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Abstract

Recognition of distinct phenotypic features is an important component of genetic diagnosis.
Although CHARGE syndrome, Kabuki syndrome, and a recently delineated KM 72D Ex 38/39
allelic disorder exhibit significant overlap, differences on neuroimaging may help distinguish these
conditions and guide genetic testing and variant interpretation. We present an infant clinically
diagnosed with CHARGE syndrome but subsequently found to have a de novo missense variant
in exon 38 of KMTZ2D, the gene implicated in both Kabuki syndrome and a distinct KM 72D
allelic disorder. We compare her brain and inner ear morphology to a retrospective cohort of 21
patients with classic Kabuki syndrome and to typical CHARGE syndrome findings described

in the literature. Thirteen of the 21 Kabuki syndrome patients had temporal bone imaging

(5/13 CT, 12/13 MRI) and/or brain MRI (12/13) which revealed findings distinct from both
CHARGE syndrome and the KM 72D allelic disorder. Our findings further elucidate the spectrum
of inner ear dysmorphology distinguishing Kabuki syndrome and the KM 72D allelic disorder
from CHARGE syndrome, suggesting that these three disorders may be differentiated at least in
part by their inner ear anomalies.
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INTRODUCTION:

As many genetic disorders share overlapping features, phenotype delineation is crucial to
guiding genetic testing and interpretation of results. For example, CHARGE syndrome,
Kabuki syndrome, and a KMT72D allelic disorder distinct from Kabuki syndrome and
described in two recent publications (Baldridge et al., 2020; Cuvertino et al., 2020) exhibit
significant clinical overlap (Butcher et al., 2017; Verhagen et al., 2014), and distinguishing
between them may be difficult, particularly since Kabuki syndrome and the KM 72D Ex
38/39 disorder are both caused by variants in KMT72D. However, the KMT2D Ex 38/39
disorder is caused by missense variants in a specific, highly conserved region spanning
exons 38 and 39 and leads to features distinct from Kabuki syndrome. Since a number of
variants in this region have been associated with a similar phenotype, there appears to be
allelic heterogeneity and thus going forward we will refer to this disorder as the KM 72D Ex
38/39allelic disorder.

CHARGE syndrome is well characterized by its mnemonic CHARGE (C - coloboma, H

— heart disease, A — atresia choanae, R — retarded growth and development and/or CNS
anomalies, G — genital hypoplasia, and E — ear anomalies and/or deafness) representing
the unifying features (Abruzzo & Erickson, 1977; Pagon et al., 1981). Disease-causing
variants in CHD7 have been found in approximately 70-90% of clinically diagnosed cases
of CHARGE syndrome (Hale et al., 2016). As such, CHD7 sequence analysis can confirm
a diagnosis suspected on the basis of clinical features in the majority of cases. Kabuki
syndrome is characterized by classic clinical findings of distinct facial features, skeletal
anomalies, persistence of fetal fingertip pads, intellectual disability, and postnatal growth
deficiency (Niikawa et al., 1981). In 2010 it was reported to be associated with pathogenic
variants in KMT2DIMLLZ2 and KDM6A (Lederer et al., 2012; Ng et al., 2010) which have
been found to be present in approximately 55-80% and 9-14%, respectively, of patients
meeting clinical diagnostic criteria (Dentici et al., 2015).

Overlapping features of CHARGE syndrome and Kabuki syndrome include growth
retardation, cleft lip/palate, hearing loss, congenital heart defects, genitourinary
malformations, and developmental delay. Even features traditionally thought to be specific
to CHARGE syndrome, such as ocular coloboma and choanal atresia, have also been
described in Kabuki syndrome, and there are a number of reports of patients with
overlapping features who exhibited features of CHARGE syndrome but were found to
have a molecular diagnosis of Kabuki syndrome (Patel & Alkuraya, 2015; Schulz et al.,
2014; Verhagen et al., 2014). However, it was recently discovered that some patients
with overlapping phenotypic features but a known variant in KMT7T2D who were therefore
thought to have a molecular diagnosis of Kabuki syndrome actually have a different
disorder altogether. Unlike KMTZ2D variants leading to Kabuki syndrome, which are
typically nonsense variants that subsequently lead to protein truncation and resultant
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haploinsufficiency (Faundes et al., 2019), this cluster of heterozygous KMT2D variants

in a highly conserved key region of exons 38-39 were all missense and led to a distinct
methylation pattern and therefore an epigenetically distinct disorder (Baldridge et al., 2020;
Cuvertino et al., 2020). These patients’ unique clinical features were most notable for
choanal atresia, hypoplastic nipples, branchial apparatus abnormalities, neck pits, lacrimal
duct anomalies, hearing loss, external ear malformations, and thyroid abnormalities. One
group also noted the presence of interstitial lung disease in 2 out of their 3 patients, which
had not been previously reported (Baldridge et al., 2020). This constellation of features
overlaps with both CHARGE syndrome and Kabuki syndrome but is distinct from both.

