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Abstract

Pathogenic variants in KMT2D, which encodes lysine specific methyltransferase 2D, cause 

autosomal dominant Kabuki syndrome, associated with distinctive dysmorphic features including 

arched eyebrows, long palpebral fissures with eversion of the lower lid, large protuberant ears, and 

fetal finger pads. Most disease-causing variants identified to date are putative loss-of-function 

alleles, although 15-20% of cases are attributed to missense variants. We describe here four 

patients (including one previously published patient) with de novo KMT2D missense variants and 

with shared but unusual clinical findings not typically seen in Kabuki syndrome, including athelia 

(absent nipples), choanal atresia, hypoparathyroidism, delayed or absent pubertal development, 

and extreme short stature. These individuals also lack the typical dysmorphic facial features found 

in Kabuki syndrome. Two of the four patients had severe interstitial lung disease. All of these 

variants cluster within a 40-amino-acid region of the protein that is located just N-terminal of an 

annotated coiled coil domain. These findings significantly expand the phenotypic spectrum of 

features associated with variants in KMT2D beyond those seen in Kabuki syndrome and suggest a 

possible new underlying disease mechanism for these patients.

Keywords

Kabuki syndrome; athelia; KMT2D

Corresponding author: Dorothy K. Grange, Campus Box 8116, 660 South Euclid Ave., Washington University School of Medicine, St. 
Louis, MO 63110, grangedk@wustl.edu.
AUTHOR CONTRIBUTIONS
D.B., R.C.S., V.S., and D.K.G. wrote the original manuscript draft, acquired and interpreted data, revised and approved the final draft, 
and are accountable for accuracy of the manuscript. D.J.W., J.A.W., F.V.W., K.S., T.L.T., P.I.D., and F.S.C. contributed to the 
acquisition and interpretation of data, manuscript revision, final approval of manuscript, and are accountable for accuracy of 
manuscript.

CONFLICT OF INTEREST
The authors do not have any conflict of interest to declare.

HHS Public Access
Author manuscript
Am J Med Genet A. Author manuscript; available in PMC 2021 May 01.

Published in final edited form as:
Am J Med Genet A. 2020 May ; 182(5): 1053–1065. doi:10.1002/ajmg.a.61518.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

The association between pathogenic variants in KMT2D (previously known as MLL2) and 

Kabuki syndrome 1 (MIM 147920) was first published in 2010 (Ng et al., 2010), and serves 

as an early example of the power of exome sequencing for gene discovery (Adam, Hudgins, 

& Hannibal, 1993-2019). Approximately 60-75% of patients with a clinical diagnosis of 

Kabuki syndrome are found to have disease-causing variants in KMT2D, which encodes 

histone-lysine N-methyltransferase 2D (Bogershausen et al., 2016). Somatic variants in 

KMT2D are also frequently observed in various cancers (Kandoth et al., 2013; Rao & Dou, 

2015). An additional 3-8% of patients with features indistinguishable from Kabuki 

syndrome 1 have pathogenic variants in the X-linked gene KDM6A, which encodes lysine-

specific demethylase 6A, and is associated with Kabuki syndrome 2 (MIM 300867). 

Consensus clinical diagnostic criteria for Kabuki syndrome were recently published and 

define the characteristic features of this disorder, including intellectual disability, 

developmental delay, infantile hypotonia, and “typical” dysmorphic features affecting the 

eyebrows, nose, ears, and fingertips, although multiple other organ systems can also be 

affected (Adam et al., 2019).

Variants in KMT2D that cause Kabuki syndrome are generally de novo and are presumed to 

result in loss of function, since >80% of reported variants are nonsense, splice site, or 

frameshift alleles. Missense variants are observed in approximately 15-20% of cases, and 

can occur along the entire length of the protein (Bogershausen et al., 2016). Recent reports 

have attempted to categorize these variants, which appear to cluster in specific functional 

domains, although their pathogenicity can be more difficult to interpret (Bogershausen et al., 

2016; Cocciadiferro et al., 2018; Faundes, Malone, Newman, & Banka, 2019).

We report here the identification of a cohort of four patients with missense variants in 

KMT2D that cluster within a 40-amino-acid region of the protein, and who all have some 

features of Kabuki syndrome, but also have shared unusual clinical features that are not 

typically associated with Kabuki syndrome, including choanal atresia, absent nipples 

(athelia) or hypoplastic nipples, and hypoparathyroidism.

METHODS

Editorial Policies and Ethical Considerations

The parents of all patients provided informed consent for their participation, including 

consent for use of facial photographs. Institutional Review Boards at each institution 

reviewed and approved these studies.

Exome Sequencing

Clinical exome sequencing for Patient 1 was performed at GeneDx using Agilent Clinical 

Research Exome kit (Agilent Technologies, Santa Clara, CA) (Tanaka et al., 2015). 

