

Results
Microarray analysis

Microarray analysis in DGDP343 revealed a mini-
mal 360 kb interstitial microdeletion at 12q24.31
(chr12:121908905-122269437, hg19) involving at least six
genes namely, KDM2B, ORAIl (MIM 610277), MORNS3,
TMEM120B, RHOF, SETDIB, a microRNA MIR548AQ,
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as well as a non-coding RNA LINC01089 (Table 1;
Fig. 2a).

Additionally, one 453 kb microdeletion (chr3:
110,462,714-110,915,623/hg19) at 3q13.13 was detected
that encompasses the gene PVRL3 (poliovirus recep-
tor-related 3 or Nectin-3). This gene is predominantly
expressed in the testis and placenta and a knockout resulted
in defects in the later stages of sperm morphogenesis in
mice (Inagaki et al. 2006). Since this was inherited from his
healthy mother and since several CNVs including partial

liver

PVRL3 were reported in the DGV (Database of Genomic
Variant), it was considered a benign polymorphism.

qPCR

gPCR assays showed that the microdeletion is present
only in the patient. No 12q24.31 deletion was found in
DGDP343’s mother, father or his brother (Fig. 2¢) indicat-
ing a de novo chromosomal event. Refinement of the dele-
tion breakpoints showed that the proximal breakpoint lies
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Table 1 Genes and other non-coding genes involved in 12q24.31 microdeletion in patient DGDP343

Gene symbol MIM # Remarks

Gene name
Lysine-specific demethylase 2B KDM2B
MicroRNA 548aq MIR548AQ
ORAI calcium release-activated calcium modulator 1 ORAII
Membrane occupation and recognition nexus repeat MORN3
containing 3
Homo sapiens Transmembrane protein 120B TMEM120B
Homo sapiens ras Homolog family member F RHOF
Long intergenic non-protein coding RNA 1089* LINC01089
SET domain-containing protein 1B SETDIB
4-Hydroxyphenylpyruvate dioxygenase HPD

609078 Transcriptional repressor (Frescas et al. 2007; Koyama-
Nasu et al. 2007)

610277 Involved in Ca®" transport (Prakriya et al. 2006)

- Regulator for spermatogenesis (Zhang et al. 2015). MORN
motif-containing proteins are involved in neurologi-
cal disorders such as Huntington disease (Holmes et al.
2001; Todd and Paulson 2010) and Charcot—Marie-Tooth
disease (Pla-Martin et al. 2015)

TMEM are plasma membrane anion channels proteins
(Fuller 2012)

- RHO are involved in regulation of cytoskeleton (Maekawa
et al. 1999)

- Long non-coding RNA

611055 Involved in epigenetic control of chromatin regulation and
gene expression (Lee et al.2007)

609695 Play a role in tyrosine catabolic pathway (Hager et al. 1957)

* Non-coding RNA

in KDM?2B intron 13 (Fig. 2a, d). The real distal breakpoint
was found to extend beyond SETDIB, residing between
intron 10 and the 5-UTR of the truncated HPD gene
(NM_001171993) (Fig. 2a, d).

Real-time gPCR

The transcript levels of KDMZ2B, ORAII, MORNS3,
TMEM120B, RHOF, and SETD1B were lower in DGDP343
compared to his brother in the same age group (2—4 years)
(Fig. 3a—f). A similar reduction was observed in the father,
although not to the same extent as the patient (Fig. 3a,
e). The transcript levels of KDM2B (Fig. 3g), SETDIB
(Fig. 3h) MORNS3 (Fig. 3i), RHOF (Fig. 31) were higher in
the brain, and significantly lower in other tissues, including
heart, kidney, and liver. Notably, MORN?3 transcript levels
were more than 100-fold higher in the brain relative to lym-
phocytes (Fig. 3i). The TMEM120B gene was expressed at
low levels in all organs tested including the brain (Fig. 3j).
The expression level of ORAII was ~85-fold higher in skel-
etal muscle, but was expressed at low levels in the brain
and other tissues (Fig. 3k). A twofold higher expression of
RHOF was detected in heart and skeletal muscle compared
to lymphocytes (Fig. 31).