One particularly interesting aspect of the clinical overlap between CHARGE syndrome,
Kabuki syndrome, and the KM 72D Ex 38/39 allelic disorder that has not yet been well
described is the presence of inner ear anomalies. Although inner ear anomalies have been
well described in CHARGE syndrome and include hypoplasia of the vestibule, semicircular
canal (SCC) hypoplasia/aplasia, incomplete partition type Il deformity of the cochlea, other
cochlear malformations with stenosis or atresia of the cochlear aperture, cochlear nerve
hypoplasia/aplasia, and a small internal auditory canal (D’Arco et al., 2020; Legendre et al.,
2017; Morimoto et al., 2006; A. C. Vesseur et al., 2016; Wineland et al., 2017), unifying
findings in Kabuki syndrome and the KMT2D Ex 38/39 allelic disorder have not been
thoroughly described in a unifying manner despite some case reports of abnormalities
including dysplastic cochlea with an enlarged vestibule, absence of the cochlea and
semicircular canals, a unilateral enlarged vestibule, an enlarged vestibular aqueduct, and
aural atresia with fusion of the incus and malleus (Hempel et al., 2005; Igawa et al.,

2000; Tekin et al., 2006; Toutain et al., 1997; Zarate et al., 2012). We present a female
infant who met clinical criteria for CHARGE syndrome but was later found to have a
missense variant in KMTZD. This patient was initially diagnosed with Kabuki syndrome,
but the diagnosis was ultimately more consistent with the newly described KM72D Ex
38/39 MV allelic disorder. In particular, we focus on her inner ear findings, which were
initially misinterpreted as supportive of a CHARGE syndrome diagnosis, and contrast this to
neuroimaging findings observed in Kabuki syndrome.

MATERIALS AND METHODS:

The index patient and her parents were enrolled in an Institutional Review Board-approved
research study at the Manton Center for Orphan Disease Research at Boston Children’s
Hospital. Exome sequencing (ES) and data processing were performed by the Genomics
Platform at the Broad Institute of MIT and Harvard. Libraries from DNA samples (>250
ng of DNA, at >2 ng/ul) were created with an Illumina exome capture (38 Mb target)

and sequenced (150 bp paired reads) to cover >90% of targets at 20x and a mean target
coverage of >100x. Sample identity quality assurance checks were performed on each
sample. The ES data was de-multiplexed and each sample’s sequence data were aggregated
into a single Picard BAM file. ES data were processed through a pipeline based on

Picard, using base quality score recalibration and local realignment at known indels. The
BWA aligner was used for mapping reads to the human genome build 37 (hg19). Single
Nucleotide Polymorphism (SNPs) and insertions/deletions (indels) were jointly called across
all samples using Genome Analysis Toolkit (GATK) HaplotypeCaller package version 3.4.
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Default filters were applied to SNP and indel calls using the GATK Variant Quality Score
Recalibration (VQSR) approach. Annotation was performed using Variant Effect Predictor
(VEP).

We subsequently performed a search of our electronic medical records database from 1998—
2018 to identify patients with a molecular diagnosis of Kabuki Syndrome (pathogenic or
likely pathogenic variant in KM 72D or KDMG6A, or a variant of unknown significance in
which the treating clinical geneticist determined that the variant was explanatory for the
phenotype). We reviewed the otologic phenotype, including audiograms, of these patients.
Neuroimaging studies were reviewed by a pediatric neuroradiologist with over 25 years of
experience with subspecialty expertise in temporal bone imaging. This retrospective study
was also approved by the Institutional Review Board at Boston Children’s Hospital with a
waiver of informed consent due to the nature of the study.

Helical temporal bone CT exams were acquired on 1 of 3 different CT units with parameters
as follows. Axial images were reconstructed in a plane parallel to that of the horizontal
semicircular canals and coronal images were reconstructed perpendicular to the plane of

the horizontal semicircular canals. General Electric (GE) Lightspeed Prol16 CT scanner:
effective mAs: 2-5; mA: 60 — 105; rotation time: 698-1081 ms; pitch: 0.6-0.94; kVp: 100-
120; and slice thickness: 0.625 mm. Siemens Sensation 40 and 64: effective mAs: 100 —
141; mA: 55-78; rotation time: 1000 ms; pitch: 0.55; kVp120-140; slice thickness 0.6 mm.