Research exome sequencing was performed for Patients 2 and 3. For Patient 2, we used the 

Agilent SureSelect Human All Exon kit (38 Mb version) and ANNOVAR (Wang, Li, & 

Hakonarson, 2010) to annotate variants, which were filtered to select those that are novel or 

rare (minor allele frequency < 0.01 in the Exome Aggregation Consortium (ExAC) database 
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(Lek et al., 2016)) and predicted to be damaging using outputs from dbNSFP (X. Liu, Wu, 

Li, & Boerwinkle, 2016). We manually reviewed candidate genes for possible clinical 

relevance. Patient 3 underwent research trio exome sequencing, and the methods for the 

sequencing and analyses have been previously published (Zhu et al., 2015). Expected 

familial relationships, including paternity, were observed in the analyses of the sequence 

data.

Protein Constraint and Domain Visualization

Evolutionary constraint of the patients’ missense variants was assessed using the Aminode 

tool (Chang, Guo, di Ronza, & Sardiello, 2018). Illustrator for Biological Sciences was used 

to draw the domains (W. Liu et al., 2015). Domains were identified by using InterPro 

(Mitchell et al., 2019). Regions of significant missense constraint were extracted from 

Supplemental Table 4 of a BioRxiv publication that used Exome Aggregation Consortium 

(ExAC) data to “identify sub-genic regions that are depleted of missense variation” 

(Samocha et al., 2017).

RESULTS

Patient 1

A female infant was born at 37 weeks’ estimated gestation to healthy, non-consanguineous, 

Caucasian parents with birth weight 2740g (42nd percentile), length 49cm (72nd percentile), 

and head circumference 32.5cm (38th percentile). She was delivered by normal spontaneous 

vaginal delivery, and had respiratory distress with associated oxygen desaturation, initially 

attributed to meconium aspiration. She was intubated and mechanically ventilated, and was 

found to have choanal atresia. A dopamine infusion was provided to treat hypotension. 

Initial physical exam revealed multiple dysmorphic features, including hypertelorism, thick 

and arched eyebrows, depressed nasal bridge, small nose and hypoplasia of the alae nasi, 

small dysplastic ears with unusual superior helical ear tags, right preauricular pit, right 

branchial cleft sinus tract, athelia (absent nipples), and an anteriorly placed anus (Figures 

1A–C, 2A–B, 2F). She underwent repair of bilateral, mixed bony and membranous complete 

choanal atresia at one month of age. She was discharged at two months of life with 

supplemental oxygen due to persistent hypoxemia. Her fingers developed clubbing due to 

lung disease, and she did not have fetal fingertip pads (Figure 3C).

At 6 months of age, chest computed tomography and open lung biopsy were performed due 

to increasing oxygen requirement and failure to gain appropriate weight. These studies 

revealed tiny cysts scattered throughout both lungs and diffuse interstitial pneumonitis 

without features to suggest a definitive etiology (Figure 2I–K). An upper GI study showed 

an aberrant right subclavian artery, and a gastrostomy tube was placed for nutritional 

supplementation. At age 14 months, she had worsening respiratory failure requiring 

prolonged mechanical ventilation. She received bilateral lung transplantation at age 19 

months. Hematoxylin and eosin stained sections of explanted lung demonstrated extensive 

alveolar remodeling with septal widening, areas of enlarged airspaces, extensive fibrosis 

with peripheral honeycombing, and prominent type II pneumocyte hyperplasia (Figure 2J–

K). Airspaces contained macrophages, degenerating cells, cholesterol clefts and dense 
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eosinophilic and proteinaceous material. Pulmonary arterioles showed mild medial and 

intimal thickening. Electron microscopy of type II pneumocytes demonstrated normal 

appearing lamellar bodies (not shown).

Her initial hearing screen showed profound bilateral sensorineural hearing loss. 

Subsequently, an MRI showed bilateral absence of the posterior semicircular canals, and she 

began wearing hearing aids. A left cochlear implant was placed at age 3 years, although she 

has not worn the external device due to behavioral issues.

She was diagnosed with hypothyroidism (thyroid stimulating hormone (TSH) elevated at 

14.06 mcIUnits/ml [normal range 0.40 - 6.20 mcIUnits/ml], free T4 inappropriately low-

normal at 0.9 ng/dl [normal range 0.7-1.8 ng/dl]) at 22 months and has been treated with 

levothyroxine since then. Hypoparathyroidism was confirmed at age 3 years (low ionized 

calcium at 3.52 mg/dl [normal range 3.90 - 5.20 mg/dl], low total calcium at 7.3 mg/dl 

[normal range 8.6 - 10.3 mg/dl], elevated phosphorus at 10.4 mg/dl [normal range 3.0 - 6.0 

mg/dl], intact PTH inappropriately normal at 35 pg/ml [normal range 14 - 72 pg/ml]), and 

has been treated with calcium and calcitriol. She developed osteopenia and acquired stable 

thoracic vertebral compression fractures. Estradiol therapy was initiated at age 16 years to 

treat her osteopenia.

At age 6 years, she developed acute renal insufficiency during an illness. This progressed to 

chronic kidney disease with a peak creatinine of 5 mg/dl (normal range 0.40 - 1.00 mg/dl). 

