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The prevalence of congenital heart defects (CHD) in Kabuki syndrome ranges from
28% to 80%. Between January 2012 and December 2015, 28 patients had a
molecularly proven diagnosis of Kabuki syndrome. Pathogenic variants in KMT2D
(MLL2) were detected in 27 patients, and in KDM6A gene in one. CHD was diagnosed in
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19/27 (70%) patients with KMT2D (MLL2) variant, while the single patient with KDM6A
change had a normal heart. The anatomic types among patients with CHD included
aortic coarctation (4/19 = 21%) alone or associated with an additional CHD, bicuspid
aortic valve (4/19 = 21%) alone or associated with an additional CHD, perimembranous
subaortic ventricular septal defect (3/19 = 16%), atrial septal defect ostium secundum
type (3/19 = 16%), conotruncal heart defects (3/19 = 16%). Additional CHDs
diagnosed in single patients included aortic dilatation with mitral anomaly and
hypoplastic left heart syndrome. We also reviewed CHDs in patients with a molecular
diagnosis of Kabuki syndrome reported in the literature. In conclusion, a CHD is
detected in 70% of patients with KMT2D (MLL2) pathogenic variants, most commonly
left-sided obstructive lesions, including multiple left-sided obstructions similar to those
observed in the spectrum of the Shone complex, and septal defects. Clinical
management of Kabuki syndrome should include echocardiogram at the time of
diagnosis, with particular attention to left-sided obstructive lesions and mitral
anomalies, and annual monitoring for aortic arch dilatation.
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1 | INTRODUCTION

eversion of the lateral third of the lower eyelids, pillowed lower lip, and
large everted ears (Kawame, Hannibal, Hudgins, & Pagon, 1999; Kluijt

Kabuki syndrome is a genetically heterogeneous disorder characterized

et al., 2000; Kuroki, Suzuki, Chyo, Hata, & Matsui, 1981; Niikawa,

by developmental delay, growth defect with feeding difficulties, skeletal

Matsuura, Fukushima, Ohsawa, & Kajii, 1981; Niikawa et al., 1988; Philip

anomalies, congenital heart defects (CHDs), renal malformations,

et al., 1992; Schrander-Stumpel et al., 1994; Wilson, 1998).

anorectal anomalies, persistence of fetal fingertip pads, and distinct

In 2001, our group performed a clinical review of CHDs diagnosed

facial anomalies, including sparse eyebrows, long palpebral fissures,

in patients with Kabuki syndrome, when the underlying molecular
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defect was still unknown (Digilio et al., 2001). According to the

chest x-ray, electrocardiogram, and two-dimensional and color

descriptions of the largest clinical series in the literature, the

Doppler echocardiography in all patients.

prevalence of CHD in Kabuki syndrome varies greatly, ranging

Genomic DNA was extracted from circulating leukocytes with

between 28% and 80%, since not all the affected patients underwent

Qiagen protocol, and quantified using fluorescent dyes. Mutational

specific cardiac evaluation (Digilio et al., 2001; Galan-Gomez et al.,

analysis of MLL2 (NM_003482) and KDM6A (NM_021140) genes was

1995; Hughes & Davies, 1994; Kawame et al., 1999; Niikawa et al.,

performed through targeted resequencing, using a customized design,

1988; Philip et al., 1992; Schrander-Stumpel et al., 1994; Wilson,

Truseq Custom Amplicon panel, and analyzed with MiSeq® sequenc-

1998). The spectrum of anatomic types of CHD is wide, including aortic

ing platform (Illumina, San Diego, CA). The probe design was

coarctation and other left-sided obstructive lesions, septal defects, and

performed over a cumulative target region of 33,255 bp and generated

conotruncal anomalies (Digilio et al., 2001; Niikawa et al., 1988; Philip

a panel of 135 amplicons 500 bp long with coverage of 99% of the

et al., 1992; Schrander-Stumpel et al., 1994), with a predominance of

cumulative region. Each variant identified by Illumina Variant Studio

aortic coarctation noted in several series (Armstrong et al., 2005;

has been evaluated for call quality score, coverage and visualized by

Digilio et al., 2001; Hughes & Davies, 1994).

Integrative Genome Viewer (IGV). All variants identified were

At present, 4 genes causative of Kabuki syndrome and one

validated by Sanger sequencing using standard protocols. To predict

related to a Kabuki-like phenotype are known. The first identified

the consequences of the unknown missense variants we used in silico

and more frequently involved gene is KMT2D (MLL2), mapping to

methods (Alamut Software) and, when available, DNA of the parents’

12q13.12 (Ng et al., 2010). Our group has participated to the

patients with variants was screened to investigate whether the change

identification of the KS2 gene, the KDM6A gene mapping to Xp11.3

was de novo or inherited. Informed consent was obtained from all

(Lederer et al., 2012). More recently, three additional genes involved

patients or their parents. Standard chromosome analysis was

in a minority of patients have been identified, including the RAP1A

performed in all patients, and CGHarray at a resolution of 75 kb in

gene (Bögershausen et al., 2015), located within the region of a

14 patients.

