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Abstract  24 

The importance of epigenetic control in the development of the central nervous system has 25 

recently been attracting attention. Methylation patterns of lysine 4 and lysine 36 in histone H3 26 

(H3K4 and H3K36) in the central nervous system are highly conserved among species. Numerous 27 

complications of body malformations and neuropsychiatric disorders are due to abnormal histone 28 

H3 methylation modifiers. In this study, we analyzed a Japanese family with a dominant 29 

inheritance of symptoms including Marfan syndrome-like minor physical anomalies (MPAs), 30 

intellectual disability, and schizophrenia (SCZ). We performed positional cloning for this family 31 

using a single nucleotide polymorphism (SNP) array and whole-exome sequencing, which 32 

revealed a missense coding strand mutation (rs1555289644, NM_032590.4: c.2173G>A, 33 

p.A725T) in exon 15 on the plant homeodomain of the KDM2B gene as a possible cause of the 34 

disease in the family. The exome sequencing revealed that within the coding region, only a point 35 

mutation in KDM2B was present in the region with the highest logarithm of odds score of 2.41 36 

resulting from whole genome linkage analysis. Haplotype analysis revealed co-segregation with 37 

four affected family members (IV-9, III-4, IV-5, and IV-8). Lymphoblastoid cell lines from the 38 

proband with this mutation showed approximately halved KDM2B expression in comparison with 39 

healthy controls. KDM2B acts as an H3K4 and H3K36 histone demethylase. Our findings suggest 40 
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that haploinsufficiency of KDM2B in the process of development, like other H3K4 and H3K36 41 

methylation modifiers, may have caused MPAs, intellectual disability, and SCZ in this Japanese 42 

family. 43 

 44 

Keywords 45 

KDM2B, Positional cloning, Haplotype analysis, Whole-exome sequencing, Histone H3 lysine 4 46 

demethylase, Schizophrenia, Marfan syndrome-like minor physical anomalies 47 

  48 



 5 

1. Introduction 49 

Histone methylation modifications in brain neurons are highly conserved across species in higher 50 

mammals, and are thought to play a functionally important role (1). Modulators of lysine 4 in histone 51 

H3 (H3K4) methylation are required for memory formation as demonstrated through animal studies, 52 

and many of the same modulators are mutated in human dementia (2). Modifiers of H3K4 and lysine 53 

36 in histone H3 (H3K36) have been implicated in neurological or psychiatric cognitive impairment 54 

(3). In particular, mutations in H3K4 methylation modifier genes are associated with autosomal 55 

dominant diseases (4). Many of these mutations are found in patients with physical abnormalities and 56 

intellectual disability, autism, and schizophrenia (SCZ). Modulators of the histone H3 trimethyl lysine 57 

4 (H3K4me3) are associated with the genetic risk architecture of common neurodevelopmental 58 

disorders, including SCZ and autism (1) (5) 6). In addition, mutations in SETD2, which encodes an 59 

H3K36 methyltransferase, are associated with autism spectrum disorders (7, 8). 60 

In the present study, we performed positional cloning and identified a novel mutation in the plant 61 

homeodomain (PHD) of KDM2B, which encodes an H3K4me3 and H3K36me2 demethylase, in a 62 

Japanese family with Marfan syndrome-like minor physical anomalies (MPAs), intellectual 63 

disability, and SCZ. 64 

 65 
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2. Subjects and methods 66 

2.1. Participants 67 

Twelve members of a Japanese family with autosomal dominant inheritance of Marfan syndrome-68 

like MPAs, intellectual disability, and SCZ were participants in this study (Fig. S1 and Fig. 1). All 69 

affected individuals were diagnosed independently by at least two experienced psychiatrists 70 

according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria. 71 

Clinical data were collected by interviews and clinical questionnaires. A hundred unrelated healthy 72 

controls and 141 unrelated patients with SCZ were recruited for Sanger sequencing of KDM2B. Of 73 

these, genomic DNAs from 50 healthy controls and 67 patients with SCZ were used for copy-74 

number variant (CNV) analysis of KDM2B. Written informed consent was obtained from each 75 

participant. This study was approved according to the guidelines of the Ethics Committee on Life 76 

Sciences and Genetic Analysis, Kagoshima University Graduate School of Medical and Dental 77 

Sciences and the Ethics Committee on Epidemiological Studies, Kagoshima University. 78 

