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Abstract

Kabuki syndrome (KS) is a rare multiple congenital anomaly syndrome characterized by distinctive facial features, global
developmental delay, intellectual disability and cardiovascular and musculoskeletal abnormalities. While mutations in KMT2D
have been identified in a majority of KS patients, a few patients have mutations in KDM6A. We analyzed 40 individuals clinically
diagnosed with KS for mutations in KMT2D and KDM6A. Mutations were detected in KMT2D in 12 and KDM6A in 4 cases,
respectively. Observed mutations included single-nucleotide variations and indels leading to frame shifts, nonsense, missense
or splice-site alterations. In two cases, we discovered overlapping chromosome X microdeletions containing KDM6A. To further
elucidate the functional roles of KMT2D and KDM6A, we knocked down the expression of their orthologs in zebrafish. Following
knockdown of kmt2d and the two zebrafish paralogs kdmé6a and kdmé6al, we analyzed morphants for developmental
abnormalities in tissues that are affected in individuals with KS, including craniofacial structures, heart and brain. The kmt2d
morphants exhibited severe abnormalities in all tissues examined. Although the kdm6a and kdméal morphants had similar
brain abnormalities, kdm6a morphants exhibited craniofacial phenotypes, whereas kdméal morphants had prominent defects
in heart development. Our results provide further support for the similar roles of KMT2D and KDM6A in the etiology of KS by
using a vertebrate model organism to provide direct evidence of their roles in the development of organs and tissues affected in
KS patients.

Introduction with KS have a recognizable facial gestalt consisting of long pal-
Kabuki syndrome (KS, OMIM # 147920) is a rare, autosomal dom- pebral fissures with eversion of the lower lateral lids, high arched
inant multiple congenital anomaly (MCA) syndrome. Patients eyebrows with sparse growth along the distal third, low-set and
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prominent ears, a shortened nasal septum and depressed nasal
tip (1,2). Additional features that are frequently associated with
KS include intellectual disability (ID, 92%), short stature (83%),
persistent fingertip pads (93%) and skeletal abnormalities (92%)
(1). The extent of ID may vary from low-normal to severe (1).
Microcephaly and structural brain abnormalities including poly-
microgyria and atrophy of the cerebellum and brainstem have all
been described in KS (3-6). Congenital heart defects (CHDs) may
have a prevalence as high as 55% and include both septal defects
(atrial or ventricular) and aortic coarctation (1,7-9).

Mutations in KMT2D (previously MLL2) have been identified
in 34-76% of patients with KS (10-15). The KMT2D transcript
spans 19.4 Kb and codes for a 593-kDa protein product (16).
KMT2D is a member of the SET-domain-containing family of his-
tone methyltransferases, responsible for tri-methylation of his-
tone H3 at lysine 4 (H3K4me3), an epigenetic mark associated
with transcriptionally active genes (17,18). Mutations in KMT2D
could not be identified in all cases of KS, suggesting that there
may be other genes underlying the etiology of disease in a subset
of KS patients (10). Recently, six KMT2D-mutation-negative KS
patients were reported to have deletions or nonsense single-
nucleotide variations (SNVs) in KDM6A (previously UTX), a his-
tone H3 lysine 27 (H3K27)-specific demethylase (19-21). The
KDMG6A transcript is 5.4 Kb and is translated into a 154-kDa pro-
tein (16). KDM6A removes the H3K27me3 mark that is associated
with gene silencing (22,23). KDM6A associates with KMT2D and
several other proteins including RBBPS, DPY30, WDRS, MATR3,

A
chrX (p11.3-p11.23)

ASH2L, NSD1, PAXIP1, NCOA6 and cl6orf53, in a complex
which is involved in regulating the expression of a wide range
of downstream genes (24).

In this study, we report the mutation analysis of KMT2D and
KDMS6A in 40 individuals clinically diagnosed with KS. We identi-
fied potentially pathogenic mutations in either KMT2D or KDM6A
in 16 cases. Further, we have performed functional analysis of
KMT2D and KDM6A by morpholino antisense oligonucleotide-
based knockdown of the expression of their zebrafish orthologs.
Our results demonstrate that both genes play similar and critical
roles in early vertebrate development, and their reduced expres-
sion results in craniofacial, cardiac and brain abnormalities.

