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Homozygous Missense Variants in NTNG2, Encoding a
Presynaptic Netrin-G2 Adhesion Protein, Lead to a
Distinct Neurodevelopmental Disorder
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Daniel L. Polla,17,18 Edward Yang,19 Jamileh Rezazadeh Varaghchi,20 Tadahiro Mitani,3

Ellen van Beusekom,17 Maryam Najafi,21 Alireza Sedaghat,22 Jennifer Keller-Ramey,23 Leslie Durham,9

Zeynep Coban-Akdemir,3 Ender Karaca,3,24 Valeria Orlova,4 Lieke L.M. Schaeken,17 Amir Sherafat,25

Shalini N. Jhangiani,26 Valentina Stanley,27 Gholamreza Shariati,6,28 Hamid Galehdari,5

Joseph G. Gleeson,27 Christopher A. Walsh,1,12 James R. Lupski,3,26,29,30 Elena Seiradake,4

Henry Houlden,8 Hans van Bokhoven,17 and Reza Maroofian8,*

NTNG2 encodes netrin-G2, a membrane-anchored protein implicated in the molecular organization of neuronal circuitry and synaptic

organization and diversification in vertebrates. In this study, through a combination of exome sequencing and autozygosity mapping,

we have identified 16 individuals (from seven unrelated families) with ultra-rare homozygous missense variants in NTNG2; these indi-

viduals present with shared features of a neurodevelopmental disorder consisting of global developmental delay, severe to profound

intellectual disability, muscle weakness and abnormal tone, autistic features, behavioral abnormalities, and variable dysmorphisms.

The variants disrupt highly conserved residues across the protein. Functional experiments, including in silico analysis of the protein

structure, in vitro assessment of cell surface expression, and in vitro knockdown, revealed potential mechanisms of pathogenicity of

the variants, including loss of protein function and decreased neurite outgrowth. Our data indicate that appropriate expression of

NTNG2 plays an important role in neurotypical development.
Based on studies in invertebrates and chicken and mouse,

netrins are considered to be the paradigmatic axon guid-

ance molecules, yet the essential role of this family of pro-

teins in humans remains unclear. Members of the classical

netrin family are secreted proteins that include UNC6 (un-

coordinated-6) in C. elegans and netrins NTN1–4 in verte-

brates.1,2 Netrin-G proteins (NTNG1 and NTNG2) are

distinct from classical netrins in that they are vertebrate-

specific, membrane-bound proteins tethered to the plasma
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anchors.3 NTNG1 (MIM: 608818) and NTNG2 are predom-

inantly expressed in a non-overlapping and complemen-

tary pattern in specific neuronal subsets of the developing

and mature central nervous system.4–6 The proteins

interact with the extracellular region of their specific ne-

trin-G ligand receptors NGL-1/LRRC4C (MIM: 608817)

and NGL-2/LRRC4, respectively.7 Selectivity in binding be-

tween netrin-G molecules and their cognate receptors is
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Figure 1. Pedigrees of All Families with Affected Individuals and Variants and Segregation Findings
þ indicates wild-type allele, - indicates variant allele, P indicates proband.
mediated by the interactions of three loops of the laminin

domain, and the extracellular leucine rich repeats (LRR)

domain of NGLs results in a molecular hand-clasp interac-

tion of high affinity.8

NTNG2 encodes netrin-G2, a vertebrate-specific protein

that is part of a distinct functional sub-class of the highly

conserved netrin family. The netrin family provides axonal

guidance cues during central nervous system develop-

ment.9 NTNG2 is located on 9q34.13, and the canonical

transcript consists of eight exons including seven coding

exons; it encodes a 530-amino-acid protein. NTNG2 dem-

onstrates evidence of missense constraint in the ExAC

database, with a Z score of 4.34, and review of popula-

tion-based (gnomAD) and ethnically diverse in-house

databases reveals an absence of homozygous damaging

and/or deleterious variants. Despite this constraint, its

potential role in human genetic disease is not clear. Here

we show that bi-allelic missense variants in NTNG2 cause

a distinctive neurological and behavioral disorder that

highlights the importance of this family of genes in

human nervous system development.