She continues to have a persistently elevated but stable creatinine (0.9 to 1.5 mg/dl). Her 

chronic renal disease is attributed to toxicity from her immunosuppressive medications. She 

developed anemia, treated with erythropoietin, and chronic hypertension treated with 

amlodipine, both attributed to her kidney disease.

She has severe growth failure with extreme short stature (at age 16 years, height is 106 cm [9 

standard deviations (SD) below the mean] and weight is 16.9 kg [−20 SD]), as well as absent 

pubertal development by physical exam and biochemical evaluation. She had a delayed bone 

age of 7 years when measured at chronological age of 14 years (−11 SD). Of note, she was 

not a candidate for growth hormone therapy due to the risk of inducing bronchiolitis 

obliterans in her transplanted lungs (Sweet, de la Morena, Schuler, Huddleston, & 

Mendeloff, 2004).

With regard to her development at her current age of 17 years, she smiles, laughs, and uses 

about 40 signs to communicate. Her fine motor skills are intact. She had delayed walking at 

age 3.5 years. She is not toilet trained. She is unable to read, but enjoys watching movies. 

She will not eat anything by mouth and receives all of her nutrition through a gastrostomy 

tube. She has repetitive behaviors, and is periodically violent and self-destructive, for which 

she is treated with risperidone. She has excess body hair on her back and extremities (Figure 

2E). She has dental overcrowding with retained deciduous teeth. She underwent removal of 

squamous papilloma on hard palate at age 10 years.

In summary, this patient’s features include choanal atresia, athelia, profound sensorineural 

hearing loss, progressive lung disease with interstitial fibrosis requiring lung transplantation, 

hypothyroidism, hypoparathyroidism, chronic renal disease, feeding difficulties, 
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developmental disabilities, extreme short stature, and lack of pubertal development (Table 

1). Previous genetic testing included a normal karyotype and chromosomal microarray 

analysis in 2008. Family history is non-contributory, with no similarly affected individuals.

Clinical trio exome sequencing in 2017 revealed a de novo missense variant in the KMT2D 
gene, NM_003482.3:c.10574T>C p.(Leu3525Pro). The variant is not present in ExAC or 

gnomAD (Karczewski et al., 2019; Lek et al., 2016), and the CADD score (Rentzsch, 

Witten, Cooper, Shendure, & Kircher, 2019) is 23.5. The diagnostic laboratory interpreted 

this variant as Likely Pathogenic.

Patient 2

A Caucasian male infant was born at 38 weeks’ estimated gestation by spontaneous vaginal 

delivery to healthy parents with birth weight 2959g (33rd percentile), length 50cm (62nd 

percentile), and head circumference 36.5cm (96th percentile). The mother was treated for 

hypothyroidism throughout gestation, but the pregnancy was otherwise uncomplicated. 

Shortly after birth, the infant became cyanotic despite supplemental oxygen and CPAP. 

Passage of a catheter through either nostril was not possible, and the infant improved after 

placement of an oral airway. He was diagnosed with choanal atresia by CT scan, which 

showed no bony component to the posterior membranous soft tissue density, and was 

surgically corrected at three days of age. Mild micrognathia was also observed, as well as 

low-set, posteriorly rotated, and malformed ears. Due to a diagnosis of severe 

gastroesophageal reflux combined with poor feeding, he underwent Nissen fundoplication 

and placement of a gastrostomy tube at one month of age. He developed oral aversion which 

has continued through childhood, and he has had poor growth.

He was treated with calcitriol for transient hypoparathyroidism, diagnosed shortly after 

birth, with inappropriately normal intact PTH (34 pg/ml [normal range 14 - 72 pg/ml]), 

during a period of significant hypocalcemia (6.6 mg/dl [normal range 8.6 - 10.3 mg/dl]). 

Treatment was discontinued at 2 months of age due to normalization of calcium and PTH 

levels. He was diagnosed with hypothyroidism (TSH elevated at 7.77 mcIUnits/ml [normal 

range 0.40 - 6.20 mcIUnits/ml], free T4 low at 0.57 ng/dl [normal range 0.7-1.8 ng/dl]) at 7 

months and has been treated with levothyroxine since then. At age 12 months, brain MRI 

showed a relatively enlarged sella with an enlarged and abnormal pituitary gland, most 

consistent with a Rathke cleft cyst.

Bilateral profound sensorineural hearing loss was diagnosed at age 4 months. He has 

periodically used hearing aids, but now communicates primarily by signing. Severe bilateral 

nasolacrimal duct abnormalities were noted at age 22 months, and subsequently surgically 

repaired with multiple procedures. He also has a right branchial cleft fistula.

