that the affected siblings would be homozygous for the mutation
obtained from a parent, and that both parents would be heterozygous
for the mutation. However, we found that only the father expressed
the del598-602(GAAGA) mutation, whereas no mutations were
identified in any of the 10 exons of the SILI gene in the mother.

We next confirmed the parent—child relationship for each sibling
using microsatellite markers on chromosome 5. The mutation and
microsatellite analyses suggested that the mother may be hemizygous
around exon 6. Quantitative PCR analyses in all family members
indicated that the unaffected sibling and father expressed two copies of
exon 6 in the SLIT gene, whereas the three affected siblings and mother
expressed only one copy of exon 6. Therefore, we attempted to define
the copy number state for the entire SILI gene using array CGH to
confirm the break point of deletion. As it is possible to speculate break

Table 2 Primer sequences for real-time PCR

Target sequence (SILI exon 2)
Forward primer
Reverse primer

5-CTCTTGTTGGATGGCTGGAC-3"
5-TGTGATTCCCATGTCGTCAC-3

Target sequence (SIL1 exon 6)
Forward primer
Reverse primer

5’-GGCAGATGTCTCCAACCAAT-3’
5-CTTGTTGATCAGCCGTACCA-3"

Target sequence (SIL1 exon 10)
Forward primer
Reverse primer

5-AGAGCTAGCCAGGTGTGAGC-3"
5-AGGAGGTGTACCTGGCGATA-3

Reference sequence (NSD1I)
Forward primer
Reverse primer

5-ATGCTTTTTCAGCCCAAATG-3’
5’-CTCCCTGCAGTACAGCATCA-3
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points from the array CGH results, we were able to design primers to
amplify the deletion-specific product using PCR. Using this method,
we found a 58269-bp deletion in the three affected siblings and
mother. The character of break points was not specific, and did not
indicate the recombination between the repetitive sequence or low
copy repeats.
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Figure 2 Copy number analysis. The S/ILI to NSD1 copy number ratio (N)
for all family members. The sample with the deletion in SILI is expected to
yield N=0.5. The N values of exon 6 in affected siblings and the mother
were 0.5472 (11-1), 0.414 (11-3), 0.483 (11-4) and 0.472 (I-1), respectively.
The unaffected sibling was 0.897 (II-2) and the father (l1-1) was 0.974.
The fact that the N value of exons 2 and 10 for all family members was
approximately 1.0 suggested that the deletion was not large enough to
include the entire S/L1 gene. The results are presented as mean +s.d.
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Figure 3 Break-point determination. (@) DNA Analytics view of the affected sibling (I1-3) using the Agilent custom-designed array showing the approximately
58kb deletion in the S/LI gene. Arrows indicate the break point. (b) The sequence results around the break point and the schematic drawing of the S/LI1
gene in the affected sibling (11-3) are shown. A 58 269 bp deletion at chr5: 138 339032-138397 300 (NCBI Build 36.1, hgl8) and a 4b insertion (shaded

region) were identified.
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Table 3 Previously reported mutations in the S/L1 gene of MSS patients

Type Location Nucleotide change Amino-acid change Origin P Ref.

1 HM Exon 3 212dupA H71Qfs France 1 6

2 HM Exon 4 331C>T R111X Iran, Turkey, Italy 4 56,10
3 HM Exon 6 506_509dupAAGA D170fs Finland, Norway 5 6

4 HM Exon 6 645+1G>A Skipping Turkey 1 5

5 HM Exon 9 936dupG L313fs Japan 2 8.9
6 HM Exon 9 1029+1G>A Skipping Bosnia 1 5

7 HM Exon 9 1030-9G>A F345fs Norway 2 9

8 HM Exon 9 1249C>T Q417X Mali T 5

9 HM Exon 10 1312C>T Q438X Egypt 1 7
10 HM Exon 10 1367T>A L456X Turkey 1 9
11 HM Exon 10 1370T>C L457Pro Japan 1 9
12 CH Exons 2, 4 178G>T 346delG E60X G116fs Vietnam 1 5
13 CH Exon 6 506_509dupAAGA 645+2T>C D170fs skipping Sweden 1 6
14 CH Exons 9, 10 947_948insT 1030-18G>A L316fs M344fs Germany 1 5
15 CH Exons 9, 10 947_948insT 1366delT L316fs 456fs Russia 1 5

Abbreviations: CH, compound heterozygous; del, deletion; dup, duplication; fs, frameshift; HM, homozygous; ins, insertion; MSS, Marinesco-Sjogren syndrome; P, pedigree number; Ref., reference;

X, stop.

MSS is a rare, autosomal recessive disorder. After the two initial
groups independently identified several mutations in the SILI gene in
2005,>6 only a few mutations in the SILI gene have been reported
since.”~10 Karim et al.” located a novel mutation in an Egyptian family
in 2006, and Eriguchi et al8 identified a novel mutation in three
unrelated Japanese patients in 2008. All mutations in the SILI gene
reported previously to be associated with MSS are presented in
Table 3. The mutation we found was located in exon 6, which encodes
the BiP-interacting domain.” Zhao et al.! have reported that the SIL1
protein associates with the BiP chaperone to aid unfolded proteins in
folding normally, and to help in the release of folded proteins. Thus,
the loss of SILI protein function results in BiP recycling and the
accumulation of unfolded proteins in the endoplasmic reticulum.!-13

Senderek et al.> were unable to identify any SIL1 gene mutations in
four individuals with typical MSS. These reports suggested genetic
heterogeneity in MSS or that individuals exhibiting MSS may contain
mutations that are difficult to detect. For example, compound
heterozygous deletions that include different exons or intronic base
changes affect the splicing process. In general, when gene mutations in
a single gene defect syndrome are detected, it is essential to consider
that deletion may not be detected using the PCR-direct sequencing
protocol. Our results suggested that deletion assay, quantitative PCR,
array CGH or multiple ligation-mediated PCR amplification should
be performed to detect deletions of exons in MSS patients. It remains
possible that some reported cases without base alterations in the SILI
gene are caused by small deletions rather than locus heterogeneity.
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ABSTRACT! Fibroblast growth factor receptor | (FGFRI) is one of the causative genes for Kallmann syndrome (KS), which is characterized
by isolated hypogonadotropic hypogonadism with anosmia/hyposmia. The third immunoglobulin-like domain (D3) of FGFRI has the isoforms
FGFRI-lIb and FGFRI-lllc, which are generated by alternative splicing of exons 8A and 8B, respectively. To date, the only mutations to have
been identified in D3 of FGFR! are in exon 8B. We performed mutation analysis of FGFR! in a 23-year-old female patient with KS and found a
missense mutation (c.1072C>T) in exon 8A of FGFRI. The ¢.1072C>T mutation was not detected in her family members or in 220 normal
Japanese and 100 Caucasian female controls. No mutation in other KS genes, KS |, prokineticin-2, prokineticin receptor-2 and FGF-8 was
detected in the affected patient or in her family members. Therefore, this is the first case of KS carrying a de novo missense mutation in FGFR/
exon BA, suggesting that isoform FGFRI-llIb, as well as isoform FGFRI-lllc, plays a crucial role in the pathogenesis of KS.