Temporal bone MRI exams were performed on 1 of 3 different MR units with parameters as
follows. GE 1.5 Tesla (T) Signa Excite using a 8 channel head coil and the axial constructive
interference in steady state (CISS) sequence: repetition time (TR): 4.97; echo train length
(ETL): 1; Echo time (TE): 1.66; slice thickness: 0.8 mm/0 mm gap; flip angle (FA): 65;
number of excitations (NEX): 3; acquisition matrix (AQM): 256x320. Siemens 3T Tim Trio
or 3T Skyra using a 32 channel head coil and axial and reconstructed or directly acquired
sagittal oblique T2 spatial and chemical-shift encoded excitation (SPACE) sequences: TR:
700 —100, ETL: 46-65; TE: 126 — 133; thickness: 0.4-0.53 mm/0 mm gap; flip angle: 120
—140; NEX: 2-4; AQM: 256-326x320. Conventional brain sequences were also obtained
including sagittal T1 magnetization prepared rapid gradient echo (MPRAGE), axial turbo
spin echo T2, axial diffusion weighted imaging and either axial turbo T1 (less than 1 month
of age) or axial fluid attenuated inversion recovery (FLAIR) pulse sequences.

Case Description

A female infant was born at 33 weeks and 6 days to a 30 year old G2P1—2 woman
following a pregnancy complicated by insulin-dependent gestational diabetes mellitus,
intrauterine growth restriction, and oligohydramnios. Prenatal ultrasounds were notable for a
moderate membranous ventricular septal defect (VSD), mild tricuspid regurgitation, a small
pericardial effusion, dilated small bowel, echogenic bowel, and small/immature kidneys with
duplicated collecting systems bilaterally. There was no family history of birth defects or
genetic disorders. The infant was delivered via scheduled Cesarean section due to worsening
oligohydramnios and decreased fetal movements. After delivery, the infant was intubated
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due to respiratory distress, and she was subsequently transferred to our institution for further
management. Postnatal echocardiogram demonstrated pulmonary hypertension and a small
muscular VSD. A renal ultrasound demonstrated small, echogenic kidneys with small left
renal cysts. Studies for genetic causes of surfactant dysfunction (SP-B, SP-C, ABCA3) and
alveolar capillary dysplasia (FOXFI) were negative, and her respiratory failure was felt to be
due to pulmonary hypoplasia secondary to oligohydramnios.

The newborn screen showed undetectable T-cell receptor excision circles (T-RECs)
concerning for severe combined immunodeficiency (SCID), with follow-up laboratory
investigation revealing severe T-cell and B-cell lymphopenia with decreased levels of naive
CD4 T-cells. Mitogen proliferation testing was consistent with severely depressed T-cell
function. Immunoglobulin levels were also low, and she was treated with intravenous
immunoglobulin. However, repeat evaluations throughout her admission demonstrated
improvement in lymphocyte subsets and mitogen proliferation studies which were not
consistent with a SCID diagnosis. In addition, a gene sequencing panel evaluating 18 genes
associated with SCID was unrevealing (GeneDx, Gaithersburg, MD). The infant’s newborn
screen was also notable for hypothyroidism which was confirmed on serum studies and she
was subsequently started on levothyroxine.

Brain magnetic resonance imaging (MRI) at 1 month of age revealed multiple anomalies
(Fig. 1), including mild hypoplasia of the pons which appeared narrowed in transverse

and shortened in craniocaudad dimensions. There was a 10 x 5 mm cystic structure in the
expected location of the anterior pituitary gland (possible Rathke cleft cyst) effacing the
posterior pituitary gland. The right olfactory bulb was absent with an absent right olfactory
sulcus. The left olfactory sulcus appeared shallow and the bulb appeared prominent. Both
the MR and facial CT showed bilateral part osseous, part membranous choanal atresia

(Figs. 1D and 2A). Multiple bilateral temporal bone anomalies were also seen and affected
external, middle and inner ear structures (Figs. 1C and 2B-G). The right external auditory
canal appeared stenotic. The malleus and incus were malformed and abnormally oriented,
with deficiency of the lenticular process of the incus and absent incudostapedial joints
bilaterally. Small stapedial remnants were present which appeared severely malformed and
angulated, in association with oval window stenosis. The facial nerve canals could not be
accurately assessed due to the low dose CT technique that was optimized for assessment of
the nasal cavity. The cochlear middle turns appeared misshapen, hypoplastic and offset, with
small, flattened apical turns. This appeared most consistent with cochlear hypoplasia type IV
according to the revised Sennaroglu classification (Sennaroglu & Bajin, 2017). The cochlear
modioli were malformed and the cochlear apertures were stenotic, measuring less than 0.4
mm transverse. The vestibules appeared globular with small protrusions at the expected
junctions with the posterior SCCs which were absent. The lateral and superior semicircular
canals were fully formed with mild luminal narrowing. The basiocciput appeared normal.

