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Abstract

The SET domain containing 2, histone lysine methyltransferase encoded by SETD2 is

a dual-function methyltransferase for histones and microtubules and plays an impor-

tant role for transcriptional regulation, genomic stability, and cytoskeletal functions.

Specifically, SETD2 is associated with trimethylation of histone H3 at lysine

36 (H3K36me3) and methylation of α-tubulin at lysine 40. Heterozygous loss of func-

tion and missense variants have previously been described with Luscan-Lumish syn-

drome (LLS), which is characterized by overgrowth, neurodevelopmental features,

and absence of overt congenital anomalies. We have identified 15 individuals with de

novo variants in codon 1740 of SETD2 whose features differ from those with LLS.

Group 1 consists of 12 individuals with heterozygous variant c.5218C>T p.

(Arg1740Trp) and Group 2 consists of 3 individuals with heterozygous variant

c.5219G>A p.(Arg1740Gln). The phenotype of Group 1 includes microcephaly, pro-

found intellectual disability, congenital anomalies affecting several organ systems,

and similar facial features. Individuals in Group 2 had moderate to severe intellectual

disability, low normal head circumference, and absence of additional major congenital

anomalies. While LLS is likely due to loss of function of SETD2, the clinical features

seen in individuals with variants affecting codon 1740 are more severe suggesting an

alternative mechanism, such as gain of function, effects on epigenetic regulation, or

posttranslational modification of the cytoskeleton. Our report is a prime example of

different mutations in the same gene causing diverging phenotypes and the features

observed in Group 1 suggest a new clinically recognizable syndrome uniquely associ-

ated with the heterozygous variant c.5218C>T p.(Arg1740Trp) in SETD2.

K E YWORD S

clinical genetics, genotype phenotype, histone modification, neurodevelopmental, SETD2

1 | INTRODUCTION

The SET domain containing 2, histone lysine methyltransferase (SETD2)

gene (MIM#612778), codes for a histone methyltransferase mediating

tri-methylation of the histone H3-lysine 36 residue (H3K36me3)

(Edmunds, Mahadevan, & Clayton, 2008). While the H3K36me3 mark

is primarily enriched over the gene bodies of actively transcribed genes,

SETD2-regulated H3K36me3 is considered broadly relevant for

preventing aberrant transcription arising from cryptic transcription

start sites in gene bodies, regulation of RNA splicing, and genomic sta-

bility. SETD2 serves as a binding site of DNAmismatch repair and other

DNA damage response-associated protein complexes (McDaniel &

Strahl, 2017; Zhou, Goren, & Bernstein, 2011). In addition, SETD2

methylates transcription factors such as STAT1, a mechanism of critical

importance for antiviral response pathways including interferon signal-

ing (Chen et al., 2017). Furthermore, SETD2 has been implicated in
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maintenance of genomic stability through methylation of cytoskeletal

alpha-tubulin during mitosis and cytokinesis (Park et al., 2016). In mice,

Setd2 knockouts are embryonic lethal, indicating a key role in develop-

ment (Hu et al., 2010; Rega et al., 2001).

Variants in SETD2 were initially identified by research next gener-

ation based exome sequencing of parent–child trios diagnosed with

sporadic autism spectrum disorder (ASD) through the Simmons sim-

plex collection (SSC) (Iossifov et al., 2014; O'Roak et al., 2012; O'Roak

et al., 2012). This research identified three variants in SETD2, the

paternally inherited p.(Cys94*), the maternally inherited p.(Gln7*), and

the de novo p.(Ile41Phe) mutations in children with autism from SSC

(O'Roak, Vives, Fu, et al., 2012; O'Roak, Vives, Girirajan, et al., 2012).

Since then, SETD2 variants have been associated with ASD and a spe-

cific neurodevelopmental disorder named Luscan-Lumish syndrome

(LLS) (Lumish, Wynn, Devinsky, & Chung, 2015; Luscan et al., 2014).