Results
Analysis of KMT2D and KDM6A in KS patients

We screened 40 individuals with a clinical diagnosis of KS for mu-
tations in KMT2D and KDM6A. Genomic DNA from these indivi-
duals was first analyzed for copy number alterations using
Affymetrix 500-K SNP arrays. Two female subjects were found
to have microdeletions on Chromosome X. Subject 1 had a 3.2-
MB deletion at ChrXp11.3 (chrX:43620636-46881568) involving
13 genes and Subject 2 had a 2-Mb deletion (chrX:43620636-
45642604) involving 7 genes nested within the larger deletion
present in the other patient (Fig. 1A). The region shared between
the two deletions contained KDM6A, which had recently been
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Figure 1. Spectrum of mutations in subjects diagnosed with KS. (A) An ideogram of chromosome X is shown, highlighting a region of Xp11.3-p11.23 with a red box. An
expanded view of this region is shown including the genes and chromosomal coordinates. The microdeletions detected in Subjects 1 and 2 are shown as black bars. (B) The
KMT2D and KDM6A proteins are shown as gray bars. The functional domains in each protein are indicated by colored bars. The location of alterations, in both proteins,

detected in Subjects 3-16 are indicated by vertical black lines.



Table 1. KMT2D and KDM6A mutations in KS subjects
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Proband Gender Gene affected Chromosomal location (hg19) Effect at cDNA level Effect at protein level
1 F KDM6A chrX:43620636-46881568 Microdeletion Haploinsufficiency

2 F KDM6A chrX:43620636-45642604 Microdeletion Haploinsufficiency

3 F KDM6A chrX:44913077 c.752G> A p.Trp251**

4 M KDM6A chrX:44949177 c.3736+2T>C Splice Site

5 M KMT2D chr12:49425800 c.12688C>T p.GIn4230*

6 M KMT2D chr12:49431178 c.9961C>T p.Arg3321*

7 F KMT2D chr12:49432396 c.8743C>T p.Arg2915*

8 F KMT2D chr12:49421090 c.14659G >T p.Glu48g7*

9 M KMT2D chr12:49436066-73 €.5908_5915del p.-Asp1970Leufs*20
10 M KMT2D chr12:49420511-14 €.15235_15238del p.Asn5079Trpfs*10

11 M KMT2D chr12:49434958 c.6595del p.Tyr21991lefs*65

12 F KMT2D chr12:49434072-73 c.7481dup p-Ala2496Serfs*10

13 M KMT2D chr12:49415935 c.16413-1G>C Splice Site

14 M KMT2D chr12:49426675-92 €.11796_11813del p.GIn3934_GIn3939del
15 F KMT2D chr12:49420607 c.15142C>T p.Arg5048Cys

16 F KMT2D chr12:49421017 c.14732C>T p.Pro4911Leu

F, female; M, male; *, premature stop codon; del, deletion; fs, frame shift; dup, duplication.

shown to be deleted in three KMT2D-mutation-negative KS
patients (19). Furthermore, no other copy number variations
(CNVs) of clinical significance were detected in any of the remain-
ing subjects. We next performed targeted Sanger sequencing of
all exons of KMT2D and KDM6A in all 40 subjects, which detected
2 additional mutations in KDM6A and 12 mutations in KMT2D
(Table 1). The mutations that were detected are described further
in the Supplementary Material.

Expression patterns of zebrafish orthologs of KMT2D
and KDM6A

In order to study the potential role of KMT2D and KDM6A in ver-
tebrate development, we used the zebrafish (Danio rerio) as a
model organism. There is one ortholog of KMT2D (kmt2d) in zeb-
rafish, and two orthologs of KDM6A (kdmé6a and kdmé6al), which
arose from an evolutionary partial genome duplication in tele-
osts (25). We used whole-mount in-situ hybridization to deter-
mine that kmt2d, kdm6a and kdméal transcripts are similarly
ubiquitously expressed throughout the embryo by 24-h post-
fertilization (hpf), with the highest expression observed in the
head (Supplementary Material, Fig. S1). By 48 hpf, transcript
levels are reduced, but still present in the brain.

Knockdown of kmt2d, kdmé6a and kdmé6al with
morpholino antisense oligonucleotides

We hypothesized that the distinctive craniofacial features ob-
served in KS are predominantly caused by haploinsufficiency of
KMT2D or KDM6A during development. To test this, we designed
a combination of transcription start-site (TSS) and splice-site (SS)
blocking morpholinos (MOs) to knock down the expression of
kmt2d, kdmé6a and kdmé6al. Embryos were injected with MOs
prior to the four-cell stage to knock down the expression of the
target genes, after which the developmental progress of the em-
bryos was monitored (26). Efficacy of SS blocking morpholinos
was confirmed by reverse transcription PCR and sequencing of
transcripts obtained from injected embryos (Supplementary
Material, Fig. S2). Translation blocking and SS blocking MOs
were injected independently to ensure similar phenotypes were
obtained and then combined.