 79 

2.2. Linkage mapping 80 

Genome-wide multipoint linkage analysis was performed for four affected family members and eight 81 

unaffected family members (Fig. 1) using the Genome Wide Human SNP Array 6.0 (Affymetrix, 82 
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Santa Clara, CA, USA), which features 1.8 million genetic markers, including 908,288 single 83 

nucleotide polymorphisms (SNPs) and more than 946,000 comparative genomic hybridization 84 

probes. Using the physical location of the single nucleotide variations and the genetic distance 85 

correspondence table calculated by the 1000 Genome Project (https://github.com/joepickrell/1000-86 

genomes-genetic-maps), the genetic distances between the SNPs were determined and used at 87 

intervals of 0.5 cM. The genotype assignments were determined with the Genome Studio genotyping 88 

module software PLINK. Multipoint linkage analysis and reconstruction of the most likely 89 

haplotypes were performed using the linkage program MERLIN (9). The allele frequencies of 90 

markers, as well as the recombination fractions in males and females, were assumed to be equal. The 91 

disease was modeled as an autosomal dominant trait with a disease allele frequency equal to 0.0001. 92 

For calculating the logarithm of odds (LOD) scores, the disease penetrance was assumed to be 100%. 93 

We extracted 668,795 genotypable SNPs out of the 908,288 SNPs in the Genome-Wide Human SNP 94 

Array 6.0 set. For the extracted SNPs, family conflicts were analyzed by PEDSTATS (10), based on 95 

the pedigree information. We removed 88 SNPs that were inconsistent with the autosomal dominant 96 

inheritance pattern in this family and performed parametric analysis using the remaining 668,707 97 

SNPs for the genome-wide multipoint linkage analysis. On the basis of the "suggestive linkage" 98 

proposed by Lander & Kruglyak, we selected linkage regions with LOD scores of 2.1 or higher. (11). 99 
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The preliminary haplotype and sequencing analysis revealed a candidate disease mutation: 100 

c.2173G>A in KDM2B on chromosome 12q, whose proximate region showed the highest LOD score 101 

in the genome-wide multipoint linkage analysis. For chromosome 12q, we performed a multipoint 102 

linkage analysis using six additional microsatellite markers, D12S321, D12S1721, D12S2073, 103 

D12S378 D12S342, and D12S1609, in the following methods. 104 

 105 

2.3. Haplotype analysis  106 

Highly polymorphic microsatellite markers were selected from the Polymorphism of Microsatellite 107 

Loci in the Japanese Population database (http://www002.upp.so-net.ne.jp/kyama-Q/MS.html). 108 

Multipoint linkage analysis and haplotype analysis were performed on chromosome 12q to show 109 

genetic evidence of recombination using 31 SNPs from the Genome-Wide Human SNP Array 6.0 110 

(Affymetrix), and the six microsatellite markers above and D12S84 on chromosome 12q24.11 to 111 

12q24.32 in the 12 available family members (Fig. 1). The physical position was verified using the 112 

D-Haplo DB-SNP List (Phase III: http://togodb.biosciencedbc.jp). We determined the allele 113 

frequencies of the microsatellite markers using 50 unrelated Japanese controls. The microsatellite 114 

sequences were amplified with polymerase chain reaction (PCR). Primers were created based on 115 

information from the UCSC Genome Browser. The forward primer in each marker set was labeled 116 
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with a fluorescent dye at the 5' end. The 12.5 μl PCR mixture contained 1 μl of template DNA (5 ng) 117 

and 0.25 μl of each forward and reverse primer (10 μmol), and the DNA region was amplified using 118 

TaKaRa Taq DNA polymerase (TaKaRa Bio, Kusatsu, Shiga, Japan) under the following conditions: 119 

denaturation at 94 °C for 2 min, 35 cycles at 94 °C for 30 s, 56–62 °C for 30 s and 72 °C for 30 s, 120 

followed by a final extension step of 5 min at 72 °C. The amplified products were observed on a 1% 121 

GelRed (Biothium Inc., Hayward, CA, USA) pre-stained agarose gel to determine the efficacy of 122 

PCR amplification. The PCR products were then denatured and subjected to capillary electrophoresis 123 

on an ABI PRISM 3130 Avant Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). 124 

DNA fragment sizes were analyzed relative to Gene Scan 500 RIZ Dye size-standard (Applied 125 

Biosystems, Foster City, CA, USA) using the Genemapper software (Applied Biosystems). 126 

 127 

2.4. Whole-exome sequencing and Sanger sequencing 128 

Whole-exome sequencing analysis was performed for the proband (IV-9) according to the 129 

manufacturers’ protocol, which has been previously described (12) (12). In detail, genomic DNA was 130 

captured with the SureSelect Target Enrichment System Human All Exon V5 Kit (Agilent 131 

Technologies, Santa Clara, CA, USA) and sequenced per lane on an Illumina HiSeq 2000 (Illumina, 132 

San Diego, CA, USA) with paired-end 101 bp reads. Image analysis and base calling were 133 
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performed using sequencing control software with real-time analysis and CASAVA ver.1.8.2 134 

software (Illumina). Generated sequence data (FastQ files) were processed using the pipeline with 135 

Burrows-Wheeler Aligner (version 0.5.9), Sequence Alignment/Map tools, Picard (version 1.59, 136 

http://picard.sourceforge.net/) and GATK32 (version 1.6–5). Variant calls were made using the 137 