To date, there are 10 individuals reported in the literature with vari-

ants identified in SETD2 which have all been observed in children with

autistic features and/or LLS. Eight of these patients had truncating

variants: six were de novo, two were inherited, and one had unknown

inheritance. Two of these patients had de novo missense variants. All

the variants are absent from population databases, except for one

inherited nonsense variant (Lek et al., 2016). LLS is a Sotos-like syn-

drome characterized by ASD, normal to moderate intellectual disabil-

ity with developmental delays, macrocephaly, obesity, advanced bone

age, long face and nose with malar hypoplasia, down-slanted palpebral

fissures, and prominent mandible with pointed chin (Lumish

et al., 2015; Luscan et al., 2014; O'Roak, Vives, Fu, et al., 2012;

O'Roak, Vives, Girirajan, et al., 2012; Tlemsani et al., 2016; van Rij

et al., 2018).

Here we describe 15 individuals with missense variants in codon

1740 of SETD2 who present with a specific phenotype different from

individuals previously reported with SETD2 variants. Twelve individ-

uals with heterozygosity of the c.5218C>T p.(Arg1740Trp) variant in

SETD2 (NM_014159.6) present with profound intellectual disability,

microcephaly, and multiple congenital anomalies affecting several

organ systems. Three individuals with heterozygosity of the

c.5219G>A p.(Arg1740Gln) variant in SETD2 (NM_014159.6) present

with moderate to severe intellectual disability, low normal head cir-

cumference, and absence of additional congenital anomalies.

2 | MATERIALS AND METHODS

We identified 15 individuals with de novo variants affecting codon

1740 in SETD2: 12 patients with c.5218C>T p.(Arg1740Trp) (Group 1)

and 3 individuals with p c.5219G>A (Arg1740Gln) (Group 2). All

patients were evaluated through clinical genetic services and

ascertained retrospectively based on the presence of a missense vari-

ant affecting codon 1740 of SETD2 through GeneDx, Ambry Genetics,

GeneMatcher, Deciphering Developmental Disorders (DDD) and

100,000 Genomes Project (Firth et al., 2009; Sobreira, Schiettecatte,

Valle, & Hamosh, 2015; The National Genomics Research and

Healthcare Knowledgebase v5, 2019). Written consent was obtained

for all patients for publication of their clinical phenotype, genotype,

and photographs (where applicable). Detailed exome and genome

testing methods are described in the supplemental material.