Analysis of craniofacial development in morphants

Alcian blue and alizarin red staining was performed on 5 day
post-fertilization (dpf) morphants to visualize cartilage and
bone, respectively. In kmt2d morphants (N =41), we observed sig-
nificant craniofacial defects with severe hypoplasia of the viscer-
ocranium as compared with uninjected controls, including
complete loss of branchial arches 3-7 (68%), Meckel's cartilage
(22%) and the ceratohyal (44%) from the cartilaginous structures,
whereas the bony cleithrum (85%) and opercles (42%) were com-
monly absent as well (Fig. 2A, B and Supplementary Material, Ta-
ble S1). When these structures were present, they were often
incompletely formed or clefted, and in the case of the ceratohyal
cartilage joint, inverted in a posterior orientation (Supplemen-
tary Material, Table S1). Development of the neurocranium ap-
peared normal, except for a slight truncation of the ethmoid
plate and trabeculae. Rescue experiments using human KMT2D
transcript or the zebrafish ortholog were not possible owing to
unavailability of full-length cDNA clones, likely due to the ex-
tremely large size of KMT2D transcript (>19 Kb).

We observed a craniofacial phenotype comparable with kmt2d
morphants in the kdm6a morphants as well (N =131). This in-
cluded hypoplastic branchial arches (92%), Meckel’s cartilage
(18%), ceratohyal (40%), cleithrum (72%) and opercles (87%) at
similar levels to kmt2d morphants (Fig. 2C and Supplementary
Material, Table S1). Coinjection of kmt2d MO with kdmé6a MO
was embryonic lethal prior to 4 dpf (data not shown). We also
co-injected kdmé6a MO with in vitro synthesized human KDM6A
transcript (N =30). This led to a partial rescue of the craniofacial
phenotype, with a reduced number of embryos missing the bran-
chial arches (13%), Meckel’s cartilage (3%), ceratohyal (13%),
cleithrum (7%) and opercles (30%), demonstrating that the knock-
down of kdméa is causing these specific defects and that the
human homolog is sufficient to rescue the morphant phenotype
(Fig. 2D and Supplementary Material, Table S1). The kdm6al mor-
phant (N =31) did not exhibit craniofacial defects (Fig. 2E and
Supplementary Material, Table S1). Co-injection of kdmé6a and
kdm6al MO did not alter the severity of the phenotype compared
with kdmé6a morphants alone. Together, these data suggest that
both kmt2d and kdm6a are necessary for patterning of the viscer-
ocranium during embryonic development and that kdméal does
not function in this role.
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Figure 2. Defects in craniofacial development observed in morphant zebrafish
embryos. Five day post-fertilization embryos were treated with alcian and
alizarin dyes, which stain cartilage blue and bone red. Both ventral and left
sagittal views focused on the visceral cranial cartilages at 10x magnification are
shown. (A) Un-injected, wild-type control; (B) A typical kmt2d morphant; (C) A
typical kdm6a morphant; (D) A kdmé6a morphant coinjected with human
KDMG6A; (E) A typical kdm6al morphant. Bb, basibranchial; Cb, ceratobranchial
arches 3-7; Ch, ceratohyal; O, opercle; Eth, ethmoid plate; M, Meckel’s cartilage.

Morpholino knockdown of kdméal resulted in a posterior trun-
cation defect (Supplementary Material, Fig. S3). However, poster-
ior development was not affected by knockdown of kmt2d or
kdméa at concentrations that resulted in craniofacial defects
(Supplementary Material, Fig. S3).

Analysis of heart development in morphants

The observation of cardiac edema in all three morphants (Sup-
plementary Material, Fig. S3) suggested abnormalities in cardiac
function. Consequently, we tested the effect of kmt2d, kdm6a and
kdmé6al knockdown on cardiac development in the zebrafish
transgenic line Tg(szhand2:mCherry;cmlc2:gfp)<°*°, which ex-
presses GFP under the cmlc2 promoter to visualize developing
cardiac tissues (27). Following MO knockdown, we observed mor-
phological defects in cardiac development at 48 hpf in kmt2d and

kdm6al morphants, with a milder defect in kdméa morphants.
Morphants in all three experimental groups exhibited abnormal
development of the atria and/or ventricle, as well as prominent
bulging of the myocardial wall. This was most pronounced in
the kmt2d morphants, whereas effects in kdméa and kdméal mor-
phants were less severe.

Additionally, we observed that the organization of the mor-
phant hearts at 48 hpf was more linearly arranged along the mid-
line when compared with wild-type embryos, whose hearts
exhibited the S-shape characteristic of proper looping morph-
ology at this time point. In order to quantify the magnitude of
this abnormal cardiac morphology, we measured the extent of
cardiac looping involution at 48 hpf. The ‘looping angle’ was de-
termined by measuring the angle of the atrioventricular junction
relative to the mid-sagittal plane (Fig. 3, inset). During normal
heart development, the looping angle decreases over time as
looping involution progresses and is used as a measure of cardiac
maturation (28). At 48hpf, the wild-type embryos had an average
atrioventricular angle of 32° (N =49). We found that progression
through looping morphogenesis was significantly lower in
kmt2d morphants (71°, N = 30, P = 1.05 x 10%) and kdmé6al mor-
phants (54° N =50, P=4.17 x 10~%) compared with wild type, but
not significantly different in kdm6a morphants (39° N=34,
P =0.096) (Fig. 3). This suggests that progression of cardiac loop-
ing involution in morphants is defective compared with wild-
type embryos.

