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REPORT

De Novo Variants in the ATPase Module of MORC2 Cause a
Neurodevelopmental Disorder with Growth Retardation
and Variable Craniofacial Dysmorphism

Maria J. Guillen Sacoto,1,* Iva A. Tchasovnikarova,2,3 Erin Torti,1 Cara Forster,1 E. Hallie Andrew,4

Irina Anselm,5 Kristin W. Baranano,6 Lauren C. Briere,7 Julie S. Cohen,6,8,9 William J. Craigen,10

Cheryl Cytrynbaum,11,12 Nina Ekhilevitch,13 Matthew J. Elrick,6 Ali Fatemi,6,8,14 Jamie L. Fraser,4

Renata C. Gallagher,15 Andrea Guerin,16 Devon Haynes,17 Frances A. High,7 Cara N. Inglese,12

Courtney Kiss,16 Mary Kay Koenig,18 Joel Krier,19 Kristin Lindstrom,20 Michael Marble,21

Hannah Meddaugh,22 Ellen S. Moran,23 Chantal F. Morel,24,25 Weiyi Mu,26 Eric A. Muller II,27

Jessica Nance,6,9 Marvin R. Natowicz,28 Adam L. Numis,29 Bridget Ostrem,30 John Pappas,31

Carl E. Stafstrom,6 Haley Streff,10 David A. Sweetser,7 Marta Szybowska,24 Undiagnosed Diseases
Network, Melissa A. Walker,32 Wei Wang,1 Karin Weiss,13 Rosanna Weksberg,11,12,33

Patricia G. Wheeler,17 Grace Yoon,12 Robert E. Kingston,2,3 and Jane Juusola1

MORC2 encodes an ATPase that plays a role in chromatin remodeling, DNA repair, and transcriptional regulation. Heterozygous variants

in MORC2 have been reported in individuals with autosomal-dominant Charcot-Marie-Tooth disease type 2Z and spinal muscular atro-

phy, and the onset of symptoms ranges from infancy to the second decade of life. Here, we present a cohort of 20 individuals referred for

exome sequencing who harbor pathogenic variants in the ATPase module of MORC2. Individuals presented with a similar phenotype

consisting of developmental delay, intellectual disability, growth retardation, microcephaly, and variable craniofacial dysmorphism.

Weakness, hyporeflexia, and electrophysiologic abnormalities suggestive of neuropathy were frequently observed but were not the pre-

dominant feature. Five of 18 individuals for whom brain imaging was available had lesions reminiscent of those observed in Leigh syn-

drome, and five of six individuals who had dilated eye exams had retinal pigmentary abnormalities. Functional assays revealed that these

MORC2 variants result in hyperactivation of epigenetic silencing by the HUSH complex, supporting their pathogenicity. The described

set of morphological, growth, developmental, and neurological findings and medical concerns expands the spectrum of genetic disor-

ders resulting from pathogenic variants in MORC2.
Microrchidia CW-type zinc finger protein 2 (MORC2, MIM:

616661) is a member of a family of ATPases fundamental

for epigenetic silencing through chromatin modifica-

tion.1–3 It has most commonly been associated with auto-

somal-dominant Charcot-Marie-Tooth (CMT) disease type

2Z (MIM: 616688), a form of axonal neuropathy with pro-

gressive weakness, muscle cramps, and sensory impair-
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ment presenting in childhood or early adulthood.4–7 How-

ever, some reported individuals presented with hypotonia,

generalized muscle weakness, and delayed milestones,4 or

occasionally with spinal muscular atrophy, intellectual

disability, hearing loss, pyramidal signs, microcephaly,

and brain atrophy, in infancy.4,5,8–10 The association of

MORC2 variants with human disease has only recently
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been noted, and most of the individuals were ascertained

through studies of neuropathies. We used a hypothesis-

free approach to assess common characteristics in individ-

uals with de novo variants in MORC2 who were referred for

exome sequencing at a clinical laboratory.