A comprehensive transcript analysis of KDM?2B,
SETDIB, MORN3, TMEMI120B, ORAIl and RHOF in
the various human brain regions revealed that they are
expressed at different levels throughout the brain (Fig. 4).
Interestingly, the transcript levels of SETD1B (Fig. 4b) and
MORN3 (Fig. 4c) in fetal brain were ~250- and 600-fold
higher, respectively, relative to lymphocytes. The MORN3
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gene is expressed more than 100-fold higher in the cerebral
cortex, temporal lobe, insula, parietal lobe and post-central
gyrus compared to lymphocytes (Fig. 4c). Moreover, the
transcript levels of MORN3 were 200-fold higher in the
occipital lobe, and ~50-fold higher in the hippocampus
relative to lymphocytes (Fig. 4c). Transcripts of SETDIB
were ~50-fold higher in the cerebellum and at least 30-fold
higher in the occipital lobe and post-central gyrus com-
pared to lymphocytes (Fig. 4b). While KDM2B transcripts
were low in the dorsal root ganglion, spinal cord, and sub-
stantia nigra, ~eightfold and sixfold higher expressions
were detected in the cerebellum and occipital lobe, com-
pared to lymphocytes (Fig. 4a). The transcript levels of
TMEM120B were low in all regions of the brain except in
the cerebellum where a ~fivefold higher expression was
observed relative to lymphocytes (Fig. 4d). The ORAII
gene was expressed at low levels in all regions of the brain
assayed, but ~fivefold and threefold higher transcript levels
were recorded in fetal brain and cerebral cortex (Fig. 4e).
An ~tenfold higher expression of RHOF was observed
in the cerebellum and fetal brain relative to lymphocytes,
while its transcript levels were lower in other brain regions

(Fig. 4f).
Synteny analysis

Synteny analysis confirmed that the two chromatin modi-
fiers and additional four annotated genes deleted in six
human patients were conserved in human chromosome
12924.31 and zebrafish chromosome 10, except for HPD
on zebrafish chromosome 5 (Fig. 2b). KDM2B, ORAII,
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Fig. 2 Gene organization at 12q24.31, synteny analysis and deline-
ation of deletion breakpoints. a Schematic representation of genes
involved in the 12q24.31 microdeletion. The minimal deletion
determined by microarray is displayed as well as the location of
the deletion breakpoints defined by qPCR. Genes ORAII, MORN3,
TMEMI120B, RHOF, SETDIB, microRNA MIR548AQ, and non-
coding RNA LOC338799 are fully deleted heterozygously while
KDM?2B and HPD are both truncated. b Shared synteny of candidate
genes between human chromosome 12q24.31 and zebrafish chromo-
some 10. Among the seven genes of interest on human chromosome
12q24.31, six genes show preserved synteny with the corresponding

MORN3, TMEM120B, RHOF and SETD1B were organized
in the same order in both the human and zebrafish.

Whole mount in situ hybridization in zebrafish

Whole mount in situ hybridization analysis showed the
expression of seven candidate genes in 48 hpf zebrafish
embryos (Fig. lh—q). KDM2B, SETDIB, TMEMI120B,
and ORAIl mRNA transcripts were all detected in the
neural tissues during early development of the zebrafish
brain (Fig. IH-N). MORN3 transcripts were moderately
expressed in neural tissue (Fig. lo); however, the other
two annotated genes, RHOF and HPD, were not expressed
(Fig. 1p, q). The zebrafish HPD homologue showed a