We have identified 16 individuals (from seven unrelated

families) who have ultra-rare bi-allelic variants in NTNG2

and who present with shared clinical features of a neurode-

velopmental disorder. Consent for clinical data and biolog-

ical material collection, use, and storage was obtained from

all participating families afterwritten informedconsentwas

provided, and studies for each family were approved by

their respective institutional review boards (see Supple-

mental Data for further details). Following genomic

DNA extraction from blood, exome sequencing, and
The American Jour
homozygosity mapping, we identified 16 individuals in

seven unrelated families from different parts of Iran (Fam-

ilies 1, 2, 3), Mexico (Family 4), Turkey (Family 5), Egypt

(Family 6), and Bangladesh (Family 7) who have a similar

clinical phenotype and have homozygous missense vari-

ants in NTNG2 (Figure S1,Table S1). Researchers and physi-

cians for all families were connected using the Gene-

Matcher/Matchmaker exchange.10,11 All families except

for Families 4 and 7 had a known history of consanguinity,

and all of the variants were segregated in the affected fam-

ilies in accordancewithMendelian expectations for a reces-

sive disease trait (Figure 1). Autozygosity mapping for Fam-

ilies 4 and 7 revealed distant relatedness, and parents of the

proband in Family 7 come from the same village (Figure S2,

Table S2). There was no evidence of neuropsychiatric disor-

ders in the heterozygous family members presented here.

Clinical features of affected individuals are presented in

Table 1. Affected individuals presented with global devel-

opmental delay with severe to profound intellectual

disability; the majority were non-verbal and non-ambula-

tory. Most individuals also had features of autism and all

were noted to have mood and/or behavioral challenges,

many of which were similar to those seen in Rett syn-

drome, such as hand stereotypy, episodes of laughing

and/or screaming, and bruxism, and in Angelman syn-

drome (Videos S1–S4). Gastrointestinal symptoms,

including constipation and bloating, were also common.

Growth parameters were below average, and four individ-

uals had documented failure to thrive. Secondary micro-

cephaly was also observed. Dysmorphic features were var-

iable and included low-set ears, hypotelorism, and frontal
nal of Human Genetics 105, 1048–1056, November 7, 2019 1049



Table 1. Clinical Features of Affected Individuals

Family 1 1 2 2 2 3 3 4 4 5 5 5 5 6 6 7

Individual IV:2 IV:3 IV:1 IV:2 IV:3 IV:1 IV:2 II:1 II:2 IV:1 IV:2 IV:4 IV:5 IV:1 IV:2 II:1

Age (years) 18 10 11 16 9 15 11 11 21 11 1.25 9 5 11 8 3

Sex M F M M F F F F M M M F M M M F

ID/GDD þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ

Motor delay þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ

Language delay þ þ þ þ þ þ þ þ þ þ NA þ þ þ þ þ

Autistic features/stereotypy þ þ þ þ þ þ þ þ - þ NA þ þ þ - þ

Hyperactivity - þ þ þ þ - - - þ - - - - þ þ -

Screaming/laughing spells þ þ þ þ þ þ þ þ þ þ NA þ - þ - þ

Self-injury/hand-biting þ þ þ þ þ - - þ þ - - - - - - -

Bruxism - þ þ þ þ - - - - - NA þ þ þ - -

Hypotonia in infancy þ þ þ þ þ þ þ þ þ þ þ þ þ - - þ

Nonambulatory þ þ þ þ þ þ þ þ þ þ NA þ þ - - -

Brain imaging abnormalities - NA þ NA NA - þ - NA NA NA þ þ þ þ þ

Seizures - - þ - - - - þ þ - - - - þ - þ

Microcephaly - þ - þ þ - - þ NA NA - þ - - - -

Secondary Microcephaly þ NA þ NA NA

Dysmorphic features - - þ - - þ þ - - NA þ þ þ þ þ -

Ophthalmologic features - - - - - þ þ - - - - þ þ - - -

GI symptoms þ þ þ þ þ þ þ þ þ þ þ þ þ - - þ

ID/GDD, intellectual disability/global developmental delay; GI, gastrointestinal; -, absent; þ, present; NA, not ascertained/not applicable
bossing (Figure 2A). Neurologically, hypotonia in infancy

and muscle weakness and/or atrophy were common find-

ings. Five individuals had early-onset seizures, and four

were noted to have ocular findings of esotropia,

nystagmus, or strabismus. Brain imaging, conducted in

both infancy and childhood, demonstrated findings

ranging from normal to mild brain atrophy with white

matter abnormalities (Figure 2B). In summary, affected in-

dividuals display a neurodevelopmental disorder of severe-

to-profound intellectual disability with marked motor

involvement and mood and behavioral challenges

including autistic features, as well as poor growth and

facial dysmorphisms. Detailed phenotypic descriptions

are provided in Table 1, Table S1, Figure 2, and the Supple-

mental Note: Case Reports in Supplemental Data.