We identified 15 individuals with de novo variants in

MORC2. In addition we included an affected mother-

daughter pair harboring a novel variant in MORC2 (sub-

jects 19 and 20) and three individuals heterozygous for

recurrent variants for whom parental studies could not

be completed (subjects 5, 13, and 16), bringing our total

to 20 individuals. Clinical data were obtained from the

referring providers or via provider completion of a ques-

tionnaire. This study was conducted under GeneDx’s

research protocol ‘‘Research to Expand the Understanding

of Genetic Variants: Clinical and Genetic Correlations,’’

approved by the Western Institutional Review Board

(IRB) (protocol 20171030). All research subjects provided

written consent to participate through either GeneDx’s

research protocol or as required by their clinical institu-

tion. Where applicable, informed written consent was ob-

tained for the use of photographs.

For all subjects except subject 9, we used genomic DNA

from the proband and parents (when available) to capture

the exonic regions and flanking splice junctions of the

genome via the SureSelect Human All Exon V4 (50 Mb),

the Clinical Research Exome kit (Agilent Technologies),

or the IDT xGen Exome Research Panel v1.0. Massively

parallel (NextGen) sequencing was done on an Illumina

system with 100 bp or greater paired-end reads. Reads

were aligned to human genome build GRCh37/UCSC

hg19 and analyzed for sequence variants via a custom-

developed analysis tool. Additional sequencing technol-

ogy and the variant interpretation protocol have been pre-

viously described.11 The general assertion criteria for

variant classification can be found in Table S1. For subject

9, identified by communication with another testing labo-

ratory (K.W., unpublished data), trio exome sequencing

was performed on a Novaseq6500 platform (Illumina) in

a CLIA certified laboratory (Gene by Gene) via the Agilent

SureSelect Clinical Research Exome Capture Enrichment

kit (Agilent Technologies) to capture the protein-coding re-

gions. Mapping of the obtained reads to the reference

genome (build GRCh37/hg19), variant calling, annota-

tion, and data analysis were done with the Genoox data

analysis platform. Variants were prioritized on the basis

of their effect on the protein (missense, nonsense, frame-

shift, splice-site) and their having a minor allele frequency

below 1% in general population databases, such as gno-

mAD,12 the Greater Middle East Variome, and the Rambam

Genetics Institute internal database of over 1,500 Israeli

exomes. All variants were confirmed by Sanger sequencing

and reported with the NM_001303256.1 transcript of

MORC2 (Figure S1).

We identified nine missense variants clustering in the

ATPase module of MORC2 (Tables 1 and S1, Figure 1).

None of these variants are reported in gnomAD,12 and all
The Americ
were considered to be pathogenic or likely pathogenic in

the context of the 2015 American College of Medical Ge-

netics and Genomics (ACMG) standards and guidelines

for the interpretation of sequence variants (Table S1).13

To our knowledge, five (55.6%) of the variants were previ-

ously unreported. Published individuals for whom clinical

information was available were included in Table 1 for

comparison.

Our cohort includes a diverse group of individuals; 12/20

(60%) were female, and the average age at the time of last

examination was 14.2 years (range 1.3–49 years). The pri-

mary indication for genetic testing was developmental

delay or growth failure, with the exception of the oldest in-

dividual (Subject 18) who presented with a diagnosis of

sensorimotor neuropathy. The most commonly described

features include gross motor delay (19/20, 95%), short stat-

ure (height < 2 SDs from the mean for age, 18/20, 90%),

intellectual disability (18/20, 90%), and microcephaly

(head circumference < 2 SDs from the mean for age, 15/

20, 75%) (Tables 1 and 2). Facial dysmorphism was re-

ported in 16/20 (80%) individuals, but the features were

subtle and variable. Facial characteristics often consist of

a long face with a narrow jaw, deep set eyes, broad nasal

tip, thin upper lip, dental crowding, and high palate

(Figure 2). Gait abnormalities were reported in 15/16

(94%) individuals; hypotonia (11/16, 69%) and decreased

or absent deep tendon reflexes (DTRs; 9/18, 50%) were

also commonly noted. Ten individuals had nerve conduc-

tion studies (NCSs); four of them reportedly had normal

testing, whereas six showed sensorimotor peripheral neu-

ropathy. Hearing loss was reported in 11/19 (58%) and

was progressive; two individuals received cochlear im-

plants (subjects 4 and 15) and two more use hearing aids

(subjects 5 and 13). Pigmentary retinopathy was reported

in 5/6 (83%) individuals who had dilated eye exams. Eigh-

teen individuals had a magnetic resonance imaging (MRI)

of the brain, which was abnormal in 12 individuals (66%).