Mother DGDP343 Mother DGDP343 Mother DGDP343 Mother DGDP343 Mother DGDP343

Family member

orthologous genes on chromosome 10 of zebrafish. The conserved
order and organization might be evolutionarily advantageous. Inter-
estingly, there is a synteny break between the genes SETDIB and
HPD. 1t is important to note that KDM2B and SETDIB are within
shared synteny. ¢ Heterozygous deletion of KDM2B exon 8 showing
that the 12q24.31 microdeletion in present only in the patient. d The
proximal deletion breakpoint is located between KDM2B exon 13 and
14, while the distal deletion breakpoint resides between HPD 5'-UTR
and intron 10. A value close to 1 indicates no deletion whereas a
value close to 0.5 indicates heterozygous deletion

tissue-specific expression pattern in the liver (Fig. 1q).
These results along with the human results suggest that the
regulation of gene expression for KDM2B and SETDIB is
well conserved during vertebrate evolution.

Comparative deletion mapping

We compared the size and phenotypes of the eight
microdeletion cases at 12q24.31 (Fig. 1g). Our patient
DGDP343 turned out to be the most informative due to
the microdeletion’s smallest size and the patient’s detailed
phenotypes. The proximal end of the microdeletion in
DGDP343 overlapped with the distal end of the microde-
letion reported in Chouery et al., as well as the proximal
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Fig. 3 Transcripts levels of genes residing in the 12q24.31 inter-
val. Transcript levels of KDM2B (a), SETDIB (b) and MORN3
(¢) TMEMI120B (d) ORAIl (e) RHOF (f) were highest in patient’s
brother and lowest as expected in DGDP343. The transcript levels in
DGDP343’s were set at 1 because he is only ~3 years younger than
the patient. The patient’s father also showed reduced transcript lev-
els for all six genes, although not to the same extent as DGDP343.
KDM?2B (g), SETDIB (h), MORN3 (i) and RHOF (1) transcript lev-

end of the microdeletion reported in Palumbo et al. (two
vertical blue dotted lines in Fig. 1g). The distal end of the
genomic region deleted in DGDP343 overlapped with the
proximal end of a microdeletion case in Qiao et al. (vertical
purple lines). In addition, the microdeletion in DGDP343
was fully contained in four additional microdeletion cases
at 12q24.31 including Baple et al., and three DECIPHER
cases (Firth et al. 2009). Furthermore, the genomic deletion
in DGDP343 almost completely resides within the micro-
deletion in Palumbo et al.

Discussion

Among the seven genes (KDM2B, ORAII, MORN3,
TMEM120B, RHOF, SETDI1B, and HPD) within the refined
12g24.31 microdeletion syndrome region in DGDP343,
four genes (KDM2B, SETDIB, TMEM120B, and ORAII)
demonstrated relatively high expression and one (MORN3)
showed moderated expression in the zebrafish head region
(Fig. 1h—q). Moreover, synteny analysis revealed that six
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els were higher in the brain compared to other tissues such as heart,
liver and lung. Interestingly, the expression in human brain was high-
est for SETDIB (h) and MORN3 (i) where ~14-fold and 100-fold
higher transcript levels were detected, respectively, relative to lym-
phocyte. Transcripts of TMEM120B (j) are expressed at very low lev-
els in all tissues including whole human brain. The ORAII gene (k)
is expressed at high levels in skeletal muscle, while RHOF (1) tran-
scripts were moderately expressed in all tissues assayed

genes found within a 445 kb genomic region at 12q24.31
are also conserved in the zebrafish chromosome 10 region
(Fig. 2b). Zebrafish hpda located on chromosome 5 is not
included in the synteny, suggesting a synteny break in this
region of zebrafish.

KDM2B and SETDIB are chromatin modifiers,
mutations in chromatin remodeling proteins, such as mem-
bers of the SWI/SNF complex and transcriptional activa-
tors, cause syndromic intellectual disability as seen in Cof-
fin—Siris syndrome (Tsurusaki et al. 2012) and autism (De
Rubeis et al. 2014). The high level of expression of kdm2bb
observed in zebrafish midbrain, hindbrain, forebrain and
retinal neurons suggests that the functional role of kdm2bb
may be conserved between zebrafish and humans. Whole
mount in situ hybridization also showed expression of
setdlba in the brain region. The SETDIB gene is highly
expressed in the human fetal brain (Fig. 4b), as well as in
mouse embryos (Bledau et al. 2014).

