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der(9)-forward, 5-GGAAAGGAATGGAATGAAATCAACGCG-
3’; der(9)-reverse, 5-CCAGGACAGCGTCTCACTCTCCATA-3
(495-bp). Junction fragments were amplified by PCR using these
primer-sets on DNAs of the patient and her parents.

RESULTS

G-banded chromosomal analysis revealed a balanced translocation
t(1;9)(g32;q13). Her parents showed a normal karyotype (data not
shown), indicating that the translocation occurred de novo.
Subsequent FISH analysis demonstrated that the breakpoint in
chromosome 1 was covered by the clones, RP11-1109h22 and
13421, showing signals all on normal chromosome 1 and deriv-
atives chromosomes 1 and 9 (Fig. 2A,B). The overlapping region of
these two clones was localized within the SRGAP2 locus (Fig. 2A).
The 5'-part of SRGAP2 transcript was not mapped in the Human
Genome browser (both in NCBI Build 36.1/hgl8 and GRCh37/
hgl9 assembly) because the genomic contigs covering the imme-
diately upstream regions of SRGAP2 gene were absent. Thus, we
described the putative exon number based on the order of mappable
exons to the existing genomic database. The breakpoint was further
narrowed down by FISH analysis using long PCR products as
probes (Fig. 2A). Probe II showed weak but clear signals all in
on chromosome 1, and derivative chromosomes 1 and 9, suggesting
that the breakpoint was located within probe II {data not shown). It
was of note that the probe II is associated with a segmental
duplication (Fig. 2A). Southern hybridization analysis using probes
Pl and P3 detected different aberrant bands only in the patient
(Fig. 2A,C), indicating that the 1932 breakpoint was located at the
region between the two probes. P2 did not show any aberrant bands
in Southern analysis, suggesting that a small deletion may have
occurred near the breakpoint (Fig. 2A,C). Inverse PCR [Triglia
et al., 1988] on EcoRI- and Psil-digested DNA was successful in
obtaining der(1) and der(9) breakpoint-junction fragments,
respectively. Sequence analysis showed that the 132 translocation
breakpoint was located within the putative intron 5 of SRGAP2, and
exon 5 was completely deleted (Fig. 2A). Sequences of the 9q13
breakpoint were not uniquely mapped to reference sequences.

However, sequences of 3'-end of the der(l) junction fragment
(approximately 6.1-kb apart from the breakpoint) were similar
to satellite 3 sequences (GeneBank accession number AF035810.1)
(Fig. 2E), suggesting that 9q13 breakpoint was located in the
heterochromatin region. Breakpoint-specific PCR analysis of the
patient and her parents confirmed that the rearrangements
occurred de novo (Fig. 2F). To check genomic copy number
alterations accompanied by the rearrangement, GeneChip Human
Mapping 250K Nspl (Affymetrix, Santa Clara, CA) was performed.
Besides two known copy number variations, no other imbalances
were detected (data not shown).

DISCUSSION

SRGAP?2 is a member of Slit-Robo Rho GTPase activating proteins
with three domains: an N-terminal F-BAR domain, a RhoGAP
domain, and an SH3 domain [Wong et al., 2001; Guerrier et al.,
2009]. There are three variants of SRGAP2 transcripts in humans:
variant 1 {GenBank accession number NM_015326.2), variant 2
(GenBank accession number NM_001042758.1), and variant 3
(GenBank accession number NM_001170637.1). In all three var-
iants, the coding proteins commonly possess F-BAR, RhoGAP, and
SH3 domains except for anamino acid deletion in F-BAR domainin
variant 2. Mouse Srgap2is expressed in the entire developing cortex
including proliferative zones and postmitotic regions [Bacon et al.,
2009; Guerrier et al., 2009]. It has been reported that the SRGAP2
protein negatively regulates neuronal migration and induce neurite
outgrowth and branching through its F-BAR domain [Guerrier
et al,, 2009]. In addition, GAP activity of the SRGAP2 protein
specifically downregulate Racl [Guerrier et al., 2009]. Mutations in
ARHGEFS6, Racl/Cdc42 specific GEF, cause X-linked mental retar-
dation [Kutsche et al., 2000]. Moreover, mutation and/or disrup-
tion of OPHNI and SRGAP3, both encoding Racl-GAPs, are
associated with severe mental retardation [Billuart et al., 1998;
Endris et al., 2002], indicating the importance of Racl regulation in
human brain development. Thus, SRGAP?2 is likely to play impor-
tant roles in developing brain in humans through the ability of the
F-BAR and RhoGAP domains. It would be interesting to analyze
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SRGAP2in alarge cohort of patients presenting with early epileptic
encephalopathy including West syndrome. Although full-length
SRGAP2 transcripts (functional), which include sequences of
putative exons 1-20 at 1¢32.1, have been deposited in GeneBank,
5'-part of the SRGAP2 transcript is not mapped in the Human
Genome browser. Furthermore, seven exons of SRGAP2 were again
mapped to two separated segmental duplications at 1g21.1 and
1p11.2 with sequence similarities of 99.29% and 99.30%, respec-
tively (Fig. 2A). This complex genomic structure interfered with
full-blown mutation screening especially for the 1,356-bp coding
region including the F-BAR domain. A microdeletion within two
separate segmental duplications in SRGAP2locus has been found in
2 out of 90 Yoruban individuals (presumably with normal
phenotype) from the HapMap Project using custom high-density
oligonucleotide arrays [Matsuzaki et al., 2009]. However, it is
uncertain whether they could confirm the precise locations of
the deletions by another method. Thus, there remains a possibility
that the deletion actually ocurred at highly homologous genomic
segments located at 1q21.1 and 1p11.2. Further descriptions about
aberrations of the SRGAP2 gene will be required for establishingin a
causative role in early infantile epileptic encephalopathy.