3 | RESULTS

3.1 | Clinical phenotype description

Group 1 consists of 12 individuals with the missense variant

c.5218C>T p.(Arg1740Trp) in SETD2 and strikingly similar features

including: severe intellectual disability, seizures, microcephaly, cere-

bellar hypoplasia, hypoplasia of the corpus callosum, hypoplasia of the

pons, Coats disease, similar facial features, and similar skeletal and

internal organ anomalies. There are five male and seven female

patients ranging from 1 month to 12 years of age at last clinical exami-

nation. Nine patients were born premature and four mothers of the

premature babies had preeclampsia. Eight patients had normal head

circumference at birth and two had microcephaly at birth (two female

patients both with 31.5 cm head circumference at full term). Two

patients' head circumference was unknown at birth. All patients with

known length (seven patients) and known weight (12 patients) at birth

were within the normal range. All patients in Group 1 had failure to

thrive due to feeding difficulties and the majority required

gastrostomy tube or nasogastric (NG) tube. The weight of patients in

Group 1 remained below the 50th percentile through infancy and

childhood (Table S1) in contrast to overgrowth and obesity described

in LLS. The height was variable in Group 1 and all the recorded heights

were within normal centiles (Table S1). Four patients' height was

below the 10th centile, four patients' height was above the 75th

centile, and one patient's height was at the 50th centile. The head cir-

cumference in Group 1 drifted below the third percentile in infancy in

all patients. As the children became older, microcephaly was progres-

sive and was at least 2.5 SD below the mean. Three patients' micro-

cephaly progressed to greater than four standard deviations below

the mean: Patient 3 is female and had head circumference of 34.5 cm

at 3 months of age, Patient 7 is male and had head circumference of

37 cm at 5 months of age, and Patient 9 is female and had head cir-

cumference of 46 cm at 7 years of age. Additional common craniofa-

cial features included hypertelorism, micrognathia, small upturned

nose, biparietal narrowing, small forehead, flat face, short palpebral

fissures, arched eyebrows, strabismus, broad nasal bridge and tip of

the nose with low hanging columella, maxillary and mandibular hypo-

plasia, and slightly forward facing ears (Figure 1). Nine out of

12 patients had skeletal abnormalities of the hands and feet. Unique

features of the appendicular skeleton included proximally implanted

triphalangeal thumbs, broad proximally implanted halluces, hypoplastic

distal phalanges and nails, and camptodactyly (Figure 2). Brain imaging

by magnetic resonance imaging (MRI) or computed tomography

(CT) scan revealed structural brain abnormalities in all individuals in

Group 1. The abnormalities included hypoplasia of the corpus cal-

losum, shallow sulci, ventriculomegaly, and large fluid filled space in

the posterior fossa with ponto-cerebellar hypoplasia (Figures 3 and
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S1). None of the patients in Group 1 achieved speech or independent

walking. Seven patients had seizures. All patients evaluated at greater

than 2 months of age (10/12) developed ophthalmic abnormalities

including telangiectasias of the retina with exudates (Coats disease

like), retinal detachment, optic nerve coloboma and cataracts

(Figure 4). Eight patients in Group 1 had mixed hearing loss. Eight of

12 patients had hyponatremia in infancy. Hyponatremia was initially

concerning for syndrome of inappropriate antidiuretic hormone secre-

tion (SIADH), but ultimately treated with sodium supplementation.

Patient 6 in Group 1 also had acquired hypothyroidism and Patient

11 in Group 1 had a hypothalamic hamartoma. Eleven of 12 patients

had urinary tract abnormalities including dilated collecting system and

multicystic dysplastic kidneys. All five males in Group 1 had cryptor-

chidism and three had shawl scrotum. Two female patients had an

anteriorly placed anus. Eleven of 12 patients also had congenital heart

defects including ventricular septal defects, atrial septal defects, and

aortic valve abnormalities. Ten of 12 patients had respiratory abnor-

malities beginning in their early infancy. The abnormalities included

tracheomalacia, frequent aspiration, hypoventilation, desaturations,

and sleep apnea. Three patients required tracheostomy and two

required oxygen at night. Nine of 12 patients had skeletal abnormali-

ties including hip dysplasia, contractures, thoracic dysplasia, and/or

craniosynostosis. Patient 3 died at 1 month of age; he had hypo-

ventilation and hypoplastic pulmonary arteries and veins. Detailed

clinical information can be found in Table S1 and Figure S2.

Group 2 consists of three patients, two male and one female, with

the missense variant c.5219G>A p.(Arg1740Gln) in SETD2. All three

patients were born full term and prenatal findings in Patient 2 in

Group 2 were significant for polyhydramnios. Growth measurements

at birth for all individuals were within normal range. As the individuals

got older, head circumference drifted to low normal, but never

reached the criteria for microcephaly, while height was above the

50th percentile. All patients in Group 2 had speech delay but did

achieve speech (Patient 2 in Group 2 was speaking in short sentences

at 4 years 6 months), and two patients in this group also had mild

motor developmental delay. Patient 2 in Group 2 had a normal brain

F IGURE 1 Facial appearance with individuals from Group 1 (a) Patient 2 at 7 years old. (b, c) Patient 2 at 10 years old. (d, e) Patient 4 in
infancy. (f, g) Patient 5 in infancy. (h, i) Patient 5 as a toddler. (j). Patient 6 as a toddler. (k) Patient 7 at 2 weeks old. (l) Patient 8 at 2 years-old.
(m) Patient 8 at 12-years-old. (n,o) Patient 10 at 5 weeks old. Common facial features include hypertelorism, micrognathia, small upturned nose,
biparietal narrowing, small forehead, microcephaly, flat face, short palpebral fissures, arched eyebrows, strabismus, broad nasal bridge, and tip of
the nose with low hanging columella, maxillary and mandibular hypoplasia, and slightly forward facing ears
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F IGURE 2 Images of the
appendicular skeleton of
individuals from Group
1. (a) Patient 2—Proximally
implanted triphalangeal thumbs
and camptodactyly. (b) Patient 4—
Extreme camptodactyly with
overlapping fingers and adducted
thumb, hypoplastic distal