Due to the critical nature of her illness, she did not have a newborn hearing screen. She
underwent successful surgical repair of the choanal atresia. Her ears were small, low-set,
and dysplastic with skin tags on the helices bilaterally. She was also noted to have bilateral
creases beneath her eyes, downslanting palpebral fissures, and a broad nasal root. Given
her clinical features of dysmorphic ears, immunologic dysfunction, dysplastic kidneys, and
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the CT findings of choanal atresia, temporal bone anomalies, and the unilaterally absent
olfactory bulb, CHARGE syndrome was initially felt to be a likely unifying explanation.
However, CHD7 sequencing and deletion/duplication analysis were normal. The search for
an underlying explanation for her presentation also included a chromosomal microarray and
GATAG6 sequencing and deletion/duplication analysis, which were also unrevealing.

Ultimately, the infant’s respiratory failure worsened and she continued to require maximal
ventilatory support. With the support of the medical team her parents made the decision
to redirect to comfort care at three months of age and she passed away following terminal
extubation. Autopsy determined the underlying cause of death to be disseminated CMV
infection, likely related to her immunodeficiency, that had not been previously detected.

Sequencing Results

The index patient was found to have a de novo novel variant, ¢.10624C>G (p.Leu3542Val),
located on exon 38 of KMT2D (RefSeq NM_003482.4). This variant is absent from the
Exome Aggregation Consortium and Genome Aggregation Database, overlaps with an indel
variant classified as pathogenic in ClinVar, occurs at a highly-conserved residue, and is
predicted to be “probably damaging” by Polyphen, “damaging” by SIFT, and “disease
causing” by Mutation Taster (Karczewski et al., 2020; Lek et al., 2016).

Neuroimaging in Kabuki Syndrome

We identified 21 patients with a confirmed molecular diagnosis of Kabuki syndrome. 20 had
presumed causative variants in KMT72D and one in KDM6A (Table S1). None had missense
variants in KMT2D exons 38-39. Fifteen patients had hearing loss (3 sensorineural, 5
conductive, 6 mixed, 1 unknown type), with 13/15 managed using ear tubes and 10/15 using
hearing aids. Two had unknown hearing status.

Imaging studies were available in 13 patients. These exams consisted of temporal bone

CT only (one patient), temporal bone CT and brain MRI (four patients) with additional
temporal bone sequences in two of the brain MRIs. Brain MRI only was performed in

eight patients with additional temporal bone sequences in one patient. In total six patients
had detailed temporal bone imaging (5 CT, 3 MRI). The imaging findings are outlined

in Table 1 and illustrated in Figs. 3-5. The pons appeared shortened in height (8/13) or
mildly misshapen (obtuse angle between the pons and medulla) (5/13) in all patients (Fig.
3). The inferior vermis was uplifted and mildly to moderately hypoplastic in 8/13 patients
and uplifted but normally sized in another 2/13 (Figs. 3 & 4). Malformation of the cerebellar
hemispheres was seen in one patient (Fig. 4C). Craniosynostosis occurred in three patients,
affecting the metopic suture in two and a single coronal suture in one patient (Fig. 7). Lobar
holoprosencephaly and hypogenesis of the corpus callosum occurred in one patient (Figs.
4A & B). Temporal bone findings (Fig. 5) included low tegmen tympani (3/5 temporal bone
CTs), ossicular anomalies (4/5), and oval window atresia (3/5). Cochlear anomalies included
thickened, dysmorphic modioli in 5/6 patients with cochlear aperture stenosis in two of these
(Fig. 6A). Horizontal SCC anomalies were seen in only two patients (Figs. 6B-D) consisting
of a mildly widened anterior limb of the horizontal SCCs in one patient and globular anterior
limb of the horizontal SCCs which were deficient posteriorly with absent horizontal SCC
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bone islands in the other patient. Flared morphology of the internal auditory canals occurred
in 4/6 patients (Fig. 6B).

DISCUSSION:

We describe a neonatal presentation of the recently delineated KM72D Ex 38/39 allelic
syndrome diagnosed by ES that had been previously clinically diagnosed as CHARGE
syndrome and molecularly diagnosed as Kabuki syndrome. Although these three disorders
share phenotypic overlap, their distinct temporal bone imaging findings may be helpful in
phenotypically distinguishing them. In addition, the typical skull base findings of CHARGE
syndrome (constricted or hypoplastic basiocciput) were not seen in our index patient. Our
review of the temporal bone imaging of this patient and of a series of Kabuki syndrome
patients at our institution illustrates that the inner ear findings in patients with Kabuki
syndrome and the KMT2D Ex 38/39 allelic disorder are distinct both from each other and
from those seen in CHARGE syndrome.

The infant’s ultimate diagnosis of an allelic disorder caused by KM72D MVs in a region
spanning exons 38 and 39 was realized after two reports were published on separate series of
patients with this newly described disorder (Baldridge et al., 2020; Cuvertino et al., 2020).