The 9q13 breakpoint is likely to reside within the heterochro-
matic region. It is possible that some genes adjacent to 1g32.1
breakpoint would suffer from gene silencing by the position effect.
IKBKEisan IKK (inhibitor of nuclear factor kappaB kinase)-related
kinase that is essential for interferon-inducible antiviral transcrip-
tional response [Tenoever et al., 2007]. Ikbke knockout mice are
protected from high-fat diet-induced obesity, chronic inflamma-
tion in liver and fat, hepatic steatosis, and whole-body insulin
resistance [Chiang et al,, 2009]. However, neurological abnormal-
ities have never been reported. RASSF5 is a member of the Ras
association domain family. A crutial role in the integrin-mediated
adhesion and migration of lymphocytes and dendritic cells has been
shown in Rassf5-deficient mice, but neurological abnormalities
have never been mentioned [Katagiri et al., 2004]. Thus, IKBKE
and RASSF5, two adjacent genes to SRGAP2, are less likely to be
involved in infantile epileptic encephalopathy.

In conclusion, we described a patient with early infantile epi-
lepsitic encephalopathy, carrying a de novo reciprocal translocation
disrupting the SRGAP2 gene. Clonic convulsions and atypical
suppression-burst patterns on EEG at early infantile period did
not fit into either OS or EME. However, the seizures became brief
tonic spasms, and hypsarrhythmia on EEG was noticed, indicating
transition to West syndrome. Disruption of SRGAP2 may be related
to West syndrome which has heterogeneous backgrounds [Kato,
2006].
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Abstract

Kabuki syndrome is a rare, multiple malformation disorder characterized by a distinctive facial
appearance, cardiac anomalies, skeletal abnormalities, and mild to moderate intellectual disability.
Simplex cases make up the vast majority of the reported cases with Kabuki syndrome, but parent-
to-child transmission in more than a half-dozen instances indicates that it is an autosomal
dominant disorder. We recently reported that Kabuki syndrome is caused by mutations in MLL2, a
gene that encodes a Trithorax-group histone methyltransferase, a protein important in the
epigenetic control of active chromatin states. Here, we report on the screening of 110 families with
Kabuki syndrome. MLL2 mutations were found in 81/110 (74%) of families. In simplex cases for
which DNA was available from both parents, 25 mutations were confirmed to be de novo, while a
transmitted A/LL2 mutation was found in two of three familial cases. The majority of variants
found to cause Kabuki syndrome were novel nonsense or frameshift mutations that are predicted
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to result in haploinsufficiency. The clinical characteristics of MLL2 mutation-positive cases did
not differ significantly from MLL2 mutation-negative cases with the exception that renal
anomalies were more common in MLL2 mutation-positive cases. These results are important for
understanding the phenotypic consequences of MLL2 mutations for individuals and their families
as well as for providing a basis for the identification of additional genes for Kabuki syndrome.

Keywords
Kabuki syndrome; MLL2; ALR; Trithorax group histone methyltransferase

INTRODUCTION

Kabuki syndrome (OMIM#147920) is a rare, multiple malformation disorder characterized
by a distinctive facial appearance, cardiac anomalies, skeletal abnormalities, and mild to
moderate intellectual disability. It was originally described by Niikawa et al. [1981] and
Kuroki et al. [1981] in 1981, and to date, about 400 cases have been reported worldwide
[Adam and Hudgins, 2005; Niikawa et al., 1988; White et al., 2004]. The spectrum of
abnormalities found in individuals with Kabuki syndrome is diverse, yet virtually all
affected persons are reported to have similar facial features consisting of elongated palpebral
fissures, eversion of the lateral third of the lower eyelids, and broad, arched eyebrows with
lateral sparseness. Additionally, affected individuals commonly have severe feeding
problems, failure to thrive in infancy and height around or below the 3 centile for age in
about half of cases.

We recently reported that a majority of cases of Kabuki syndrome are caused by mutations
in mixed lineage leukemia 2 (MLL2; OMIM#602113), also known as either MLL4 or ALR
[Ngetal, 2010]. MLL2 encodes a SET-domain-containing histone methyltransferase
important in the epigenetic control of active chromatin states [FitzGerald and Diaz, 1999].
Exome sequencing revealed that nine of ten individuals had novel variants in MLL?2 that
were predicted to be deleterious. A single individual had no mutation in the protein-coding
exons of MLL2, though in retrospect, his phenotypic features are somewhat atypical of
Kabuki syndrome. In a larger validation cohort screened by Sanger sequencing, we found
MLL2 mutations in approximately two-thirds of 43 Kabuki cases, suggesting that Kabuki
syndrome is genetically heterogeneous.

Herein we report on the results of screening MLL2 for mutations in 110 families with one or
more individuals affected with Kabuki syndrome in order to: (1) characterize the spectrum
of MLL2 mutations that cause Kabuki syndrome; (2) determine whether MLL2 genotype is
predictive of phenotype; (3) assess whether the clinical characteristics of MLL2 mutation-
positive cases differ from MLL2 mutation-negative cases; and (4) delineate the subset of
Kabuki cases that are MLL2 mutation-negative for further gene discovery studies.

MATERIALS AND METHODS

Subjects

Referral for inclusion into the study required a diagnosis of Kabuki syndrome made by a
clinical geneticist. From these cases, phenotypic data were collected by review of medical
records, phone interviews, and photographs. These data were summarized by each
collaborating clinician and forwarded for review to two of the authors (MB and MH). These
data were collected from five different clinical genetics centers in three different countries
and over a protracted period of time and forwarded for review to two of the authors (MB and
MH). Data on certain phenotypic characteristics including stature, feeding difficulties, and

Am J Med Genet A. Author manuscript; available in PMC 2012 July 1.
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failure to thrive was not uniformly collected or standardized. Therefore, we decided to be
conservative in our analysis and use only phenotypic traits that could be represented by
discrete variables (i.e., presence or absence) and for which data were available from at least
70% of cases. In addition, these clinical summaries were de-identified and therefore facial
photographs were unavailable from most cases studied. Written consent was obtained for all
participants who provided identifiable samples. The Institutional Review Boards of Seattle
Children’s Hospital and the University of Washington approved all studies. A summary of
the clinical characteristics of 53 of these individuals diagnosed with Kabuki syndrome has
been reported previously [Ng et al., 2010].