He has had global developmental delays and received occupational and physical therapy. At 

13 months, he was unable to sit unassisted and only started to roll over. He began to walk at 

4 years. At 5 years, he had 8 words and 25 signs with no sentences. At 13 years, he was in 

the seventh grade, and able to read at the second-grade level and communicate via signs.
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He was initially evaluated by genetics at 5 years, and suspicion for Johanson-Blizzard 

syndrome was raised. His physical exam was notable for an up-swept frontal hair line, 

widely spaced eyes, downslanting palpebral fissures, flat and wide nasal bridge, narrow and 

hypoplastic alae nasi, and a convex nasal ridge (Figure 1D–F). He has two scars on either 

side of the midline of the vertex of the scalp, which appeared like cutis aplasia at birth 

(Figure 2H). He has a very thin upper lip with downturned corners. His teeth are abnormally 

shaped (the lower central incisors are conical), crowded, yellow, and covered with plaque 

(Figure 3A–B). His ears are small, dysplastic, cup-shaped, and protrude from the sides of the 

head (Figure 2G). He has very small, faintly pigmented nipples (Figure 2C–D). His fingers 

are normal with absence of fetal fingertip pads, and the nails of his great toes are dysplastic 

(Figure 3D–E). He has mild scoliosis. Because of the concern for Johanson-Blizzard 

syndrome, UBR1 sequencing was sent and was negative. Karyotype was normal, and 

chromosomal microarray analysis was non-diagnostic.

Stool elastase was low on several measurements consistent with mild to moderate exocrine 

pancreatic dysfunction, which is seen in Johanson-Blizzard syndrome. Pancreatic enzyme 

treatment was initiated, and he began to gain weight from 5 years to 8 years. Then, the 

pancreatic enzyme preparation he was taking was discontinued, and his growth plateaued. At 

12 years, he was initiated on pancrelipase, 12,000 units four times per day, and began to gain 

weight again. He had a delayed bone age of 11 years when measured at chronological age of 

13 years (−2 SD). At age 16, he had delayed puberty and extreme short stature (height −4.5 

SD and weight −9 SD). He has had significant constipation, requiring hospitalization twice 

with fecal impaction, which has improved with polyethylene glycol 3350.

Research exome sequencing revealed a de novo missense variant in KMT2D, c.10582C>G 

p.(Leu3528Val), which was confirmed in a CLIA lab. The variant is not present in ExAC or 

gnomAD, and the CADD score is 17.5.

Patient 3

A 37 weeks’ estimated gestation Caucasian female was born via spontaneous vaginal 

delivery with birth weight 2098g (4th percentile) and length 48cm (57th percentile). 

Pregnancy was complicated by gestational diabetes, and intrauterine growth retardation 

noted during the 3rd trimester. Multiple congenital anomalies were present, including a 

preauricular pit, bilateral athelia, anterior placement of the anus, and bilateral 5th finger 

clinodactyly with tapering of the remaining fingers. She was diagnosed with choanal atresia 

soon after birth, confirmed by CT and underwent surgical correction. Her postnatal course 

was notable for sepsis, meningitis and recurrent lung infections, and she was eventually 

discharged home at 4.5 months of age.

Due to persistent respiratory insufficiency and infections, a wedge lung biopsy was 

performed at 3 months, and pathology was consistent with bronchopulmonary dysplasia. 

When she was 13 years, a review of the lung biopsy results was suggestive of surfactant 

dysfunction, although no further details are available. Overall, her clinical course suggested 

evolving interstitial lung disease, and she had persistent clubbing, without fetal fingertip 

pads (Figure 3F–H). At 1 month of age, she required placement of a tracheostomy for 
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ventilation at night. She typically did not require ventilator support or oxygen 

supplementation during the day.

She had a history of gastroesophageal reflux, poor feeding, and failure to thrive for which 

she underwent Nissen fundoplication and placement of a gastrostomy tube. She continued to 

have oral aversion and poor somatic growth.

She was found to have significant hypocalcemia (6.1mg/dl) as a neonate and was diagnosed 

with hypoparathyroidism which was treated with calcitriol and calcium supplementation. 

She was diagnosed with hypothyroidism at 1 year (believed to be caused by a small anterior 

pituitary seen on a brain MRI), and treated with levothyroxine. At 10 years, she was 

diagnosed with insulin-dependent, non-autoimmune diabetes mellitus (negative antibodies). 

At 13 years, she had not yet shown signs of puberty. A pelvic ultrasound indicated that both 

ovaries were present, but were smaller than expected for age. Hormonal testing indicated she 

had low gonadotropins (LH 0.010 mIU/ml [normal range <0.02 - 11.7 mIU/ml], FSH <0.017 

mIU/ml [normal range 0.9 - 8.9 mIU/ml]) and estradiol (<1.0 pg/ml [normal range 0 - 20 pg/

ml]), and she was diagnosed with hypogonadotropic hypogonadism.

She failed the newborn hearing screen and was subsequently diagnosed with bilateral 

profound sensorineural hearing loss. A CT scan confirmed vestibular and cochlear 

abnormalities, and cochlear implants were placed at 2 years with replacement implants at 9 

years. She was able to hear conversations and communicated through sign language and 

facial expressions. She was noted to have bilateral nasolacrimal duct abnormalities and had 

surgical repair at 2 years although she continued to have difficulties with frequent tearing.