In addition to the 12 new patients reported on by the combination of these reports, our
review of previously published case reports of patients with molecularly diagnosed Kabuki
syndrome and clinical features reminiscent of CHARGE syndrome demonstrated that at
least 4 of these patients actually had the Ex 38/39 KM 72D allelic disorder rather than classic
Kabuki syndrome (Badalato et al., 2017; Sakata et al., 2017).

Table 2 summarizes the clinical features of all presently known Ex 38/39 KMT72D MV
cases based on our literature review. Though there is phenotypic overlap between CHARGE
syndrome, Kabuki syndrome, and the KM 72D Ex 38/39 allelic disorder, each is distinct
(Table 3). External ear malformations are seen in all three disorders but with differences —
external ears are small and variably dysplastic in KMT2D Ex 38/39 allelic disorder patients,
large and prominent in Kabuki syndrome, and small with a classic appearance in CHARGE
syndrome.

Inner ear abnormalities have been well recognized as one of, if not the most, distinctive
features of CHARGE syndrome, with semicircular canal aplasia or hypoplasia being the
classic finding (Legendre et al., 2017; Wineland et al., 2017). Although inner ear anatomy is
not yet widely described in the KMT2D Ex 38/39 allelic disorder, most previously reported
patients did not have imaging. Of those that did, features described included absence of
posterior SCCs and other unspecified vestibular and cochlear abnormalities. One patient had
a number of temporal bone abnormalities that were well described, most notably bilateral
atresia of the external auditory meati, hypoplasia of the right vestibular aqueduct, bilateral
hypoplasia of the long process of the incus, and bilateral agenesis of the stapes and posterior
SCC (Sakata et al., 2017).

Careful review of the temporal bone imaging in our index patient demonstrated a distinctive
anomaly of the vestibules and SCCs that appeared quite unlike the characteristic hypoplasia/
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aplasia of the vestibules and all SCCs characteristic of CHARGE syndrome. The vestibules
appeared misshapen with slight protrusions at the expected take off of the posterior SCCs.
The posterior SCCs were essentially absent and there was partial absence of the anterior
limbs of the superior SCCs. The cochlear anomalies with deficient modioli, hypoplastic
apical turns and stenotic cochlear apertures were similar to findings seen in CHARGE,
however, unlike CHARGE, the middle and apical turns appeared offset anteriorly, more
reminiscent of branchio-oto-renal syndrome. Similarities with CHARGE were seen with
respect to ossicular anomalies, oval window atresia, dysmorphism of the pons and mild
uplifting of the cerebellar vermis. The typical central skull base anomalies (hypoplasia
and/or clefting of the basiocciput) seen in CHARGE were not seen in our patient. More
information is needed in order to determine the typical morphology associated with the Ex
38/39 KMT2D MV disorder, but there are now multiple lines of evidence suggesting that
inner ear abnormalities may be one of the hallmark features of this new disorder.

Kabuki syndrome, while frequently associated with hearing loss, has been less widely
associated with inner ear or temporal abnormalities. There have been several case reports of
inner ear abnormalities in select children with Kabuki syndrome, particularly involving the
cochleae and SCC. These include dysplastic cochlea with an enlarged vestibule, absence of
the cochlea and semicircular canals, a unilateral enlarged vestibule, an enlarged vestibular
aqueduct, and aural atresia with fusion of the incus and malleus (Igawa et al., 2000; Tekin
et al., 2006; Toutain et al., 1997; Zarate et al., 2012). However, this is the first systematic
case series reviewing the temporal bone imaging of Kabuki syndrome patients. Our review
of brain and temporal bone imaging of patients with classic Kabuki syndrome who received
neuroimaging revealed a number of interesting findings. For example, all patients were
noted to have an abnormal pons and most (8/13) had an uplifted and hypoplastic vermis.
Although rare cases of structural brain malformations have been previously described in
Kabuki syndrome, these particular anomalies were surprisingly consistent throughout our
series of patients. In addition, temporal bone findings were common among the patients who
had dedicated temporal bone imaging, with cochlear anomalies, ossicular anomalies, and
flared morphology of the IACs noted. Other temporal bone findings included low tegmen
tympani and oval window atresia. SCC anomalies, which are the hallmark of inner ear
anomalies in CHARGE syndrome, were not invariably present, being seen in only 2 patients
of the 6 with detailed temporal bone imaging. One limitation of our retrospective review is
that since patients with Kabuki syndrome do not routinely receive temporal bone imaging,
abnormalities are likely overrepresented in those for whom there was enough clinical
suspicion to obtain imaging. Furthermore, there are published case reports of patients with
Kabuki syndrome who did have temporal bone imaging that was unremarkable (Lu & Cao,
2014; Pepe et al., 2020). Even so, the high prevalence of abnormalities seen in our cohort
suggests that patients with Kabuki syndrome, and especially those with hearing loss, should
routinely undergo temporal bone imaging.