KDM?2B (aka JHDM1B/FBXL10, MIM 609078) is a his-
tone demethylase, demethylating histones H3K36mel/2
(He et al. 2008) and H3K4me3 (Janzer et al. 2012). Apart

and
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Fig. 4 Expression profile of genes at 12q24.31 in various regions of
the human brain. The transcript levels of KDM2B (a) and SETDIB
(b) were highest in the cerebellum, occipital lobe and post-central
gyrus. b SETDIB is highly expressed in the fetal brain. ¢ MORN3
is expressed abundantly throughout the brain with the highest tran-
script levels detected in fetal brain and occipital lobe, respectively.
d TMEM120B is expressed at low levels in the brain, except in cer-

from a CXXC domain, a PHD domain, and an Fbox
domain, it contains a JmjC domain, which is the catalytic
core for lysine demethylation (Shi and Whetstine 2007).
The JmjC domain is present in a wide range of species
including yeast and drosophila, and has important roles
in chromatin remodeling and transcription (Klose et al.
2006; Takeuchi et al. 2006). Several genes containing JmjC
domains have been associated with neurological disorders.

Tissue

ebellum where ~fivefold higher expression was observed. e ORAII is
expressed at a higher level in the cerebral cortex (threefold) and fetal
brain (fivefold). Other brain regions show low level of ORAII tran-
scripts. f RHOF transcripts were highest in cerebellum (~11-fold) and
fetal brain (tenfold) relative to lymphocytes. The lowest transcripts
were detected in dorsal root ganglion and spinal cord, respectively

Mutations in KDM5C are responsible for autism, X-linked
intellectual disability and seizures (Abidi et al. 2008; Adeg-
bola et al. 2008; Jensen et al. 2005). Similarly, mutations in
KDMO6A (aka UTX, MIM 300128) were identified in three
individuals manifesting Kabuki syndrome characterized by
peculiar facies, developmental delay, and mild to moderate
intellectual disability (Lederer et al. 2012). The gene PHF8
(MIM 300560) encoding another JmjC domain-containing
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protein, PHD finger protein 8, has been identified to cause
X-linked intellectual disability (Laumonnier et al. 2005;
Loenarz et al. 2010). Heterozygous Kdm2b™'~ mice show
no discernible phenotype (Fukuda et al. 2011). However,
homozygous Kdm2b knockout mice display failure of
neural tube closure during embryonic neural development
due to excessive apoptosis in neuroepithelium and mes-
enchyme, resulting in exencephaly and death shortly after
birth (Boulard et al. 2015; Fukuda et al. 2011). Interest-
ingly, in humans a heterozygous mutation was sufficient
to manifest the phenotype, whereas heterozygous KO
mice of a specific gene do not show any phenotype as evi-
denced in the PHF21A gene (Iwase et al. 2006). This could
be explained by compensation of the detrimental effect of
heterozygous KO by another gene in mice. Alternatively, it
could be explained by differential penetrance and expres-
sivity in mice and humans.

Kdm2b is required for normal closure of the neural tube
and optic fissure. It has an essential role in neural devel-
opment, and Kdm2b deficiency causes increased cell pro-
liferation and cell death in neural progenitor cells (Fukuda
etal. 2011).