Mutation analysis

Genomic DNA was extracted using standard protocols. Each of the 54 exons of MLL2 was
amplified using Taq DNA polymerase (Invitrogen, Carlsbad, CA) following manufacturer’s
recommendations and using primers previously reported [Ng et al. 2010]. PCR products
were purified by treatment with exonuclease I (New England Biolabs, Inc., Beverly, MA)
and shrimp alkaline phosphatase (USB Corp., Cleveland, OH), and products were sequenced
using the dideoxy terminator method on an automatic sequencer (ABI 3130x1). The
electropherograms of both forward and reverse strands were manually reviewed using
CodonCode Aligner (Dedham, MA). Primer sequences and conditions are listed in
Supplementary Table 1.

For MLL2 mutation-negative samples, DNA was hybridized to commercially available
whole-genome tiling arrays consisting of one million oligonucleotide probes with an average
spacing of 2.6 kb throughout the genome (SurePrint G3 Human CGH Microarray 1x1M,
Agilent Technologies, Santa Clara, CA). Twenty-one probes on this array covered MLL2
specifically. Data were analyzed using Genomics Workbench software according to
manufacturer’s instructions.

RESULTS

All 54 protein-coding exons and intron-exon boundaries of MLL2 were screened by Sanger
sequencing in a cohort of 110 kindreds with Kabuki syndrome. This cohort included 107
simplex cases (including a pair of monozygotic twins) and three familial (i.e., parent-
offspring) cases putatively diagnosed with Kabuki syndrome. Seventy novel MLL2 variants
that were inferred to be disease-causing were identified in 81/110 (74%) kindreds (Fig 1 and
Supplementary Table II online). These eighty-one mutations included 37 nonsense
mutations (32 different sites and five sites with recurrent mutations), three in-frame
deletions or duplications (2 different sites and 1 site with a recurrent mutation), 22
frameshifts (22 different sites), 16 missense mutations (11 different sites and four sites with
recurrent mutations) and 3 splice consensus site (or intron-exon boundary) mutations. None
of these variants were found in dbSNP (build 132), the 1000 Genomes Project pilot data,
190 chromosomes from individuals matched for geographical ancestry. In total, pathogenic
variants were found at seventy sites. Additionally, there were ten sites at which recurrent
mutations were observed.

For 25 simplex cases in which we identified MLL2 mutations, DNA was available from both
unaffected parents, and in each case the mutation was confirmed to have arisen de novo
(Supplementary Table II online). These included 14 nonsense, five frameshift, three
missense, two splice site mutations and one deletion. De novo events were confirmed at six
of the 10 sites where recurrent mutations were noted. In addition to the 81 kindreds in which
we identified causal MLL2 mutations, we found two MLL2 variants in each of three simplex
cases. In each case, neither AJLL2 mutation could unambiguously be defined as disease-
causing (Supplementary Table II online). In one case, we found both a 21 bp in-frame

Am J Med Genet A. Author manuscript; available in PMC 2012 July 1.



Hannibal et al.

Page 4

insertion in exon 39 and a 1 bp insertion in exon 46 predicted to cause a frameshift.
However, the unaffected mother also carried the 21 bp insertion suggesting that this is a rare
polymorphism, and that the 1 bp deletion is the pathogenic mutation responsible for Kabuki
syndrome.

Apparent disease-causing variants were discovered in nearly half (i.e., 22/54) of all protein-
coding exons of MLL2 and in virtually every region known to encode a functional domain
(Fig 1). However, the distribution of variants appeared non-random as 13 and 12 novel
variants were identified in exons 48 and 39, respectively. These sites accounted for 25, or
more than one-third, of all the novel MLL?2 variants and 31/81 mutations that cause Kabuki
syndrome in our cohort. Eleven of the 12 pathogenic variants in exon 39 were nonsense
mutations and occurred in regions that encode long polyglutamine tracts.

Four of the families studied herein had two individuals affected with Kabuki syndrome. A
pair of monozygous twins with a ¢.15195G>A mutation were concordant for mild
developmental delay, congenital heart disease, preauricular pits and palatal abnormalities,
but discordant for hearing loss, and a central nervous system malformation. Concordance for
mild developmental delay between an affected parent and child was observed in two
families with MLL2 mutations, one with a nonsense mutation, ¢.13579A>T, p.K4527X, and
the other with a missense mutation, ¢.16391C>T, p.T5464M that was also found in a
simplex case. No MLL2 mutation was found in the remaining affected parent and child pair.

To examine the relationship between genotype and phenotype, we first compared the
frequency of developmental delay, congenital heart disease, cleft lip and/or palate, and
structural renal defects between MLL2 mutation-positive vs. MLL2 mutation-negative cases.
No significant difference was observed between groups for three of these four phenotypes
(Table I, a). However, renal anomalies were observed in 47% (31/66 cases) of MLL2
mutation-positive cases compared to 14% (2/14 cases) of MLL2 mutation-negative cases and
this difference was statistically significant (¥=5.1, df=1, p=0.024). In 35 cases in two clinical
cohorts for whom more complete phenotypic data were available, short stature was observed
in 54% (14/26) of MLL2 mutation-positive cases compared to 33% (3/19 cases) of MLL2
mutation-negative cases. We also divided the MLL2 mutation-positive cases into those with
nonsense and frameshift mutations and those with missense mutations and compared the
frequency of developmental delay, congenital heart disease, cleft lip and/or palate, and
structural renal defects between groups. No significant differences were observed between
groups (Table I, b).

In 26 independent cases of Kabuki syndrome, including one parent-offspring pair, no MLL2
mutation was identified. Both persons in the mother-child pair had facial characteristics
consistent with Kabuki syndrome (Fig 2), mild developmental delay, and no major
malformations. The mother is of Cambodian ancestry and her daughter is of Cambodian and
European American ancestry. In general, most of the MLL2 mutation-negative Kabuki cases
had facial characteristics (Fig 3) similar to those of the MLL2 mutation-positive Kabuki
cases, and a similar pattern of major malformations (Table I) with the exception of fewer
renal abnormalities.