To test the redundancy of kdm6a and kdméal in cardiac devel-
opment, embryos were co-injected with MOs targeting both
kdmé6a and kdmé6al together. This resulted in further impairment
of the looping progression to levels approaching kmt2d mor-
phants (67° N =40, P =7.07 x 10~®) (Fig. 3). The cardiac phenotype
observed in kdm6al morphants was partially rescued by coinjec-
tion with human KDM6A mRNA (41° N =31, P=0.001) (Fig. 3). Co-
injection of human KDM6A mRNA did not significantly alter the
already mild cardiac phenotype of kdm6a morphants (data not
shown).These data suggest that kmt2d and kdméal have crucial
roles in cardiac development and that kdmé6a and kdmé6al have
some functional redundancy in this role.

Analysis of brain development in morphants

In order to determine the effects of the knockdown of KS genes
on brain development, we obtained transverse serial sections of
the brains of wild type and morphant embryos at 48 hpf. Sections
were stained with hematoxylin and eosin to observe cell morph-
ology, and comparable sections through the hypothalamus, optic
tectum and midbrain tegmentum were chosen for direct com-
parison (Fig. 4). When compared with wild-type embryos, the
cross-sectional areas of the brains of morphants were notably re-
duced (Fig. 4). This phenotype was similar between kmt2d, kdméa
and kdméal morphants and included a reduced cell layer thick-
ness within the hypothalamus, optic tectum and midbrain teg-
mentum (Fig. 4B, C and E). Co-injection with hKkDM6A mRNA
resulted in a partially restored cell layer thickness in both
kdmé6a and kdmé6al morphants (Fig. 4D and F). The hindbrain
was not as severely affected in morphant embryos (Supplemen-
tary Material, Fig. S4). We observed a reduced cell layer thickness
in sections through the hindbrain, including a decrease in the
size of the medulla oblongata (Supplementary Material, Fig. S4).
The decrease in hindbrain size did not affect the development
of the otic vesicles in any of the morpholino injected embryos.
Additionally, we observed unusually elongated nuclei in cells
of the midbrain along the ventricle as well as in the central region
of the forebrain in all of the morphant embryos that were
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Figure 3. Defects in heart looping observed in morphant zebrafish embryos. Images shown of hearts from 48 h post-fertilization zebrafish embryos in transgenic line Tg
(szhand2:mCherry; cmlc2:gfp)“*° which expresses green fluorescent protein (GFP) under the cmlc2 promoter were analyzed. The looping angle of the heart in the embryos
was measured as shown (inset). The measured looping angles are shown as a bar graph for the wild-type and morphant embryos along with a kdméal morphant coinjected
with human KDM6A mRNA. The number of embryos (n) tested in each category are shown. Error bars represent the standard error of the mean. The bottom panel shows
representative GFP-expressing hearts from each of the respective categories in the graph.

markedly distinct from the typically rounded nuclei present in
wild-type embryos. This phenotype was not observed in the
hindbrain sections (Fig. 4 and Supplementary Material, Fig. S4).
Within the central nervous system, elongated nuclei are a hall-
mark of actively dividing neural precursor cells (NPCs) and are
not observed in post-differentiated neurons (29). We postulated
that a decrease in neuronal differentiation was responsible for
the differences between wild-type and morphant brains. We
therefore evaluated expression of the NPC marker sox2 and the
post-mitotic neuronal marker huc in the brains of an additional
series of 48 hpf transverse sectioned embryos (Fig. 5) (29,30). In
wild-type embryos, a thin layer of sox2-positive NPCs was ob-
served lining the ventricles of the optic tectum and midbrain teg-
mentum, and in the central portion of the hypothalamus. The
majority of cells in these structures express huc, indicating that
they have undergone differentiation into early neurons. In con-
trast, a much larger population of cells within the forebrain and
midbrain of kmt2d, kdmé6a and kdméal morphant embryos con-
tinue to express sox2 at this time point. Only a small number of
cells express huc in the morphants, indicating that NPCs are de-
fective in their ability to differentiate. These differentiation de-
fects were not observed in the hindbrain of morphant embryos

(data not shown). These experiments highlight that kmt2d,
kdm6a and kdméal all have essential roles in neuronal differenti-
ation during normal vertebrate brain development.