Key words: Kallmann syndrome / FGFRIb mutation / fibroblast growth factor receptor | isoform expression

introduction

Kallmann syndrome (KS), which is characterized by isolated hypogona-
dotropic hypogonadism (IHH) and anosmia/hyposmia, is a clinically
and genetically heterogeneous disorder. To date, five causative
genes for KS have been reported: KS | (KALI, GenBank accession
M97 252), prokineticin-2 (PROK2, GenBank accession NM 021935),
prokineticin receptor-2 (PROKR2, GenBank accession NM 144773),
fibroblast growth factor-8 (FGF-8, GenBank accession NM 033163)
and fibroblast growth factor receptor | (FGFRI, GenBank accession
NM 023110.2).

Although sporadic cases of KS are more frequent, families with KS
have been reported with X-linked recessive or autosomal dominant or
recessive modes of inheritance. Mutations in KAL/ have been found in
familial cases with X-linked recessive inheritance (Franco et al., 1991;
Legouis et al, 1991). Mutations in PROK2 were detected in the

heterozygous state, whereas PROKR2 mutations were found in the
heterozygous, homozygous or compound heterozygous state (Dodé
et al., 2006). PROKR2/PROK2 mutations with true pathogenic potential
were found only in the homozygous state (Abreu et al., 2008), and any
dominant-negative effect of PROKRZ mutations was ruled out
(Monnier et al., 2009). Mutations in FGFRI or FGF8 underlie an auto-
somal dominant form with incomplete penetrance. Therefore, KS
families harbouring heterozygous FGFRI or FGF8 mutations display
variable olfactory phenotypes (Dodé et al., 2003; Falardeau et al.,
2008), and a few cases with heterozygous FGFR| mutations show a
normosmic IHH (Pitteloud et al., 2006a). The FGFRI gene, which is
located on chromosome 8pl2, comprises 18 exons (Ruta et al.,
1989), and various mutations, including missense and protein trunca-
tion mutations, have been reported (Trarbach et al., 2007). The third
immunoglobulin-like domain (D3) of FGFRI has the isoforms
FGFRI-llIb and FGFRI-llic, which are generated by alternative splicing
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of exons 8A and 8B, respectively (Johnson et al., 1991). To date,
mutations in D3 of FGFRI have only been identified in exon 8B,
which encodes immunoglobulin domain llic, suggesting that isoform
FGFRI-llic plays a crucial role in the pathogenesis of KS (Pitteloud
et al., 2006b; Trarbach et al., 2006; Dodé et al., 2007).

Here, we report for the first time a KS case carrying a de novo mis-
sense mutation in the alternatively spliced exon BA of FGFRI-lllb.

Materials and Methods

Patient and family

Patient (Subject 1I-2) was a 23-year-old Japanese woman. When she was
18 years old, she was treated at Nagasaki University Hospital because of
primary amenorrhea with anosmia. Her height was [59.2 cm and her
weight was 72.0 kg. Her serum levels of luteinizing hormone (LH),
follicle-stimulating hormone (FSH) and estradiol (E2) were less than 0.5
and |.5m IU/ml and 10 pg/ml, respectively. Her LH frequent sampling
study (sampling performed every |15 min) showed a low-amplitude
pattern of LH pulsation (Fig. I). Her brain magnetic resonance imaging
(MRI) examination was negative for tumors and showed no anatomical
abnormalities of the hypothalamic—pituitary region and olfactory bulbs.
A scratch-and-sniff test (UPSIT, Sensonics, Haddon Hts, NJ, USA) (Doty
et al., 1985), which determines ability to smell, indicated anosmia. She
was diagnosed as having KS and received hormone replacement therapy
for 5 years. Her mother (Subject I-1) was normosmic and had normal
puberty and regular menstrual cycles. Her father (Subject |-2), elder
brother (Subject II-1) and younger brother (Subject 1I-3) were also nor-
mosmic and had normal puberty (Fig. 2).

Molecular analysis

DNA extraction

Whole blood samples were obrtained from the KS patient and from her
mother, father, elder and younger brothers. All samples were collected
after obtaining written informed consent and the study protocol was
approved by the Institutional Review Board of Nagasaki University.
Genomic DNA from lymphocytes was extracted using a QlAamp DNA

LH (mIU/ml)

B30 %30  10:30 1130 12:30 33:30 1430 18230 )60
HOURS

Figure | LH pulsation pattern in a case of KS, assayed using an LH
frequent sampling study. LH frequent sampling was performed every
15 min. *Low-amplitude pattern of LH pulse. :

blood mini kit (Qiagen, Disseldorf, Germany), according to the manufac-
turer’s instructions.

Sequence analysis

FGFRI consists of |8 coding exons. Intragenic mutations were investigated
by PCR amplification and sequence analysis using |4 pairs of primers, as pre-
viously described (Dodé et al., 2003; Sato et al., 2004). Genomic DNA was
PCR amplified using conditions of 95°C for |12 min followed by 95°C for
305, 59°C for 30's and 72°C for 60 s for 35 cycles and a final cycle of
72°C for 10 min. PCR products were analyzed by agarose gel electrophor-
esis, purified with ExoSAP-IT and subjected to sequencing reactions.
Sequencing reactions were performed using the BigDye terminator v.3.1
kit and analyzed with an ABI PRISM 3100 Genetic Analyzer™ (Applied Bio-
systems). The KS patient carrying a mutation in FGFR! and her family
members were also screened for mutations in the other genes known to
be involved in KS [KALI, PROK2, PROKR2 and FGF8]. Whether the mutation
leads to a change in the protein structure and function was predicted bioin-
formatically using the ExPASy proteomics server (http://au.expasy.org/)
and PolyPhen (http://genetics.bwh.harvard.edu/pph/).

Confirmation of the alternatively spliced exon

Isolation of a full-length murine Fgfr!-lllb showed that Fgfr|-lllb was a trans-
membrane receptor (Beer et al., 2000). Although the mRNA encoding
exon llIb has been found in human (Johnson et al., 1991), the presence
of sequences encoding the intracellular domain has not yet been demon-
strated. Therefore, to determine the splice site of exon 8A and to detect
FGFRI-lIlb mRNA encoding the intracellular domain, we performed RT—
PCR using specific primers to amplify the splice isoform containing exon
8A. Kal23 is designed to span exons 7 and 8A for specific annealing to
the FGFRI-llIb isoform, which is spliced from exon 7 to exon 8A
(Fig. 3A). Kal5 is designed within exon 8B for specific annealing to the
FGFRI1-lllc isoform, which is spliced from exon 7 to exon 8B. Kal2 and
Kalé are designed within exons 7 and 9, respectively, for annealing to
the D3 isoforms of FGFRI. Primer sequences were as follows: kal2:
5-GACAGAAGGTCGGTTATGTC-3', Kal23: 5-CAGATCTTGAAGC
ATTCGGG-3', Kal5: 5-GGTGGTATTAACTCCAGCAG-3' and Kalé:
5'-GTACAGGGGCGAGGTCATCA-3". The BD multiple tissue comp-
lementary DNA (cDNA, MTC) panels Human | and Human Il (BD Bio-
sciences Clontech, Mountain View, CA, USA) were used to detect the
expression of each isoform of FGFRI. PCR amplification was performed
on cDNAs as follows: 94°C, 30's; 62°C, 30s; 72°C, | min; 40 cycles.
PCR products were analyzed by agarose gel electrophoresis and
sequenced using then ABI PRISM 3100 Genetic Analyzer™.