Among the genes residing in the putatively critical
region of the 12g24.31 microdeletion, five genes have
residual variation intolerance scores (RVIS) (SETDIB:
+0.202, ORAII: +0.105, MORN3: —0.1156, TMEM 120B:
—0.1138, RHOF: +0.35) higher than average RVIS for
a developmental disorder (—0.56) which argues against
haploinsufficiency of these genes (Petrovski et al. 2013).
KDM?2B, however, had the lowest RVIS (—2.17) sug-
gesting that a heterozygous deletion of KDM2B could be
pathogenic. Moreover, KDM2B had the highest haploinsuf-
ficiency score (HI) (0.302) followed by SETDIB (0.189)
(Huang et al. 2010) supporting their pathogenicity in the
12g24.31 microdeletion syndrome.

The SETDIB gene is a subunit of a histone methyltrans-
ferase complex, which creates H3K4me3 (Lee et al. 2007).
SETDIB is a member of SET domain-containing proteins
which use cofactor S-adenosyl-L-methionine (SAM) dur-
ing methylation of their substrate (Herz et al. 2013). The
SET domain is evolutionarily conserved and is made up of
a polypeptide of ~130 amino acids in length (Xiao et al.
2003). In mice, the histone methyltransferase SetdIb has
been shown to be essential in the differentiation of neural
progenitor cells. Ablation of Setdlb leads to severe brain
defects and early lethality (Tan et al. 2012). It has also been
shown that mono-allelic loss of SetdIb is associated with
tumors (Rusiniak et al. 2012).

Recently, Palumbo et al. (2015) reported a female
patient with a 1.66 Mb microdeletion at 12q24.31 encom-
passing 31 genes including KDM2B, SETDIB and micro-
RNA MIR4304. The authors suggested SETDIB and
MIR4304 as the two candidate genes possibly contributing

@ Springer

to intellectual disability, seizures, and facial dysmorphisms
seen in their patient (Fig. 1g) (Palumbo et al. 2015). Pre-
vious studies have also shown that histone methyltrans-
ferases are involved in a number of neurological disorders.
Mutations of SET domain-containing methyltransferase
SETD5 (MIM 615743) caused intellectual disability in
the 3p25 microdeletion syndrome (Grozeva et al. 2014)
and this gene is also linked to autism spectrum disorder
(Pinto et al. 2014). Loss of function mutations in EHMT]1
(MIM 607005) are causative for Kleefstra syndrome (MIM
610253) characterized by intellectual disability, craniofa-
cial dysmorphisms, brachycephaly, heart defects, and sei-
zures (Kleefstra et al. 2006). Furthermore, rare missense
variants in the EHMTI gene have been found to be asso-
ciated with autism (Balan et al. 2014). Similarly, disrup-
tion of the methyltransferase METTL23 (MIM 615262) is
responsible for mild non-syndromic autosomal recessive
intellectual disability (Bernkopf et al. 2014).

TMEM120B and ORAII showed widespread expression
in the zebrafish head (Fig. 1m, n) and in the human brain
(http://www.gtexportal.org/lhome/gene/TMEM120B  and
http://www.gtexportal.org/home/gene/ORAIL).
TMEMI20B transcript levels were higher in human cer-
ebellum (Fig. 4d), whereas ORAIl was highly expressed
(85-fold) in human skeletal muscle (Fig. 3k). A ~fivefold
and threefold higher expression of ORAII was detected
in fetal brain and cerebral cortex, respectively (Fig. 4e).
Although rhof appears not to be expressed at 48-hpf
zebrafish embryos (Fig. lp), RHOF transcripts were
expressed at moderate levels in many regions of the human
brain (Fig. 4f). Therefore, we cannot exclude the candi-
dacy of TMEM120B, ORAII and RHOF in the neurological
phenotypes.