GATK best practices recommendations. To prioritize variations, we applied several filtering steps. 138 

First, we included non-synonymous variations and coding indels. Second, we included variations 139 

inherited in an autosomal dominant manner, considering the inheritance pattern of this family. Third, 140 

we included variations that existed in the candidate region based on the results of the linkage 141 

analysis described above (Fig. 2a). Fourth, we included variations with a depth of alternative alleles 142 

greater than 25. Fifth, we included variations with mutant allele frequency less than 0.01 according 143 

to the Japanese reference panel project of the Tohoku Medical Megabank (8.3KJPN) and NCBI 144 

databases(14). 145 

For Sanger sequencing, PCR primers (sequences available upon request) were designed to amplify 146 

all coding exons, non-coding RNA exons, 5’ untranslated regions, and intronic regions surrounding 147 

each exon. All PCR products were subjected to Sanger sequencing. PCR reactions were performed in 148 

a total volume of 12.5 μl containing 10–30 ng of each DNA sample, 0.2 μM each of the forward and 149 

reverse oligonucleotide primers, 0.2 mM each of dATP, dGTP, dTTP, and dCTP, and 0.5 units of 150 
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TaKaRa Taq. The PCR program was 94 °C for 2 min, 35 cycles of 94 °C for 30 s, 58–64 °C for 30 s 151 

and 72 °C for 1 min, followed by 72 °C for 5 min. The amplified PCR products were separated on 152 

1% agarose gels at 100 V for 30 min and were labeled using a BigDye Terminator v3.1 Cycle 153 

Sequencing Kit (Applied Biosystems) with the same primers used in the initial PCR and following 154 

the protocol described above. The products were then directly sequenced on an ABI PRISM 3130 155 

Avant Genetic Analyzer (Applied Biosystems). 156 

 157 

2.5. CNV analysis using Genome-Wide Human SNP Array  158 

To identify possible pathogenic CNVs, we examined genomic DNA samples from the 12 family 159 

members using the Genome Wide Human SNP Array 6.0 (Affymetrix). Labeling and hybridization 160 

were performed according to the Affymetrix protocol. Raw data were acquired from the scanner and 161 

transferred to a Genotyping Console 3.0.2 (Affymetrix) to determine the genotypes and CNVs from 162 

fluorescence intensity data. For all chromosomes, signal intensities for the copy-number predictions 163 

of both duplications and deletions were investigated. CNV aberrations of more than 100 kbp were 164 

automatically detected by the genotyping console 3.0.2 software. In addition, small CNV aberrations 165 

of a few hundred to several thousand bp were visually detected in detail from the raw data. 166 

A detailed CNV analysis was also performed on the genomic region of KDM2B. Linkage 167 
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disequilibrium maps were created using 1488 SNPs (509 SNPs from the 1000 Genomes Project of 168 

the International Genome Sample Resource using 104 Japanese and 979 SNPs from Japanese Multi 169 

Omics Reference Panel of the Tohoku Medical Megabank) and using Haploview 4.1 software. To 170 

determine CNVs in KDM2B, primer pairs and probes were designed against exons 1, 2, 3, 4, 5, 9, 12, 171 

13, 14, and 18–19 of KDM2B, according to the LD map. All primers and probes were purchased 172 

from Applied Biosystems. We performed CNV analysis of KDM2B using TaqMan Copy Number 173 

Assays (Thermo Fisher Scientific) on a 7300 real-time PCR system (Thermo Fisher Scientific). 174 

 175 

2.6. Lymphoblastoid cells 176 

Peripheral blood mononuclear cells were obtained from five normal controls and the proband. The 177 

peripheral blood mononuclear cells were immortalized by an EBV infection according to the 178 

protocol of the SRL Medisearch Incorporation and were transformed into lymphoblastoid cell lines 179 

(LCLs). LCLs were cultured in RPMI1640 medium (GIBCO, Grand Island, NY, USA) containing 180 

10% FBS (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin (Nacalai Tesque, 181 

Kyoto, Japan) in a 5% CO2 humidified incubator at 37 °C. LCLs were seeded at 3.0 × 105 cells. After 182 

five days of incubation, cells were harvested for RNA extraction and cDNA synthesis, and for 183 

histone extraction. 184 
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 185 

2.7. Real-time quantitative PCR (qPCR) for KDM2B mRNA expression 186 

Total RNA was purified from LCLs of five normal controls and the proband using the QIAamp RNA 187 

Blood Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The reverse 188 

transcription reaction was performed using SuperScript III (Thermo Fisher Scientific). The cDNA 189 

was amplified by real-time PCR using the 7300 Real-time PCR System (Applied Biosystems) with 190 

the THUNDERBIRD SYBR qPCR Mix (Toyobo Co., Osaka, Japan). Relative changes in target gene 191 

levels were calculated using the ΔΔCt method and normalized to the cDNA levels of β-actin and 192 