12-Mb duplication of chromosome 1p13.1-p22.1 previously diag-

We ascribed as pathogenic the variants resulting in truncated

nosed in a Kabuki syndrome patient (Lo, Cheung, Ng, & Lam, 1998),

protein or obvious splicing error or missense changes that were proven

the closely related RAP1B gene (Bögershausen et al., 2015), and the

to be de novo in at least one patient. If both parental samples were

HNRNPK gene, associated with a Kabuki-like phenotype with

unavailable, a missense change was considered to be pathogenic if it

nodular heterotopia (Au et al., 2015; Lange et al., 2016). Screening

has been identified in more than one patient or pathogenicity was

of large series of patients with Kabuki syndrome have shown that

consistent accordingly to ACMG criteria. Variants with uncertain

KMT2D (MLL2) pathogenic variants are responsible for 55–80% of

significance (VUS) and changes that were inherited from a clinically

the cases (Banka et al., 2012, 2013; Hannibal et al., 2011; Li et al.,

unaffected parent were excluded from the study.

2011; Micale et al., 2011; Ng et al., 2010; Paulussen et al., 2011),

During the collection period, 28 patients had a molecularly proven

while pathogenic variants in KDM6A have been reported in 9–14% of

diagnosis of Kabuki syndrome. Pathogenetic variants in KMT2D (MLL2)

KMT2D (MLL2)-negative patients (Lederer et al., 2012; Miyake et al.,

gene were detected in 27 patients, and a deletion of part of KDM6A

2013), and in less than 5% of total Kabuki syndrome patients,

gene in an additional patient which was previously reported by Lederer

respectively (Banka et al., 2015). RAP1A, RAP1B, and HNRNPK

et al. (2012) (Table 1). Previously published Kabuki syndrome subjects

variants have been reported in single patients.

are patients 2,3 (Dentici et al., 2015; Micale et al., 2011), 5 (Cappuccio

In this study, we analyzed the prevalence of CHD, their anatomic

et al., 2014; Dentici et al., 2015), 6,7,9,21 (Dentici et al., 2015), 26

types and the genetic characteristics of 27 personal patients with

(Roma et al., 2015) (Table 1). Patient 2 (Table 1) had 47,XXY karyotype,

Kabuki syndrome and pathogenic variants in KMT2D (MLL2), and

additionally to the variant in KMT2D (MLL2). CGHarray was normal in

reviewed CHDs in patients with molecular diagnosis of Kabuki

the 14 patients analyzed.

syndrome from the literature.

Both parents of the affected patients have been analyzed in 13
families, the mother only in 2. The variant was “de novo” in 12 families
with KMT2D (MLL2) variant and in the family with KDM6A deletion. The

2 | M ATERIA LS AN D METH ODS

mother was not carrying the proband's variant in the two families
where the mother only was tested.

The patients were evaluated between January 2012 and December 2015. Complete physical examination for major and minor
anomalies has been carried out by trained medical geneticists in all
patients.The diagnosis of Kabuki syndrome is based on the presence of
at least four of the following inclusion criteria: (i) long palpebral fissures
with eversion of the lateral portion of lower eyelid; (ii) broad, arched
eyebrows with sparseness; (iii) short nasal columella with depressed

3 | RESULTS
3.1 | Present series
3.1.1 | Cardiac evaluation

nasal tip; (iv) large, prominent or cupped ears; (v) developmental delay-

CHD was diagnosed in 19/27 (70%) patients with KMT2D (MLL2)

mental retardation (Kawame et al., 1999). Cardiac evaluation included

variant, while the single patient with KDM6A change had a normal
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TABLE 1 Molecular defects and congenital heart defects in patients with Kabuki syndrome with pathogenetic variant in KTMD2D (MLL2) and
KDM6A from the present series

Patient

Sex

KMT2D (MLL2) nucleotide
substitution/exon deletion
or duplication

1

F

c.177-2A>C

2

M

c.721delC

p.Leu241Cysfs*19

3

M

c.1345_1346del

p.Leu449Valfs*5

4

M

c.1814_1815delAG

p.Glu605Valfs*7

Normal

Parents
NT

Normal heart

5

M

c.3161_3171delCGTTGAGTCCC

p.Pro1054Hisfs*9

Normal

de novo

Aortic coarctation

6

F

c.3318dup

p.Ser1107Glnfs*7

Normal

Mother

7

F

c.3532C>T

p.Gln1178*

Normal

Parents
NT

Aortic coarctation

8

F

c.4435C>T

p.Gln1479*

Normal

de novo

Infundibular pulmonary stenosis,
perimembranous subaortic
ventricular septal defect, atrial
septal defect ostium secundum