Reported changes included Leigh syndrome-like lesions

(symmetric abnormalities in the brainstem, basal ganglia,

or cerebellum) in five of those 18 individuals. A diagnosis

of mitochondrial disease was suspected in seven individ-

uals (subjects 1, 3, 4, 5, 7, 10, and 12).

The recurrent variants present in our cohort,

c.79G>A (p.Glu27Lys), c.260C>T (p.Ser87Leu), c.394C>T

(p.Arg132Cys), and c.1181A>G (p.Tyr394Cys), have been

previously reported in themedical literature.4,5,14,16 Clinical

findings among individuals harboring the same variantwere

assessed (Table 1). Five subjects (subjects 2–6) were heterozy-

gous for c.79G>A (p.Glu27Lys). This variant was previously

reported de novo in a child with developmental delay by the

Deciphering Developmental Disorders Study group,16 but

detailed clinical information was not available. Develop-

mental delay, intellectual disability, and microcephaly were

reported in four individuals. Subject 6 was referred for evalu-

ation of declining growth parameters, but at the time of her

last assessment, her head circumference was in the normal

range (1.35 SDs below the mean) and she was too young to
an Journal of Human Genetics 107, 352–363, August 6, 2020 353



Table 1. Detailed Clinical Description of Individuals with Variants in the ATPase module of MORC2

Affected
Individual Mutation Inheritance Sex

Age at
Examination

Growth Parameters
(Z Scores)a Cognitive and Development

Facial
Dysmorphism

Hearing
Loss Endocrine

Neuromuscular
Features EMG/NCS Brain MRI Other Features

Additional
Variants
ReportedHeight Weight HC

Motor
Delay

Speech
Delay

Intellectual
Disability

Subject 1 Thr24Ile de novo female 4.2 years �3.41 �2.95 �3.72 þ þ mild þ � precocious

puberty

high arches,

hyperreflexia,

spasticity, ataxic

and jerking

movements of

arms and legs,

thoracic kyphosis;

only walks with

a walker

normal abnormal T2

hyperintensity in

right cerebral

peduncle, cortical

atrophy with

ventriculomegaly,

abnormal signal in

right putamen and

diffuse, ill-defined

white matter

hyperintensity

strabismus N/A

Subject 2 Glu27Lys de novo male 17 years �3.66 �5.6 �2.05 þ þ mild � � delayed

puberty,

growth

hormone

deficiency,

hypothyroidism

high arches,

toe walking,

spasticity,

hyperreflexia

N/A normal at age

14 years

N/A N/A

Subject 3 Glu27Lys de novo female 4.8 years �3.13 �2.36 �5.03 þ þ moderate þ � vitamin D

deficiency

high arches,

hyporeflexia in

lower extremities

N/A severe delay in

myelination with

T2 hyperintensity

in the substantia

nigra, mild

cerebral atrophy

severe GERD,

hyperopia, ptosis,

capillary

hemangioma

c.81dupG in

COX14,

heterozygous

(LPATH);

p.Leu368Arg

in DHTKD1,

heterozygous

(VUS)

Subject 4 Glu27Lys de novo male 26.6 years �3.28 �2.91 �0.94 þ þ mild þ SNHL,

severe,

hearing

aid in one

ear and a

cochlear

implant in

the other

precocious

puberty, mildly

increased

prolactin

hyporeflexia,

reduced range

of motion in

large joints, knee

contractures,

crouched and

stiff gait

normal normal at age

12 years

salt and pepper

maculopathy,

strabismus,

oromotor

dyspraxia,

constipation,

autism

m.3397A>G,

homoplasmic

(VUS)