We screened the MLL2 mutation-negative cases by aCGH for large deletions or duplications
that encompassed MLL2. Abnormalities were found in four cases. In one case, a 1.87 kb
deletion of chromosome 5 (hg18, chr5:175,493,803-177,361,744) that included NSD 7 and
had breakpoints in flanking segmental duplications identical to the microdeletion commonly
found in Sotos syndrome, was found. This suggests that this individual has Sotos syndrome,
not Kabuki syndrome [Kurotaki et al., 2002]. A second case had a novel 977-kb deletion of
chromosome 19q13 (hg18, chr19:61,365,420-62,342,064) encompassing 20 genes. The
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majority of genes within the deleted region are zinc finger genes, some of which are known
to be imprinted in both human and mouse. A third case had a complex translocation t(8;18)
(922;921). Finally, a fourth case was found to have extra material for the entire chromosome
12. Average log?2 ratio across chromosome 12 was 0.49, most likely representing mosaic
aneuploidy of chromosome 12. No aCGH abnormalities were observed in 21 cases and
aCGH failed for one case.

DISCUSSION

We have expanded the spectrum of mutations in MLL2 that cause Kabuki syndrome and
explored the relationship between MLL2 genotype and some of the major, objective
phenotypic characteristics of Kabuki syndrome. The majority of variants found to cause
Kabuki syndrome are either novel nonsense or frameshift mutations, and appear to arise de
novo. While mutations that cause Kabuki syndrome are found throughout the MLL2 gene,
there appear to be at least two exons (39 and 48) in which mutations are identified with a
considerably higher frequency. Mutations in these three exons account for nearly half of all
mutations found in MLL2, while the length of these exons represents ~35% of the MLL2
open reading frame (ORF). Furthermore, exon 48, the exon in which mutations are most
common, comprises only ~7% of the MLL2 ORF. Exon 39 contains several regions that
encode long polyglutamine tracts suggesting the presence of a mutational hotspot, although
no such explanation is obvious for exon 48. A stepwise approach in which these regions are
the first screened might be a reasonable approach to diagnostic testing. However, capture of
all introns, exons, and nearby MLL2 regulatory regions followed by next-generation
sequencing would be more comprehensive and likely to be less costly over the long term.

Comparison of four of the objective clinical characteristics of MLL2 mutation-negative
versus MLL2 mutation-positive cases allowed us to explore both the relationship between
MLL?2 genotype and Kabuki phenotype and the phenotype of MLL2 mutation-negative cases.
Overall, the clinical characteristics of MLL2 mutation-positive cases did not differ
significantly from MLL2 mutation-negative cases with the exception that renal anomalies
were more common in MLL2 mutation-positive cases. Similarly, we observed no significant
phenotypic—including the severity of developmental delay—differences between
individuals grouped by mutation type. However, the phenotypic data available to us for
analysis was limited and, for many cases, we lacked specific information about each
malformation present. Furthermore, the most typical phenotypic characteristic, the
distinctive facial appearance, was not compared in detail between cases although it would be
of interest to study facial images ‘blinded’ to mutation status to investigate its power to
predict genotype. Analysis of genotype-phenotype relationships using both a larger set of
Kabuki cases, and with access to more comprehensive phenotypic information would be
valuable.

No MLL2 mutation could be identified in 26 of the cases referred to us with a diagnosis of
Kabuki syndrome. In three of these cases, aCGH identified structural variants that could be
of clinical significance although additional investigation is required. A fourth case had the
classical deletion observed in individuals with Sotos syndrome, and in retrospect it appears
that this case was included in the cohort erroneously. The 22 remaining cases, including one
parent-offspring pair, represent individuals with fairly classic phenotypic features of Kabuki
syndrome without a MLL2 mutation. This observation suggests that Kabuki syndrome is
genetically heterogeneous. To this end, in these 22 cases, we sequenced the protein-coding
exons of UTX, a gene that encodes a protein that directly interacts with MLL2 but no
pathogenic changes were found (data not shown). Exome sequencing of a subset of these
MLL2 mutation-negative cases to identify other candidate genes for Kabuki syndrome is
underway.
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Whether Kabuki syndrome is the most appropriate diagnosis for the MLL2 mutation-
negative cases is unclear. Some of the MLL2 mutation-negative cases appear to have a facial
phenotype that differs somewhat from that of the MLL2 mutation-positive cases. Whether
these MLL2 mutation-negative cases diagnosed by expert clinicians should be considered
Kabuki syndrome, a variant thereof, or a separate disorder remains to be determined. Our
opinion is that there is simply not yet enough information to make an informed decision
about this issue.

Most of the mutations in MLL2 are predicted to result in haploinsufficiency. However, it is
unclear by what mechanism(s) haploinsufficiency of MLL2 could cause Kabuki syndrome.
MLL2 encodes a histone 3 lysine 4 (H3K4) methyltransferase, one of at least 10 proteins
(genes for which have not to our knowledge yet been screened in Kaubki cases in which
MLL2 mutations were not found) that have been identified to specifically modify the lysine
residue at the fourth amino acid position of the histone H3 protein [Kouzarides, 2007].
MLL2 has a SET domain near its C-terminus that is shared by yeast Setl, Drosophila
Trithorax (TRX) and human MLLI1 [FitzGerald and Diaz, 1999]. MLL2 appears to regulate
gene transcription and chromatin structure in early development [Prasad et al., 1997]. In
mice, loss of MLL2 results in embryonic lethality before E10.5, and while MII2*/~ mice are
viable, they are smaller than wild type (Kai Ge, personal communication).