phalanges, and nails. (c) Patient
5—Broad halluces and wide
sandal gap. (d) Patient
8—Proximally implanted
triphalangeal thumb and
camtodactyly. (e) Patient
8—Broad proximally implanted
hallux

F IGURE 3 Magnetic resonance images of six patientswith heterozygosity for a recurrent p.(Arg1740Trp) variant in SETD2, including sagittal
T1-weighted images (a, d, g, j, m, p), Coronal T2- (b, n) and T1- (e, h, k) weighted images, and axial FLAIR images (c, f, i, l, o). Patients include a 6-week-old
boy(Patient 1; a–c), a 4-day-old boy (Patient 2; d–f), a newborn girl (Patient 3; g–i), a 6-year-old girl (Patient 5; j–l), a 4-year-old boy (Patient 6; m–o), and
a 2-month-old boy (Patient 7; o) . All patients have low craniofacial ratio (corresponding to clinical microcephaly), as well as a foreshortened and thin
corpus callosum (a, d, g, j, m, p). Thinning of corpus callosum in a, d, g, and p could be due to a combination of callosal hypogenesis and unmyelinated

state ofwhitematter during the first fewweeks of life. There is subtle overhanging appearance of the terminal portions of the frontal horns of lateral
ventricles relative to the striatum (best seen on coronal b and e). Gyri are somewhat simplified and sulci are shallow (c, f, i, and l). All patients have cystic
enlargement of the posterior fossa (mega cisternamagna) and prominent supracerebellar cisterns (a, d, g, andm). Slightly upturned hippocampi can be
appreciated on coronal images (particularly in b, h, k, and n). Patient #1 has prominent convexity extra-axial spaceswith left more than right subdural
hemorrhagewhichmay be related to birth trauma. A cleft palate can be seen in d and g (small arrows). Patient #5 haswhitematter volume loss (k, l),
with enlargement of the third and lateral ventricles. Patient #5, #6, and #7 have probable persistent Blake pouch cyst (j, n, p). Patients #3, #5, and #6 (g,
j, m) demonstrate abnormality of anteroposterior midbrain-hindbrain patterning (see text)
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MRI. The oldest patient in Group 2 at last clinical evaluation was

15 years old and at that age, he achieved some reading and writing

skills. Patient 3 in Group 2 had formal intelligence quotient

(IQ) testing in childhood, which showed total IQ of 67, verbal IQ of

76, and performance IQ of 70. She had anxiety, executive functioning

impairment, primarily fine motor developmental delay, and slow

processing speed. None of the patients in Group 2 had any major

medical issues. Patient 1 in Group 2 had constipation and

laryngomalacia in infancy that resolved without intervention, Patient

2 in Group 2 had strabismus, normal hearing, and hypotonia, and

Patient 3 in Group 2 had myopia and hypotonia. Facial features of

Patient 1 in Group 2 included brachycephaly, upslanting palpebral fis-

sures and straight upslanting eyebrows, and retrognathia (Figure 5).

He also had slight fifth finger clinodactyly and camptodactyly. Patient

2 in Group 2 was not noted to have any dysmorphic facial features.

He did have advanced bone age. Patient 3 in Group 2 was noted to

have high arched palate, crowded teeth, retrognathia, and broad

eyebrows. Detailed clinical information can be found in Table S1 and

Figure S2.

4 | DISCUSSION

We describe 15 patients with variants at codon 1740 of SETD2.