Subject 5 Glu27Lys unknown female 5.5 years �2.89 0.4 �4.02 þ þ severe � mixed,

moderate-

profound,

hearing

aids

� hypotonia,

weakness,

hyperreflexia

N/A ventriculomegaly,

supratentorial and

infratentorial

volume loss with

diffusely abnormal

white matter and

prominent

cavitary

encephalomalacia

in the putamina

and caudate heads

retinal dystrophy

on ERG, bilateral

ptosis, esotropia,

epilepsy, GERD,

feeding

difficulties,

laryngomalacia,

sialorrhea, history

of acute respiratory

failure with illness,

neutropenia,

lactic acidosis

N/A

(Continued on next page)
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Table 1. Continued

Affected
Individual Mutation Inheritance Sex

Age at
Examination

Growth Parameters
(Z Scores)a Cognitive and Development

Facial
Dysmorphism

Hearing
Loss Endocrine

Neuromuscular
Features EMG/NCS Brain MRI Other Features

Additional
Variants
ReportedHeight Weight HC

Motor
Delay

Speech
Delay

Intellectual
Disability

Subject 15 Ser388Arg de novo female 9 years �2.07 �0.82 �3.27 þ þ moderate þ SNHL,

progressive,

bilateral,

has

cochlear

implants

precocious

puberty

hypotonia,

difficulty with

tandem gait, trips

when running,

mild intention

tremor

normal at

age 9 years

delayed

myelination, mild

cerebellar

volume loss

linear

hypopigmentation

in extremities,

progressive

hyperopia, mild

retinal changes

with normal ERG

p.Glu510Gln

in HADHA,

heterozygous

(PATH)

Subject 16 Ser388Arg unknown female 15 years �2.07 �1.23 �2.05 þ þ mild þ SNHL,

moderate-

to-severe,

bilateral

� severe spasticity

(asymmetric),

lower extremity

hyperreflexia,

unsteady, wide

based gait,

hammertoes and

high arches not

present on exam

at age 12 years

but significant

at age 15 years

N/A cerebellar atrophy resting tremor and

dysmetria, history

of seizures and

staring spells with

normal EEG, Wolff-

Parkinson-White

syndrome, vision

impairment

p.Gly145Arg

in HCN2,

heterozygous

(VUS)

Subject 17 Tyr394Cys de novo female 8.6 years �2.1 0.5 �2.1 þ þ mild þ SNHL,

bilateral,

mild

� hypotonia,

weakness, high

arches, intoeing

gait, unilateral

tremor, dystonic

posturing,

spasticity

sensory

polyneuro

pathy

multiple foci

stable chronic

hemosiderin

deposition

within the

supratentorial

and infratentorial

white matter

Tetralogy of Fallot N/A

Subject 18 Tyr394Cys de novo male 49 years �1.2 2.36 2.02 þ þ N/A � N/A hypothyroidism progressive,

asymmetric limb

weakness (left >

right), muscle

atrophy, foot drop,

areflexia, ataxia,

uses walker or

wheelchair for

ambulation

sensory

motor

neuropathy

generalized brain

atrophy and

scattered subcortical

and deep white

matter

microangiopathic

changes

disproportionate

to patient’s age

essential

thrombocytosis,

grooved tongue,

mildly elevated

creatine kinase

(500–900 U/L)

N/A

Ando et al.5 Tyr394Cys unknown male 29 years N/A N/A N/A � � � N/A N/A N/A hyporeflexia, gait

abnormalities,

weakness, distal

atrophy

sensory

neuropathy

N/A N/A N/A

Subject 19 Val413Phe maternal female 5.6 years �2.29 �2.35 0.09 þ þ mild þ � growth hormone

deficiency

hypotonia,

weakness,

hyporeflexia,

ataxia, action

tremor

N/A normal at age

3 years

duplicated

collecting system

p.Leu2127Pro

in ASXL3,

heterozygous,

maternal

(VUS)

Subject 20 Val413Phe unknown female 29 years �2.2 0.52 �2.33 þ þ mild þ hearing

loss, type

unknown

growth hormone

deficiency

tingling in

extremities with

onset in 20 s

N/A N/A N/A p.Leu2127Pro

in ASXL3,

heterozygous

(VUS)