Weak or no expression of Apda in zebrafish indicates
that it is unlikely to play an important role in brain devel-
opment and function (Fig. 1q). Interestingly, hpda was
specifically expressed in the liver, suggesting its possible
role in liver development and function. While the role of
MORN?3 is yet to be elucidated in humans, a recent study
in mice has shown that Morn3 is abundantly expressed in
the testis, and together with Meig] it plays a role in regulat-
ing spermatogenesis (Zhang et al. 2015). The MORN motif
consists of 14 highly conserved residues present in many
species (Takeshima et al. 2000; Nishi et al. 2000). Interest-
ingly, MORN motif-containing proteins have been shown
to be involved in neurological disorders. The JPHI (MIM
605266) with eight MORN motifs (Nishi et al. 2000) has
been shown to act as a genetic modifier gene (Pla-Martin
et al. 2015) in GDAPI-associated Charcot—Marie-Tooth
disease axonal type 2 k (CMT2K) (MIM 607831), which
is characterized by motor impairment and demyelination
(Chung et al. 2008; Zimon et al. 2011). Notably, JHP3
(MIM 605268), which also has eight MORN motifs, is
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Table 2 Clinical features of patient DGDP343 with respect to other 12q24.31 microdeletion cases and correlation with KDM2B, MORN3 as

well as SETDIB
Clinical feature DGDP343 Palumboetal Bapleetal. Choueryetal. Qiaoetal. DCP 251274 DCP 272960 DCP 259210
(2015) (2010) (2013) (2013)
(Pt 09-99A)
3 years 11 years 13 years 2.3 years 8 years 13 years 6 years
Developmental delay + + + + + + + +
Epilepsy/Seizures/ 4+ + - + — + + -
Spasms
Anxiety + + + - N/A - N/A —
Craniofacial anoma- + + + + + + N/A —
lies
Tapering fingers + + + - + - N/A -
Hypotonia + - + + N/A - N/A —
Autism/Autistic + - + + + + — +
behavior
Intellectual disability N/A + + N/A + + + +
Language/speech + - + — N/A + - +
delay
Deletion
KDM?2B Yes Yes Yes Yes No Yes Yes Yes
MORN3 Yes Yes Yes Yes No Yes Yes Yes
SETDIB Yes Yes Yes No Yes Yes Yes Yes
‘N/A’ denotes not available, i.e., the clinical feature has not been reported in the microdeletion case, while ‘—’ represents absence of the phe-

notype. ‘Pt’ denotes patient. Patients from the Decipher database are represented by DCP. Chouery et al. (2013) report that their patient rarely
smiled at the age of 18 months and social interaction was lacking. SETDIB is linked to tapering fingers. ‘Yes’ indicates that the gene is disrupted

in the patient while ‘No’ implies that the gene is intact

specifically expressed in the human brain (Nishi et al.
2000) and is associated with Huntington disease-like 2
(MIM 606438) (Holmes et al. 2001; Todd and Paulson,
2010) defined by progressive decline in cognitive and
motor function (Margolis et al. 2001). Furthermore, ALS2
(MIM 606352), another MORN motif-containing protein,
is involved in the neurodegenerative disorder amyotrophic
lateral sclerosis (MIM 205100). Overall, these findings sug-
gest that MORN3 may have an important role in cognitive
development. The higher expression of morn3 in ependy-
mal cells also suggests that it may play a role in brain func-
tion in zebrafish (Bruni 1998; Lindsey et al. 2012), but not
to the same extent as in humans.

Conspicuously, the transcript levels of all six genes
(KDM2B, SETDIB, MORN3, ORAIl, TMEMI20B and
RHOF) were reduced in DGDP343 compared to his normal
brother (Fig. 3a—f). Among all genes assayed, the KDM2B
transcript levels in the patient were lowest compared to his
two healthy family members. The transcript levels of six
genes in the unaffected brother (2 years old) and unaffected
father (41 years old) are significantly different (Fig. 3a—f).
More reduction of six transcript levels seen in the healthy