HPRT. Triplicated measurements were taken for each sample. 193 

 194 

2.8. Histone H3K4 tri-methyl quantification 195 

Histones were extracted from pellets of 1.0 × 107 lymphoblastoid cells using the Histone Extraction 196 

Kit (ab113476; Abcam, Cambridge, UK) according to the manufacturer’s protocol. The protein 197 

concentration was adjusted using the Pierce Microplate BCA Protein Assay Kit (Thermo Fisher 198 

Scientific) measured on an Infinite M200 Plate Reader (TECAN, Männedorf, Switzerland). The total 199 

amount of H3K4me3 in the extracted histone fraction was measured using the Histone H3 (tri-200 

methyl K4) Quantification Kit (ab115057; Abcam) according to the manufacturer’s protocol. The 201 
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fluorescence (at an excitation wavelength of 530 nm and emission wavelength of 600 nm) was 202 

measured using a TriStar LB941 Microplate Reader (Berthold, Osaka, Japan). 203 

3. Results 204 

3.1. Patients information and clinical symptoms  205 

The proband (Fig. Sa–h, IV-9 in Fig. 1) was a 32-year-old woman. She had poor grades in 206 

elementary and middle school. She was admitted to a psychiatric hospital three times between the 207 

ages of 17 and 19 with a diagnosis of SCZ. She continuously showed wandering behaviors, silly 208 

smiles, and soliloquies. She developed urinary incontinence at the age of 21. Because of her social 209 

withdrawal, tendency to be bedridden, and her deteriorating nutritional status, she was admitted to 210 

another psychiatric hospital at the age of 25. At the beginning of the hospitalization, she developed 211 

catatonia syndrome, including stupor, rejection, echolalia, incoherence, auditory hallucinations, 212 

misidentification of persons, soliloquies, and insomnia. At 31 years old, her intelligence quotient 213 

score was 39 on the Suzuki-Binet intelligence scale. Fig. S1a–h shows her Marfan syndrome-like 214 

MPAs, including epicanthus, retrognathia, pectus excavatum, high arched palate with crowding of 215 

teeth, thumb sign (entire thumbnail protrudes beyond the ulnar border of hand), wrist sign (thumb 216 

and fifth finger overlap when encircling the wrist), plain flat foot, and medial displacement of the 217 

medial malleolus. Her arm span and height were 175 cm and 165 cm, respectively, resulting in a 1.06 218 
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arm span to height ratio. The revised Ghent criteria for Marfan syndrome require a systemic score of 219 

7 or more for systemic findings (15). In the proband, we estimated her systemic score was at least 6 220 

points. This close, but insufficient to meet diagnostic systemic score has been due to lack of 221 

information about the length of the lower segment, which is defined as the distance from the top of 222 

the symphysis pubis to the floor in the standing position. A systolic murmur and incomplete right 223 

bundle branch block were found, although the echocardiograph showed no abnormalities. A 224 

chromosomal study with G-banding showed a normal karyotype of 46, XX. 225 

The proband’s mother (III-4 in Fig. 1) was a 69-year-old woman. She worked as a dressmaker after 226 

graduating from elementary school. After the birth of her fifth baby at age 29, she began to talk 227 

incoherently and spent two months in a psychiatric hospital. After discharge, she continued with 228 

outpatient visits until she was 38 years old. Then, she discontinued her hospital visits. When we 229 

visited her home during the investigation, she was 69 years old and presented with mutism, 230 

echolalia, and soliloquies. She also showed Marfan-syndrome like MPAs, including mild pectus 231 

excavatum, mild high arched palate and medial displacement of the medial malleolus (data not 232 

shown). Her arm span and height were 159 cm and 149 cm, respectively, resulting in a 1.06 arm span 233 

to height ratio. 234 

The proband’s older sister (Fig. S1i–o, IV-5 in Fig. 1) was a 39-year-old woman. She attended a 235 
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resource room class in middle school because of her intellectual disability. She was employed in a 236 

spinning factory after graduating from middle school. At age 22, she already exhibited soliloquies 237 

and silly smiles. She was unable to communicate appropriately and showed incoherent behavior. She 238 

was admitted to a psychiatric hospital for SCZ on at least ten separate occasions. She occasionally 239 

showed epileptic seizures. She also presented similar MPAs to the proband. Fig. S1i–o shows her 240 

MPAs, including retrognathia, pectus excavatum, mild high arched palate with crowding of teeth, 241 

wrist sign, plain flat foot, and medial displacement of the medial malleolus. Her arm span and height 242 

were 158 cm and 152.5 cm, respectively, resulting in a 1.04 arm span to height ratio. 243 