Abbreviations are as follows: EMG, electromyogram; NCS, nerve conduction study; MRI, magnetic resonance imaging; SNHL, sensorineural hearing loss; ERG, electroretinography; GERD, gastresophageal reflux; N/A, not
available; LPATH, likely pathogenic; PATH, pathogenic; VUS, variant of uncertain significance.
aReported as standard deviations (SDs) of the raw Z score from the mean based on CDC standards.
bZ scores or raw numbers not available in the publication.
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Figure 1. Neurodevelopmental Variants
Cluster in the ATPase Module of MORC2
Schematic representation of the domain
structure of MORC2. MORC2 binds
ATP through its GHKL-type ATPase mod-
ule,2,15 which consists of a GHKL-type
ATPase domain (residues 1–265), a trans-
ducer S5-like domain ([S5], residues 266–
494), and an 80 amino acid antiparallel

coiled-coil insertion within the transducer-like domain (coiled-coil 1 [CC1], residues 282–361) that projects out of the ATPase mod-
ule.15 MORC2 also contains two putative chromatin-binding modules, a CW-type zinc finger (CW) and a chromo-like domain (CD),
and two additional coiled-coils (CC2 and CC3). All variants described in this paper cluster in the ATPase module of MORC2.
have her intellectual abilities assessed. Two of our subjects

required hearing aids at age 5 and 10 years, and further pro-

gression required a unilateral cochlear implant at age 13

years in one of them. Brain MRI shows abnormalities of the

whitematter, basal ganglia, and cerebral atrophy in two indi-

viduals, while three others were normal at ages 10 months,

12 years, and 14 years. NCSs were normal in one individual

but were not performed in the others. In addition, subject

6 has non-specific peripheral retinal deposits at age 1 year,

and two other individuals, the youngest at age 5 years,

have clear pigmentary retinopathy. Subject 5 also harbors a

pathogenic copy number gain of approximately 3 Mb at

chromosome 22q11.21, a contiguous gene duplication

(MIM: 608363) with a highly variable phenotype ranging

from asymptomatic to severe developmental delay, short

stature,hearing loss, andhypotonia,whichcouldbecontrib-

uting to her presentation. Characteristic brain MRI findings

and retinal changes have not been described with this chro-

mosomal abnormality.

Two subjects (subjects 7 and 8) harbored the c.260C>T

(p.Ser87Leu) variant. Both have muscular weakness, are-

flexia, and gait impairment; neurophysiologic studies

confirmed a sensorimotor neuropathy in each individual.

Subject 7 experienced two apparently unprovoked regres-

sions in symptoms, first with worsening hypotonia, weak-

ness, and loss of babbling at age 9 months and again with

worsening truncal hypotonia at 33 months; each time was

followed by a plateau and slow improvement. He has

developmental delay and severe intellectual disability,

and his head circumference is normal (Z score ¼ �0.40),

but a brain MRI shows brain stem and basal ganglia abnor-

malities that did not change on repeat imaging at

10 months and 34 months. Subject 8 has decreased muscle

bulk and mildly elevated serum creatine kinase activity;

exome sequencing also showed a de novo, likely patho-

genic variant in MYH7 (MIM: 160760) associated with

autosomal-dominant myopathies and cardiomyopathy

that could be responsible for those features and contribute

to the weakness and areflexia but would not explain

the growth abnormalities or intellectual disability. The

c.260C>T (p.Ser87Leu) variant in MORC2 has been re-

ported in several children considered to have infantile

onset CMT disease type 2Z.4,14,16 Review of the published

affected individuals for which clinical information was

available revealed that the variant was confirmed de novo

in 3/4 individuals, and at least one of them was reported
358 The American Journal of Human Genetics 107, 352–363, August
to be microcephalic and one was reported to be dysmor-

phic (Table 1).4

The c.394C>T (p.Arg132Cys) variant was identified in

four subjects (subjects 10–13). Subjects 10–12 have gross

motor delay; all have mild intellectual disability. All of

them have microcephaly and brain abnormalities on

MRIs; periaqueductal gray matter and basal ganglia lesions

were reported in one (subject 10), and one individual had

findings suggestive of periventricular gliosis that were not

present on repeat imaging at age 9 years (subject 12). Three

individuals had NCSs: one was normal at age 4 years,

whereas the other two showed a sensorimotor neuropathy

(ages 4 and 15 years). Subject 12 also harbored a de novo

missense variant in TCF12 (MIM: 600480), a gene for

which loss-of-function variants are associated with Cranio-

synostosis 3 (MIM: 615314) and generally normal intelli-

gence, which was not considered a good fit for this child.