Results

Sequence analysis of the entire coding region of FGFR/, including exon—
intron boundary regions, showed that the KS patient had a mutation
(c.1072C>T) in exon 8A of FGFRI-llIb, while the other family
members did not (Fig. 2). However, the full-length FGFRI mRNA that
includes exon 8A is not deposited in the full-length cDNA database
(GenBank accession no. NM 023110.2). RT—PCR analysis indicated
that most transcripts containing exon 8A were spliced to exon 8B in
all adult tissues except bone marrow (data not shown). We wished to
demonstrate the existence of an alternative transcript, exon 8A which
was spliced to exon 9 encoding the transmembrane helix; therefore,
RT—PCR products from human fetal brain were cloned and sequenced.
In I of 27 clones exon 8A was spliced to exon 9 (designated here
‘FGFRI-IIb’, GenBank accession FJ809917, see Fig. 3B), while in the
other clones exon 8A was spliced to exon 8B (designated here
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Figure 2 Pedigree of patient's family and the results of fibroblast growth factor receptor | (FGFRI) sequence analysis. II-2 is a 23-year-old woman
with KS. The patient had a mutation in FGFRI (C>T) but the other family members did not. The mutation was de novo because parentage was
assured. Arrowhead under the electropherogram indicates the mutation site.

‘FGFRI-secr’, GenBank accession F|809916, see Fig. 3B). The exact
acceptor and donor sites of exon 8A in ‘FGFRI-lIIb" mRNA, which pro-
duces a membrane-bound FGFR | -containing D3, were determined by
sequence analysis of splice isoforms, ‘FGFRI-lIb® and ‘FGFRI-secr',
(Fig. 3). As most full-length FGFRI cDNAs in the database were tran-
scripts  containing exon 7—exon 8B—exon 9 (designated here
‘FGFRI-llIc’, GenBank accession NM 023110.2, see Fig. 2B) without
exon B8A, ‘FGFRI-lIC is likely to be the most abundantly expressed
human isoform. The EST, CA488712.1, was the only isoform in the
EST database corresponding to ‘FGFRI-llIb". Although both ‘FGFRI-lIb’
and ‘FGFRI-lllc’ encode membrane-bound FGFRI, ‘FGFR[-secr’ encodes
a secreted form of FGFRI because of a sequence frameshift and a ter-
mination codon in exon 9.

The exons 8A and 8B of the human FGFRI isoforms shared the
amino acid sequence at 354-357, WLTV. However, exon 8A ends
with six extra amino acids at 358-363, TRPVAK, whereas exon 8B
ends with only two, LE. These sequences are identical in the mouse
Fgfrl isoforms (Beer et al., 2000). The mutation in exon 8A of

FGFRI-lIb  (GenBank accession no. FJ809917 bankitl 193625) is
c.1072C>T at the cDNA level and p.T358! at the amino acid level.
Bioinformatic analysis shows the mutated amino acid residue to be
conserved between human and mouse and to be located in D3 of
FGFRI-llb, which is a critical region for FGF ligand binding. However,
the mutation was not predicted to produce a change in the human
protein structure. The ¢.1072C>T mutation was not detected in
220 normal Japanese women or in 100 normal Caucasian women.
The patient had no mutation in any of the other four KS genes.

Discussion

Mouse Fgfr[-llib has a low level of expression in a wide variety of adult
tissues, but a high level of expression in skin and brain, indicating the
existence of specific splicing factors in skin and brain that recognize the
relatively weak Fgfrl-lllb splice site (Beer et al., 2000). Consistent with
the expression pattern of mouse Fgfrl-lllb, we could isolate human
FGFRI-lIb from a fetal brain ¢cDNA library but not from adult
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Figure 3 Genomic organization of FGFRI around exon 8A. (A) The numbers with bp indicate exon length (over the line) and intron length (under
the line). The mutation is located near the end of exon 8A, Horizontal arrows indicate the locations of primers used to perform RT—PCR amplification
of the isoform containing exons 7 and 8A. Primer Kal23 is designed to span exons 7 and 8A for specific annealing to the FGFRI-lilb isoform, which is
spliced from exon 7 to exon 8A (Fig. 3A). Kal5 is designed within exon 8B for specific annealing to the FGFRI-lllc isoform, which is spliced from exon 7
to exon 8B. Kal2 and Kalé are designed within exons 7 and 9, respectively, for annealing to the D3 isoforms of FGFRI. Vertical arrow indicates
mutation site. (B) Composition of mRNA isoforms and of putative protein structures. FGFRI-llIb: membrane-bound form of FGFRI with
immunoglobulin-like domain lllb encoded by exon 8A, FGFRI-lllc: membrane-bound form of FGFRI with immunoglobulin-like domain lilc

encoded by exon 8B, FGFR|-secr: a secreted form of FGFRI.

tissues. Most full-length FGFR!I ¢DNAs in the database represent
FGFRI-lllc. FGFRI-lllc is expressed at high levels, but FGFRI-lIb is
expressed at very low levels (Johnson et al., 1991). We can amplify
only a tiny amount of FGFRI-llb that has exon 8A spliced to exon 9
by RT—PCR using the primers Kal23 and Kal6. Most of the sequenced
RT-PCR products corresponded to FGFRI-secr, suggesting that
the expression level of the three isoforms is ‘FGFRI-llC >>
‘FGFRI-lllsecr’ > ‘FGFRI-llIb* (Fig. 3B).

Several studies suggested that murations in exon 8B of isoform
FGFRI-lllc are implicated in the pathogenesis of KS (Pitteloud et dl.,
2006b; Trarbach et al., 2006; Dodé et al., 2007). Mice homozygous
for alleles with a stop codon in exon llic displayed phenotypes resem-
bling those of embryos homozygous for null alleles, while mice carrying
an in-frame stop codon in exon Illb were viable and fertile (Partanen
et al., 1998). Therefore, Fgfr!-llic is the dominant isoform that carries
out the majority of the biological functions of the Fgfr| gene, whereas
Fegfrl-llib plays a minor and to some extent redundant role (Partanen
et al., 1998). A receptor-binding analysis revealed no difference in the
binding specificity between the endogenous Fgfr!-lllb and an artificially
created Fgfr!-lllb, which had two different amino acids in the 3’-end of
the unique lllb exon (Beer et al., 2000), suggesting that the carboxyl
terminus of D3 may not overtly influence binding specificity.
However, being expressed at low levels does not imply that

‘FGFRI-NIb* has an unimportant role. The mutation we found,
p.T358l, was located in exon 8A of FGFRI-llb. Therefore, p.T358I
may affect ligand binding and cause the KS phenotype, although how
this mutation affects the loss of function of FGFRI-llIb is unknown.
The spatio-temporal expression of any gene involved in development
is key; therefore, the expression and functional involvement of
FGFRI-llIlb may be important in the early embryonic brain, in particular
during GnRH neuronal development. KS missense mutations in FGFR/
are distributed in the first, second and third immunoglobulin-like
domains (D1 -D3), in the tyrosine kinase domain and also in the intra-
cellular domain (Dodé et al., 2003; Sato et al., 2004; Albuisson et al.,
2005; Pitteloud et al., 2006a; Trarbach et al., 2006; Dodé et dl., 2007);
therefore, the membrane-bound form of FGFRI is probably important
for the KS phenotype. The membrane-bound form of FGFR[-llIb could,
therefore, be the critical isoform for the KS phenotype.