Twelve of the 15 patients (Group 1) present with a novel neu-

rodevelopmental disorder that is associated with a tryptophan residue

at codon 1740 of SETD2. These patients have common features and

congenital anomalies suggestive of a novel syndrome. Patient 5 in

Group 1 has been reported in the literature previously in a cohort of

individuals with structural brain abnormalities (Aldinger et al., 2019).

The c.5218C>T variant has an entry in ClinVar (VCV000388568.3)

and is absent from population databases such as GnomAD

(Karczewski et al., 2020; Landrum et al., 2017). The c.5218C>T variant

is a nonconservative amino acid substitution. It is likely to impact

F IGURE 4 Ophthalmic images of Patient 8 in Group 1 (a) Left eye at 2 weeks of life: Blood vessels to far periphery of retina—normal (b) Right
eye at 2 weeks of life: Normal (c, d) Right eye at 16 months old: Leukocoria, exudative detachment, and telangiectasia around periphery (e, f) Left
eye at 16 months old in Fluorescein: blood vessels stop, and star exudate in macula (g) Left eye at 16 month old under prophylactic laser to
avascular area and telangiectasia: Vessels stop, telangiectasia (h) Left eye at 16 months under despite laser localized to superior detachment:
Avascular periphery and leakage of the dye

F IGURE 5 Facial appearance of
Patient 2 in Group 2. (a–c). Patient at
15 years of age. Facial features include
brachycephaly, upslanting palpebral
fissures, and straight upslanting eyebrows
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TABLE 1 Observed genotype–phenotype correlation of SETD2 variants

Feature

Luscan Lumish syndrome

(Lumish et al., 2015; Luscan
et al., 2014; O'Roak, Vives,
Fu, et al., 2012; O'Roak, Vives,
Girirajan, et al., 2012; Tlemsani
et al., 2016; van Rij

et al., 2018)

Cases with c.5218C > T p.
(Arg1740Trp) (Group 1

reported in this article)

Cases p.R1740Q c.5219G >
A p.(Arg1740Gln) (Group 2

reported in this article)

Inheritance Autosomal dominant Autosomal dominant, all de

novo

Autosomal dominant, all de

novo

Growth

Failure to thrive in infancy 0/10 (0%) 12/12 (100%) 0/3 (0%)

HP:0001531

Overgrowth HP.0001548 and/or 9/9 (100%) 0/12 (0%) 0/3 (0%)

Obesity HP.0001513

Neurodevelopment

Intellectual disability 7/9 (78%) 12/12 (100%) 3/3 (100%)

HP:0001249/global

Developmental delay

HP:0001263

Autism HP.0000717 7/7 (100%) 0/12 (0%) 0/3 (0%)

Seizures HP:0001250 1/6 (17%) 7/12 (58%) 0/3 (0%)

Hypotonia HP:0001290 0/7 (0%) 12/12 (100%) 2/3 (67%)

Craniofacial

Macrocephaly, postnatal 8/8 (100%) 0/12 (0%) 0/3 (0%)

HP.0000256

Microcephaly HP.0000252 0/8 (0%) 12/12 (100%) 0/3 (0%)

Long face HP.0000276 3/5 (60%) 0/12 (0%) 0/3 (0%)

Broad nasal tip HP:0000455 0/5 (0%) 9/12 (75%) 1/3 (33%)

Low hanging 0/5 (0%) 9/12 (75%) 0/3 (0%)

Columella HP:0009765

Wide nasal bridge HP:0000431 1/5 (20%) 9/12 (75%) 0/3 (0%)

Hypoplasia of the 0/5 (0%) 8/12 (67%) 0/3 (0%)

Maxilla HP:0000327/ Midface

Retrusion HP:0011800

Malar flattening HP:0000272 1/5 (20%) 0/12 (0%) 1/3 (33%)

Large mandible HP.0000303 3/5 (60%) 0/12 (0%) 0/3 (0%)

Pointed chin HP.0000307 3/5 (60%) 0/12 (0%) 1/3 (33%)

Hypertelorism HP.0000316 2/5 (40%) 12/12 (100%) 0/3 (0%)