The ultra-rare variants we identified from family based

genomic studies in the above individuals were notable

for several reasons (Table S2). All variants were absent

from both local ethnically diverse in-house databases, as

well as large population databases. Because most of the

NTNG2missense variants observed are rare to their specific

‘‘clan,’’ they may reflect variants that arose recently and ac-

cording to the clan genomics hypothesis are therefore ex-

pected to have a larger influence on disease.12 All variants

were predicted by amajority of prediction tools (FATHMM,
1050 The American Journal of Human Genetics 105, 1048–1056, Nov
MutationAssessor, MutationTaster, PolyPhen-2, SIFT, PRO-

VEAN, and CADD) to be likely damaging to protein func-

tion, and genomic evolutionary rate profiling (GERP) indi-

cated that these sites may be under evolutionary constraint

(Table S2). In fact, all variants impact residues conserved in

NTNG1, a result that gives further evidence for the argu-

ment that they are pathogenic. Annotation of the variant

locations on the protein domains of NTNG2 revealed

that they are not confined to one domain, but they fall

within the laminin and EGF domains and are predicted

to disrupt structural motifs within NTNG2 (Figure 3A).

No other alternative candidate variants common to the

families were identified (Table S3).

The available NGL2/netrin-G2 crystal structure contains a

model of the netrin-G2 N terminus up to the first EGF

domain. We used MODELER13 to create a homology for the

EGF domains 2–4, which were not included in that crystal

structure. Using these models, we found that the variants

are located in the laminin, EGF2, or EGF4 domain

(Figure 3B–3C, Figure S3). In addition to possible effects on

specific protein-to-protein interaction sites, this suggests a

more global mechanism of functional disruption. Strikingly,

we found that four of the seven, i.e., 57% of the variants,

involve the loss or addition of cysteine residues (GenBank:

NM_032536.3: c.242G>A [p.Cys81Tyr], c.1065C>G
ember 7, 2019



Figure 2. Clinical Features of Affected Individuals
(A) Representative photographs demonstrating clinical features of affected individuals; these features include facial features, muscular
atrophy, and hand stereotypy. Top row from left to right: Family 2 IV:2, IV:3, IV:1; Family 1 IV:3, IV:2. Bottom row: Family 3 IV:1,
IV:2; Family 6 IV:2, IV:1; Family 7 II:1.
(B) Representative MRIs of affected individuals, demonstrating decreased brain volume. From top to bottom: Family 6 IV:2; Family 5
IV:4; Family 5 IV:5.
(C) Bar graph summarizing proportions of various clinical findings affecting individuals.

The American Journal of Human Genetics 105, 1048–1056, November 7, 2019 1051



Figure 3. Structural Mapping and Cell Surface Expression
(A) Netrin-G2 domain overview. The positions of altered residues relative to the protein domains are indicated. Domain nomenclature is:
SP, signal peptide; b-hp, N-terminal b-hairpin domain; EGF, epidermal-growth factor like; GPIa, GPI anchor. Corresponding exons are
represented underneath the domain organization in blue.
(B) Full-length model of netrin-G2 based on the crystal structure of the Laminin-like domain and EGF18 (purple) and on homology
models of EGF2-4 (gray), in complex with its ligand NGL2 (cyan). The residues that are mutated in the presented variants are indicated
as green spheres.
(C) Close-up views of Met149 and Cys456 residues as found in the structural model shown in panel B. For close-up views of the other
mutated residues, see Figure S3.
(D) The quantification of the cell surface expression levels of wild type (WT) and mutant netrin-G2 constructs (see panel E) is shown
(mean 5 SEM). The variants show significantly reduced cell-surface expression compared to the WT (****p < 0.0001).
(E) Netrin-G2 constructs were expressed in HeLa cells with an N-terminal flag tag. Flag-tagged protein was detected via cell-surface im-
munostaining (magenta). DAPI (blue) highlights cell nuclei. Representative images are shown for WT netrin-G2, untransfected cells
(negative control), p.Met149Thr and p.Cys456Tyr variants. Representative images of other variants are shown in Figure S3. Scale bar
is 15 mm.
[p.Cys355Trp], c.1076C>G [p.Ser359Cys], c.1367G>A