Kabuki syndrome is the most common of a small, but growing group of multiple
malformation syndromes accompanied by developmental delay that are caused by mutations
in genes that encode proteins involved in histone methylation [De Sario, 2009]. The most
notable of these is CHARGE syndrome, which is one of the syndromes often considered in
the differential diagnosis of children ultimately diagnosed with Kabuki syndrome. CHARGE
syndrome is caused by mutations in CHD7, which encodes a chromodomain protein that
recognizes the trimethylated H3K4 side chain [Vissers et al., 2004]. Other disorders caused
by defects of histone methylation status include several intellectual disability syndromes,
some of which are also characterized by malformations (e.g., cleft lip/palate) that overlap
with those found in individuals with Kabuki syndrome.

Kabuki syndrome is one of the most common causes of heritable developmental delay.
Discovery that mutations in MLL2 are the most common cause of Kabuki syndrome
highlights the role that disrupted regulation of histone methylation plays as a cause of
human birth defects. Characterizing the spectrum of mutations in MLL2 is a small but
important first step toward understanding the mechanism(s) that underlies Kabuki syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genomic structure and allelic spectrum of MLL2 mutations that cause Kabuki
syndrome

MLL2 is composed of 54 exons that include untranslated regions (orange) and protein
coding sequence (blue) including 7 PHD fingers (yellow), FYRN (green), FYRC (green),
and a SET domain (red). Arrows indicate the locations of 81 mutations affecting 70 sites
found in 110 families with Kabuki syndrome including: 37 nonsense, 22 frameshifts, 16
missense, 3 in-frame deletions/duplications, and 3 splice-site mutations. Asterisks indicate
mutations that were confirmed to be de novo and crosses indicate cases for which parental
DNA was unavailable.
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Figure 2.

Facial photographs of mother and daughter with Kabuki syndrome in whom no causative
mutation in MLL2 was identified. Both have mild developmental delay and no known major
malformations.
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Figure 3.
Facial photographs of four children diagnosed with Kabuki syndrome in whom no causative
mutation in MLL2 was found.
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Table |
Phenotypic traits grouped by MLL2 mutation status (a) and type (b)

Trait MLL2 + MLL2 —
Intellectual Disability 74/74 (100%) 19/20 (95%)
Mild 51/74 (69%) 10/20 (50%)
Moderate 18/74 (24%) 4720 (20%)
Severe 4/74 (5%) 3/20 (15%)
Cleft palate, CL/CP 29/72 (40%) 8/18 (44%)
Congenital heart defect  36/71 (51%) 8/19 (42%)
Renal abnormality 31/66 (47%) 2/14 (14%)
Trait Truncating (N=59) Missense (N=16)
Intellectual disability 54/54 (100%) 15/15 (100%)
Mild 36/54 (67%) 11/15 (73 %)
Moderate 13/54 (24%) 4/15 (27%)
Severe 5/54 (9%) 0/15
Cleft palate, CL/CP 23/54 (43%) 3/14 (21%)
Congenital heart defect  30/54 (55%) 4/13 (30%)
Renal anomaly 9/44 (20%) 2/12 (17%)
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Exome sequencing of two patients in a family
with atypical X-linked leukodystrophy
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Matsumoto N. Exome sequencing of two patients in a family with atypical
X-linked leukodystrophy.
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We encountered a family with two boys similarly showing brain atrophy
with reduced white matter, hypoplasia of the brain stem and corpus
callosum, spastic paralysis, and severe growth and mental retardation
without speaking a word. The phenotype of these patients was not
compatible with any known type of syndromic leukodystrophy. Presuming
an X-linked disorder, we performed next-generation sequencing (NGS) of
the transcripts of the entire X chromosome. A single lane of exome NGS
in each patient was sufficient. Six potential mutations were found in both

" affected boys. Two missense mutations, including ¢.92T>C (p.V31A) in
LICAM, were potentially pathogenic, but this remained inconclusive. The
other four could be excluded. Because the patients did not show adducted
thumbs or hydrocephalus, the LICAM change in this family can be
interpreted as different scenarios. Personal genome analysis using NGS is
certainly powerful, but interpretation of the data can be a substantial
challenge requiring a lot of tasks.
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Focused/selected gene and genomic characteriza-
tion has usually been carried out in clinically
homogeneous groups of multiple affected sam-
ples to make identification of genetic abnormalities
more efficient. Microarrays and next-generation
sequencing (NGS) have provided new avenues
for human genetic research (1-6). Using such
new technologies, researchers are able to ana-
lyze small numbers of patients on a genome-wide
scale. Even very rare cases (such as when only
a few compatible patients are available or atypi-
cal patients showing no similar phenotypes) can
be realistic targets of genetic research, as the new
technologies can identify aberrations in a single
gene from within virtually the whole genome;
this could not be achieved with conventional
techniques.

We encountered a family with two affected
males showing atypical leukodystrophy. The phe-
notype of these patients did not match any known
type of syndromic leukodystrophy. Because we
presumed that abnormality of an X-linked gene
caused the atypical leukodystrophy in this family,
we performed exome sequencing of most of the
X-chromosome transcripts and identified an unex-
pected gene mutation in these patients.

Materials and methods
A family with atypical X-linked leukodystrophy

Two brothers, II-1 currently aged 19 years and
II-2 currently aged 17 years, who have unrelated
healthy parents, presented with similar clinical
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Fig. 1. Clinical features of the family. Familial pedigree (a).
Brain magnetic resonance imaging (MRI) (b: T1-weighted
image, ¢ T2-weighted image, d: Tl-weighted image) of
individual II-1 at 16 years old showing hypoplasia of the white
matter, the brain stem and the corpus callosum. Brain computed
tomographic (CT) images of individual II-1 at 19 years old
(e) indicating a thick calvarium with enlarged frontal sinus as
well as calcification of the choroid plexus in the atrophic brain.
Brain MRI (f: T2-weighted image, g: T1-weighted image) of
individual II-2 at 2 years old, also displaying hypoplasia of the
white matter. Brain CT image of individual II-2 at 5 years old
(h), also showing a thick calvarium.

features. Their mother did not show any neuro-
logical abnormalities (Fig. 1a).