father might be age related or due to inter-personal varia-
tion. The two chromatin modifiers (KDM2B and SETD1B)
were expressed in various parts of the human brain, with
the highest transcript levels detected in the cerebellum,
occipital lobe, and post-central gyrus (Fig. 4a, b). Interest-
ingly, MORN3 transcripts were expressed at high levels
in most regions of the brain including cerebral cortex and
occipital lobe (Fig. 4c). In addition, SETD1B and MORN3
transcript levels were exceptionally high in the fetal brain
aged 20-33 weeks indicating that they may play an impor-
tant role in early brain development. The cerebellum con-
tributes not only to motor coordination and sensorimotor
integration, (Allen and Courchesne 1998; Miall et al. 2001;
Proville et al. 2014; Reeber et al. 2013) but also to cogni-
tive processing and emotional control (Schmahmann and
Caplan 2006). The severe delay in gross motor skills, autis-
tic behavior and language delay observed in DGDP343 are
consistent with a possible dysregulation in the expression
of both chromatin modifiers and MORN3 in the cerebellum
as a consequence of the genomic deletion at 12q24.31. Fur-
thermore, the occipital lobe is a brain region that can give
rise to epilepsy often accompanied by visual hallucinations
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(Pfaender et al. 2004). Epilepsy was a major clinical fea-
ture of our patient, and he also experienced hallucina-
tions. It is interesting to note that SETDIB and MORN3 are
expressed at ~tenfold and 50-fold higher levels relative to
lymphocytes, respectively, in the hippocampus, a region
known to be important in learning and memory (Bliss and
Collingridge 1993).

Autism, intellectual disability, epilepsy, and craniofacial
anomalies constitute the principal clinical features seen in
the 12q24.31 microdeletion syndrome (Table 2). These
phenotypes often occur singularly or together in various
combinations, sharing sometimes the same genetic etiol-
ogy (Gecz et al. 2006). For example, mutations of NRXN-
Icause either autism (Kim et al. 2008), intellectual dis-
ability (Zweier et al. 2009), epilepsy (Moller et al. 2013),
or craniofacial anomalies (Ching et al. 2010). Furthermore,
a regulatory element of a specific gene located outside of
the microdeletion might be dysregulated, exerting a posi-
tion effect (Zweier et al. 2010; Kim et al. 2010; Kleinjan
and van Heyningen 2005). Alternatively, parental imprint-
ing at 12q24.31 might be involved (Chouery et al. 2013),
which will complicate the comparative deletion mapping.
In this case, a 1 Mb interstitial deletion was inherited from
a father to his daughter. Although the 2.3-year-old daugh-
ter is affected with developmental delay, infantile spasms,
hypotonia, and craniofacial anomalies, her father with the
same deletion had only insulin-dependent diabetes mel-
litus. The clinical features in the girl are likely caused by
the absence of paternally expressed and maternally silenced
genes at 12q24.31 or alternatively, the lack of phenotypes in
the father can be explained by incomplete penetrance. Given
that both genes KDM2B and HPD, with the same transcrip-
tion direction, are truncated in our microdeletion patient,
it is theoretically possible that a fusion gene using the pro-
moter of HPD could be generated. The possibility that this
aberrant gene with a dominant-negative function is a cause
of the principal phenotypes can be excluded, because of the
overlapping phenotypes seen across many patients sharing
the deletion region (Table 2). Although we assumed that a
single gene contributes to a constellation of core phenotypes
in 12q24.31 microdeletion syndrome, alternatively, 1) the
main phenotypes, especially craniofacial anomalies, could
be caused by an epistatic effect of dosage imbalance of mul-
tiple genes within the overlapping deletion region as seen
in 17p13.1 microdeletion syndrome (Carvalho et al. 2014);
or 2) a single gene contributes to a partial component of the
syndromic phenotype. Therefore, it is difficult to establish
a genotype/phenotype relationship and thus, all six genes
(KDM2B, ORAIl, MORN3, TMEM120B, RHOF, SETDIB),
microRNA MIR548AQ, and non-coding RNA LINC01089
deleted in our DGDP343 patient are potential candidates for
neurological and craniofacial phenotypes. Point mutations
in single genes would be invaluable in understanding the
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individual contributions of each gene in the clinical pheno-
types in 12q24.3 1microdeletion syndrome.
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