The proband’s older brother (IV-8 in Fig. 1) was a 34-year-old man. He was born with cerebral 244 

paresis with unsmooth foot movements and left blindness. His left eye was obscured by an opaque 245 

cornea. He started to walk and talk around the age of five. He moved to a school for handicapped 246 

children at the age of nine, and graduated from a middle school for handicapped children. He had 247 

never worked. His intelligence quotient score was 35 on the Tanaka-Binet intelligence scale at the 248 

age of 20. He did not present with any hallucinations or delusions. He spoke in a high-pitched 249 

stammering voice using only simple words. He showed similar MPAs to his mother (III-4) and two 250 

sisters (IV-5, -9). He showed pectus carinatum, medial displacement of the medial malleolus, and 251 

high arched palate (data not shown). His arm span and height were 175 cm and 160 cm, respectively, 252 
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resulting in a 1.05 arm span to height ratio.  253 

The proband’s older sisters (IV-1, -3) were 45-year-old and 42-year-old women, respectively. They 254 

suffered a transient psychotic episode in their 20s. Thereafter, they have remained in remission. They 255 

did not show a series of Marfan-like MPAs. 256 

 257 

3.2. Linkage mapping  258 

We performed a genome-wide scan using the DNA arrays to confirm the evidence for linkage. 259 

Multipoint analysis using the dominant and parametric models at 100% penetration resulted in two 260 

potential linkage regions on chromosomes 12q24.23–q24.31 and 17p11.2–p12 (Fig. 2a). Maximum 261 

multipoint LOD scores of 2.414 (θ = 0.00) were obtained in both regions. The multipoint linkage 262 

analysis with the addition of microsatellite markers as well as SNPs yielded consistently high LOD 263 

scores of 2.414 at around D12S2073 on chromosome 12p (Fig. 2a). 264 

3.3. Haplotype analysis 265 

Haplotype analysis using SNPs and additional microsatellite markers analysis revealed a common 266 

haplotype delimited by D12S84 and D12S1609 containing KDM2B on chromosome 12q24.11–267 

12q24.32, which segregated in all the available patients (Fig. 1). A minor allele in D12S2073 was 268 

co-separated only in patients and not found in 50 controls, suggesting that the minor allele was 269 
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strongly associated with linkage disequilibrium of the disease-causing mutation. The proximal 270 

recombination site was between rs12318877 and rs12369523, and the distal site was between 271 

rs12369523 and D12S1609.  272 

 273 

3.4. Whole-exome sequencing and co-segregation analysis 274 

A region of approximately 84.61 Mb was captured from the proband (IV-9) exome. The average 275 

reading depth was 169.6, and about 97.7% of the target area was covered by more than 10 reads. In 276 

IV-9, 21,008 mutations including 9373 nonsynonymous SNPs and 460 indels were detected in the 277 

coding region. Filtering was performed on the detected mutations, as described in the Materials and 278 

Methods section. In total, 65 mutations were under the LOD elevated regions on chromosomes 12 279 

and 17 (Fig. 2b). Subsequently, four mutations in KCN12 on chromosome 17 and one mutation in 280 

KDM2B on chromosome 12q were found in the filtering conditions with a depth of more than 25 and 281 

with a minor allele frequency of less than 0.001. However, the subsequent Sanger sequencing for 282 

KCN12 revealed that no mutations were present. A coding strand heterozygous mutation in KDM2B 283 

(NM_032590.4: rs1555289644: exon15, c.2173G>A, p.A725T) was re-confirmed by Sanger 284 

sequencing in the proband (IV-9), her mother (III-4), and her two siblings (IV-5, -8) (Fig. 3a,b). The 285 

MPAs and psychiatric symptoms of these patients were more severe than those of other family 286 
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members not carrying c.2173G>A mutation. 287 

Additional Sanger sequencing revealed that the c.2173G>A mutation was not detected in 141 288 

patients with SCZ or 50 healthy controls. According to 8.3KJPN, this is an extremely rare mutation 289 

with a frequency of 0.0004. The former version, 3.5KJPN database, provided clinical information on 290 

one individual with this mutation by self-reported questionnaire data but no information on 291 

psychiatric symptoms or MPAs was available (14). This mutation was not found in The Genome 292 

Aggregation Database (gnomAD). Additionally, in KDM2B, Sanger sequencing for all 29 coding 293 

exons and exon-intron boundaries was performed for 50 patients with SCZ. Another KDM2B 294 

missense mutation (exon 19 c.3007G>A, p.G1003S, NM_032590.4) was identified in one of the 100 295 

alleles. 296 

We evaluated the p.A725T and p.G1003S mutations in KDM2B using the following five in silico 297 

tools: poyphen2, SHIFT, PANTHER, PROVEAN and Mutation Taster.  298 

The functional predictions for p.A725T were “probably damaging (1.0)” by PolyPhen2, “tolerated 299 