Hearing loss, which is reported in approximately 40% of patients with Kabuki syndrome
(Tekin et al, 2006), was present in 15 of the 19 patients in our Kabuki cohort with known
hearing status. The nature of the hearing loss seen in Kabuki syndrome has not been
well-defined and historically has been attributed largely to frequent otitis media (Barozzi
et al., 2009). However, the underlying cause is not always found, and it is unclear how

Am J Med Genet A. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stadelmaier et al.

Page 9

many inner ear anomalies may have been missed due to lack of imaging. It is possible that
the hearing loss so commonly seen in Kabuki syndrome is more often attributable to inner
ear and ossicular anomalies than previously thought. Identification of anatomic inner ear
abnormalities may have implications for treatment of the hearing loss. For example, one case
study demonstrated the efficacy of cochlear implantation in a patient with Kabuki syndrome
and semicircular canal malformation (A. Vesseur et al., 2016).

In addition to clinical similarities, molecular links between CHARGE, Kabuki, and the
KMTZ2D Ex 38/39 syndromes have also been discovered. It is known that CHD7, KMTZD,
and KDM6A are all involved in chromatin remodeling, and a molecular link between CHD7
and KMT2D based upon their shared interaction with members of the WAR complex has
been postulated (Aref-Eshghi et al., 2018). KMT2D encodes a methyltransferase that is
critical for transcriptional regulation. However, the methyltransferase activity is only active
in the context of a multi-subunit complex, one important aspect of which is the WAR
complex. It has been previously demonstrated that CHD7 also interacts with the WAR
complex, which infers a possible functional connection between the two genes (Schulz

et al., 2014). Other groups subsequently strengthened the notion that CHD7and KMT2D
regulate some of the same genes, such as HOXA5and SL/TRKS, involved in embryonic
development of numerous cell types and tissues (Aref-Eshghi et al., 2018; Butcher et al.,
2017). Future work may clarify the molecular relationship with these particular features of
clinical overlap.

In summary, we provide further evidence for a newly described KMT72D Ex 38/39 allelic
disorder and emphasize the clinical similarities but also key differences between this
disorder, CHARGE syndrome, and Kabuki syndrome with a particular focus on inner

ear abnormalities. Though subtle, there are key differences that may help with clinical
differentiation. We propose that inner ear and ossicular abnormalities may be more common
in Kabuki syndrome than previously thought and may be a distinguishing feature of the
KMTZ2D Ex 38/39 allelic disorder, though further research is needed to fully understand

the spectrum of inner ear anomalies in Kabuki syndrome and related KM 72D disorders.
Nonetheless, temporal imaging should be widely considered in cases of suspected or
confirmed Kabuki syndrome or the KMT72D Ex 38/39 allelic disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
(Patient #22) 1 month old female (feed and swaddle MR examination performed without

sedation). (A — B) 3T Sagittal T1 magnetization prepared rapid gradient echo (MPRAGE)
MR images. (A) There is hypoplasia of the pons which is shortened in height (short

white arrow). The inferior vermis (iv) is mildly uplifted but normal size. Note the normal
morphology of the basiocciput (long white arrow). (B) A magnified sagittal image reveals a
cyst (c) in the expected location of the anterior pituitary gland with partial effacement of the
posterior pituitary gland (arrowhead).

(C - E). Axial T2 weighted MR images. (C) The cochleae appear misshapen with
hypoplastic, anteriorly offset middle turns and markedly hypoplastic apical turns (short
arrows). The cochlear modiolus is misshapen on the right and absent on the left. Unlike
CHARGE syndrome, the vestibules are misshapen with slight protrusions at the expected
take off of the posterior semicircular canals (SCCs) which are essentially absent (arrows).
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The lateral and superior SCC were present (not shown). (D) The pons (p) is small. At

this level, the extraaxial spaces (s) ventral to the anterior temporal lobes appear prominent.
Note high signal intensity fluid pooling in the nasal cavities ventral to choanal atresia
(arrowheads). (E) There is a somewhat simplified gyral pattern with relatively shallow sulci,
particularly in the frontal lobes, for the given corrected postnatal age of 38 weeks.

(F). Coronal T2 weighted MR image shows absence of the right olfactory bulb and sulcus.
Note the mildly prominent left olfactory bulb (white arrow) and shallow left olfactory sulcus
(black arrow).
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Figure 2.
(Patient #22) (A — G). CT of the face at 1 month of age. (A) There is bilateral choanal atresia

that is part osseous (medial deviation of the lateral nasal cavity walls) and part membranous
(arrows).