We present here, for the first time, a case of KS carrying a missense
mutation in exon 8A of FGFRI, suggesting that the minor isoform
‘FGFRI-lIb’ as well as the major isoform ‘FGFRI-lIc’ has a crucial role in
the pathogenesis of KS. Therefore, immunoglobulin-like domain Illib
may have an essential role in GnRH neuronal migration, which is initiated
from the nasal placode and runs towards the forebrain following the olfac-
tory sensory neuron axonal connection with the developing olfactory
bulb. Further experiments are needed to show that the mutation in
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exon BA causes KS, such as expression of the mutated isoform in trans-
fected cells to analyze receptor stability and signaling efficiency. Although
FGFRI containing immunoglobulin-like domain lIb has not been analyzed
intensively, our mutation report should encourage researchers to analyze
immunoglobulin-like domain Illb function and the spatio-temporal
expression of exon 8A in fetal brain development.
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Exome sequencing identifies MLL2 mutations as a cause

of Kabuki syndrome

Sarah B Ng'7, Abigail W Bigham?7, Kati ] Buckingham?, Mark C Hannibal??, Margaret ] McMillin?,

Heidi I Gildersleeve?, Anita E Beck?3, Holly K Tabor?3, Gregory M Cooper?, Heather C Mefford?, Choli Lee',
Emily H Turner!, Joshua D Smith!, Mark ] Rieder', Koh-ichiro Yoshiura*, Naomichi Matsumoto®, Tohru Ohta$,
Norio Niikawa®, Deborah A Nickerson!, Michael ] Bamshad!~3 & Jay Shendure!

We demonstrate the successful application of exome
sequencing’-3 to discover a gene for an autosomal dominant
disorder, Kabuki syndrome (OMIM%147920). We subjected
the exomes of ten unrelated probands to massively parallel
sequencing. After filtering against existing SNP databases,
there was no compelling candidate gene containing previously
unknown variants in all affected individuals. Less stringent
filtering criteria allowed for the presence of modest genetic
heterogeneity or missing data but also identified multiple
candidate genes. However, genotypic and phenotypic
stratification highlighted MLL2, which encodes a Trithorax-
group histone methyltransferase*: seven probands had newly
identified nonsense or frameshift mutations in this gene.
Follow-up Sanger sequencing detected MLL2 mutations in

two of the three remaining individuals with Kabuki syndrome
(cases) and in 26 of 43 additional cases. In families where
parental DNA was available, the mutation was confirmed to
be de novo (n = 12) or transmitted (n = 2) in concordance with
phenotype. Our results strongly suggest that mutations in MLL2
are a major cause of Kabuki syndrome.

Kabuki syndrome is a rare, multiple malformation disorder
characterized by a distinctive facial appearance (Supplementary Fig. 1),
cardiac anomalies, skeletal abnormalities, immunological defects and
mild to moderate mental retardation. Originally described in 1981
(refs. 5,6), Kabuki syndrome has an estimated incidence of 1 in 32,000
(ref. 7), and approximately 400 cases have been reported worldwide.
The vast majority of reported cases have been sporadic, but parent-to-
child transmission in more than a half dozen instances® suggests that
Kabuki syndrome is an autosomal dominant disorder. The relatively
low number of cases, the lack of multiplex families and the pheno-
typic variability of Kabuki syndrome have made the identification
of the gene(s) underlying this disorder intractable to conventional
approaches of gene discovery, despite aggressive efforts.

We sequenced the exomes of ten unrelated individuals with Kabuki
syndrome: seven of European ancestry, two of Hispanic ancestry and
one of mixed European and Haitian ancestry (Supplementary Fig. 1
and Supplementary Table 1). Enrichment was performed by hybridi-
zation of shotgun fragment libraries to custom microarrays followed
by massively parallel sequencing!~3. On average, 6.3 gigabases of
sequence were generated per sample to achieve 40x coverage of the
mappable, targeted exome (31 Mb). As with our previous studies, we
focused our analyses here primarily on nonsynonymous variants, splice
acceptor and donor site mutations and coding indels, anticipating that
synonymous variants were far less likely to be pathogenic. We also
predicted that variants underlying Kabuki syndrome are rare, and
therefore likely to be previously unidentified. We defined variants as
previously unidentified if they were absent from all datasets used for
comparison, including dbSNP129, the 1000 Genomes Project, exome
data from 16 individuals previously reported by us®* and 10 exomes
sequenced as part of the Environmental Genome Project (EGP).

Under a dominant model in which each case was required to
have at least one previously unidentified nonsynonymous vari-
ant, splice acceptor and donor site mutation or coding indel vari-
ant in the same gene, only a single candidate gene (MUCI6) was
shared across all ten exomes (Table 1 and Supplementary Table 2).
However, we considered MUCI6 as a likely false positive due to its
extremely large size (14,507 amino acids). Potential explanations
for our failure to find a compelling candidate gene in which newly
identified variants were seen in all affected individuals included:
(i) Kabuki syndrome is genetically heterogeneous and therefore
not all affected individuals will have mutations in the same gene;
(ii) we failed to identify all mutations in the targeted exome; and
(iii) some or all causative mutations were outside of the targeted
exome, for example, in noncoding regions or unannotated genes. To
allow for a modest degree of genetic heterogeneity and/or missing data,
we conducted a less stringent analysis by looking for candidate genes
shared among subsets of affected individuals. Specifically, we searched
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Table 1 Number of genes common to any subset of x affected individuals.

Subset analysis

(any x of 10) 1 2 3 4 5 6 7 8 9 10
NS/SS/I 12,042 8,722 7,084 6,049 5,289 4,581 3,940 3,244 2,486 1,459
Not in dbSNP129 or 7,418 2,697 1,057 488 288 192 128 88 60 34
1000 Genomes

Not in control exomes 7,827 2,865 1,025 399 184 S0 50 22 7 2
Not in either 6,935 2227 701 242 104 44 16 6 1
Is loss-of-function (non- 753 49 7 3 2 2 1 0 0 0

sense or frameshift indel)

The number of genes with at least one nonsynonymous variant (NS), splice-site acceptor or donor variants (SS) or
coding indel (1) are listed under various filters. Variants were filtered by presence in dbSNP or 1000 Genomes (not in
dbSNP129 or 1000 genomes) and control exomes (not in control exomes) or both (not in either); control exomes refer
to those from 8 Hapmap?, 4 FSS3, 4 Miller? and 10 EGP samples. The number of genes found using the union of the

LETTERS

the quantitative ranking of candidate genes by
the rejected substitution scores of their vari-
ants can facilitate the exome-based analysis of
Mendelian disorders'?. Following subset analy-
sis with GERP-based ranking, MLL2 remained
on the candidate list up to x = 8, ranking third
in a list of 11 candidate genes at this threshold
(Table 3 and Supplementary Fig. 3). Notably,
the additional MLL2 variant contributing to
this analysis (such that MLL2 was still consid-
ered at x = 8) was a synonymous substitution
with a rejected substitution score of 0.368 in the
individual ranked fifth.

intersection of x individuals is given.

for subsets of x out of 10 exomes having 21 previously unidentified
variant in the same gene, with x = 1 to x = 10. For x =9, x = 8 and
x =7, previously unidentified variants were shared in 3 genes, 6 genes
and 16 genes, respectively (Table 1). However, there was no obvious
way to rank these candidate genes.