Short palpebral fissures 0/5 (0%) 8/12 (67%) 0/3 (0%)

HP.0012745

Downslanted palpebral fissures 2/5 (40%) 0/7 (0%) 0/3 (0%)

HP.0000494

Upslanted palpebral fissures 0/5 (0%) 5/7 (71%) 1/3 (33%)

HP.0000582

Highly arched

Eyebrow HP:0002553

0/5 (0%) 11/12 (92%) 0/3 (0%)

Periorbital fullness HP.0000629 0/5 (0%) 8/12 (67%) 0/3 (0%)

Micrognathia HP.0000347 0/5 (0%) 12/12 (100%) 0/3 (0%)

Retrognathia HP:0000278 0/5 (0%) 0/12 (0%) 2/3 (67%)

(Continues)
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secondary protein structure because the arginine and tryptophan resi-

dues differ in polarity, charge, and size. In silico analyses that included

protein predictors and evolutionary conservation supported a delete-

rious effect (Schwarz, Cooper, Schuelke, & Seelow, 2014). Three out

of 15 patients (Group 2) have residue glutamine at codon 1740 of

SETD2. The c.5219G>A variant is absent from population databases

such as GnomAD and is predicted deleterious according to in silico

analyses (Karczewski et al., 2020; Landrum et al., 2017; Schwarz

et al., 2014). The patients in Group 2 appear to have a different neu-

rodevelopmental phenotype than Group 1 and absence of major mal-

formations. Individuals with variants in other codons of SETD2 have a

neurodevelopmental disorder known as LLS that includes

macrocephaly, overgrowth or obesity, large pointed mandible, autism,

and normal to moderate intellectual disabilities without congenital

malformations of internal organs. It appears that the p.(Arg1740Trp)

and p.(Arg1740Gln) mutations in SETD2 have clear genotype–

phenotype correlation displaying clinical features distinct from each

other and from individuals with other mutations in SETD2 (Table 1).

The presentation of individuals in Group 1 is strikingly similar and

includes rare and unique disorders, such as Coats disease (MIM#

300216) with no clearly established molecular etiology. The intellec-

tual disability of individuals in Group 2 with p.(Arg1740Gln) is more

TABLE 1 (Continued)

Feature

Luscan Lumish syndrome

(Lumish et al., 2015; Luscan
et al., 2014; O'Roak, Vives,
Fu, et al., 2012; O'Roak, Vives,
Girirajan, et al., 2012; Tlemsani
et al., 2016; van Rij

et al., 2018)

Cases with c.5218C > T p.
(Arg1740Trp) (Group 1

reported in this article)

Cases p.R1740Q c.5219G >
A p.(Arg1740Gln) (Group 2

reported in this article)

Brain malformations

Hydrocephalus HP.0000238 1/10 (10%) 0/12 (0%) 0/3 (0%)

Chiari type 1 HP.0007099 1/10 (10%) 0/12 (0%) 0/3 (0%)

Hypoplasia of corpus 0/10 (0%) 9/12 (100%) 0/3 (0%)

Callosum HP.0002079

Hypoplasia of 0/10 (0%) 8/12(100%) 0/3 (0%)

The pons HP:0012110

Cerebellar hypoplasia 0/10 (0%) 12/12 (100%) 0/3 (0%)

HP.0001321

Eye abnormalities

Retinal telangiectasia 0/10 (0%) 8/10 (80%) 0/3 (0%)

HP.0007763

Optic nerve hypoplasia 0/10 (0%) 3/10 (30%) 0/3 (0%)

HP:0000609

Retinal detachment HP:0000541 0/10 (0%) 5/10 (50%) 0/3 (0%)

Cataract HP:0000518 0/10 (0%) 2/10 (20%) 0/3 (0%)

Hearing loss

Sensorineural HP:0000407 0/10 (0%) 6/8 (75%) 0/3 (0%)

Conductive HP:0000405 0/10 (0%) 7/8 (88%) 0/3 (0%)