(B) — (D). Images from the facial CT exam also demonstrate multiple temporal bone
anomalies. (B) The head of the malleus is flattened (long black arrow). The short process
of the incus (i) is abnormally broad and appears laterally ankylosed to the epitympanum.
The long process (short white arrow) is abnormally oriented and rotated into the same plane
as the short process. The lenticular process of the incus and incudostapedial articulation

are absent. A short, thick, malformed and angulated stapedial remnant is seen (white
arrowhead). The basal turn of the cochlea appears normal (black arrowhead). (C & D)
More cephalad images show malformation, hypoplasia and anterior offset of the middle
cochlear turn (black arrowheads) with deficiency of the modiolus (short black arrow). The
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apical turn is markedly hypoplastic and the interscalar septum is not seen. The cochlear
aperture is narrowed (thin black arrow ca). The vestibule (v) is enlarged and globular.

The horizontal (long white arrow) and superior SCCs (not shown) are fully formed with
luminal narrowing. The posterior SCC is absent with slight thickening of the vestibule at the
expected connections with the SCC (black asterisks), as seen on the MR in (C).

(E) — (G). Reformatted coronal CT images show stenosis of the external auditory canal
(eac). (E) This image demonstrates the stapedial remnant (arrowhead) with oval window
atresia. (F) The incus is abnormally oriented, and malformed, with deficiency of the distal
long and lenticular process (short white arrow). There is osseous fixation of the incus to the
lateral wall of the attic. (G) There is relatively low placement of the tegmen tympani. The
malleus (black arrow) is abnormally approximated and likely ankylosed to the scutum.
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Figure 3.
(A-C) Midline sagittal T1 weighted MR images showing variable pontine dysmorphism. (A)

Patient # 17, 15 month old female. T1 MPPRAGE image shows a relative short pons (p)

that is mildly narrowed in AP diameter, especially superiorly. There is hypoplasia of the
inferior vermis (iv). The corpus callosum (cc) is mildly thinned. Note the normal basiocciput
(bo). (B) Patient #6, 11 year old male. Sagittal spin echo T1 weighted image shows that

the pons (p) is slightly shortened in height and there is an unusually obtuse angle between
the ventral aspect of the pons and medulla (m). (C) Patient #14 (22 month old female). T1
MPRAGE image shows that the pons is mildly shortened in height. The vermis is uplifted.
The posterior body of the corpus callosum is mildly thinned and the splenium has a vertical
orientation.
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Figure 4.
Additional intracranial anomalies. (A — B) Patient #20, 5 day old female. (A) Sagittal

T2 weighted sampling perfection with application-optimized contrasts using different flip
angle evolution (SPACE) image reveals absence of the anterior 2/3 of the corpus callosum
(cc). The vermis is uplifted and the pons is mildly misshapen and slightly short. (B) Axial
T1 inversion recovery MR image shows lobar holoprosencephaly with lack of cleavage

of the frontal lobes (asterisk) and dysmorphic lateral ventricles with non-visualization of
the frontal horns. The right olfactory bulb was absent (not shown). (C) Patient #7, 4 year
old male. Axial T2 weighted MR image shows mildly malformed cerebellar hemispheres
which are coapted in the midline and the inferior vermis which is hypoplastic is not seen as
expected.

Am J Med Genet A. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stadelmaier et al.

Page 19

A B C

Figureb.
(A - C) CT exams showing ossicular anomalies (A) Patient #9, 11 year old male, axial

image left temporal bone. The stapedial crura are short with abnormal osseous thickening at
the junction with the capitulum (arrowhead). (B) Patient #3, 8 year old female, reformatted
coronal image right temporal bone. The incus is malformed and abnormally oriented with
an obtuse incudostapedial angle and deficiency of the distal lenticular process (short white
arrow). The epitympanum is shallow with low placement of the tegmen tympani (arrow

tt) and the middle cranial fossa (arrow mcf) is in close proximity to the normal appearing
external auditory canal. (C) Patient # 9, 11 year old male, reformatted coronal image left
temporal bone. The malleus is misshapen with a hypoplastic manubrium (arrow m). It is
abnormally oriented and closely approximated to the scutum (arrows).
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Cc D

Figure®6.
(A -B) CT and (C — D) MR exams showing inner ear anomalies. (A) Patient #4, 6 year

old female, axial CT image right temporal bone. The cochlear modiolus is thickened (short
arrow) and there is mild stenosis of the cochlear aperture (arrow ca). (B) Patient #3, 8 year
old female, axial CT image left temporal bone. The horizontal SCC lumen is mildly widened
anteriorly and laterally (arrow scc), and the bone island (arrow bi) between the SCC and the
vestibule is misshapen. Note the widened and somewhat bulbous appearance of the internal
auditory canal (iac). Figure 6. cont. Patient #17, 15 month old female. (C) Axial and (D)
coronal T2 weighted MR images show malformation of the horizontal SCC (arrow scc)
which appears globular anteriorly and deficient posteriorly with absence of the bone island
between the vestibule (v) and the horizontal SCC.
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Figure 7.
3D CT images demonstrating craniosynostosis. (A) Patient #3, 7 month old female. There