Initial abdominal ultrasound at birth was normal; however, at 6 months, a repeat renal 

ultrasound showed hyperechoic renal parenchyma. Additional renal ultrasounds confirmed 

her kidneys were small raising continual concern for renal dysplasia. Most recently at 13 

years of age, the kidneys measured lengths of 5.4cm on the right and 5.2cm on the left. She 

was diagnosed with chronic kidney disease, stage 2, and her estimated creatinine clearance 

(75ml/min/1.73m2) and creatinine were stable (0.97mg.dl).

She was hospitalized at 13 years due to chest pain and fatigue. An echocardiogram showed 

systemic right ventricular systolic pressure and moderate tricuspid insufficiency. An ECG 

revealed right ventricular enlargement with a strain pattern. A prior echocardiogram at 11 

years was normal.

She had global developmental delays. She was able to sit unsupported at 2 years and crawled 

at 4 years. She was unable to walk unsupported. She started to write her name at 5 years and 

achieved a 3rd-4th grade level in homebound school. She was able to communicate via sign 

language, facial expressions, and writing, although she was never able to speak. She was 

described as being very social and enjoyed being around other people.

She died at 14 years from a hypoglycemic coma in the context of a brief but severe 

gastrointestinal illness, despite efforts from her parents and emergency personnel to increase 

her blood glucose.
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She was most recently evaluated by genetics at 14 years. At that time, her height was 124.5 

cm (−5.6 SD), weight was 24.4 kg (−5.9 SD), and her head circumference was 52 cm (at the 

3rd percentile). On physical exam, she had a tall, broad forehead with deep-set eyes (Figure 

1G–I). Her hair was dry, curly and coarse. Her ears were low-set with a simplified pinna and 

a preauricular pit of the left ear. She had a small nose and thin lips. She had wide-spaced and 

peg shaped teeth with several adult teeth missing. She was Tanner stage 1 with absent 

nipples. She had significantly reduced tone in her lower extremities with brisk reflexes. 

Family history was non-contributory.

Research exome sequencing found a de novo missense variant in KMT2D, c.10621G>C p.

(Ala3541Pro). The variant is not present in ExAC or gnomAD, and the CADD score is 24.4.

Patient 4 (Published as Sakata et al., 2017)

A search of the published literature revealed an additional patient with overlapping clinical 

features and a nearby missense variant in KMT2D (Sakata et al., 2017) (Figure 1J). In brief, 

this adult female had choanal atresia, bilateral hypoplastic nipples, hypoparathyroidism, 

hypothyroidism, and sensorineural hearing loss with abnormal external and internal ear 

development associated with bilateral agenesis of the posterior semicircular canals, all of 

which are present in the other patients reported here (Table 1). She also had developmental 

delay, growth failure, abnormal teeth, and genitourinary abnormalities, which can be seen in 

patients with Kabuki syndrome. However, because of the presence of additional features, 

including right facial nerve palsy and cleft palate, which are not seen in the other patients 

above, she satisfied both the Blake and Verloes criteria that define CHARGE syndrome, and 

received this clinical diagnosis (Blake et al., 1998; Verloes, 2005). However, no pathogenic 

variants in CHD7 were found. A comprehensive sequencing panel revealed a de novo 
missense variant in KMT2D, c.10690 C>G p.(Leu3564Val). The variant is not present in 

ExAC or gnomAD, and the CADD score is 25.1.

DISCUSSION

The strong phenotypic overlap and the clustering of missense KMT2D variants in these four 

patients support the conclusion that these variants are the cause of the observed clinical 

findings. The 2015 ACMG-AMP variant interpretation guidelines caution against using 

those classification rules until a gene’s association with disease has been validated, which 

may require multiple published observations of the same gene-disease relationship (Richards 

et al., 2015). Regardless, when these criteria are applied, we determine that each of the three 

KMT2D variants found in Patients 1-3 is Likely Pathogenic, by applying both one strong 

(PS2: de novo) and one moderate (PM2: absent from controls) criteria to each variant. 

Applying the recently published consensus clinical diagnostic criteria for Kabuki syndrome 

demonstrates the challenge of having diverse phenotypes associated with variants in the 

same gene (Adam et al., 2019). Technically, because all four of these patients have a history 

of developmental delay and a likely pathogenic variant in KMT2D, they satisfy the criteria 

for a definitive diagnosis of Kabuki syndrome. However, these patients do not have 

craniofacial features typical of Kabuki syndrome, nor persistent fetal fingertip pads, arguing 

against a diagnosis of Kabuki syndrome.
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The available crystal structures for KMT2D-encoded histone-lysine N-methyltransferase 2D 

and closely related proteins only include small portions of this relatively large, 5,537 amino 

acid-long protein, and do not include the region where these missense variants are located 

(residues 3,525 to 3,564) (Bienert et al., 2017). However, UniProt displays an apparent 

coiled-coil domain at the overlapping and nearby residues of 3,562 to 3,614, as predicted by 

the COILS program (Lupas, Van Dyke, & Stock, 1991) (Figure 5A–B). This is one of five 

predicted coiled-coil domains in this protein, and these missense variants may disrupt the 

appropriate protein folding in this region. Further, we observe that our patients’ variants fall 

in regions of evolutionary constraint, as identified by the Aminode program, affirming their 

biological importance (Chang et al., 2018) (Figure 5A).