9

M

c.5707C>T

p.Arg1903*

Normal

de novo

Restrictive perimembranous
subaortic ventricular septal defect

10

M

c.6595delT

p.Tyr2199Ilefs*65

Normal

de novo

Dilatation of the aortic root,
dysplastic mitral valve, persistent
left superior vena cava draining in
coronary sinus

11

F

c.7879del

p.Tyr2627Thrfs*64

Normal

Parents
NT

Normal heart

12

M

c.9828_9833dup

p.Gln3281_3282dup

Normal

Parents
NT

Normal heart

13

F

c.10825_10827dupCAA

p.Gln3609dup

Normal

Parents
NT

Normal heart

14

M

c.11149C>T

p.Gln3717*

Normal

de novo

Hypoplastic left heart syndrome

15

F

c.11215_11220delCAGCAG

p.Gln3739_Gln3740del

Normal

Parents
NT

Normal heart

16

M

c.11475_11478delACAG

p.Gln3826Cysfs*2

Normal

Parents
NT

Normal heart

17

F

c.12725C>G

p.Pro4242Arg

Normal

de novo

Aortic coarctation, bicuspid aortic
valve, mitral valve stenosis with
supramitralic ring (Shone complex)

18

M

c.12800delC

p.Pro4267Leufs*10

Normal

de novo

Bicuspid aortic valve, aortic
insufficiency, aortic root dilatation

19

M

c.12811_12814delACAG

p.Thr4271Alafs*5

Normal

Parents
NT

Atrial septal defect ostium secundum

20

F

c.13328delC

p.Pro4443Glnfs*75

Normal

Parents
NT

Pulmonary atresia with ventricular
septal defect

21

M

c.13450C>T

p.Arg4484*

Normal

Parents
NT

Perimembranous subaortic
ventricular septal defect

22

F

c.14710C>T

p.Arg4904*

Normal

de novo

Double outlet right ventricle

23

M

c.15163_15168dupGACCTG

p.Asp5055_Leu5056dup

Normal

de novo

Aortic coarctation, small
perimembranous ventricular septal
defect

KMT2D (MLL2) amino
acid change

Karyotype
and/or
CGHarray

Family

Congenital heart defect

Parents
NT

Perimembranous subaortic
ventricular septal defect

47,XXY

de novo

Atrial septal defect ostium secundum

Normal

Mother

Normal

Bicuspid aortic valve, subaortic
restrictive ventricular septal defect,
negative
atrioventricular valves (mitral and
tricuspidal) prolapse, right ventricle
divided in two chambers

Bicuspid aortic valve, aortic root
dilatation
negative

(Continues)
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TABLE 1

Patient

Sex

KMT2D (MLL2) nucleotide
substitution/exon deletion
or duplication

24

F

c.15461G>A

p.Arg5154Gln

25

F

c.15461G>A

26

F

27

M

28

2915

M

KMT2D (MLL2) amino
acid change

Karyotype
and/or
CGHarray

Family

Congenital heart defect

Normal

Parents
NT

Normal heart

p.Arg5154Gln

Normal

de novo

Atrial septal defect ostium secundum

c.16085_16086del

p.Lys5362Serfs*96

Normal

Parents
NT

Normal heart

c.16501C>T

p.Arg5501*

Normal

de novo

Bicuspid aortic valve

KDM6A nucleotide substitution/
exon deletion or duplication

KDM6A amino acid
change
Normal

de novo

Normal heart

intragenic deletion (exons 5–9)
from base 44,866,302 to base
44,912,718

F, female; M, male; NT, not tested.

heart. Cardiac anatomy, clinical diagnosis, and molecular details of the

bicuspid aortic valve with aortic root dilatation, and atrioventricular

patients are reported in Table 1. Anatomic types among patients with

septal defect (Table 2).

CHD included aortic coarctation (4/19 = 21%) alone or associated with
an additional CHD, bicuspid aortic valve (4/19 = 21%) alone or
associated with an additional CHD, perimembranous subaortic

4 | DISCUSSION

ventricular septal defect (3/19 = 16%), atrial septal defect ostium
secundum type (3/19 = 16%), conotruncal heart defects (3/19 = 16%).