[p.Cys456Tyr]). Given that the cysteine content of NTNG2

is only 7.9% inhumans, the enrichment for cysteine variants

in this cohort suggests amechanismof pathogenicity. Due to

the oxidizing environment in the endoplasmic reticulum

(ER) and extracellular space, cysteine residues found in extra-

cellular proteins typically appear in pairs and form disulfide

bridges. Such bridges can stabilize a protein by reducing the

entropy of the unfolded state and/or they can facilitate the

path to the native state if they link parts of a protein that

must come into contact early during a folding reaction.14

Unpaired exposed cysteines are detected by the ER quality

control machinery and targeted for refolding or degrada-

tion.14 We hypothesize that the NTNG2 variants involving

cysteine could have a negative effect on protein stability

and cell surface expression.
1052 The American Journal of Human Genetics 105, 1048–1056, Nov
Three out of the seven variants do not involve cysteines:

c.599C>T (p.Ser200Leu), c.319T>G (p.Trp107Gly), and

c.446T>C, (p.Met149Thr). For both p.Trp107Gly and

p.Met149Thr, a large hydrophobic residue (Trp or Met) is

changed to either one lacking a side chain (Gly) or one

bearing a small polar side chain (Thr). Both of these resi-

dues form part of the hydrophobic core that stabilizes

the folding of the netrin-G2 laminin domain. Disruption

likely causes protein misfolding and lack of expression at

the cell surface. Thus the consequence of both types of var-

iants, cysteine-dependent or hydrophobic core disruptive,

is potentially a similar reduction in protein stability and

expression at the cell surface. The p.Ser200Leu variant

does not fit into either of the above categories, with

Ser200 located at the periphery of the laminin domain. It

is also located �0.9 nm away from the surface of NGL2
ember 7, 2019



Figure 4. Ntng2 Knockdown in N2a Cells
(A) Knockdown of endogenousNtng2 byNtng2-specific siRNAs as normalized to control siRNA. Results of quantitative RT-PCR 30 h post-
transfection.
(B–D) Effects of Ntng2 knockdown on neurite outgrowth. Data presented as mean and SD; *p < 0.05, **p < 0.01, ***p < 0.001.
Quantification was conducted by counting the absolute number of cells with neurites (B), measuring the neurite length by NeuroLucida
tracing (C), and quantification of the Convex hull area (D). All analyses show a significant reduction of neurite number and length as a
consequence of Ntng2 knockdown.
(E–F) Example of the N2a appearance at 30 h post-transfection with control (E) and Ntng2-specific siRNA (F). Visualization was done
using MAP2 counterstaining (red).
as found in the crystal structure (Figure S3). With typical

hydrogen bonds about 0.25 nm in length, Ser200 is not in-

teracting directly with NGL2, although allosteric effects

could still influence the netrin-G2 binding loops.

We tested all variants for function by overexpressing

wild-type (WT) and variant netrin-G2 constructs in HeLa

cells and assessing their presence at the cell surface

through the use of indirect immunofluorescence and

immunoblotting validation (Figure S4). All variants dis-

played substantially decreased cell surface expression as

compared to WT (Figures 3D–3E). Notably, some of these

variants had more cell surface expression compared to

others, suggesting that some netrin-G2 may still be local-

ized in these individuals. The variants may nevertheless

show deficient ligand-receptor binding or signaling since

we did not observe a clear association with cell surface

expression levels and clinical phenotype severity.
The American Jour
Given the decreased cell surface expression pattern

observed in all seven variants, we sought to determine

the more global effects of NTNG2 loss of function. Using

siRNA to target endogenous Ntng2 expression in mouse

N2A cells, we first confirmed that transfection with our

Ntng2-specific siRNA led to decreased expression with

quantitative polymerase chain reaction (Figure 4A). We

next assessed neurite outgrowth and found a significant

reduction for all parameters assessed, which included neu-

rite number, neurite length, and convex hull area—a

measurement used for measuring dendritic field (Figures

4B–4F). These findings demonstrate a potential mecha-

nism by which the NTNG2 variants may contribute to

pathological neurodevelopment.