Focused analyses of missense variants in KMT2D have recently been published. 

Cocciadiferro et al. (2018) identified missense variants associated with Kabuki syndrome 

along the entire length of the protein and used functional studies to demonstrate that some 

missense variants abrogate histone methylation activity, confirming these are loss-of-

function variants. Faundes et al. (2019) analyzed three groups of missense variants in 

KMT2D: 1) germline variants associated with Kabuki syndrome, 2) somatic variants found 

in various cancers, and 3) a compilation of “control” variants observed in ExAC (Lek et al., 

2016) and similar databases. This study found statistically significant clustering of Kabuki-

associated variants in the several protein domains, some of which also had significant 

clustering for variants found in cancers. There was no significant clustering or presence of 

any Kabuki-associated variants in the region of the gene that harbors the variants found in 

the four patients described in this report. However, there were thirteen non-Kabuki KMT2D 
variants identified in this region (9 from cancers and 4 in controls), including one 

observation of the same variant (c.10574T>C p.(Leu3525Pro)) that was found in Patient 1 

above. This observation is found in COSMIC (Tate et al., 2019) and was reported as a 

homozygous variant in tumor sequence from a patient with head and neck squamous cell 

carcinoma (Seiwert et al., 2015). We also note that this same variant is annotated in ClinVar 

(Landrum et al., 2018) as Variation ID 449909, and we confirmed that this submission is 

from Patient 1 who was sequenced at GeneDx. Variants in many genes cause both 

developmental disorders when germline and cancer when somatic; the significance of the 

observation of this single variant in a tumor is unclear with regard to the pathogenesis of our 

patients. We observe that our patients’ variants do not fall in either of the two regions of the 

KMT2D protein that are significantly depleted from missense variation, according to an 

analysis of the distribution of missense variants in ExAC (Samocha et al., 2017) (Figure 5C). 

We speculate that result could be due to the specific effects of our patients’ particular 

missense variants as opposed to variants found in unaffected controls, or due to the limited 

sensitivity of this method to identify a signal of constraint within a very small 50 amino acid 

region.

In 2016, Badalato et al. reported a mother, and her son and daughter with choanal atresia, 

hearing loss, and dental abnormalities, and who all harbor a missense variant (c.10725G>C 

p.(Gln3575His)) in KMT2D, which was de novo in the mother (Badalato et al., 2017). While 

their facial appearances were not typical for Kabuki syndrome, all three did have fetal 

fingertip pads, and the authors characterized these individuals as cases of “atypical Kabuki 

syndrome.” As noted by Sakata et al. (2017), this variant is only eleven amino acids away 
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from the variant found in Patient 4. Of note, the son had absent right and small left posterior 

semicircular canals and hypoplastic alae nasi with anteverted nares, and the daughter had 

short stature (<3%), features which are present in some of our patients. However, unlike all 

four of the patients presented in our report, there is no description of whether these 

individuals have absent or hypoplastic nipples or endocrine abnormalities. Given the close 

proximity of the variant to our patients and the overlap of the unusual finding of choanal 

atresia, the same underlying molecular mechanism may be present in these “atypical” cases 

and our patients.

Choanal atresia (present in all four patients and the Badalato patients) and abnormal 

semicircular canals (present in Patient 1 and 4 and one of the Badalato patients) are two of 

the major diagnostic criteria for CHARGE syndrome (Verloes, 2005). Further, the ear shape 

of Patients 1, 2, and 4 could be characterized as similar to that observed in CHARGE 

syndrome. No clinically significant variants in CHD7 were identified in our patients. The 

overlap between Kabuki syndrome and CHARGE syndrome has been reported previously, 

including an assessment of the presence of coloboma in cases with clinically diagnosed 

Kabuki syndrome prior to the discovery of the molecular basis of either syndrome (Ming, 

Russell, Bason, McDonald-McGinn, & Zackai, 2003). Several cases with Kabuki syndrome 

and pathogenic variants in KMT2D also have features of CHARGE syndrome including: 1) 

a case with choanal atresia and anal atresia (p.(Gln1755*)) (Schulz et al., 2014), 2) a case 

with coloboma and anal atresia (p.(Gln4329Leufs*47)) (Verhagen, Oostdijk, Terwisscha van 

Scheltinga, Schalij-Delfos, & van Bever, 2014), and 3) a case with coloboma and absent 

right inner ear (p.(Arg2771*)) (Patel & Alkuraya, 2015). It has been established that 

KMT2D and CHD7 proteins both interact with members of the WAR complex (Schulz et al., 

2014) and that patterns of aberrant DNA methylation are in common between Kabuki and 

CHARGE syndromes (Butcher et al., 2017), suggesting that a single common molecular 

pathway involving chromatin modification may be responsible for both conditions. The 

added observation of the CHARGE-like findings in these four patients, which have missense 

variants within a restricted 40-amino-acid region of the protein, further suggests that this 

region might be the particular portion of the KMT2D protein that is involved in CHD7 

interaction or interaction with WAR complex members.