We speculated that genotypic and/or phenotypic stratification
would facilitate the prioritization of candidate genes identified by
subset analysis. Specifically, we assigned a categorical rank to each
individual with Kabuki syndrome based on a subjective assessment
of the presence of, or similarity to, the canonical facial characteris-
tics of Kabuki syndrome (Supplementary Fig. 1) and the presence
of developmental delay and/or major birth defects (Supplementary
Table 1). The highest-ranked individual was one of a pair of mono-
zygotic twins with Kabuki syndrome. We then categorized the func-
tional impact (that is, nonsense versus nonsynonymous substitution,
splice-site disruption and frameshift compared to in-frame indel)
of each newly identified variant in candidate genes shared by each
subset of two or more ranked cases. Manual review of these data high-
lighted distinct, previously unidentified nonsense variants in MLL2
in each of the four highest-ranked cases. After sequential analysis of
phenotype-ranked cases with a loss-of-function filter, MLL2 was the
only candidate gene remaining after addition of the second individual
(Table 2). We found no such variant in MLL2 in the individual with
Kabuki syndrome ranked fifth; hence, the number of candidate genes
dropped to zero after the individual ranked fourth in the set (Table 2).
However, we found a 4-bp deletion in the individual ranked sixth, and
we found nonsense variants in the individuals ranked seventh and
ninth. Thus, exome sequencing identified a nonsense substitution or
frameshift indel in MLL2 in seven of the ten individuals with Kabuki
syndrome analyzed here.

Retrospectively, we applied a loss-of-function filter to the subset
analysis of exome data (Table 1), and at x = 7, found MLL2 to be
the only candidate gene. We also developed a

We sought to confirm all newly identified
variants in MLL2, particularly because loss-
of-function variants identified through massively parallel sequencing
have a high prior probability of being false positives. All seven loss-of-
function variants in MLL2 were validated by Sanger sequencing. We
further analyzed the three cases in which we did not initially find a
loss-of-function variant in MLL2, first by array comparative genomic
hybridization (aCGH) to determine any gross structural changes and
then by Sanger sequencing of all exons of MLL2 in case of false nega-
tives by exome sequencing. Because an average of 96% of the coding
bases in MLL2 were called at sufficient quality and coverage for single
nucleotide variant detection, we anticipated that any missed variants
were more likely to be indels because of the higher coverage required
for confident indel detection in short-read sequence data. Indeed,
although aCGH did not find any structural variants in the region,
Sanger sequencing did identify frameshift indels in two of these three
cases (specifically, the cases ranked eighth and tenth).

Ultimately, loss-of-function mutations in MLL2 were identified
in nine out of ten cases in the discovery cohort (Fig. 1), making this
gene a compelling candidate for Kabuki syndrome. For validation, we
screened all 54 exons of MLL2 in 43 additional cases by Sanger sequenc-
ing. Previously unidentified nonsynonymous, nonsense or frameshift
mutations in MLL2 were found in 26 of these 43 cases (Fig. 1 and
Supplementary Table 3). In total, through either exome sequencing or
targeted sequencing of MLL2, 33 distinct MLL2 mutations were iden-
tified in 35 of 53 families (66%) with Kabuki syndrome (Fig. 1 and
Supplementary Table 3). In each of 12 cases for which DNA from both
parents was available, the MLL2 variant was found to have occurred
de novo. Three mutations were found in two individuals each. One of
these three mutations was confirmed to have arisen de novo in one of
the cases, indicating that some mutations in individuals with Kabuki
syndrome are recurrent. In addition, MLL2 mutations (resulting in
p-4527K>X and p.5464T>M) were also identified in each of two fami-
lies in which Kabuki syndrome was transmitted from parent to child.

post hoc ranking of candidate genes based on
the functional impact of the variants present
(variant score) and the rank of the cases in
which each variant was observed (case score).
When this was applied to the exome data as a
combined metric, MLL2 emerged as the top
candidate gene (Supplementary Fig. 2).

In parallel with these analyses, we applied
genomic evolutionary rate profiling (GERP)®
to the exome data. GERP uses mammalian
genome alignments to define a rejected sub-
stitution score for each variant regardless of
functional class. We have previously shown that

Table 2 Number of genes common in sequential analysis of phenotypically
ranked individuals

Sequential analysis 1 +2 +3 +4 +5 +6 +7 +8 +9 +10
NS/SS/| 5,282 3,850 3,250 2,354 2,028 1,899 1,772 1,686 1,600 1,459
Not in dbSNP129 or 687 214 145 84 63 54 42 40 39 34
1000 Genomes

Not in control exomes 675 134 50 26 13 13 8 5 4 2
Not in either 467 89 34 18 9 8 4 4 3 1
Is loss-of-function (non- 25 1 1 1 0 0 0 0 0 0

sense/frameshift indel)

Variants were filtered as in Table 1. Exomes were added sequentially to the analysis by ranked phenotype; for example,
column “+3” shows the number of genes at the intersection of the three top ranked cases (Supplementary Fig. 1).
The gene with at least one NS/SS/I in all individuals is MUC16, which is very likely to be a false positive due to its
extreme length (14,507 amino acids).
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Table 3 Analysis of exome variants using genomic evolutionary
rate profiling

GERP score analysis

(at least x of 10) 1 2 3 4 5 6 7 8 9 10
Variant RS score >0 7,176 2,360 754 269 106 39 20 11 3 1
MLL2 rank 3,732 1,232 399 136 47 14 6 3 NA NA

The number of genes with at least a single previously unidentified variant with a rejected
substitution score!® > 0 in at least x individuals is given. A gene rank is assigned based
on the average GERP score? over all newly identified variants with rejected substitution
score > O in all affected individuals.

None of the additional MLL2 mutations was found in 190 control
chromosomes from individuals of matched geographical ancestry.

Our results strongly suggest that mutations in MLL2 are a major
cause of Kabuki syndrome. MLL2 encodes a large 5,262-residue
protein that is part of the SET family of proteins, of which Trithorax,
the Drosophila homolog of MLL, is the best characterized!!. The SET
domain of MLL2 confers strong histone 3 lysine 4 methyltransferase
activity and is important in the epigenetic control of active chromatin
states!2. In mice, loss of MII2 on a mixed 129Sv/C57BL/6 background
slows growth, increases apoptosis and retards development, leading to
early embryonic lethality due in part to misregulation of homeobox
gene expression!3. However, no morphological defects have been
reported in MII2*/~ mice!3.

Most of the MLL2 variants identified in individuals with Kabuki
syndrome are predicted to truncate the polypeptide chain before
translation of the SET domain. Though it is not certain whether
Kabuki syndrome results from haploinsufficiency or from a gain of

" function at MLL2, haploinsufficiency seems to be the more likely

mechanism. Deletion of chromosome 12q12-q13.2, which encom-
passes MLL2, has been reported in a child with characteristics of
Noonan syndrome!“. However, we re-analyzed this case using oligo
aCGH (including 21 probes that cover MLL2) and found the distal
breakpoint to be located ~700 kb proximal to MLL2 (data not shown).
Also, all of the pathogenic missense variants identified here are located
in regions of MLL2 that encode C-terminal domains. This suggests
that missense variants elsewhere in MLL2 may be better tolerated or,
alternatively, may be embryonically lethal.

For the 18 of 53 cases for which no previously unidentified pro-
tein-altering variant was found, it is possible that noncoding or
other missed mutations in MLL2 are responsible for this disorder.
Alternatively, Kabuki syndrome could be genetically heterogeneous,

1 2345 678 9 10 11 12 13 14 15-18 19 20212223 24-27 2829 30

E1 554)(1' E1965lsr

R1615X

P1196fs*

pasztst

and further analysis of these cases by exome sequencing may eluci-
date additional genes for Kabuki syndrome and potentially explain
some of the phenotypic heterogeneity seen in this disorder. Notably,
9 of 10 individuals in the discovery cohort (90%), but only 26 of 43
individuals in the replication cohort (60%), were ultimately found
to have mutations in MLL2. It is therefore possible that the careful
selection of canonical Kabuki cases for the discovery cohort enriched
for a shared genetic basis. This underscores the importance of access
to deeply phenotyped and well-characterized cases.