Patient II-1

Patient II-1’s birth weight was 2840 g at 40 weeks
of gestational age. He had congenital nystagmus.
He sat unsupported at 7 months old but after this
his developmental milestones were delayed. He
could creep at 18 months old. Spastic paralysis,
especially in the lower extremities, became appar-
ent. He was unable to stand unsupported. His
mental development was severely delayed, and he
needed special education from elementary school.
He had suffered generalized epileptic seizures
since he was 10 years old. He was confined to a
wheelchair. He had severe mental retardation with-
out speaking a word. His developmental quotient
(DQ) at 9 years old was 19 by the Japanese stan-
dard method. Severe growth retardation [143 cm
(<3%), 24 kg (<3%), occipitofrontal head cir-
cumference 49 cm (<3%) at 19 years] was also
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noted. He did not have dysmorphic features. Blood
analysis revealed microcytic anemia [hemoglobin
(Hb) 13.4 g/dl, mean corpuscular volume (MCV)
(of red blood cell) 70.4 fl (normal: 89-99 fl), mean
corpuscular hemoglobin (MCH) (of red blood cell)
23.1 pg (normal: 29-35 pg)] without any evi-
dence of hemolysis or iron deficiency. Hormonal
examination indicated that the levels of luteiniz-

- ing hormone, follicle-stimulating hormone, and

thyroid-stimulating hormone were all low [0.9
mIU/ml (normal: 1.2-8.0 mIU/ml), 2.5 mIU/ml
(normal: 2.3-15.1 mIU/ml), <0.01 uIU/ml (nor-
mal: 0.5-5.0 ulU/ml), respectively]. He showed
delayed puberty with small testes. Pubic hair only
appeared at 17 years old. His bone age at 18 years
old was 12.6 years (67%). Brain magnetic res-
onance imaging (MRI) at 16 years old revealed
brain atrophy associated with reduced white matter
and hypoplasia of the brain stem and the cor-
pus callosum (Fig. 1b—d). No hydrocephalus or
adducted thumb was observed. Brain computed
tomography (CT) at 19 years old showed a thick
calvarium with enlarged frontal sinus as well as
calcification of the cerebellar tentorium and the
choroid plexus (Fig. le).

Patient II-2

Patient II-2’s birth weight was 2910 g .at 37
weeks of gestational age. Developmental delay
was apparent since he was 10 months old. Spas-
tic paralysis. (especially in the lower extremi-
ties), confinement to a wheelchair, severe men-
tal retardation without speaking a word (DQ =5
at 17 years old), and severe growth retardation
[130 cm (<3%) and 27 kg (<3%) at 17 years]
were phenotypes shared with his brother (II-1).
Blood analysis revealed microcytic anemia (Hb
12.0 g/dl, MCV 61.1 fl, MCH 19.0 pg) without
any evidence of hemolysis or iron deficiency. Hor-
monal examination indicated that the levels of
luteinizing hormone, follicle-stimulating hormone,
and thyroid-stimulating hormone were relatively
low (1.9 mIU/ml, 4.2 mIU/ml, <0.23 pIU/ml,
respectively). He also showed delayed puberty
with small testes. Pubic hair appeared only at
17 years old. His bone age at 17 years old was
11 years (65%). Brain MRI at 2 years old revealed
brain atrophy associated with reduced white matter
and hypoplasia of the brain stem and corpus cal-
losum (Fig. 1f,g). Brain CT at 5 years old showed
a thick calvarium (Fig. 1h). No hydrocephalus or
adducted thumb was observed. Most of the clinical
features were similar to those of his brother except
for the absence of nystagmus in patient IT-2.



Genome-wide SNP genotyping

Genome-wide single-nucleotide polymorphism
(SNP) genotyping was performed on individuals
I-2, 1I-1, and -2 using a GeneChip™ Human
Mapping 10K Array Xba 142 2.0 (Affymetrix,
Inc., Santa Clara, CA), according to the manu-
facturer’s protocols. Mendelian error in the pedi-
gree to exclude conflicted SNPs was checked
using Gcos 1.2 (GeneChip Operating Software;
Affymetrix) and batch analysis in GTYpE 4.0
(GeneChip Genotyping Analysis Software; Affy-
metrix), with the default setting for the mapping
algorithm. The linked region, with SNP geno-
types shared between individuals II-1 and II-2, was
checked manually.

Genomic partitioning, short-read sequencing,
and sequence alignment

Three micrograms of genomic DNA from the
affected brothers (II-1 and II-2) was processed
using a SureSelect X Chromosome test kit (1582
transcripts covering 3053 kb) (Agilent Technolo-
gies, Santa Clara, CA), according to the manufac-
turer’s instructions. Captured DN As were analyzed
using an [lumina GAIIx (Illumina, Inc., San
Diego, CA). We used only one of the eight lanes
in the flow cell (Illumina) for paired-end, 76-bp
reads per sample. Image analysis and base-calling
were performed using sequence control software
(SCS) real-time analysis and off-line BASECALLER
software v1.8.0 (Illumina). Reads were aligned
to the human reference genome (UCSC hgl9,
NCBI build 37.1) using the ELANDv2 algo-
rithm in casava.v1.7.0 (Illumina). The ELANDv2
algorithm can align 100-bp reads to a reference
sequence and split the reads into multiple seeds.