The prevalence of CHD in the present series of patients with Kabuki

Additional CHDs diagnosed in single patients were aortic dilatation

syndrome and KMT2D (MLL2) variant is 70% which included 47%

with mitral anomaly and hypoplastic left heart syndrome.

with left-sided obstructive lesions, 32% with septal defects, and 16%

Among the 19 patients with pathogenic variant and CHD, 11

with conotruncal defects (Table 3). The high occurrence of left-sided

(58%) were males and 8 (42%) females. Male patients with left-sided

obstructions seen in this study has been noted (Armstrong et al.,

obstructive lesions were 7/11 (64%), male patients with other CHDs

2005; Digilio et al., 2001; Digilio, Baban, Marino, & Dallapiccola,

4/11 (36%).

2010).

3.2 | Literature review

4.1 | Left-sided obstructive CHD

Cardiac and molecular details on patients with Kabuki syndrome, CHD

Aortic coarctation and bicuspid aortic valve are prevalent among left-

and pathogenic changes in KMT2D (MLL2), KDM6A, RAP1B, and

sided obstructive CHDs in Kabuki syndrome, although patients with

HNRNPK genes from the literature papers in comparison with those of

aortic or mitral stenosis have also been reported (Tables 2 and 3).

patients with CHD in the present series are shown in Tables 2 and 3.

Additionally, the diagnosis of hypoplastic left heart syndrome in

Cited literature papers included those reporting information about

several patients (Digilio et al., 2010; Kung, Chang, Sklansky, &

CHD. The prevalence of the different anatomic types of CHD in

Randolph, 2010; Shahdadpuri, Lynch, Murchan, & McMahon, 2008)

KMT2D (MLL2) mutated patients with Kabuki syndrome from the

suggests that the entire spectrum of cardiac left-sided obstructive

present series and in the literature are reviewed in Table 3. The

lesions can be a marker for Kabuki syndrome. In this regard, the clinical

anatomic types of CHD were concordant in present and literature

review by Armstrong et al. (2005) confirmed that the prevalence of

cases. The prevalence of left-sided obstructive lesions was similar in

left-sided obstructions in Kabuki syndrome (31%) is significantly

the two groups, septal defects were more frequently diagnosed in

(p < 0.001) higher in comparison to that in the general population

literature cases, conotruncal heart defects were more frequently found

(14%).

in our patients.

Patients with aortic valve defects can have additional anomalies of

CHDs in patients with KS2 gene (KDM6A) anomalies are reviewed

the mitral valve, consisting in mitral stenosis with supramitral ring,

in Table 2. Anatomic types included ventricular and atrial septal

dysplastic mitral valve, and bicuspid aortic valve. These multiple left-

defects, hypoplastic right ventricle, pulmonary stenosis and abnormal-

sided obstructions are similar to those observed in the spectrum of the

ities of the aorta (abnormal shape, subaortic membrane, bicuspid aorta,

so-called Shone complex (Shone et al., 1963), classically defined as the

and coarctation). One patient with RAP1B variant had an unspecified

association of aortic coarctation, membranous subaortic stenosis,

type of CHD (Table 2). The patients with HNRNPK gene variant had

bicuspid aortic valve, mitral stenosis with “parachute” mitral valve with

heterogeneous types of CHD, including ventricular septal defects,

single papillary muscle and supramitral ring.
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TABLE 2 Cardiac and molecular data of patients with Kabuki syndrome and congenital heart defect with pathogenetic changes in KMT2D (MLL2),
KDM6A, RAP1B, and HNRNPK genes from the literature papers reporting cardiac information in comparison with mutated patients with congenital
heart defect in the present series
MLL2 (KMT2D) nucleotide
substitution/exon deletion or
duplication

MLL2 (KMT2D) amino
acid change

Congenital heart defect

Reference

c.177-2A>C

–

Perimembranous subaortic ventricular septal defect

Present series

c.241G>T

p.Glu81*

Aortic coarctation, ventricular septal defect

Yoon et al. (2015)

c.721delC

p.Leu241Cysfs*19

Atrial septal defect ostium secundum

Present series

c.589del

p.Cys197Alafs*11

Ventricular septal defect

Makrythanasis et al. (2013)

c.1345_1346del ventricle
(Shone), hypertension

p.Leu449Valfs*5

Bicuspid aortic valve, subaortic restrictive ventricular
septal defect, atrioventricular valves (mitral and
tricuspidal) prolapse, right ventricle divided in two
chambers

Present series

c.1512_1513delTC

p.Pro506Thrfs*2

Cardiomegaly

Li et al. (2011)

c.1628C>T

p.Ser543Leu

Patent ductus arteriosus/Patent foramen ovale

Li et al. (2011)

c.2819C>A

p.Ser940*

Aortic regurgitation

Yoon et al. (2015)

c.3161_3171delCGTTGAGTCCC

p.Pro1054Hisfs*9

Aortic coarctation

Present series

c.3318dup

p.Ser1107GlnfsX7

Bicuspid aortic valve, aortic root dilatation

Present series

c.3532C>T

p.Gln1178*

Aortic coarctation

Present series

Exons 14–15 deletion

Atrial septal defect, small ventricular septal defect

Riess et al. (2012)