Netrin signaling has been implicated in neurologic and

psychiatric disorders. For example, conditional Ntng1

knockout in distinct neuronal subtypes is associated with
nal of Human Genetics 105, 1048–1056, November 7, 2019 1053



alterations in fear and anxiety-like behaviors in rodent

models, and abnormal expression of NTNG2 has been

found in the human brain in refractory epilepsy.15,16

Studies of Ntng2 and Ngl2 knockout mice have shown

that both types of mutant mice have an identical pheno-

type of lack of behavioral startle in response to acoustic

stimulus, with no structural abnormalities noted in the

inner ear.17 Single-nucleotide polymorphisms (SNPs) and

differential expression patterns of NTNG1 and NTNG2

have been associated with schizophrenia and bipolar disor-

der in humans.18–20 A de novo genomic rearrangement

involving NTNG1 was proposed to potentially cause fea-

tures of Rett syndrome in an isolated individual.21

Additionally, de novo missense variants in NTNG1 were re-

ported in two individuals with autism spectrum disorder.22

An in vitro study of variants in the histone demethylase

KDM5C (Lysine demethylase 5C [MIM: 314690]), which

is known to cause intellectual disability, showed that

NTNG2 seemed to be important in mediating effects on

neurite growth and length; these results are consistent

with our findings here.23 In fact, several clinical features,

in addition to intellectual disability, are shared between

these two disorders, including variable neurologic, behav-

ioral, and dysmorphic features. Extensive behavioral bat-

tery on Ntng2 knockout mice demonstrated marked

deficits in learning, memory, and visual and motor func-

tioning.24 Although NTNG2 does not appear to be neces-

sary for axon guidance, it has been shown to be important

in the laminar distribution of its receptors and synaptic

plasticity.25,26 A homozygous founder frameshift variant

in NTNG2 has recently been identified in eight individuals

from four families with a similar clinical phenotype, and

this further strengthens the evidence supporting the

pathogenicity of the variants presented here.27

Other genes involved in netrin signaling have also been

implicated in neurodevelopmental disorders in isolated

case reports, some of which have involved examples of de

novo variation.28 Specifically, variations in LRRC4C and

LRRC4 have both been associated with intellectual

disability and autism.29,30 Furthermore, functional work

in mice has shown that LRRC4 expression regulates

N-methyl-D-aspartate receptor (NMDAR)-dependent syn-

aptic plasticity and prevents autistic-like behaviors.31

LRRC4C and LRRC4have both been shown to be important

in hippocampal synapse formation and function.32,33 The

marked findings of severe intellectual disability and autistic

features in our cohort are particularly intriguing given the

unique role of NTNG2 in vertebrates. As we previously

mentioned, netrin-g family members express in distinct,

non-overlapping, and complementary neuronal circuits,

suggesting a role in establishing appropriate neuronal

patterning. This neuronal compartmentalization parallels

distinct behavioral compartmentalization, as in mouse

knockout models, Ntng2 knockouts demonstrated sensori-

motor, spatial memory, working memory, procedural

learning, and attentional deficits, while Ntng1 knockouts

demonstrated distinct learning and fear conditioning defi-
1054 The American Journal of Human Genetics 105, 1048–1056, Nov
cits.24 Our findings here, in conjunction with the known

role ofNTNG2 in the control of synaptic plasticity andpost-

synapticmembraneorganization, illustrate the clinical rele-

vance of these neuronal functions to higher cognitive pro-

cesses. In fact, given the profound finding of intellectual

disability in the individuals presented here, it is intriguing

that NTNG2 expression is enriched in the human claus-

trum, an enigmatic brain region posited to play a role in

the integration of conscious perception.34

Our work provides the groundwork for establishing a

genotype-to-phenotype relationshipwithNTNG2 variants,

and establishes an initial description of the clinical spec-

trum. NTNG2 should be considered in the clinical evalua-

tion of children with severe intellectual disability and

neuropsychiatric symptoms. In addition to identification

by exome sequencing, it will be important to add NTNG2

to clinical gene-panel tests for intellectual disability given

the marked yet variable clinical phenotype. In summary,

our results implicate rare bi-allelic missense NTNG2 vari-

ants in the pathobiology of a neurodevelopmental disorder

consisting of severe intellectual disability, autistic features,

and motor impairment. Our findings provide strong clin-

ical and functional evidence for the importance of the

appropriate expression of NTNG2 in neurodevelopment.
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Supplemental Note: Case Reports 
 

Family 1 

Family 1 is a Persian family with two affected children born to consanguineous parents 

who are first cousins. The female proband (IV:3), 10 years old at the time of evaluation, was 

born at full term and weighed 2.8 kg (-0.6 standard deviations (SD)) with a head circumference 

of 35 cm (+0.2 SD). She was delayed in her early developmental milestones and first walked at 