Respiratory

Hypoventilation HP:0002791 0/10 (0%) 9/12 (75%) 0/3 (0%)

Tracheomalacia HP:0002779 0/10 (0%) 2/12 (17%) 0/3 (0%)

Gastrointestinal

Feeding difficulties HP:0011968 0/10 (0%) 12/12 (100%) 0/3 (0%)

Endocrine

Hyponatremia HP:0002902 0/10 (0%) 8/12 (67%) 0/3 (0%)

Congenital heart defect HP:0001627 0/10 (0%) 11/12 (92%) 0/3 (0%)

Skeletal abnormalities HP:0000924 5/6 (83%) 12/12 (100%) 2/3 (67%)

Genitourinary tract anomalies
HP:0000119

0/7 (0%) 11/12 (92%) 0/3 (0%)
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severe than individuals other SETD2 mutations, but not as severe as

individuals in Group 1 with p.(Arg1740Trp). Individuals in Group 2 lack

major medical malformations, which is similar to individuals with LLS.

Abnormal neurodevelopment in patients with LLS and patients

described here suggest that normal function of SETD2 is important for

neurological development. More specifically, codon 1740 appears to

be critically important for normal SETD2 function, due to the profound

clinical abnormalities seen in patients with a mutation at this site.

The SETD2 protein contains three functional domains that are evo-

lutionarily conserved: AWS-SET-PostSET domain, WW domain, and

SRI domain (Figure 6). The protein also comprises a coiled coil motif

and low charged region (Hacker et al., 2016; Sun et al., 2005). The SET

domain is responsible for transferring methyl groups, the WW domain

facilitates protein–protein interactions, and the SRI domain interacts

with RNA polymerase II, specifically the hyperphosphorylated C-

terminal domain of the Rpb1 subunit (Li et al., 2016; Xie et al., 2008).

The SRI domain directs SETD2 activity toward genes that are actively

transcribed. The SETD2 protein has been shown to interact with many

downstream pathways and plays an important role in epigenetic regula-

tion (Greer & Shi, 2012; Terzo et al., 2019; Xie et al., 2008).

The variants described here are downstream of the SET domain, but

upstream of the coiled coil motif (Figure 6) (Marchler-Bauer et al., 2016).

Codon 1740 is not included in a domain or site with known specific

function and it is not included in a known unique region of the protein

(UniPortKB - Q9BYW2, RCSB PDB) (UniProt Consortium, 2018). It

remains to be determinedwhich of the SETD2-dependent cellular mech-

anisms are compromised by variants affecting codon 1740. This codon is

caudal from the catalytic SET methyltransferase domain mapped to

amino acids 1,550–1,667 of the protein (Hacker et al., 2016). We note

that codon 1740 is in close proximity to the p.Asn1734Asp and p.

Ser1769Asp substitutions that are, in the affected cancer cell lines, asso-

ciated with near-complete loss of SETD2 protein by immunoblot

(Li et al., 2013). However, it is unclear how the p.(Arg1740Trp) and p.

(Arg1740Gln) mutations alter protein activity. The reasons for the reduc-

tion in tissue/cell protein level of the p.Asn1734Asp and p.Ser1769Asp

substitutions is currently unknown. In the Cosmic database, the

c.5218C > T p.(Arg1740Trp) variant was recorded four times in a variety

of tumors (Tate et al., 2018). Codon 1740 is downstream of the region

that includes codons 1418–1714 of SETD2; this region is suggested as

the domain that interacts with TUBA1A (Park et al., 2016).