Exons 14 − 15 deletion

Atrial septal defect, small ventricular septal defect

Riess et al. (2012) (patient's
12 monozygotic twin)

p.Met1379Valfs*52

Mitral stenosis

Yoon et al. (2015)

c.4168dup

p.Ala1390Glyfs*40

Aortic coarctation

Makrythanasis et al. (2013)

c.4271G>T

p.Cys1424Phe

Scimitar syndrome

Cheon et al. (2014)

c.4358A>G

p.His1453Arg

Atrial septal defect/Ventricular septal defect, Patent
foramen ovale

Li et al. (2011)

c.4435C>T

p.Gln1479*

Perimembranous subaortic ventricular septal defect,
atrial septal defect ostium secundum, infundibular
pulmonary stenosis

Present series

Patent foramen ovale

Banka et al. (2013)

Ventricular sepal defect, atrial septal defect,
arrhythmia

Makrythanasis et al. (2013)

c.4135_4136delAT

Exons 15–34 duplication
c.5135_5136del

p.Lys1712Argfs*22

c.5153C>T

p.Ala1718Val

Atrial septal defect/Ventricular septal defect

Li et al. (2011)

c.5256_5257delGA

p.Lys1753Alafs*34

Bicuspid aortic valve

Kim et al. (2013)

c.5707C>T

p.Arg1903*

Restrictive perimembranous subaortic ventricular septal
defect

Present series

c.5775_5776insT

p.Leu1926Serfs*31

Hypoplastic left heart syndrome

Cheon et al. (2014)

c.6595delT

p.Tyr2199Ilefs*65

Dysplastic mitral valve, dilatation of the aortic root,
persistent left superior vena cava draining in coronary
sinus

Present series

c.6595delT

p.Tyr2199Ilefs*65

Atrial septal defect/Ventricular septal defect

Li et al. (2011)

c.6613_6614insG

p.Ala2205Glyfs*38

Ventricular septal defect, atrial septal defect, mitral
valve stenosis

Takagi, Ishii, Torii, Kosaki, and
Hasegawa (2014)

c.8107G>T

p.Glu2703*

Aortic coarctation, ventricular septal defect

Cheon et al. (2014)

c.8431C>T

p.Gln2811*

Patent ductus arteriosus/Patent foramen ovale

Li et al. (2011)

c.8743C>T

p.Arg2915*

Atrial septal defect/Ventricular septal defect

Li et al. (2011)

c.8743 C>T

p.Arg2915*

Atrial septal defect

Lin et al. (2015)

c.9931C>T, c.10101G>T

p.Gln3311*,
p.Leu3367Phe

Patent ductus arteriosus/Patent foramen ovale

Zarate, Zhan, and Jones
(2012)

(Continues)
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(Continued)

MLL2 (KMT2D) nucleotide
substitution/exon deletion or
duplication

MLL2 (KMT2D) amino
acid change

Congenital heart defect

Reference

c.11149C>T

p.Gln3717*

Hypoplastic left heart syndrome

Present series

c.11743C>T

p.Gln3915*

Patent forame ovale

Makrythanasis et al. (2013)

c.11833C>T

p.Gln3945*

Aortic coarctation, bicuspid aortic valve

Yoon et al. (2015)

c.12592C>T

p.Arg4198*

Aortic valve stenosis, bicuspid aortic valve

Cheon et al. (2014); Yoon
et al. (2015)

c.12725C>G

p.Pro4242Arg

Aortic coarctation, bicuspid aortic valve, mitral valve
stenosis with supramitralic ring (Shone)

Present series

c.12800delC

p.Pro4267Leufs*10

Bicuspid aortic valve, aortic insufficiency, aortic root
dilatation

Present series

c.12811_12814delACAG

p.Thr4271Alafs*5

Atrial septal defect ostium secundum

Present series

c.12986_13010del25

p.Gln4329Leufs*47

Bicuspid aortic valve

Verhagen, Oostdijk,
Terwisscha van Scheltinga,
Schalij-Delfos, and van
Bever (2014)

c.12994_12995insT

p.Thr4332Ilefs*2

Aortic coarctation, ventricular septal defect

Yoon et al. (2015)

c.13328delC

p.Pro4443Glnfs*75

Pulmonary atresia with ventricular septal defect

Present series

c.13450C>T

p.Arg4484*

Perimembranous subaortic ventricular septal defect

Present series

Bicuspid aortic valve

Banka et al. (2013)

Exons 43–54 deletion
c.14404delG

p.Ala4802Glnfs*6

Interrupted aortic arch type B, ventricular septal
defect, patent ductus arteriosus

Cheon et al. (2014)

c.14710C>T

p.Arg4904*

Double outlet right ventricle

Present series

c.15163_15168dupGACCTG

p.