The c.394C>T (p.Arg132Cys) variant has been described

in one individual with developmental delay for whom

no additional information was available,16 and substitu-

tion of the Arg132 residue for a different amino acid (p.Ar-

g132Leu) has also been reported in an individual who pre-

sented in childhood with classic CMT disease type 2Z with

progressive weakness and hearing loss.14

We identified the previously unreported c.1164C>G

(p.Ser388Arg) variant in two individuals (subjects 15 and

16). Both have developmental delay, intellectual disability,

and microcephaly. Subject 15 has mild retinal pigmentary

changes, less prominent neuromuscular symptoms, a

normal NCS at age 9 years, and the brain MRI shows

delayedmyelinationwithmild cerebellar volume loss. Sub-

ject 16 has severe, asymmetric spasticity and lower extrem-

ity hyperreflexia as well as pes cavus and hammertoes,

which were not present on the exam at age 12 years but

were prominent at age 15 years. She has not had NCSs;

the brain MRI shows cerebellar atrophy. Subject 16 also

has a history of seizures and Wolff-Parkinson-White syn-

drome (MIM: 194200).

The c.1181A>G (p.Tyr394Cys) variant identified in twoof

our subjects (subjects 17 and 18) has been reported in an

adult Japanese individual with a clinical diagnosis of CMT

with onset at 6 years of age.5 No cognitive impairment was

noted in the published individual, and no segregation

data was provided. Our patients, in addition to polyneurop-

athy symptoms, have developmental delay andbrain abnor-

malities. Subject 17 has facial dysmorphism, short stature (Z
6, 2020



Table 2. Summary of Clinical Characteristics of Individuals with
Variants in the ATPase Module of MORC2

This Paper All Individuals

Clinical Characteristics Total % Total %

Short staturea 18/20 90 18/20 90

Microcephalya 15/20 75 16/21 76

Developmental Delay

Motor delay 19/20 95 22/23 96

Intellectual disability 18/20 90 18/22 82

Facial dysmorphism 16/20 80 17/21 81

Hearing Loss 11/19 58 12/20 60

Pigmentary retinopathy 5/6 83 5/6 83

Neuromuscular

Hypotonia 11/16 69 14/19 74

Hyporeflexia/areflexia 9/18 50 13/22 59

Hyperreflexia 6/18 33 6/22 27

Weakness 8/15 53 12/19 63

High arches 7/16 44 7/16 44

Gait abnormalities 15/16 94 18/19 95

EMG/NCS abnormalities 6/10 60 11/15 73

Brain MRI

Any abnormality 12/18 66 12/21 57

Leigh-like lesionsb 5/18 28 5/21 24

White matter abnormalities 9/18 50 9/21 43

Abbreviations are as follows: EMG, electromyogram; NCS, nerve conduction
study; MRI, magnetic resonance imaging
a2 standard deviations (SDs) below the mean for age by CDC standards.
bBased on ClinGen panel Leigh syndrome curation guidelines.
score¼�2.10), andmicrocephaly (Z score¼�2.10), similar

to the other individuals described in this report.

We also identified a mother-daughter pair (subjects 19

and 20) harboring a novel missense variant in MORC2,

c.1237G>T (p.Val413Phe). The maternal grandparents

were not tested. Subject 19 presented at age 5 years with

ataxia and action tremor, growth retardation, and develop-

mental delay. An MRI of the brain was normal at 3 years

old. Her mother, subject 20, has short stature, micro-

cephaly, global developmental delay, mild intellectual

disability, and adult onset hearing loss. Both were growth

hormone deficient; subject 19 had a normal bone age

and skeletal survey. Exome sequencing also showed a

shared variant of uncertain significance in ASXL3 (MIM:

615115), a gene associated with autosomal-dominant

Bainbridge-Ropers syndrome (MIM: 615485), consisting

of severe-to-profound developmental delay with growth

retardation and facial dysmorphism; this was not consid-

ered to be a good phenotypic fit for this family. In addition,

pathogenic variants in ASXL3 are usually loss-of-function

as opposed to missense such as in this instance, further

arguing against pathogenicity.
The Americ
Chromatin remodeling by MORC2 has recently been

shown to play a critical role in the process of epigenetic

silencing mediated by the Human Silencing Hub (HUSH)

complex.2,15 Thus, we performed a genetic complementa-

tion experiment to assess the functional consequences

of these MORC2 variants in HUSH-mediated silencing

(Figure 3A). MORC2-deficient cells harboring a HUSH-sen-

sitive GFP reporter were transduced with lentiviral vectors

encoding either wild-type MORC2 or the p.Thr24Ile,

p.Glu27Lys, p.Ser87Leu, p.Arg132Cys, p.Arg266Ser, and

p.Val413Phe mutants, plus two additional variants previ-

ously associated with MORC2-neuropathies (p.Glu236Gly

and p.Arg252Trp), and reporter repression was measured

over 12 days by flow cytometry (Figure 3A and

Figure S2). We found that the p.Thr24Ile, p.Glu27Lys,

p.Ser87Leu, p.Arg132Cys, p.Arg266Ser, and p.Val413Phe

mutants all hyperactivated HUSH-mediated silencing

(Figure 3B); p.Arg132Cys and p.Glu27Lys exhibited the

most extreme phenotypes (Figure 3C). These findings

mirror the effects observed with the p.Glu236Gly and

p.Arg252Trp mutants previously associated with MORC2-

neuropathies (Figure 3B)2 and support the notion that

these variants in MORC2 are pathogenic. The p.Ala88Val,

p.Ser388Arg, and p.Tyr394Cys variants were identified af-

ter the functional assays were completed.

Phenotypic heterogeneity, the concept that variation

in the same gene can cause more than one disorder, is

not uncommon in the era of exome and genome

sequencing. In recent years, several genes associated

with neuropathies have also been found to be respon-

sible for more severe neurodevelopmental disorders,

sometimes representing the extremes of a spectrum17

and, in other cases, two completely different syn-

dromes.18 Constitutional variants in MORC2 were first

reported in 2016 in association with a progressive axonal

and sensory neuropathy frequently presenting in the

first decade of life.8 There have been a few subsequent re-

ports of more severely affected individuals, although

with inconsistent features. Indeed, although some of

the subjects reported here have characteristics of

MORC2-related neuropathies, those features were consid-

ered part of a broader presentation, and hence, the sub-

jects were referred for clinical exome sequencing. For

this study, we used a genotype-first approach and

selected individuals harboring de novo variants in

MORC2 in a large dataset. Analysis of their detailed

phenotypic information then allowed us to define a

new syndrome characterized by global developmental

and growth delay with variable facial dysmorphism.

Leigh syndrome (or subacute necrotizing encephalo-

myelopathy, MIM: 256000), characterized by develop-

mental delay and/or regression, movement disorder,

neuropathy, and bilateral symmetric abnormalities in

the basal ganglia, brainstem, and/or cerebellum on brain

MRIs, was considered in several individuals. The pres-

ence of hearing loss and pigmentary retinopathy further

suggested the diagnosis of a mitochondrial disorder.
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Figure 2. Facial Characteristics of Individuals Harboring MORC2 Variants
MORC2 is involved in epigenetic silencing and expressed

in neural tissues predominantly at early stages of

development,2,19 providing a potential substrate for neuro-

developmental disability. MORC2 has also been shown to

bind ATP citrate lyase, the enzyme that catalyzes the forma-

tionof cytosolic acetyl-CoA, a critical building block formul-

tiple biosynthetic pathways,20 providing a potential mecha-

nism for the presence of mitochondrial features in these

individuals. Consistent with previous reports, all variants

identified in our cohort cluster in the gyrase, Hsp90, histi-

dine kinase, MutL (GHKL)-type ATP binding domain and

the transducer-like domain, which together form the

ATPase module of MORC2. Similar to other GHKL-type

ATPases, ATP binding and hydrolysis by MORC2 functions

as a conformational switch.15,21 Upon ATP binding, the

ATPase module dimerizes and becomes active, allowing for

HUSH complex activity leading to transcriptional repres-

sion.15 Assessing the functional effects of different MORC2

variants, Douse et al. showed that, in the setting of normal

ATP-dependent dimerization, neuropathicmutations result-

ing in weaker ATPase activity hyperactivated HUSH-medi-

ated silencing.15 All six of theMORC2 variants thatwe tested

hyperactivatedsilencingbytheHUSHcomplex incellularas-

says, and thus, it is likely that these variants also exert their

pathogenic effects by diminishing the ATPase activity of

MORC2.