(0.45)” by SIFT, “NA” by PANTHER, “deleterious (−3.458)” by PROVEAN, and “disease causing” 300 

by Mutation Taster. For the second KDM2B mutation, the predictions for p.G1003S were defined as 301 

“possibly damaging (0.466)” by PolyPhen2, “tolerated (0.99)” by SIFT, “NA” by PANTHER, 302 

“deleterious (−4.508)” by PROVEAN, and as a “polymorphism” by Mutation Taster. 303 
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 304 

3.5. CNV analysis 305 

In all chromosomes, the signal intensity of both the replication and deletion copy-number predictions 306 

was examined in detail from the raw data. However, no specific CNVs were found in affected 307 

individuals. Detailed CNV analysis using real-time qPCR of KDM2B showed no duplicates or 308 

deletions. 309 

 310 

3.6. Mutant KDM2B mRNA expression level 311 

In LCLs from the proband with a heterozygous c.2173G>A mutation, the expression level of 312 

KDM2B mRNA was approximately halved (N = 1, n = 6 technical replicates, mean ± 95% 313 

confidential interval [CI] = 0.75 ± 0.20) in comparison with that from normal controls (N = 5, n = 6 314 

technical replicates, mean ± 95% CI = 1.39 ± 0.11) (Fig. 4a). On the other hand, in LCLs from the 315 

patient with a heterozygous c.3007G>A mutation (N = 1, n = 6 technical replicates, mean ± 95% CI 316 

= 1.55 ± 0.23), there was no significant difference in comparison with that from normal controls 317 

(Fig. 4a). Each normalization was performed with HPRT. The expression level of KDM2B mRNA in 318 

the proband was also halved when normalized with β-actin (data not shown). 319 

 320 
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3.7. The KDM2B mutation has no effect on histone H3K4 methylation 321 

The quantification of the amount of trimethylated H3K4 extracted from LCLs showed no significant 322 

difference between the proband, the patient with heterozygous c.3007G>A, and controls (Fig. 4b). 323 

 324 

4. Discussion 325 

KDM2B plays an important role as a histone lysine demethylase that removes methyl from 326 

H3K36me2 and H3K4me3(16). The roles of KDM2B are associated with normal cellular processes 327 

such as cell senescence, cell differentiation, and stem cell self-renewal (17). In addition, it has been 328 

reported that KDM2B is associated with embryonic neural development through the regulation of 329 

cell proliferation and cell death (18). In the present study, in a Japanese family with autosomal-330 

dominant Marfan syndrome-like MPAs, intellectual disability, and SCZ, although with the limitation 331 

of only two generations of linkage analysis, we identified an extremely rare genetic coding strand 332 

mutation (rs1555289644: c.2173G>A, p.A725T) in KDM2B. It was detected using complementary 333 

positional cloning methods, validated by Sanger sequencing, and rarely found in either large 334 

sequencing databases or in the Sanger sequences of 100 alleles of controls. When considering the 335 

c.2173G>A mutation in KDM2B as a risk for Marfan syndrome-like MPAs, intellectual disability, 336 

and SCZ; three platforms (polyphen2, PROVEAN, and Mutation Taster) defined the mutation as 337 
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“probably damaging”, “deleterious”, and “disease causing”, respectively. The c.2173G>A mutation 338 

is in the functionally important PHD domain of KDM2B (Fig. 3b), which specifically recognizes 339 

H3K4me3 and binds to histones H3 and DNA (16,17). In addition, our expression analysis revealed 340 

that KDM2B mRNA of LCLs from the proband with c.2173G>A was expressed at half the level of 341 

controls, suggesting a loss-of-function mutation. In silico, the Residual Variation Intolerance Score 342 

(RVIS) assesses an intolerance to loss-of-function mutation. The RVIS of KDM2B was as low as 343 

−2.17, which was lower than the average value (RVIS = −0.56) of the neurodevelopmental disorder 344 

group (21), suggesting that a high level of harm could be caused by haploinsufficiency. 345 

There have been several reports of KDM2B mutations causing neurodevelopmental disorders. The de 346 

novo mutation p.G745S causes SCZ (22). A microdeletion of 12q24.31, including KDM2B, results in 347 

intellectual disability, autism, and epilepsy (23). A homozygous p.R1017H mutation causes 348 

developmental delay, microcephaly, hypotonia, and neonatal convulsion (24). The results of these 349 

previous studies and the present study suggest that functional mutations of KDM2B are likely to 350 

cause SCZ, other neurodevelopmental disorders, and skeletal abnormalities. 351 

In the KDM2B gene knockout mouse, neural tube defect and severe developmental delays were 352 

observed (25). KDM2B binds to nonmethylated DNA via a ZF-CxxC DNA binding domain (Fig. 3b) 353 