It is possible that the complex medical issues affecting these patients may have been 

causative of their growth failure and delayed puberty. However, particularly in Patient 1 

(Figure 4A–B), the near complete absence of growth may indeed be primary.

Athelia is an unusual clinical feature (Ishida et al., 2005), and we report it here in association 

with missense variants in KMT2D. Seven other genes have been associated with athelia in 

humans, and no clinically significant variants in these genes were identified in our patients. 

Scalp-Ear-Nipple (SEN) syndrome (MIM 181270) is caused by pathogenic variants in 

KCTD1 and manifests as cutis aplasia, minor malformations of the external ears, and athelia 

or amastia (Marneros et al., 2013). The observation of the scalp abnormality in Patient 2 

suggests a potential mechanistic connection between KMT2D and KCTD1, which both code 

for proteins involved in transcriptional regulation. Additional genes that are associated with 

abnormal breast development include: A) TBX3, which causes Ulnar-Mammary syndrome 

(MIM 181450) (M. Bamshad et al., 1997), B) TP63 which causes multiple developmental 
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disorders (M. J. Bamshad, 2016; Rinne, Hamel, van Bokhoven, & Brunner, 2006), C) EDA, 

which causes X-Linked Hypohidrotic Ectodermal Dysplasia (XLHED) (MIM 305100) 

(Wahlbuhl-Becker, Faschingbauer, Beckmann, & Schneider, 2017), D) EDAR, which causes 

autosomal recessive hypohidrotic ectodermal dysplasia (MIM 224900) (Haghighi et al., 

2013), and E) FIG4, which causes Yunis-Varon syndrome (MIM 216340) (Campeau et al., 

2013). Two families with variants that disrupt PTPRF have been reported to have athelia 

(MIM 616001) (Ausavarat et al., 2011; Borck et al., 2014). Ausavarat et al., 2011 is 

supplemented with a summary of 62 other cases with absent breast tissue / nipples, most of 

which are molecularly undefined. We identified an additional seven reports of cases with 

phenotypic similarity to our patients, but without a molecular diagnosis (Al-Gazali et al., 

2002; Dumic, Cvitanovic, Saric, Spehar, & Batinica, 2002; Hisama, Reyes-Mugica, 

Wargowski, Thompson, & Mahoney, 1998; Horvath & Armstrong, 2007; Papadimitriou, 

Karapanou, Papadopoulou, Nicolaidou, & Fretzayas, 2009; Qazi, Kanchanapoomi, Beller, & 

Collins, 1982; Uchida, Konishi, Inoue, Otake, & Kusunoki, 2006).

The characteristics of SWI/SNF-related intellectual disability disorders, also known as 

Coffin-Siris spectrum disorders, include some overlap with our patients, including 

hypertrichosis, thick eyebrows, coarse facial features, and feeding problems (Bogershausen 

& Wollnik, 2018), although other facial characteristics of our patients are distinct. Some 

cases also have bronchopulmonary disease, like our patients. This observation raises the 

possibility of a potential molecular interaction between KMT2D and the SWI/SNF 

chromatin remodeling complex. There is also overlap between the abnormalities in our 

patients and the features reportedly associated with methimazole and carbimazole 

embryopathy. Specifically, children born to mothers taking these hyperthyroidism treatments 

during the first trimester of pregnancy sometimes have choanal atresia, athelia, 

hypothyroidism, hearing loss, and cutis aplasia of the scalp (Foulds, Walpole, Elmslie, & 

Mansour, 2005; Greenberg, 1987; Wilson, Kerr, Wilkinson, Fossard, & Donnai, 1998), 

suggesting a potential overlap in the underlying disease mechanisms affecting these patients.

Johanson-Blizzard syndrome (JBS, MIM 243800) is a rare autosomal recessive disorder 

caused by pathogenic variants in UBR1 (Zenker et al., 2005). This condition has some 

features in common with our patients suggesting possible causal mechanistic commonality, 

including hypoplastic or notched alae nasi, exocrine pancreatic insufficiency, cutis aplasia of 

the scalp, hearing loss, abnormal hair and teeth, hypothyroidism, and short stature. 

Additional features of JBS that are not observed in our patients include urogenital, anorectal, 

and cardiac defects. Before the KMT2D variants were found, this condition was strongly 

considered in the differential diagnosis of both Patients 1 and 2, but no abnormalities in the 

UBR1 gene were identified.