Aortic coarctation, small perimembranous ventricular
septal defect

Present series

Asp5055_Leu5056dup
c.15326G>T

p.Cys5109Phe

Atrial septal defect

Lin et al. (2015)

c.15461G>A

p.Arg5154Gln

Patent ductus arteriosus/Patent foramen ovale

Li et al. (2011)

c.15461G>A

p.Arg5154Gln

Atrial septal defect/Ventricular septal defect

Li et al. (2011)

c.15461G>A

p.Arg5154Gln

Atrial septal defect ostium secundum

Present series

c.16294C>T

p.Arg5432Trp

Atrial septal defect

Makrythanasis et al. (2013)

c.16501C>T

p.Arg5501*

Bicuspid aortic valve

Present series

KDM6A Exon deletion/
nucleotide substitution

KDM6A amino acid
change

Deletion, 815.7 kb from
44,377,858 to 45,193,629

Aortic coarctation

Lederer et al. (2012)

Deletion, 283.5 kb from
44,941,324 to 45,224,829

Atrial septal defect, ostium secundum

Lederer et al. (2012)

Exon 6 deletion

Perimembranous subaortic ventricular septal defect

Banka et al. (2015)

Atrial septal defect, ventricular septal defect

Bögershausen et al. (2016)

Atrial septal defect, ventricular septal defect, left
ventricular hypertrophy

Bögershausen et al. (2016)

Bicuspid aortic valve

Banka et al. (2015)

Atrial septal defect, ventricular septal defect,
persistent left superior vena cava

Bögershausen et al. (2016)

c.190G>T

p.Glu64*

c.443 + 5G>C
c.563A>G

p.Lys188Arg

c.619 + 6T>C
c.2515_2518del

p.Asn839Profs*38

Severe subpulmonary right ventricular outflow
obstruction with a critical pulmonary stenosis,
hypoplastic right ventricle, atrial septal defect,
ventricular septal defect

Lederer et al. (2014)

c.2515_2518del

p.Asn839Profs*38
Inherited

Atrial septal defect, pulmonary valve stenosis

Lederer et al. (2014) (patient's
61 brother)

(Continues)
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(Continued)

MLL2 (KMT2D) nucleotide
substitution/exon deletion or
duplication

MLL2 (KMT2D) amino
acid change

Congenital heart defect

Reference

c.3717G>A

p.Trp1239*

Atrial septal defect

Miyake et al. (2013)

c.3763C>T

p.Arg1255Trp

Aortic coarctation, bicuspid aortic valve

Bögershausen et al. (2016)

c.3876_3878delTAA
c.3878 + 11delG
(g.217351_4delTAAG)

Atrial septal defect

Cheon et al. (2014)

c.3878 + 3_3878 + 6delAAGT

Abnormal aorta

Banka et al. (2015)

Congenital heart defect (type unpecified)

Bögershausen et al. (2015)

RAP1B nucleotide substitution
c.451A>G
HNRNPK nucleotide
substitution

RAP1B amino acid
change
p.Lys151Glu
HNRNPK amino acid
change

c.257G>A

p.Arg85His

Bicuspid aortic valve, aortic root dilatation

Au et al. (2015)

c.931_932insTT

p.Pro311Leufs*40

Atrioventricular septal defect

Lange et al. (2016)

c.953 + 1dup

p.Gly319Argfs*6

Two small ventricular septal defects

Au et al. (2015)

The preponderance of male patients in comparison to females

type B. Cardiac conduction anomalies are also reported in Kabuki

among those with Kabuki syndrome and left-sided obstructive lesions

syndrome (Ng et al., 2010; Shah, Bogucki, Mavers, deMello, & Knutsen,

previously noted in the clinical series (Digilio et al., 2001) is confirmed

2005).

also in KMT2D (MLL2) mutated patients, although the molecular basis
for these evidence remains difficult to be explained.
The clinical overlap between the pattern of CHDs in Kabuki

4.4 | Vascular anomalies

syndrome and other syndromes includes the overlap with Turner

Aortic dilatation has also been seen in association with congenital

syndrome since both can have aortic coarctation and aortic dilation

aortic lesions in patients with Kabuki syndrome, so as potential

(Gotzsche, Krag-Olsen, Nielsen, Sørensen, & Kristensen, 1994;

increased risk of aortic aneurysm (Okada et al., 2001). For this reason,

Mazzanti & Cacciari, 1998; McGinniss, Brown, Burke, Mascarello, &

the clinical guidelines for managingKabuki syndrome should include

Jones, 1997; Sybert, 1998). The occurrence of a Shone-like complex in

annual monitoring for aortic dilatation because of the theoretical risk

Kabuki syndrome has been reported with Adams-Oliver syndrome

of dissection (Dyscerne Guidelines, 2010).