In summary, we applied exome sequencing of a small number
of unrelated individuals with Kabuki syndrome to discover that
mutations in MLL2 underlie this disorder. As predicted in previous
analyses?3, allowing for even a small degree of genetic hetero-
geneity or missing data substantially confounds exome analysis
by increasing the number of candidate genes consistent with the
model of inheritance. To facilitate the prioritization of genes under
such criteria, we stratified data by ranked phenotypes and found
that MLL2 was prominent in the higher ranked cases. However,
nine of the ten individuals with Kabuki syndrome in the discovery
cohort were ultimately found to have MLL2 mutations, such that
stratification by phenotype was of less importance than originally
appeared to have been the case. Nonetheless, the sequential analysis
of ranked cases may have reduced the probability of confound-
ing due to genetic heterogeneity. All of the MLL2 mutations found
in the discovery set via exome sequencing were loss-of-function
variants. As a result, MLL2 ranked highly among candidate genes
assessed by predicted functional impact. Such a pattern will likely
occur for some, but not all, Mendelian phenotypes subjected to this
approach. We anticipate that the further development of strategies
to stratify data at both the genotypic and phenotypic level will be
critical for exome and whole-genome sequencing to reach their full
potential as tools for discovery of genes underlying Mendelian and
complex diseases.

URLs. RefSeq 36.3, ftp://ftp.ncbi.nlm.nih.gov/genomes/MapView/
Homo_sapiens/sequence/BUILD.36.3/updates/seq_gene.md.gz;
Phaster, http://www.phrap.org; SeattleSeq Annotation, http://gvs.
gs.washington.edu/SeattleSeqAnnotation/; 1000 Genomes Project,
http://www.1000genomes.org/page.php/; dbGaP accession, http://
www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_
id=phs000295.v1.pl.
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Figure 1 Genomic structure and allelic spectrum of MLL2 mutations that cause Kabuki syndrome. MLLZ is composed of 54 exons that encode
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 32 different mutations found in 53 families with Kabuki syndrome including 20 nonsense mutations, 7 indels
and 5 amino acid substitutions. Asterisks indicate mutations that were confirmed to be de novo and crosses indicate cases for which parental DNA
was unavailable. The two underlined mutations were transmitted each within a family, from an affected parent to an affected child.
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METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.

Accession codes. Exome data for the discovery cohort is available via the
NCBI dbGaP repository under accession number phs000295.v1.p1.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Cases and samples. For exome sequencing, we selected ten individuals of
self-reported European, Hispanic or mixed European and Haitian ancestry
with Kabuki syndrome from ten unrelated families. Phenotypic data were
collected from review of medical records, phone interviews and photographs.
All participants provided written consent, and the Institutional Review Boards
of Seattle Children’s Hospital and the University of Washington approved all
studies. The clinical characteristics of the 43 individuals in the validation
cohort who had been diagnosed with Kabuki syndrome have been reported
previously’. Subjective assessment and ranking of the Kabuki phenotype was
based on pictures of each subject (Supplementary Fig. 1) and clinical informa-
tion (Supplementary Table 1). Informed consent was obtained for publication
of each of the facial photos shown.

Exome definition, array design and target masking. We targeted all
protein-coding regions as defined by RefSeq 36.3. Entries were filtered for the
following: (i) CDS as the feature type, (ii) transcript name starting with “NM_”
or “-% (iii) reference as the group_label, (iv) not being on an unplaced contig
(for example, 17|NT_113931.1). Overlapping coordinates were collapsed for a
total of 31,922,798 bases over 186,040 discontiguous regions. A single custom
array (Agilent, 1M features, aCGH format) was designed to have probes over
these coordinates as previously described’, except here, the maximum melting
temperature (T},,) was raised to 73 °C.

The mappable exome was also determined as previously described? using
this RefSeq exome definition instead. After masking for ‘unmappable’ regions,
30,923,460 bases were left as the mappable target.

Targeted capture and massive parallel sequencing. Genomic DNA was
extracted from peripheral blood lymphocytes using standard protocols. Five
micrograms of DNA from each of ten individuals with Kabuki syndrome was
used for construction of a shotgun sequencing library as described previously®
using paired-end adaptors for sequencing on an Illumina Genome Analyzer IT
(GAII). Each shotgun library was hybridized to an array for target enrich-
ment; this was then followed by washing, elution and additional amplification.
Enriched libraries were then sequenced on a GAII to get either single-end or
paired-end reads.

Read mapping and variant analysis. Reads were mapped and processed
largely as previously described?. In brief, reads were quality recalibrated using
Eland and then aligned to the reference human genome (hg18) using Maq.
When reads with the same start site and orientation were filtered, paired-end
reads were treated like separate single-end reads; this method is overly con-
servative and hence the actual coverage of the exomes is higher than reported
here. Sequence calls were performed using Maq and these calls were filtered
to coordinates with 28x coverage and consensus quality > 20.

Indels affecting coding sequences were identified as previously described?,
but we used phaster instead of cross_match and Magq. Specifically, unmapped

reads from Maq were aligned to the reference sequence using phaster (version
1.100122a) with the parameters -max_ins:21 -max_del:21 -gapextend_ins:-1
-gapextend_del:-1 -match_report_type:1. Reads were then filtered for those
with at most two substitutions and one indel. Reads that mapped to the nega-
tive strand were reverse complemented and, together with the other filtered
reads, were remapped using the same parameters to reduce ambiguity in the
called indel positions. These reads were then filtered for (i) having a single
indel more than 3 bp from the ends and (ii) having no other substitutions
in the read. Putative indels were then called per individual if they were sup-
ported by at least two filtered reads that started from different positions. An
‘indel reference’ was generated as previously described?, and all the reads
from each individual were mapped back to this reference using phaster with
default settings and -match_report_type:1. Indel genotypes were called as
previously described?.

To determine the novelty of the variants, sequence calls were compared
against 16 individuals for whom we had previously reported exome data®?
and 10 EGP exomes. Annotations of variants were based on NCBI and UCSC
databases using an in-house server (SeattleSeqAnnotation). Loss-of-function
variants were defined as nonsense mutations (premature stop) or frame-shift-
ing indels. For each variant, we also generated constraint scores as imple-
mented in GERP'?.

Post hoc ranking of candidate genes. Candidate genes were ranked by sum-
mation of a case score and variant score. The case score was calculated by
counting the total number of Kabuki exomes in which a variant was identi-
fied at a given gene, weighted for case rank from 1 to 10. For example, the top
ranked case was weighted by a factor of 10, whereas the case ranked tenth was
weighted by a factor of 1. The variant score was calculated by first counting the
total number of nonsense, nonsynonymous and synonymous variants across
the ten Kabuki exomes and assigning a prior probability of the occurrence of
each variant type per gene based upon the target of 18,918 genes. Next, for
each candidate gene shared among two or more Kabuki exomes, the scores
for each newly identified variant were summed across the gene. The case score
and variant score were summed as the candidate gene score.

Mutation validation. Sanger sequencing of PCR amplicons from genomic
DNA was used to confirm the presence and identity of variants in the candi-
date gene identified via exome sequencing and to screen the candidate gene
in additional individuals with Kabuki syndrome.