Finally, while this manuscript was under review, we became aware of a study which 

describes the same genotype-phenotype relationship that we report here, but in a separate 

cohort of 10 affected individuals (Cuvertino et al., 2020). We note that two of these patients 

share the same de novo missense variant as in our Patient 2 (p.(Leu3528Val)), and another 

patient’s variant (p.(Leu3542Pro)) is only one amino acid away from our Patient 3’s variant 

(p.(Ala3541Pro)). This other report also includes functional evidence of pathogenicity, 

including the observation of a distinct signature of DNA methylation compared to patients 
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with Kabuki syndrome. Among the variants profiled in this assay was our Patient 2’s variant 

(p.(Leu3528Val)). These data, together with the close phenotypic overlap we observe among 

the patients, provide compelling evidence for the pathogenicity of the identified KMT2D de 

novo missense variants.

In conclusion, comparing our patients to those with Kabuki syndrome, we speculate that a 

distinct biological mechanism and disease process may be affecting the development of 

multiple tissues with abnormalities in our patients, including the ear, nipple, nasal passages, 

lung, parathyroid gland, and pancreas. While it has been established that Kabuki syndrome 

results from haploinsufficiency caused by loss of function variants in KMT2D, we propose 

that the missense variants reported here may instead cause a gain of function, possibly 

altering affinity for enzymatic substrates or binding partners. Further experimental studies, 

such as assessment of H3K4 tri-methyltransferase activity (Bjornsson et al., 2014; 

Shilatifard, 2012) or detailed examination of additional patterns of DNA methylation 

(Butcher et al., 2017; Sobreira et al., 2017), are needed to verify this proposition.
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Figure 1. Facial features of three individuals with KMT2D missense variants.
A-C: Patient 1, at age 12 months, 5 years, and 15 years. Arched eyebrows, depressed nasal 

bridge, small alae nasi, tented upper lip. D-F: Patient 2, at age 5 years, 8 years, and 15 years. 

Up-swept frontal hair line, widely spaced eyes, downslanting palpebral fissures, flat and 

wide nasal bridge, narrow and hypoplastic alae nasi, pointed nasal tip with low hanging 

columella, and a very thin upper lip with downturned corners. G-I: Patient 3, at age 8 

months, 10 years, and 13 years. Tall, broad forehead with deep-set eyes, small nose, thin 

lips, dry, curly, and coarse hair. J: Patient 4, at age 24 years. Broad, depressed nasal tip and 

right facial nerve palsy. Reproduced, with permission, from Sakata et al., 2017.
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Figure 2. Chest, back, ear, scalp, and lung abnormalities in individuals with KMT2D missense 
variants.
A-B: Patient 1, athelia at age 12 months and 5 years. C-D: Patient 2, hypoplastic, faintly 

pigmented nipples at age 5 years and 15 years. E: Patient 1, hypertrichosis at age 5 years. F: 

Patient 1, at age 12 months. Small ears with unusual superior helical ear tags (blue arrow). 

G: Patient 2, at age 8 years. Small, protruding, dysplastic, cup-shaped ears. H: Patient 2, at 

age 8 years. Scalp scars, after resolution of cutis aplasia at birth. I: Patient 1, at age 6 

months. Computed tomography of lungs shows diffuse interstitial infiltrates and numerous, 

small, bilateral cysts. J: Patient 1. 10X hematoxylin and eosin (H&E) stained sections of 

explanted lung at age 19 months demonstrate an area of alveolar remodeling with enlarged 

airspaces; such areas were found throughout all lobes, interspersed with areas with smaller 

airspaces. K. Patient 1. 20X H&E. Areas with smaller airspaces show widened alveolar septa 

and prominent type II pneumocyte hyperplasia (black arrows). Airspaces contain 

macrophages (white arrows), degenerating cells, cholesterol clefts (black arrowheads) and 
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dense eosinophilic and proteinaceous material (*). Pulmonary arterioles show mild medial 

and intimal thickening.
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Figure 3. Teeth, hand, and feet abnormalities in individuals with KMT2D missense variants.
A-B: Patient 2, at age 15 years. Teeth are crowded, yellow, and covered with plaque, with 

abnormal conical shape of the lower central incisors. C: Patient 1, fingers at age 12 months 

prior to lung transplant showing clubbing due to lung disease, but absence of fetal fingertip 

pads. D-E: Patient 2, at age 15 years. Normal fingers with absence of fetal fingertip pads and 

dysplastic nails of great toes. F-H: Patient 3 at age 13 years, 14 years, and 13 years. 

Prominent clubbing of digits and absence of fetal fingertip pads.
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Figure 4. Growth curves for individuals with KMT2D missense variants.
A-B: Patient 1. C-D: Patient 2.
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Figure 5. KMT2D missense variants, evolutionary conservation, protein domains, and 
population variation.
A: Location of patients’ KMT2D missense variants on a highly conserved multi-species 

alignment of KMT2D protein sequence. ECRs: evolutionarily constrained regions as 

identified by Aminode (Chang et al., 2018). CC: coiled-coil domain, which extends from 

residues 3562-3614. B: Schematic of domains of KMT2D protein from InterPro (Mitchell et 

al., 2019). ZF: zinc-finger. HMG: high mobility group. CC: coiled-coil. FYR: FY-rich. SET: 

SET methyltransferase domain. C: In green are shown two regions of missense constraint 

from human population data (Samocha et al., 2017).
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