which has been linked to variants in NOTCH (Digilio, Marino, &

Weir et al. (2014) highlighted an association between Kabuki

Dallapiccola, 2008; Lin, Westgate, van der Velde, Lacro, & Holmes,

syndrome and premature atherosclerosis, suggesting that the syn-

1998; Southgate et al., 2015; Stittrich et al., 2014), although no

drome itself may contribute to the predisposition also in absence of

additional extracardiac clinical overlap has been observed.

classical different risk factors. A case report of Henoch-Schonlein
purpura causing thrombosis has also been reported (Oto et al., 2008).

4.2 | Septal defects

In addition, the growth hormone deficiency described in patients with
Kabuki syndrome (Devriendt, Lemli, Craen, & de Zegher, 1995) should

Septal defects are also frequent in Kabuki syndrome, and include atrial

be mentioned as an additional risk factor, since it known to be

septal defect ostium secondum type and perimembranous subaortic

associated with endothelial dysfunction, increased intima medial

ventricular septal defect. This group of CHDs is more frequently

thickness and reduced aortic distensibility. A predisposition to vascular

diagnosed in literature cases in comparison to the present series, but it

hypertension should also be considered in patients with Kabuki

should be considered that clinical description of literature cases is

syndrome (Dyscerne Guidelines, 2010).

often limited, referring to “atrial septal defect/ventricular septal defect
type unspecified” and several patients with patent foramen ovale.

4.3 | Rare defects

4.5 | Other Kabuki syndrome genes
The single patient in the present series with pathogenic variant in the
KS2 gene (KDM6A) has normal heart. The review of the patients with

Additional CHDs found in Kabuki syndrome with KMT2D (MLL2)

variants in the KS2 gene (KDM6A) reported in the literature showed

variant are represented by conotruncal heart defects (Tables 1 and 2),

that the frequency of CHDs, corresponding to around 45%, is lower in

including tetralogy of Fallot—classic or with pulmonary atresia, double

comparison to that in patients with KMT2D (MLL2) variant. Anatomic

aortic arch, double outlet right ventricle, and interrupted aortic arch

types included ventricular and atrial septal defects, hypoplastic right
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TABLE 3 Prevalence of different anatomic types of congenital heart defects in patients with KMT2D (MLL2) pathogenic variants and cardiac
malformation in the present series and in the literature review

Congenital heart defect

Present series (number of
patients with congenital
heart defect)

Present
series
(%)

Present series and literature review
(number of patients with congenital
heart defect)

Present series
and literature
review (%)

Left-sided obstructive lesion

9/19

47

22/52

42

Aortic coarctation (total)

4 /19

21

9/52

17

−Without additional CHDs

2

3

+Bicuspid aortic valve, mitral
stenosis, supramitral ring
(Shone complex)

1

1

+VSD

1

4

+Bicuspid aortic valve

0

1

Bicuspid aortic valve (total)
−Without additional CHDs

4/19

21

7/52

1

4

+Mitral anomaly, VSD

1

1

+Aortic dilatation

1

1

+Aortic insufficiency + aortic
dilatation

1

1

0

2/52

0

1

Mitral stenosis (total)
−Without additional CHDs
+VSD/ASD
Hypoplastic left heart syndrome

0
1/19

13

4

1
5

2/52

4

Aortic regurgitation

0

1/52

2

Aortic stenosis, bicuspid aortic
valve

0

1/52

2

Septal defects

6/19

ASD/VSD unspecified

0

ASD, ostium secundum

3/19

VSD, perimembranous subaortic

3/19

PDA, PFO

0

PFO

32

24/52

46

8/52

15

16

6/52

12

16

4/52

8

4/52

8

2/52

4

3/19

16

4/52

8

Double outlet right ventricle

1/19

5

1/52

2

Tetralogy of Fallot with pulmonary
atresia

1/19

5

1/52

2

Infundibular pulmonary stenosis,
subaortic VSD, ASD

1/19

5

1/52

2

Interrupted aortic arch type B

0

1/52

2

Conotruncal heart defects

Others

0

3/52

6

Scimitar syndrome

1/19
0

5

1/52

2

Cardiomegaly

0

1/52

2

Dysplastic mitral valve, dilatation
aortic root, persistent left
superior vena cava

1/19

1/52

2

5

CHDs, congenital heart defects; VSD, ventricular septal defect; ASD, atrial septal defect ostium secundum; PDA, patent ductus arteriosus; PFO, patent
foramen ovalis.