(26). Mice with a heterozygous deletion of the CxxC domain in Kdm2b exhibited skeletal alterations 354 
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with homeotic transformations in the cervical to sacral regions (27). In the present study, affected 355 

patients who possibly had half the typical expression level of KDM2B, a situation that can be 356 

considered a genetic dose-equivalent to a heterozygous deletion of the CxxC domain, also exhibited 357 

skeletal abnormalities with Marfan syndrome-like MPAs. In the present study, we also found an 358 

extremely rare c.3007G>A mutation in a patient with SCZ who showed no Marfan-like MPAs. 359 

Although no difference was detected in KDM2B expression, our in silico analysis using polyphen2 360 

and PROVEAN revealed that the mutation was “possibly damaging” and “deleterious”, respectively, 361 

suggesting it as a possible disease-causing mutation for SCZ. 362 

Regulation of H3K4me3 in the central nervous system is associated with common 363 

neurodevelopmental genetic risk structures, including SCZ and autism (1). Approximately 120 364 

H3K4me3 peaks are completely conserved between human postmortem brains, non-human primates, 365 

and the mouse prefrontal cortex. Abnormal H3K4 methylation patterns, including the width of the 366 

H3K4me3 peaks, have been also implicated in other complex neurological and psychiatric disorders. 367 

For example, genes with broad domains of H3K4me3 are preferentially down-regulated in a mouse 368 

model of Huntington's disease (28). Abnormal excess spreading of H3K4me3 from the transcription 369 

start sites into the gene bodies and upstream promoters has been shown to occur in some cases of 370 

autism spectrum disorder (6). 371 
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Embryos with homozygous mutations in NSD1, which has an intrinsic histone methyltransferase 372 

activity specific for histone H3K36 and histone H4K20, have a high incidence of apoptosis upon 373 

initiation of mesoderm formation and are unable to complete gastrulation (29). KDM4A/C is 374 

essential for selective H3K36 demethylation and loss of RNA polymerase II mobilization in the 375 

transcribed region of the astrocyte trait gene GFAP, and suppresses astrocyte differentiation in 376 

parallel by controlling polymerase extension (30). 377 

There have been a number of reports of diseases associated with neuropsychiatric disorders and 378 

MPAs due to mutations in histone H3K4 and H3K36 modulators. These include Kleefstra syndrome 379 

2, which is caused by mutations in KMT2C; Kabuki syndrome, caused by mutations in KMT2D; and 380 

other diseases involving MPAs and neurodevelopmental disorders, occasionally with additional 381 

comorbid medical conditions such as motor dysfunction and epilepsy, caused by mutations in other 382 

H3K4 methyltransferase associated genes (28, 29, 30, 31). By analyzing the whole-exome sequences 383 

of 4264 schizophrenia cases, 9343 controls and 1077 trios, loss-of-function variants in KMT2F, also 384 

known as SETD1A and which produces mono-, di-, and trimethylated histone H3 at Lys 4, were 385 

identified in patients with SCZ and developmental disorders (35). Nkx2-5, a histone H3K36 tri-386 

methyltransferase, is associated with Wolf-Hirschhorn syndrome, which causes the characteristic 387 

facial malformations known as "Greek warrior helmet", moderate to severe intellectual disability, 388 
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and growth retardation (36). 389 

There have also been a number of reports of diseases associated with neuropsychiatric disorders and 390 

MPAs due to mutations of histone demethylases. In 2005, X-linked Claes-Jensen syndrome was 391 

determined to be caused by a mutation in KDM5C, a histone demethylase. Interestingly, there was a 392 

patient with a hemizygous mutation in KDM5C who lacked the behavioral and facial features of 393 

Claes-Jensen syndrome and was instead diagnosed with autism spectrum disorder (34, 35). Cleft 394 

palate, psychomotor retardation, and distinctive facial features syndrome are caused by KDM1A 395 

mutations (29, 36, 37). KDM5B mutations have also been associated with both autism and 396 

intellectual disability (2, 38, 39). Recently, haploinsufficiency has been predicted using %HI, with 397 

lower values being more likely to produce haploinsufficiency (40). The %HI of KDM2B by 398 

DECIPHER is 18.61 (https://decipher.sanger.ac.uk/browser). Interestingly, in many diseases, which 399 

are caused by haploinsufficiency or suspected haploinsufficiency of genes belonging to the KDM or 400 

KTM families, the %HI of each disease-causing gene is not consistently low, but ranges from 5.56 to 401 

53.58. For example, Kabuki syndrome and Kleefstra syndrome 2 are caused by haploinsufficiency of 402 

the KMT2D and KMT2C, whose %HI are 17.49 and 53.58, respectively. 403 

Although the experimental material with c.2173G>A mutation was derived only one patient, using 404 

patient derived LCLs, we demonstrated that KDM2B variants are not associated with alterations in 405 
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the overall levels of H3K4 methylation. Haploinsufficiency for other KDM family members has not 406 

been convincingly shown to affect global H3K4 methylation levels. Compensation due to other 407 