Discussion

We have screened individuals clinically diagnosed with KS for
mutations in the candidate genes KMT2D and KDM6A. Of the 40
subjects tested, 16 had mutations in either KMT2D or KDM6A,
the two genes identified thus far as causative of KS. All of the var-
iants detected were predicted to be deleterious by computational
tools that predict the effect of mutations on protein function. Pre-
vious studies have detected KMT2D mutations in 44-76% of pa-
tients, whereas KMT2D mutations were identified in 32% of
subjects in this study (10-15). This difference in the detection
rate of KMT2D mutations in our study is partly due to the fact
that 16 of the subjects in our cohort who best fit the ‘classic’ KS
presentation had been previously sequenced for KMT2D muta-
tions and are not included in these numbers (11). The majority
of these KS subjects (14/16, 88%) carried deleterious mutations
in KMT2D. KS has a highly variable phenotype, and these results
support the suggestion by Banka et al. (2011) that patients
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Figure 4. Defects in brain morphology observed in morphant zebrafish embryos.
Hematoxylin and eosin (H&E) stained transverse sections of the zebrafish
containing elements of both fore- and mid-brain at 48 h post-fertilization. (A)
Wild-type control, (B) a typical kmt2d morphant, (C) a typical kdméa morphant,
(D) a typical kdmé6a morphant coinjected with human KDM6A mRNA, (E) a
typical kdmé6al morphant and (F) a typical kdméal morphant coinjected with
human KDM6A mRNA. H, hypothalamus; MT, midbrain tegmentum; OT, optic
tectum.

exhibiting a phenotype closely matching the ‘classic’ gestalt of
facial and other syndromic features are more likely to have muta-
tions in KMT2D (14).

The recent discovery of deletions encompassing KDM6A in
3/22 (14%) subjects with KS was the first evidence that mutations
in a gene other than KMT2D can cause the syndrome (19). An add-
itional screen detected point mutations in 3/32 (9%) KMT2D-
mutation-negative patients, whereas another study failed to
find KDM6A microdeletions/duplications in a cohort of 120 muta-
tion-negative patients (20,31). Our detection of 4/40 subjects
(10%) with variants in KDM6A is in accordance with previous find-
ings and indicates that KDM6A mutations are not sufficient to
explain all of the KMT2D-mutation-negative cases of KS. It is
noteworthy that KDM6A variants were detected in both male
and female KS patients in our study and by Lederer et al. (19).
KDMG6A has been shown to escape X inactivation independently
of the pseudoautosomal regions, suggesting a dosage contribu-
tion from both alleles in females (32). Furthermore, UTY, the

kmt2d MO
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kdm6al MO kdmé6al MO + hKDMo6A

Figure 5. Expression of sox2 and huc in morphant zebrafish embryo brains.
Transverse sections through the brain of 48h post-fertilization zebrafish
embryos immunofluorescently labeled with anti-sox2 (green) and anti-huc (red)
antibodies. (A) Wild-type control, (B) a typical kmt2d morphant, (C) a typical
kdm6a morphant, (D) a typical kdméa morphant coinjected with human KDM6A
mRNA, (E) a typical kdm6al morphant and (F) a typical kdm6al morphant
coinjected with human KDM6A mRNA.

KDM6A paralog on the Y chromosome, compensates for the re-
duced KDM6A transcript abundance in males (33). This supports
the view that KDM6A deletions and mutations, in both males and
females, represent an X-linked dominant inheritance.
Subsequently, 24 of our suspected KS subjects did not carry
detectable mutations in either KMT2D or KDM6A. There are mul-
tiple possible explanations for this result. One possibility is that
some of the mutation-negative subjects have disorders other
than KS, but with phenotypes similar to KS patients. Mutations
in the KMT2D-related histone methyltransferase KMT2A have
been identified in subjects with Wiedemann-Steiner syndrome,
which can be mistaken for KS owing to some phenotypic overlap
(34,35). This may explain a small number of cases but is unlikely
to be the case in all of these subjects. Another possibility is that
mutations in regulatory regions of KMT2D and KDM6A may
account for some of the cases and were not detected by the meth-
ods used. The dominant inheritance of KS combined with the
types of mutations identified to date makes this less likely.



Alternatively, there may be one or more additional KS causing
genes that have not yet been discovered. This possibility is
supported by the fact that in the majority of KMT2D-mutation-
negative patients, a mutation in KDM6A is not identified. Many
of these patients have ‘classic’ presentations and yet do not
have mutations in either KMT2D or KDM6A. In addition, both
KDM6A and KMT2D carry out their regulatory functions as part
of a large protein complex containing several proteins, making
them potential candidates for future analysis in mutation-
negative cases (24). We are currently utilizing whole-exome se-
quencing of KMT2D and KDM6A mutation-negative patients to
determine the identity of additional candidate KS genes.