The presence of several recurrent variants allowed us

to make some initial genotype-phenotype correlations.

Most features appear consistent between individuals

sharing the same variants, although the degree of severity

varies. In the case of the c.1237G>T (p.Val413Phe) variant,

we were able to evaluate the expression of the disorder

across two generations; although information was in-

complete for the mother, there were enough common
360 The American Journal of Human Genetics 107, 352–363, August
findings to consider them similarly affected. All individ-

uals harboring the c.260C>T (p.Ser87Leu) and the

c.1181A>G (p.Tyr394Cys) variants have significant neu-

ropathy symptoms, which can explain why they were

identified in previous studies.4,5,14 In the case of the

c.260C>T (p.Ser87Leu) variant, all published subjects

were young and presented with gross motor delay, and at

least one of them was also microcephalic.4 One subject

heterozygous for the c.1181A>G (p.Tyr394Cys) variant

in our cohort has mild facial features, hearing loss, and in-

tellectual disability, and the other has normal growth pa-

rameters and no facial dysmorphism; however, they both

presented with developmental delay and white matter ab-

normalities on brain MRIs, neither of which were reported

in the published individual.5 On the other hand, individ-

uals harboring the c.79G>A (p.Glu27Lys) and c.394C>T

(p.Arg132Cys) variants are more likely to present with

developmental delay, growth retardation, brain abnormal-

ities, and inconsistent neuromuscular complaints. Indeed,

among our nine patients with these variants, NCSs were

reported for two subjects (ages 4 and 26 years) and were

not performed in five others, suggesting that neuropathy

was not a predominant concern, at least at that time.

The lack of neuropathy in these patients might also

explain why the c.79G>A (p.Glu27Lys) and c.394C>T

(p.Arg132Cys) variants have not been identified in previ-

ous studies of MORC2 mutations among cohorts of

CMT-affected patients but were found in large cohorts

of individuals with neurodevelopmental disorders.16

Furthermore, our functional assays demonstrate that the

c.79G>A (p.Glu27Lys) and c.394C>T (p.Arg132Cys) vari-

ants exert the most strongly hyperactivating effects on

HUSH-mediated silencing (Figure 3B), suggesting that the

degree of HUSH hyperactivation in the cellular assays
6, 2020



A

B C

Figure 3. MORC2 Mutations Hyperactivate Epigenetic Silencing by the HUSH Complex
(A) Schematic representation of the complementation experiment in which the ability of MORC2 variants to restore repression of a
HUSH-sensitive GFP reporter in MORC2 knockout cells was assessed.
(B and C) MORC2 variants hyperactivate HUSH repression. At day 12 (B), all MORC2 variants exhibit enhanced silencing of the GFP
reporter construct (blue histograms) compared to wild-type MORC2 (orange histograms). The full results for the time-course are, which
reveal that the c.79G > A (p.Glu27Lys) and c.394C > T (p.Arg132Cys) variants are the most hyperactivating, are shown in (C). The
p.Glu236Gly and p.Arg252Trp variants (shown in purple) previously associated with CMT2Z were included as a reference.
might reflect, at least in part, the severity of the central ner-

vous system phenotype.

Although more work is clearly necessary to delineate the

specific mechanisms by which mutations in MORC2 result

in the types of multi-organ system involvement described

here, we have shown that the MORC2-associated neurode-

velopmental disorder is characterized by global develop-

mental delay, short stature, microcephaly, and variable

dysmorphic facies, with or without neuropathy. The strik-

ing presence of features of Leigh-like syndrome further

broadens the spectrum of phenotypes associated with

MORC2 variants.
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