There is some laboratory evidence that deficiency of SETD2 is

associated with loss of H3K36me3 and failure to establish the correct

DNA methylome (Xu et al., 2019). Hypomethylation of histone H3 at

K36 (H3K36me2) because of haploinsufficiency of NSD1 is associated

with overgrowth in Sotos syndrome (MIM# 117550). Hypomethylation

of intergenic DNA because of haploinsufficiency of DNMT3A is

F IGURE 6 Molecular coordinates and conservation of SETD2. (a) The genomic coordinates of SETD2 at 3p21.31 (UCSC browser GRCh38/
hg38 assembly). The isoform 1 of SETD2 depicting exons and introns. The NM_014189.6 sequence of exon 10 and the position of codon 1740 in
the protein depicted with conserved domains (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?seqinput=XP_024309255.1).
(b) Conservation of the arginine at 1740 of SETD2 across multiple species (Schwarz et al., 2014)
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associated with overgrowth in Tatton-Brown-Rahman syndrome

(MIM# 615879) (Weinberg et al., 2019). The PWWP domain of

DNMT3A has binding affinity with both H3K36me2 and H3K36me3

and genetic ablation ofNsd1 and its paralogueNsd2 in mice cells results

in redistribution of DNMT3A from H3K36me2 to H3K36me3 and

aberrant intergenic CpG methylation (Weinberg et al., 2019). Disrup-

tion of Setd2 in the same mice cells with genetic ablation of Nsd1 and

its paralogue Nsd2 impaired localization of DNMT3A to gene bodies

resulting in aberrant intergenic methylation as seen in overgrowth syn-

dromes and cancer (Weinberg et al., 2019). It is likely that loss of func-

tion variants in SETD2 are associated with overgrowth similarly to loss

of function in NSD1 and DNMT3A, as seen with LLS. The p.

(Arg1740Trp) mutation in SETD2 is associated with a severe neu-

rodevelopmental syndrome and microcephaly and the p.(Arg1740Gln)

mutation is associated with a neurodevelopmental phenotype and low

normal head circumference. Neither of these variants are associated

with overgrowth. Recently, gain-of-function mutations in DNMT3A

have been associated with microcephalic dwarfism and

hypermethylation of Polycomb-regulated regions (Heyn et al., 2019). It

is possible that the two variants affecting codon 1740 of SETD2 have a

similar affect to the gain-of-function variants of DMNT3A. It is possible

that these variants are gain-of-function, have effects on epigenetic reg-

ulation, or affect posttranslational modification of the cytoskeleton;

however, future studies are needed to elucidate the pathogenic mecha-

nism of variants affecting codon 1740 of SETD2. Whole genome meth-

ylation analysis of available cell lines in our cohorts and individuals with

LLS may provide insight to possible differences on epigenetic regula-

tion of SETD2 variants. Expression of the SETD2 protein is ubiquitous;

therefore, studying levels of the protein in peripheral blood and accessi-

ble tissues of our cohorts, as well as HEK 293 cell lines expressing dif-

ferent variants, may provide information about cellular function of

SETD2 variants.

5 | CONCLUSION

We describe the genotype–phenotype correlations of variants affecting

codon 1740 of SETD2 in comparison to other pathogenic variants in

this gene. The two groups of patients presented here reveal a novel

spectrum of phenotypic heterogeneity associated with SETD2. The

recurrent c.5218C>T p.(Arg1740Trp) variant in the SETD2 gene appears

to be associated with a novel severe neurodevelopmental disorder with

multiple congenital anomalies involving several organ systems. Individ-

uals who are heterozygous for this variant (Group 1) have strikingly

similar features that include microcephaly, intellectual disability, sei-

zures, congenital heart defects, congenital brain abnormalities, congeni-

tal urogenital abnormalities, ophthalmic abnormalities, hyponatremia in

infancy, feeding difficulties, and facial dysmorphia. These phenotypic

characteristics appear to be specific to tryptophan at codon 1740, as

individuals with this variant appear to have a different syndrome from

the previously described LLS and different from the individuals that we

describe with a glutamine at codon 1740 (Group 2). Individuals in

Group 2 have a distinctive neurodevelopmental disorder with low nor-

mal head circumference, moderate to severe intellectual disability, and

absence of congenital anomalies. The syndromes described in Groups

1 and 2 are novel and the syndrome described in Group 1 presents with

a recognizable pattern of congenital malformations and dysmorphic

features (Table 1). Further research is required to delineate the patho-

genesis of variants associated with codon 1740 to better understand

their phenotypic consequences.
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