The fact that modifiers of histone methylation are responsible
for KS highlights an emerging trend in the genetics of MCA syn-
dromes. There are increasing number of MCA syndromes that
appear to result from aberrations in histone modifications or re-
modeling. These include MCA and IDD disorders associated with
mutations in both histone methyltransferases [Sotos syndrome
(NSD1), Wolf-Hirschhorn syndrome (NSD2), 9q sub-telomeric de-
letion syndrome (EHMT1)] and demethylases [X-linked intellec-
tual disability and cleft palate (PFH8)] (36-39). Further, CHARGE
syndrome (Coloboma, Heart defects, Atresia of the choanae, Re-
tarded growth and development, Genital hypoplasia, Ear anom-
alies) (40-42) is primarily caused by mutations in CHD7, a DNA
helicase involved in histone remodeling. CHD7 contains two
chromodomains that target its binding and remodeling activity
to methylated H3K4, suggesting that development may be im-
paired owing to disruptions in H3K4 methylation and chromatin
remodeling pathways.

Although mutations in KMT2D are clearly responsible for the
majority of cases of KS, its function in many developmental pro-
cesses has not been characterized until now. We utilized the zeb-
rafish as a model organism for functional studies of these
candidate disease genes, which is an excellent and cost-effective
alternative to other vertebrate model organisms such as the
mouse. We have used morpholino-based knockdown of kmt2d,
kdmé6a and kdméal in zebrafish to study their roles in the develop-
ment of structures that are affected in subjects with KS. KMT2D
activity is required for activation of retinoic acid responsive
genes, implicating an important role in regulation of anterior-
posterior patterning of the brain (43,44). Furthermore, both
KMT2D and KDM6A have been shown to regulate expression of
anumber of Hox genes required for body patterning during devel-
opment (45-47). The kdm6a and kdméal genes have been knocked
down in zebrafish previously. A reduced posterior body length
and abnormal curvature of the spine has been reported in both
kdm6a and kdméal morphants, with misexpression of Hox
genes and notochord degeneration (48). This may be related to
spinal cord defects that are observed in some KS subjects, such
as scoliosis (35%) and spina bifida occulta (19%) (49). This pheno-
type was observed in our kdmé6al morphants as well, but was not
observed in kmt2d or kdm6a morphants. A more recent study
performed a detailed expression analysis of kdmé6a in zebrafish
embryos and demonstrated that knockdown of kdméa led to cra-
niofacial defects similar to those observed in our morphants (50).
However, a similar role for kmt2d in craniofacial development has
not been demonstrated until now.

Knockdown of kmt2d and kdmé6a lead to nearly identical cranio-
facial defects, most notably hypoplasia of cartilaginous structures
of the viscerocranium. Similarly, both kmt2d and kdmé6al were re-
quired for proper cardiac looping morphogenesis, with a smaller
contribution from kdméa. The distinct roles of kdméa in craniofa-
cial development and kdmé6al in cardiac development suggest
that their functions have diverged since the ancestral gene was
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duplicated in the teleost lineage. Notably, both paralogs appear
to be involved in neuronal development, as knockdown of either
kmt2d, kdmé6a or kdméal is sufficient to induce a reduction in
brain size and a reduced population of post-mitotic neurons at
48 hpf. This reduced brain volume is similar to clinical microceph-
aly reported in as many as 25% of KS subjects (49). Although there
was an accumulation of neural precursors compared with wild-
type embryos, the overall brain size of morphants was consider-
ably reduced. The capacity of human KDM6A mRNA to partially
rescue the defects caused by knocking down kdmé6a or kdméal de-
monstrates a high level of functional conservation between the
human and zebrafish proteins. Our data provide the first direct evi-
dence of the overlapping, functional roles of KMT2D and KDM6A in
the development of tissues and organs affected in KS subjects.

Many aspects of the KS phenotype appear to be related to a
global growth and developmental delay, including small stature
and microcephaly. In the zebrafish, the knockdown of kmt2d,
kdm6a and kdméal lead to incomplete cardiac involution and re-
duced hindbrain size, both of which may result from global
underdevelopment. However, the other defects we observed do
not appear to be due to global underdevelopment but are likely
due to perturbations in the development of specific tissues, re-
sulting from cellular dysfunction. For example, morphants ex-
hibit hypoplasia of structures that make up the viscerocranium,
but not the neurocranium. The viscerocranium is derived from
neural crest cells, whereas the neurocranium is mesodermal in
origin, suggesting that neural crest derivatives may be specifical-
ly affected by haploinsufficiency of KS genes (51,52). Similarly, in
the morphants, there is a defect in the differentiation NPCs only
within the forebrain and midbrain, but not the hindbrain. Fur-
ther, even though all morphants have markedly smaller brains,
only the kdmé6al morphants were reduced in overall body size
(Supplementary Material, Fig. S3). Therefore, the defects in
brain size in kmt2d and kdmé6a morphants are likely a conse-
quence of cellular dysfunction and not the result of underdevel-
opment. Furthermore, the divergence in the functional roles of
kdmeéa and kdmeéal in the zebrafish suggests that these genes
have specific regulatory roles in patterning of the craniofacial
skeleton and body axis, respectively.