Mapping strategy and variant annotation

Approximately 57.5 million reads from individ-
val II-1 and 71.1 million reads from individual
II-2 that passed the quality control (Path Filter)
were mapped to the human reference genome using
mapping and assembly with quality (MAQ) (7)
(Fig. 2). MAQ was able to align 51 720 952 and
65 990 660 reads to the whole genome for indi-
viduals II-1 and II-2, respectively; these were then
statistically analyzed for coverage using a script
created by BITS Co., Ltd. (Tokyo, Japan). SNPs
and insertions/deletions were extracted from the
alignment data using an original script created by
BITS Co., Ltd., along with information on the reg-
istered SNPs (dbSNP 131). A consensus quality
score of 40 or more was used for the SNP anal-
ysis in MAQ. SNPs in MAQ-passed reads were

Exome sequence in two patients

annotated using the SeattleSeq website (http://gvs.
gs.washington.edu/SeattleSeqAnnotation/).  Vari-
ants found by each informatics method were
selected in terms of location on chromosome X,
unregistered variants (excluding registered SNPs),
variants in known genes, variants in coding
regions, variants excluding synonymous changes,
and variants with an allele frequency of at
least 90% (assuming a homozygous mutation).
NEXTGENE software v2.0 (SoftGenetics, State Col-
lege, PA) was also used to analyze the reads, with a
default setting. Variants found by both of the infor-
matics methods were selected. The variants found
in common between individuals II-1 and II-2 were
focused on, and confirmed as true positives by
Sanger sequencing of polymerase chain reaction
(PCR) products amplified from patient genomic
DNA, except for variants within genes at seg-
mental duplications. The pathological significance
of the variants was evaluated using four different
websites: POLYPHEN (Polymorphism Phenotyping;
http://genetics.bwh.harvard.edu/pph/index.html),
POLYPHEN-2 (http://genetics.bwh.harvard.edu/
pph2/index.shtml), st (http://sift.jcvi.org/) (out-
put values less than 0.05 are deleterious), and
MUTATIONTASTER (http://neurocore.charite.de/
MutationTaster/).

Capillary sequencing

Possible pathological variants were confirmed
by Sanger sequencing using an ABI 3500xl
or ABI3100 autosequencer (Life Technologies,
Carlsbad, CA), following the manufacturer’s pro-
tocol. Sequencing data were analyzed using
SEQUENCHER software (Gene Codes Corporation,
Ann Arbor, MI).

Expression studies

The relative mRNA levels of TMEMIS87 in
c¢cDNA of various fetal and adult human tissues
(Human MTC™ Panel I and Human Fetal MTC™
Panel; Clontech, Mountain View, CA) were deter-
mined by quantitative real-time reverse transcrip-
tion—polymerase chain reaction (RT-PCR) using
TagMan gene expression assays (Hs01920894_s1
for TMEM187 and Hs00357333_g1 for p-actin as
a control) (Life Technologies).

Results and discussion

Our coverage analysis indicated that for individu-
als II-1 and 1I-2, 79.2% and 78.8%, respectively, of
the entire X-chromosome coding sequence (CDS)
were completely covered, and 88.5% and 88.5%,
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Fig. 2. Flow of informatics analysis. A MAQ-based method and NextGENe analysis were performed in individuals II-1 and
1I-2. The selection methods employed included variants compared with the human genome reference sequence, variants mapped
to chromosome X, unknown variants [excluding registered single-nucleotide polymorphisms (SNPs)], variants in known genes,
variants in coding regions, variants excluding synonymous changes, and variants common to the two informatics methods. Finally,
the nucleotide changes in common between individuals II-1 and II-2 were focused on as potentially pathogenic mutations. True
positive changes were confirmed by capillary sequencing of polymerase chain reaction (PCR) products amplified from genomic

DNA.

respectively, of the CDS were at least 90% cov-
ered by reads. Using a single lane of sequencing
per sample, the coverage with 20 reads or more
comprised 89.6% and 89.7% of the CDS, and
that with 100 reads or more comprised 87.6%
and 89.7% of the CDS in individuals II-1 and
II-2, respectively. SNP genotyping indicated that
the region from rs727240 to rs721003 (UCSC
genome browser hgl9 assembly, chromosome X
coordinates: 22131639-54454152; 32.2 Mb) was
unlinked to the phenotype. Exome sequencing
using two informatics methods successfully iden-
tified six potentially interesting changes as true
positives in the linked region: FAMI23B (Ref-
Seq Gene ID NM_152424): ¢.85G>A (p.A29T),
FRMD7 (NM_194277): ¢.875T>C (p.L292P),
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LICAM (NM_000425): ¢.92T>C (p.V31A), TME
M187 (NM_003492): ¢.334G>A (p.A112T), FLNA
(NM_001110556): ¢.1582G>A (p.V528M), and
LAGE3 (NM_006014): ¢.395G>A (p.R132Q).
The ¢.92T>C (p.V31A) variant in LICAM was
previously found in a patient with Hirschsprung
disease, acrocallosal syndrome, and congenital
hydrocephalus (8). LICAM mutations cause a
wide variety of clinical phenotypes: hydrocephalus
due to stenosis of the aqueduct of Sylvius (MIM
#307000), MASA syndrome (mental retardation,
aphasia, shuffling gait, adducted thumb; MIM
#303350), and X-linked agenesis of the corpus
callosum (MIM #217990). Phenotypic variability,
even within a family, has been noted, raising the
caution that definite clinical diagnosis in single



Table 1. Characterization of nuclectide changes found by exome sequencing

FAMT23B FRMD7

Change ¢.85G>A c.875T>C
(p.A29T) (p.L292P)
POLYPHEN Benign Probably
damaging
PoLYPHEN-2 Probably Probably
damaging damaging
SIFT 0.04 0.02
MUTATIONTASTER ~ Polymorphism Disease causing
Normal female 8/6028 2/502
Normal male 1/118 0117
Note No nystagmus
inll-2

Exome sequence in two patients

FLNA LAGE3
¢.1682G>A ¢.395G>A
(p.V528M) (p.R132Q)
Possibly Benign
damaging
Possibly Possibly
damaging damaging
0.04 0.46
Palymorphism Polymorphism
15/56022 4/502
1/86

2ncluding one homozygous female. Underlining means that this result excludes the variant as potentially causative. Grayed shading
indicates the variants that could not be excluded; between these two, the L7CAM variant is more likely to be causative.

cases is often impossible (9). Phenotypic fea-
tures compatible with the LICAM mutation in
our patients include spastic paralysis, aphasia,
severe mental and growth retardation, but atypi-
cal leukodystrophy and the absence of adducted
thumbs were very rare or exceptional (9). A nor-
mal control study found that 2 of 251 normal
females were heterozygous for this SNP, but none
of 117 normal males carried the variant allele.
One of the four web-based analyses of pathologi-
cal significance (MutationTaster) indicated that this
variant would be disease causing, while the oth-
ers indicated that it would be benign (Table 1).
X-linked hydrocephalus due to LI CAM mutations
occurs in approximately 1/30 000 male births (10).
Considering that the L/ CAM mutation was found
in 2/618 control alleles (0.32%), the change may
be a rare polymorphism, a mutation causing lethal-
ity in the majority of affected males, or a mutation
with low penetrance. Because we were unable to
exclude this LICAM change, its pathogenic status
remains inconclusive.