Array comparative genomic hybridization (CGH). Samples were hybrid-
ized to commercially available whole-genome tiling arrays consisting of one
million oligonucleotide probes with an average spacing of 2.6 kb through-
out the genome (SurePrint G3 Human CGH Microarray 1x1M, Agilent
Technologies). Twenty-one probes on this array covered MLL2 specifically.
Data were analyzed using Genomics Workbench software according to the
manufacturer’s instructions.

NATURE GENETICS

doi:10.1038/ng.646



Exome sequencing identifies MLL2 mutations as a cause of Kabuki syndrome

Sarah B. Ng', Abigail W. Bigham?’, Kati J. Buckingham?, Mark C. Hannibal*®, Margaret
McMillin?, Heidi Gildersleeve®, Anita E. Beck®?, Holly K. Tabor®®, Greg M. Cooper®, Heather C.
Mefford?, Choli Lee®, Emily H. Turner?, Josh D. Smith?, Mark J. Rieder!, Koh-ichiro Yoshiura®,
Naomichi Matsumoto®, Tohru Ohta®, Norio Niikawa®, Deborah A. Nickerson®, Michael J.
Bamshadl’z'aT,Jay Shendure®’

Departments of 'Genome Sciences and 2Pediatrics, University of Washington, Seattle,
Washington, USA. *Seattle Children’s Hospital, Seattle, Washington, USA. *Department of
Human Genetics, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki, Japan.
>Department of Human Genetics, Yokohama City University Graduate School of Medicine,
Yokohama, Japan. °Research Institute of Personalized Health Sciences, Health Sciences
University of Hokkaido, Hokkaido, Japan

Supplementary Figures 1-3 and Supplementary Tables 1-3

Nature Genetics: doi:10.1038/ng.646



Z 9v9'Bu/geoL 0L 10p s2pBUBY SIMEN

‘umoys soyoyd
|e1oe) ay1 O yoea Jo uoledijgnd J0) PaUIR1go SEM JUISUOI PIWIOLU| ‘PIIIUIPI DISM SUONRINW ZTTA UIIYM Ul S3SEI 31edIpUl SYSLIDISY "SWOIPUAS
pngey jo adAlouayd |ediuoued syl 0} Aje|iwisS UO paseq OT-T WOJy 313y Palsl| SI SWOJIPUAS pngey yum uaapjiyd ual ayl jo Supjues adAlouayd
ay] -sadAjousayd pingey jo Supjues aA1LIgNS 3yl sulwIRBP 0} pash sdlislIdldeIeYd |eldey 3yl jo sydesSoloyd T 24nSi4 Asequswajddng




949 BU/gEOL 0L1I0p ($21IBUSD SIMEN

‘(sasenbs anjq) a103s juelea
pue (s3|8uel) pal) 3102s ased Jo wns Agq payued sased pngey QT Ul (s3]2410 uaald) sa102s auas ajepipued aAl-Aluamy dol ays jo So| ayi Jo 10/d
*UOI1BlOUUE [BUOIIdUN} pue SlueleA paleys uo paseq Supuanbas swoxa Aq paynuapl sauad ajepipued jo Supjuey *z ainsi4 Asejuawajddng

o~ (o)
= 5 o o & x
WOOHV 3 Q9 ~ > 5 9
o v o T & = = » T o ® O
S 3: %858 .39 8883882883888, ¢ s
g b d = C = )
f B &8 © 8 8 3 X 8 R 8 8 5§ & 2% B 8 2 & T 8 8 & K
P T TN U SN SN N N RN SN S S NN SN SN S SR SN S SR S S S
— &
— P
v v v
o v Y v Y v v v v ¥ v
v ¥ vy v
.‘.ﬂ(
A
oL

an
«n
81008 Bon




9$9'Bu/geOL 0L 10p [SonBUSS) SImepN

‘uUaAI8 os|e aJe sauad asoy} Suowe Z77 JO Juel pue g < Sy 1e paljiluspl Sauasd S1epipued JO Jaquinu [e10] "paledipul
Se S3103S SY YUM JO pauyap Ajjeuoilduny sl 1eyl JUBLIEA SJeJ B SBY SWOJPUAS DINGe) YUM S|enpiAipul JO Jaquinu uaAig syl 1ses| 1e ydiym
ul sauag alepipued Jo Jaqunp ‘dwolpuls pinge)y Suisnel sjuerien o) jood suad alepipued Yd1iua $3409s Juiesisuo) ¢ aindiy Asejuswsiddng

L € LL 0z 6¢ 90l 697 ¥SL 09€'C 9/LL'L LoVl ((0<sy)ewoL
VYN VN € 9 ! LY og1L 66€ ZeT'L zeL's zeL's URIZTIW
IUBLIBA UM S|ENPIAIPUL PI3D3Je-BNge) JO Jaquiny
+6 +9 +5 +{ +£ +7 +1 +0
P |
z
ol
b (01 3
o
@
S,
8
— 00l =
N
o
5]
o
000l ‘®
p ]
s

[2pul 102315 22Yjds ‘snowikuouks-uou _H_

— 00001




9v9'6u/gg0L 01110 1SoNBUBD aimeN

S
pJ02J3J [EJIPAW Ul pUNOJ 10U BlEP SI}0UP -
1uasaud jou Alljewsouqe sajouap du
1u3saud Ajijewaouge salouap X
elwylAyIsAp
X X X du du X X X X et
asA ‘asv ot
X du du du du du du du du du 6
X X X X X du du X - X du 8
X X X du du X - X - du /
X X X du du - du du du du 9
X X X X du du du du du asA ‘asv S
uoneldIeod
X X X X - X du du X — 14
SOA|BA
X X X du du X - - - pidsnoiq ‘uoilejoieod ¢
d10e ‘aSA/AsY
X X X X X X X X . saAeA pldsnalg z

‘uoI1e124e0d d10e

elwylAyisAp ‘sanjea
X X X X X X du X du pidsnaiq ‘uonejoueod |
d1oe ‘gsA/asy

Aejap
jeyuawdolanag

a1e|ed a1ejed s3ey/sud SSO| uonpunisAp  Ajjeuwuouge  Ajjewuouqe

payaJe ysiy a3 Jejnouneald  Suuesy Aaupp)j Asupry 19A17/usa|ds JejnaseAoipJle)

ejuojodAH

"3WOIPUAS PINGEY Y3m ualp|iyd 0T 3yl Jo Suyues adAyouayd aAiaalgns ay3 auiwialap 01 pPasn saiisialdeleyd [ealul)) T ajqel Atejuawsajddng



ovw,mc\wmo L0 L0 1s28Uss) aimeN

86S4NZ
‘EVET6ED01
. p (1Pput Yiysawe.y
miém:u_ xm,_dm w,_,__>_ / asuasuou)
Mmmu_zw mmmu_zu mmmn_zw m\j_\,_ v4ro UOIIUN}~§O-550) 5|
1IN 1N ZTIN TN Evvrend
0 0 0 T 4 4 € L 6v €SL
T1TAHMd
1SA1 ‘1SA1‘TVOHADd ‘9TONIN
"DIVNHY ‘TYOHADd ‘EVOHAId
JS:S. .\Nmmu“cz ﬁ#mamwuo._ 19113 Ul 10N
20NN ddsa ddSd ‘T99HAId 1N
‘DIVNHY ‘99NN ‘92NN ‘8978ZTO0TI01
9TONN ‘912NN ‘TONIN “1dAT ‘TONIN TAVYNHY
T € 9 91 144 0T e T0L 122'C GE69
490NN
‘9TONIN
‘oTdzion
‘ODIVNHY S9WOX3
‘99N |043U02 Ul JON
CAVNHY ‘LENIN
‘912NN ‘0NN
[4 L (44 0s 06 81 66€ S20°T §98°C 128°L
sawouas oot Jo
143 09 88 8¢T 6t 88¢ 881 LSO0°T 169C  6TV'L 6CTdNSQpP Ul 10N
65T 98t'C 743 06’ 185V 68¢'S 609 ¥80°L  T7L'8  TvO'TT 1/SS/SN
(0t J0 x Aue)
0T 6 8 L 9 S v € 4 T

sisAjeue 1asqns 'y

07 > S2uag Jo JaqWInu 2J3YM T 3|ge] Ul S||3J 10} UBAIS SaWeU duao

"7 pue T 3|qe] ul paljluapl se sauas a1epipued uiellad Jo sisi] *z d|qel Atejuawa|ddng