2920

DIGILIO

|

ventricle, pulmonary stenosis and abnormalities of the aorta (abnormal
shape, subaortic membrane, bicuspid aorta, and coarctation) (Table 2)

ET AL.

Variants in patients with conotruncal anomalies include the
p.Gln1479*, and the p.Pro4443Glnfs*75, and the p.Arg 4904*.

(Banka et al., 2015; Lederer et al., 2012; Lederer, Shears, Benoit,

The majority of patients from the present series are carrying a

Verellen-Dumoulin, & Maystadt, 2014; Miyake et al., 2013). A higher

private KMT2D (MLL2) pathogenic variant, with the exception of

prevalence of right sided-lesion is noticeable in patients with KS2 in

patients with the p.Arg5154Gln variant, which is known to be

comparison to those with KS1.

recurrent in Kabuki syndrome (Li et al., 2011; Ng et al., 2010), and a

In regard to the two Kabuki syndrome genes (RAP1A and RAP1B)

patient with the p.Arg4484* variant (Makrythanasis et al., 2013;

recently identified using whole exome sequencing (Bögershausen

Paulussen et al., 2011). Cardiac expression of these variants is

et al., 2015), the authors determined that their dysfunction results in

heterogeneous, since different anatomic types of CHD and normal

aberrant MEK/ERK signalling, suggesting that the Kabuki syndrome

heart are described in patients with the same variant.

pathophysiology in these cases overlaps with the RASopathies. The
patient with RAP1B variant had a CHD, but the anatomic type was not
specified.

5 | CONCL US IO NS

The patients with HNRNPK variant had heterogeneous types of
CHD, including ventricular septal defects, bicuspid aortic valve with

This is the first review of CHDs in Kabuki syndrome patients with

aortic root dilatation, and atrioventricular septal defect. It is possible

alterations in KMT2D (MLL2)which reports a prevalence of 70%. The

that this latter CHD can be specifically associated with HNRNPK gene,

most distinctive CHDs which characterize Kabuki syndrome include

since atrioventricular canal defect is reported also in a patient carrying

multiple left-sided obstructions similar to those observed in the

a deletion 9q21.32-q21.33 extending for 2 Mb and including HNRNPK

spectrum of the Shone complex, aortic dilatation, and perimem-

(Hancarova et al., 2015).

branous subaortic ventricular septal defect. No specific hot spots for
CHD have been identified. Pathogenic variants in patients with
cardiac anomaly are preferentially located in proximal exons (1–28)

4.6 | Cardiac experimental models

and in the terminal end (52–54 exons) of KMT2D (MLL2). Our review

Experimental models for KDM6A mutants performed by Lee et al.

of the literature suggests that the prevalence of CHD in KS2 patients

(2012) showed that female knockout mice exhibited severe cardiac

is lower, about 45%, with an higher prevalence of right sided-lesions

malformations, anterior neural tube closure defects, and growth

in comparison to KS1. Clinical management of Kabuki syndrome

retardation, while female heterozygous mice displayed normal cardiac

should include an echocardiogram at the time of diagnosis, with

morphogenesis. Additionally, the test of the effect of kmt2d, kdm6a,

particular attention to left-sided obstructive lesions and mitral

and kdm6al knockdown on cardiac development in the zebrafish

anomalies, and monitoring for aortic arch dilatation, although it is

performed by Van Laarhoven et al. (2015) did observe morphological

premature to prescribe a schedule.

defects in cardiac development in kmt2d and kdm6al morphants, with a
milder defect in kdm6a morphants. Morphants in all three experimental

ORCID

groups exhibited abnormal development of the atria and/or ventricle,
as well as prominent bulging of the myocardial wall. This was most

Maria Cristina Digilio

http://orcid.org/0000-0002-0205-9634

pronounced in the kmt2d morphants, whereas effects in kdm6a and
kdm6al morphants were less severe. A defective progression of cardiac
looping involution was found in morphants compared with wildtype
embryos (Van Laarhoven et al., 2015). Further studies in mice indicated
that kmt2d is essential for regulating cardiac gene expression during
heart development primarily via H3K4 di-methylation (Ang et al.,
2016). The authors observed that the developing embryonic heart of
haploinsufficient mice had no differences in cardiac morphology
compared to wild-type controls, but a significant narrowing of the
diameter of the ascending aorta and increased aortic valve peak
velocity were noted (Ang et al., 2016).

4.7 | Genotype–phenotype correlations
No specific hot spots for CHD have been identified, and variants have
not shown significant clustering in a certain exon or a known proteindomain. In general, it should be noted that variants in patients with
cardiac anomaly are preferentially located in proximal exons (1–28)
and in the terminal end (52–54 exons) of KMT2D (MLL2).
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