In summary, we have identified 16 additional mutations in
the 2 known candidate genes, KMT2D and KDM6A, in patients
with KS. We have further demonstrated the critical functional
roles of these two candidate genes in embryonic development,
using zebrafish as a model organism. We determined that knock-
down of the zebrafish homologs of KMT2D and KDM6A causes de-
fects in tissues commonly affected in patients with KS, including
structures of the viscerocranial skeleton, heart and brain. We also
determined that in some tissues, these genes have overlapping
yet distinct functions. Thus, we provide a pathway by which can-
didate genes identified in subjects with genetically heteroge-
neous disorders such as KS can be functionally tested through
biologically relevant experimentation.

Materials and Methods

Human subjects

Allhuman subject samples used in this study were collected after
obtaining informed consent. Subjects were enrolled into an IRB
approved research protocol at the Children’s Hospital of Philadel-
phia. All subjects received a clinical diagnosis of KS based on dys-
morphic features characteristic of the disorder. Additional clinical
features in these subjects included defects in other organ systems
associated with KS, including congenital heart disease (aortic
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stenosis, ventricular septal defect and atrial septal defect), mild-
moderate developmental delay, hypotonia, gastrointestinal ab-
normalities (gastroesophageal reflux), strabismus, hearing loss,
genitourinary abnormalities (vesico-ureteral reflux) and micro-
cephaly. Genomic DNA was obtained either from peripheral
blood lymphocytes (PBLs) or from subject-derived cell lines.

Copy number analysis and Sanger sequencing

High resolution copy number analysis was performed using SNP
500 K arrays from Affymetrix (Santa Clara, CA, USA) as previously
described (53). PCR amplification of the KMT2D and KDM6A genes
was performed on an Applied Biosystems Veriti 96-well thermal
cycler using previously published KMT2D primers and primers de-
signed to tile across all exons of KDM6A (Supplementary Material,
Table S2) (10). Amplicons were purified using SPRI beads and se-
quenced on an ABI PRISM 3730x] using BigDye Terminator v3.1
chemistry by Beckman-Coulter Genomics (Danvers, MA, USA).
Alignment to the reference genes and variant calling was per-
formed using CodonCode Aligner (CodonCode Corporation, Cen-
terville, MA, USA), and all variants were visually inspected for
quality. Additional PCR primers were designed and used to amp-
lify regions with low-sequence, quality or low coverage calls for
variant confirmation. Identified variants were submitted to Clin-
Var under accession numbers SCV000207387-SCV000207402.

Zebrafish transgenic strains and husbandry

Zebrafish were raised in the University of Colorado Zebrafish Core
Facility as described (54). We used AB/TL wild-type zebrafish,
with results reproduced in the Ekkwill line. The tp532df/zdft
transgenic line was used as a control to rule out effects of apop-
tosis on phenotypes (55,56). Visualization of cardiac structures
was accomplished utilizing the Tg(szhand2:mCherry; cmlc2:
GFP)°° transgenic line (27). Embryos collected from pair matings
were maintained in E3 medium with 0.00001% (w/v) Methylene
Blue (embryo media).

Antisense morpholino and mRNA injections

All Morpholinos were acquired from Gene Tools LLC (Philomath,
OR, USA). One TSS blocking antisense MO was developed per
gene for kmt2d (5 CGCAGTTTGATTTCTGCTCGTCCAT 3'), kdméa
(5" CCGACACTCCGCACGATTTCATAGA 3') and kdméal (5 CCACC
GACACTCGGCACGGCTTCAT 3’). Two SS blocking MOs were de-
veloped for kmt2d (SS1: 5° GGTATAGCAGCAATGACAAACCATT
3',552: 5 GGTCCCTAAAATGAGACAACAGCTC 3’) and one was de-
veloped for kdmé6a (5 GTGTGCTGCAAATAGAGGACAACAC 3’) and
kdméal (5" TTTCCACAAGCATCTTTACCTTCAC 3'). Morpholinos
were mixed with a 10 mg/ml Dextran dye (Invitrogen, Grand Is-
land, NY, USA)/0.04 m KCL solution at a 1:1 ratio. 3 nL of MO mix-
ture was injected into the yolk of embryos at the 1-4 cell stage,
whereas 1-nL injections were used for mRNA rescue directly
into the single-cell zygote using a PLI-100 Pico-Injector from Har-
vard Apparatus (Holliston, MA, USA). Poorly injected embryos
were removed by sorting at 24 hpf for even distribution of fluores-
cent Dextran dye under a dissecting microscope. Injection of MOs
into the tp5324f/2dfL strain was performed to control for off-target
effects (55). TSS and SS MOs were injected independently to en-
sure similar phenotypes were obtained before co-injection with
sub-phenotypic concentrations of TSS and SS Morpholino in
combination. A mixture of 3 ng of each kmt2d MO was used to
knock down kmt2d. Kdmé6a was knocked down with 6 ng of the
TSS and 3 ng of the SS MO, whereas the kdm6al injection mixture