KDM family members or the fact that samples could not be obtained during the developmental stage 408 

or cell types where the methylation may be most relevant could be the possible cause of the lack of 409 

methylation differences. The functional mutation in KDM2B in the present study is possibly disease-410 

causing, and may be responsible for the Marfan syndrome-like MPAs, intellectual disability, and 411 

SCZ observed, although further studies are required to evaluate the effects of the KDM2B point 412 

mutation during development and to assess its functions in the brain.  413 

Taken together with a number of previous results, genetic mutations involved in the demethylation or 414 

methylation of histone H3K4 and/or H3K36 often result in neuropsychiatric disorders, including 415 

intellectual disabilities, developmental disorders, and/or SCZ with or without MPAs by dominant 416 

inheritance due to haploinsufficiency. The familial patients with the functional KDM2B mutation 417 

found in the present study may be an example of such a group of cases of intellectual disability, 418 

developmental disability, and schizophrenia with MPAs. 419 
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Figure legends 539 

Figure 1 540 

Pedigree and haplotypes of a Japanese family with minor malformations, mental retardation, and 541 

schizophrenia. An arrow indicates the proband. Blackened symbols at the upper right, lower right, 542 

lower left, and upper left indicate symptoms of schizophrenia, medial displacement of the medial 543 

malleolus, arm span/height ratio > 1.03, and pectus excavatum, respectively. Grayed symbol at the 544 

upper right indicates schizoaffective disorder. Black dots indicate individuals who were sampled and 545 

analyzed. The haplotypes are shown under each individual, with the disease haplotype boxed. The 546 

proximal recombination site was between rs12318877 and rs12369523, and the distal site was 547 

between rs12369523 and D12S1609. 548 

 549 

Figure 2 550 

The multipoint logarithm of odds (LOD) scores for genetic locations on chromosome 12 and 17 and 551 

filtering steps. a The x-axis represents the genetic distance between the markers, and the y-axis 552 

represents the LOD score. The maximum multipoint LOD scores of 2.414 (θ = 0.00) were found on 553 

chromosomes 12q24.23–q24.31 and 17p11.2–p12. b Filtering steps applied to variations called from 554 

the whole exome sequencing of the proband (VI-9). 555 
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 556 

Figure 3 557 

The results of DNA Sanger sequencing and a schematic representation of the domain architecture of 558 

the KDM2B protein. a The DNA Sanger sequence shows a heterozygous c.2173G>A nucleotide 559 

change (arrow) in exon 15 of KDM2B, which leads to the replacement of alanine (GCC) with threonine 560 

(ACC) at codon 725 (p.A725T). b The domain architecture of the KDM2B protein is shown in a 561 

schematic figure. The box and arrow indicate the position of the missense change p.A725T. Functional 562 

domains were identified using the UniProtKB site 563 

(https://www.uniprot.org/uniprot/Q8NHM5#family_and_domains). 564 

 565 

Figure 4 566 

KDM2B expression and effects on histone H3K4 methylation. a RT–qPCR indicates that the proband 567 

with a heterozygous c.2173G>A KDM2B mutation has decreased lymphoblastoid mRNA levels of 568 

KDM2B when compared to controls (n = 5) (mean ± 95% confidential interval [CI] of controls = 1.39 569 

± 0.11; mean ± 95% CI of the proband = 0.75 ± 0.20). The patient with a heterozygous c.3007G>A 570 

mutation had similar lymphoblastoid mRNA levels of KDM2B to controls (mean ± 95% CI of the 571 

patient = 1.55 ± 0.23). b Histone methylation was assayed independently in the proband sample taken 572 
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from each patient-derived lymphoblastoid cell line on different days and compared with control cell 573 

lines (n = 5). Methylation values were normalized to pan histone H3 levels. The bar graphs show the 574 

means with error bars showing ± 95% CI. Differences between controls and patient-derived samples 575 

are not significant (H3K4me3: mean ± 95% CI of controls = 1.48 ± 0.12; mean ± 95% CI of the 576 

proband with heterozygous c.2173G>A = 1.26 ± 0.47; mean ± 95% CI of the patient with heterozygous 577 

c.3007G>A mutation = 1.44 ± 0.17) 578 

 579 

Figure S1 580 

Marfan syndrome-like minor physical anomalies of IV-9 (proband) and IV-5. The proband exhibited 581 

a long upper limbs (in a whole-body lateral view), b epicanthus, c retrognathia, d pectoris 582 

excavatum, e high-arched palate, f wrist sign and thumb signs, g flatfoot, and h medial displacement 583 

of the medial malleolus. Patient IV-5 showed i long upper limbs (in a whole-body lateral view), j 584 

retrognathia, k pectoris excavatum, l high-arched palate, m wrist sign and thumb signs, n flatfoot, 585 

and o medial displacement of the medial malleolus. 586 
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