is trigonocephaly with a pointed appearance of the frontal bones in the midline due to
premature fusion of the metopic suture (long arrow). There is associated hypotelorism
(not shown). (B) Patient #14, 6 month old female with left frontal plagiocephaly due to
premature fusion of the left coronal suture (short arrow).
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Table 2.
Clinical features of described Ex 38/39 KMT2D MV patients.
Index patient (1) Cuvertino Baldridge Badalato (3) Sakata (1) All Ex
9) 3) 38/39
KMT2D
MVs(n=
!
Variant in KMT2D €.10624C>G Variety of Variety of ¢.10725G>C €.10690C>G Variety of
(p.Leu3542val) Ex 38/39 Ex 38/39 (p.GIn3575His) (p.Leu3564Vval) Ex 38/39
MVs MVs MVs
Physical feature
Athelia/hypoplastic No 6/9 3/3 0/3 Yes 10/17
nipples
Brain malformation Yes 1/3 0/3 No MRI No 2/5
Branchial sinus/neck No 719 2/3 0/3 No 9/17
pits
Choanal atresia Yes 719 3/3 3/3 Yes 15/17
Cleft lip/palate No 0/9 0/3 0/3 Yes 117
Congenital heart defect Yes 3/9 0/3 1/3 No 5/17
Dental abnormalities N/A 3/8 3/3 3/3 Yes 10/15
Ear abnormalities Yes 6/9 3/3 0/3 Yes 11/17
(external)
Ear abnormalities Yes 1/2 22 (1 1/1 (2 without Yes 6/7
(internal) without imaging)
imaging)
Eye abnormalities No 2/9 0/3 0/3 No 2/17
Feeding difficulties N/A 5/9 3/3 0/3 No 8/16
Hearing loss Unknown 8/9 3/3 3/3 Yes 15/16
Immunodeficiency Yes 4/9 0/3 0/3 No 5/17
Lacrimal duct No 719 2/3 0/3 No 9/17
abnormalities
Renal abnormalities Yes 0/9 1/3 0/3 No 2117
Short stature N/A 5/9 313 1/3 Yes 10/16
Thyroid abnormalities Yes 6/9 3/3 0/3 Yes 11/17

f"Patients from Cuvertino et al. (9), Baldridge et al. (3), Badalato et al. (3), Sakata et al. (1) and proband (1)
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Clinical features of Ex 38/39 KMT2D MV disorder, Kabuki syndrome, and CHARGE syndrome. Note: Listed
brain malformations, external ear abnormalities, and internal ear abnormalities are not observed in all patients
and are not exhaustive but rather are a summary of features that have been classically/commonly described.

Physical feature Ex 38/39KMT2D MVs(n = Kabuki syndrome CHARGE syndrome
17)T

Athelia/hypoplastic nipples | Common Rare Rare

Brain malformation Common ICommon Common

- Hypoplasia of pons

- Shortened or misshapen pons
- Uplifted and hypoplastic inferior
vermis

- Hypoplasia and/or clefting of
basiocciput

- Hypoplasia of vermis

- Hypo/aplasia of olfactory bulbs/
sulci

- Variably dysplastic +/- tags
or pits

Branchial sinus/neck pits Common Rare Rare
Choanal atresia Common Rare Common
Cleft lip/palate Rare Common Common
Congenital heart disease Common Common Common
Dental abnormalities Common Common Common
Ear abnormalities (external) | Common Common Common
- Small - Large, prominent, cupped - Short, small ear with minimal lobe

- Snipped off helix and prominent
anti-helix

Ear abnormalities (internal)

Common

’tCommon

Common

- Absent posterior SCCs

- Misshapen vestibules

- Cochlear hypoplasia

- Cochlear aperture stenosis
- Ossicular anomalies

- Cochlear anomalies (thickened,
dysmorphic modioli with variable
cochlear aperture stenosis)

- Ossicular anomalies

- Flared morphology of the IACs
- Low tegmen typani

- Oval window atresia

- SCC abnormalities less common

- Absence or hypoplasia of all
SCCs

- Cochlear and vestibular
hypoplasia

- Cochlear aperture stenosis

- Ossicular anomalies

Eye abnormalities Rare Rare Common
Feeding difficulties Common Common Common
Hearing loss Common Common Common
Immunodeficiency Common Common Common
Lacrimal duct abnormalities | Common Rare Rare

Renal abnormalities Rare Common Common
Short stature Common Common Common
Thyroid abnormalities Common Rare Rare

f'Patients from Cuvertino et al

. (9), Baldridge et al. (3), Badalato et al. (3), Sakata et al. (1) and proband (1)

’t'Not previously reported as common but retrospective review of our patients suggests otherwise
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