contained 5 ng each of the TSS and SS MOs. Ten nanograms of
standard control MO (5" CCTCTTACCTCAGTTACAATTTATA 3')
were injected as a control. Co-injection with 4 ng of the Danio
rerio p53 MO (5" GCGCCATTGCTTTGCAAGAATTG 3') was used as
a control when transgenic lines were used. At no time was more
than 3 nLinjected into any embryo (26). Rescue experiments were
performed by injecting 300 pg of human KDM6A mRNA directly
into the single cell. The human KDM6A mRNA was derived
from a full-length cDNA clone obtained from Open Biosystems
(Lafayette, CO, USA). In vitro transcription was performed with
the mMESSAGE mMACHINE SP6 Kit (Invitrogen). We verified
the efficacy of SS Morpholinos by RT-PCR (Supplementary Meth-
ods and Supplementary Material, Fig. S2).

Phenotyping of morphants

Alcian blue and alizarin red staining was performed as previously
described on 5 dpf wild-type and morphant embryos (57). Mor-
phants were scored for loss of craniofacial structures or dys-
morphic features, and statistical analysis of phenotypes was
carried out using Welch’s t-test or the Fisher’s exact test in R
(Supplementary Material, Table S2). Cardiac phenotypes of mor-
phant and wild-type embryos were assessed in Tg(szhand2:
mCherry;cmlc2:GFP)*°*° transgenic embryos, and the looping
angle was quantified as previously described (28). To determine
brain phenotypes, 48 hpf embryos were embedded head-down
in a heated solution consisting of 1.5% Agar and 5% Sucrose in
0.4 m phosphate buffer pH 7.4 and cut into blocks. Blocks were
sunk overnight at 4°C in a 30% sucrose solution prepared with
0.1 M phosphate buffer pH 7.4. Transverse sections were obtained
from frozen blocks at 7 pm of thickness for H&E staining and
15 pm of thickness for immunofluorescence on an Leica CM
1950 cryostat (Leica Biosystems, Nussloch, Germany). Hematoxy-
lin and eosin (H&E) staining was performed as previously de-
scribed. For cryosection immunofluorescence, samples were
rehydrated for 30 min in PBS, blocked for 30 min in PBS supple-
mented with 5% BSA and 5% goat serum, incubated overnight
at 4°C with primary antibodies in blocking solution, washed for
45 min with PBS, incubated for 30 min in secondary antibodies
in blocking solution, washed for 45 min with PBS and cover-
slipped with Vectashield mounting media (Vector Laboratories).
Antibodies used were rabbit anti-SOX2 (Abcam), mouse anti-
HuC (Life technologies), AlexaFluor 488 goat anti-rabbit (Life tech-
nologies) and AlexaFluor 594 goat anti-mouse (Life technologies).

Imaging

Imaging experiments were performed in the University of Color-
ado Anschutz Medical Campus Advance Light Microscopy Core.
Full-body imaging was performed on a Zeiss dissecting scope
equipped with the QIClick imaging system (QImaging, Surrey,
BC, USA). Imaging of the heart and brain was performed on a 31
VIVO Upright Spinning Disk confocal from Zeiss (Oberkochen,
Germany). Slidebook Imaging software version 5 (Intelligent Im-
aging Innovations, Denver, CO, USA) was utilized to capture
images and for Z-stack compression. Image ] version 1.44 (NIH,
Bethesda, MD, USA) and Photoshop (Adobe Systems, San jose,
CA, USA) were utilized for image manipulation including bright-
ness, contrast and false coloring.

Web Resources

The URLs for data presented herein are as follows:
dbSNP: http:/www.ncbi.nlm.nih.gov/projects/SNP/
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Exome Variant Server: http:/evs.gs.washington.edu/EVS/
GERP: http:/mendel.stanford.edu/SidowLab/downloads/gerp/
index.html

MaxEntScan: http:/genes.mit.edu/burgelab/maxent/Xmaxent
scan_scoreseq.html

PolyPhen-2: http:/genetics.bwh.harvard.edu/pph2/

Provean: http:/provean.jcvi.org/index.php

SeattleSeq: http://snp.gs.washington.edu/SeattleSeq
Annotation134/

UCSC Genome Browser: http:/genome.ucsc.edu/

ClinVar: http:/www.ncbi.nlm.nih.gov/clinvar/

Supplementary Material

Supplementary Material is available at HMG online.
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