We next examined c¢.85G>A in FAMI23B,
c.875T>C in FRMD7, c.1582G>A in FLNA,
and ¢.395G>A in LAGE3 in normal controls.
The FAM123B, FLNA, and LAGE3 variants were
excluded as causative because a homozygous
change was found in 1 of 251 female controls
(FAM123B and FLNA) or a hemizygous change
was found in 1 of 86 normal males (LAGE3).
However, the thick calvarium in individuals II-1
and II-2 may be influenced by the FAMI23B
change, because it is causative for osteopathia stri-
ata with cranial sclerosis, an X-linked dominant
disorder (MIM #300373) (11, 12). As the calvar-
ium of the patients’ mother having the heterozy-
gous FAM123B change was not evaluated by CT,
we could not confirm this possibility.

Only 2 of 251 control females carried the
¢.875T>C variant in FRMD7 heterozygously,
and none of 117 male controls carried this
variant; thus, the pathogenicity of the FMRD7
variant was inconclusive. Other FRMD7 muta-
tions cause X-linked congenital nystagmus 1 (MIM
#310700) (13). However, the nystagmus found in
individual II-1 was not observed in individual II-2,
indicating that the variant in common between
two brothers did not consistently cause nystagmus.
Thus, it may not contribute to the phenotype in this
family (Table 1).

We also evaluated the c.334G>A variant in
TMEMI187. Only 2 of 251 female controls car-
ried this heterozygous change, and it was not
found among 118 male controls. Two of the
four programs (POLYPHEN-2 and SHIFT) indicated
that it would be pathogenic. By Tagman assay,
TMEM187 was ubiquitously expressed in various
fetal and adult tissues, including the brain (data
not shown), leaving the effect of this mutation
on the phenotype in these patients inconclusive
(Table 1).

In conclusion, we found two possible but
inconclusive variants in this family with two
boys affected by atypical leukodystrophy. High-
throughput technologies are clearly powerful to
detect genomic changes, but evaluation of the data
can be very difficult and should be performed
cautiously. More knowledge of rare SNPs and
mutations is absolutely necessary before any
conclusions can be drawn.

Acknowledgements

We would like to thank the patients and their family members
for their participation in this study. This work was supported by
research grants from the Ministry of Health, Labour and Welfare

165



Tsurusaki et al.

(to H. S., N. Miyake, and N. Matsumoto), the Japan Science

and
Scie:

Technology Agency (to N. Matsumoto), a Grant-in-Aid for
ntific Research from the Japan Society for the Promotion

of Science (to N. Matsumoto), and a Grant-in-Aid for Young

Scie

ntists from the Japan Society for the Promotion of Science

(to H. D., N. Miyake, and H. S.).

References

1.

166

Saitsu H, Kato M, Mizuguchi T et al. De novo mutations in
the gene encoding STXBP1 (MUNC18-1) cause early infantile
epileptic encephalopathy. Nat Genet 2008: 40: 782~788.

. Check Hayden E. Genomics shifts focus to rare diseases.

Nature 2009: 461: 458.

. Biesecker LG. Exome sequencing makes medical genomics a

reality. Nat Genet 2010: 42: 13~14.

Kuhlenbaumer G, Hullmann J, Appenzeller S. Novel genomic
techniques open new avenues in the analysis of monogenic
disorders. Hum Mutat 2011: 32: 144-151.

. Miyake N, Kosho T, Mizumoto S et al. Loss-of—funétion

mutations of CHST14 in a new type of Ehlers-Danlos syn-
drome. Hum Mutat 2010: 31: 966-974.

. Ng SB, Bigham AW, Buckingham KJ et al. Exome sequenc-

ing identifies MLL2 mutations as a cause of Kabuki syndrome.
Nat Genet 2010: 42: 790-793.

10.

11.

12.

13.

. Li H, RuanJ, Durbin R. Mapping short DNA sequencing

reads and calling variants using mapping quality scores.
Genome Res 2008: 18: 1851-1858.

. Nakakimura S, Sasaki F, Okada T et al. Hirschsprung’s dis-

ease, acrocallosal syndrome, and congenital hydrocephalus:
report of 2 patients and literature review. J Pediatr Surg 2008:
43: E13-E17.

Rietschel M, Friedl W, Uhlhaas S, Neugebauer M,
Heimann D, Zerres K. MASA syndrome: clinical variability
and linkage analysis. Am J Med Genet 1991: 41: 10-14.
Rosenthal A, Jouet M, Kenwrick S. Aberrant splicing of
neural cell adhesion molecule L1 mRNA in a family with
X-linked hydrocephalus. Nat Genet 1992: 2: 107-112.

Viot G, Lacombe D, David A et al. Osteopathia striata cranial
sclerosis: non-random X-inactivation suggestive of X-linked
dominant inheritance. Am J Med Genet 2002: 107: 1-4.
Jenkins ZA, van Kogelenberg M, Morgan T et al. Germline
mutations in WTX cause a sclerosing skeletal dysplasia but do
not predispose to tumorigenesis. Nat Genet 2009: 41: 95-100.
Tarpey P, Thomas S, Sarvananthan N et al. Mutations in
FRMD7, a newly identified member of the FERM family,
cause X-linked idiopathic congenital nystagmus. Nat Genet
2006: 38: 1242-1244.