9v9°Bu/ge0L 0LiI0p :$oNBUBY BuMmeN

L
(13pur yiysaweyy
21N 1IN 211N / dsuasuou)
0 0 0 0 0 0 T T T SZ uolduUn4-40-ssoj s
TITaHNd
‘TIVNHY ‘92NN
0NN ‘VTI92Y
TITAHNd ‘1SA1 ‘“TVOHADd
OIVNHY ‘DIVNHY ‘EVOHADd
.ww:_z ‘onNN dw:_z ‘ONN H~<wxoun_ JOYB U1 10N
TVHHAId TV9OHA2d 199HADd
DIVNHY DIVNHY ‘EVDHADd ‘EVOHADd ‘9TONIN ‘THEN
OIVNHY ‘9ONIN ‘9NN ‘ZYDHADd ‘TVOHAId ‘YONIN TTTIN
“TONN ‘20NN ‘TONN ‘T899HAYd ‘T99HADd ‘TOANA ‘VETSdA
9TONN ‘9TONIN ‘9TONN ‘9TONIN ‘912NN ‘91NN ‘4TOLV ‘TINYYS
T € 14 14 8 6 8T 143 68 L9Y
TITAHNd TITAHId
“OIVNHY “DIVNHVY
‘0T9219n ‘019z19Nn
TITAH}d ‘92NN ‘2ONIN ‘9ONN ‘2ONIN
‘DIVNHY ‘YYOHADd ‘PVOHAId
‘0t9zLoNn ‘TVOHADd ‘TVOHADd Sawoxa
DIVNHY ‘92NN ‘EVOHADd ‘€¥OHADd |0J43U0d Ul 10N
DIVNHY ‘92NN ToNN ‘TvOHADd ‘TVOHAId
‘92NN ‘TONIN ‘9TONIN ‘T99HADd ‘T49HADd
OIVNHY ‘2NN ‘910NN ‘LENIN ‘9TONN ‘9TONIN
‘9TONIN ‘9TONIN ‘LENI ‘N2sg0 ‘LENIT ‘NOSE0 ‘LENIT ‘NS0
74 1% S 8 €T €T 9Z 09 YET S/29
sawouas 00T 40
vE 6€ ov w S €9 v8 SYT and 189 6CTdNSIP Ul JON
6SV'T 0091 9891 LT 663'T 820'C vSE‘C 0sZ's 0s8°c Z81'S 1/SS/SN
sishjeue
0T+ 6+ 8+ L+ 9+ S+ v+ €+ Z+ 1 [enuanbas g

0¢ > S9uas O JaquInu aJ3aYM 7 3|ge] Ul S||3 10} UDAIS SaWEU U39

"Z PuUB T 3|qel Ul paljiluapl se sauas ajepipued ulelad Jo sisi] "panuniuod g ajqe] Asejuawsajddns



Supplementary Table 3. Annotation of all MLL2 mutations found in 53 Kabuki cases screened.

Exome Predicted Amino Confirmed as
Kindred Indiv  Sequenced Mutation Exon Acid Change de novo Position”
1 yes ¢.G15195A 48 pP-W5065X + chr12:47706821
2 yes c.C6010T 28 p.Q2004X + chr12:47722238
3 yes c.C12697T - 29 p.Q4233X + ~ chr12:47712058
4 _yes ~ c.C8488T 34 p.R2830X - chr12:47718918
5 yes - - - - -
6 yes €.11794 11797delCAAC 39 p.Q39325fsX46 + chr12:47712958-61
7 yes c.T15618G 48 p.Y5206X + chr12:47706398
8 yes €.3585_3586insA 11 p.P1196TfsX11 + chr12:47730053-54
9 yes c.C6295T 31 p.R2099X + chr12:47721525
10 yes c.6595delT 31 p.Y2199IfsX65 + chr12:47721225
11 no c.G15326T 48 p.C5109F + chr12:47706690
12 no c.G15536A 48 p.R5179H + chr12:47706480
13 no c.C11149T 39 p.Q3717X + chr12:47713606
14 no €.15444 15445delTT 48 p.F5149CfsX9 - chr12:47706571-72
15 no c.C15217T 48 p.Q5073X - chr12:47706799
16 no ¢.C9961T 34 p.R3321X - chr12:47717445
17 no c.C14710T 48 p.R4904X - chr12:47707306
18 no ¢.5875_5891dupl7 28 p.E1965GfsX88 - chr12:47722341-57
19 no c.G15536A 48 p.R5179H - chr12:47706480
20 no c.C12703T 39 p-Q4235X - chr12:47712152
21 no c.C12241T 39 p-Q4081X - chr12:47712514
22 no ¢.C13390T 39 p.Q4464X + chr12:47711365
23 no c.G15641A 48 p.R5214H - chr12:47706375
24 no - -= - - -
25 1 no €.A13580T 40 p.K4527X * chr12:47711035
2 no ¢.A13580T 40 p.K4527X - chr12:47711035
26 no c.C16501T 53 p.R5501X - chr12:47702113
27 1 no - -- - - -
2 no - - -- - -
28 no - - - - -
29 no c.C10738T 38 p-Q3580X - chr12:47714119
30 no - -- -~ -= -
31 no c.C16360T 52 p.R5454X - chr12:47702382
32 no -- -- - -- --
33 no - - -- - --
34 no - -- - -- --
35 no €.4956_4957insG 19 p.E1654X - chr12:47724800-01
36 no €.10599_10630del32 38 p.V3534QfsX11 - chr12:47714227-58
37 no -- - -- - -
38 no c.C13606T 40 p.R4536X - chr12:47711008
39 no c.G16019T 50 p.R5340L - chr12:47704661
40 no c.C4843T 19 p.R1615X - chr12:47724914
41 no c.C16391T 52 p.T5464M - chr12:47702351
42 no - -- - - -
43 no - A - = -
44 o no - - - - - N -
45 - no ~ c.C16360T 52 p.R5454X - chr12:47702382
46 no -- -- - - -
47 no -- -- -= -- -
48 no == == - - -
49 no - - - - -
50 no c.1324delC 10 p.P442HfsX487 - chr12:47732409
51 no - - = - -
52 1 no c.C16391T 52 p.T5464M * chr12:47702351
2 no c.C16391T 52 p.T5464M - chr12:47702351
53 no - - - -- --

no mutation identified

confirmed de novo

no parental samples available

stop codon
frameshift

chromosomal position was determined using March 2006 assembly from UCSC (hg18)

confirmed as inherited

Kindreds 25, 27 and 52 show dominant transmission of Kabuki syndrome from parent to child. Both affected individuals are listed here.
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