2.5 years; she remains nonverbal with severe intellectual disability (IQ 30). Growth parameters 

at evaluation include height +0.7 SD,  weight at -0.8 SD, and OFC at -2.1 SD. Neurologically, 

she demonstrated hypotonia in infancy and at evaluation was noted to have tremor, ataxia and 

muscle weakness. Behaviorally, she demonstrated autism, hand and facial stereotypies, spells 

of laughing and screaming, anxiety, body rocking, agitation, sleep problems, occasional 

aggression, hyperactivity, bruxism and hand-biting.  Clonidine and risperidone were used for 

pharmacologic treatment of her behavioral challenges.  She had an abnormal EEG but seizure 

history is unknown. Karyotyping, CytoSNP-array and metabolic testing were normal. 

The affected brother (IV:2), age 18 years at evaluation, was born at full term and 

weighed 3.2 kg (+0.1 SD). Head circumference was reported to be within normal limits. He sat 

unsupported at about 9-10 months and was delayed in the rest of his early developmental 

milestones and remained nonambulatory and nonverbal with severe intellectual disability (IQ 

25). Growth parameters at evaluation include height at -0.4 SD, weight at -2 SD and head 

circumference at -1.4 SD. Neurologically, he had hypotonia in infancy and at evaluation was 

noted to have tremor and muscle weakness. Behaviorally, he demonstrated autism, hand and 

facial stereotypies, spells of screaming and laughing, anxiety, body rocking, agitation, sleep 

problems, occasional aggression, and hand-biting. Seizure history is unknown and EEG was 

reportedly normal. No specific findings on brain MRI at age 12 years were noted. Karyotyping, 

CytoSNP-array and metabolic testing were normal. 



 

 

Family 2 

Family 2 is an extended consanguineous Bakhtiari (one of the main tribes in southwestern 

Iran) family with three affected children in two branches.  The parents of each branch are first 

cousins.  The proband (IV:1), an 11-year-old boy, was born at full term with a head circumference 

of 35 cm (+0.6 SD) and weight of 3.65 kg (+0.9 SD). His development was delayed and he 

remained nonverbal and non-ambulatory with profound intellectual disability. His growth 

parameters at the time of evaluation were: height at -2.2 SD, weight at -1.8 SD and OFC at -0.9 

SD. During neurologic examination, he was hypotonic and had dysphagia, muscle weakness and 

atrophy, and the DTRs were absent.  Seizures began at age 5 and were controlled with valproic 

acid. Behaviorally, he had autism, and demonstrated hand and facial stereotypies, laughing 

spells, anxiety and mood changes, body rocking, agitation, sleep problems, hyperactivity, 

bruxism, and hand biting. Risperidone and melatonin were used with good effect. His EEG was 

abnormal. His EMG was normal at age 1 year. His CT scan at 9 months showed mild cortical 

atrophy while two MRIs at 1 year and 6 years revealed diffuse myelination abnormalities. 

Karyotype analysis at age 9 months revealed a normal male (46, XY) karyotype.	

 

The other two affected children (IV:2, IV:3) are siblings. IV:2, a 16-year-old boy, was 

born at full term weighing 2.2 kg (-2.2 SD) with a head circumference of 30 cm (-2.7) and was 

delayed in all aspects of development. He sat unsupported at approximately 18 months of age 

but remained nonambulatory and nonverbal with profound intellectual disability.  Growth 

parameters at the time of evaluation were: height at -4.4 SD, weight at -6.0 SD and OFC at -2.1 

SD. During neurologic examination, he was hypotonic and had muscle weakness and atrophy. 

He had no history of seizures.  Behaviorally, he had autism and demonstrated hand and facial 



stereotypy, laughing spells, anxiety and mood changes, agitation, sleep problems, hyperactivity, 

bruxism, and hand biting. 

The other affected sibling (IV:3) of IV:2, a 9-year old girl, was born at full term weighing 

2.8 kg (-0.8 SD) and head circumference reported within normal limits. She was delayed in all 

aspects of development; she sat unsupported at approximately 17 months of age. She 

remained nonambulatory and nonverbal with profound intellectual disability. Growth parameters 

at the time of evaluation were: height at -5.9 SD, weight at -3.3 SD and OFC at -2.7 SD. 	She 

had hypotonia in infancy, and neurologic evaluation showed muscle weakness and atrophy. She 

had no history of seizures. Behaviorally, she had autism and demonstrated hand and facial 

stereotypies, laughing spells, anxiety and mood changes, agitation, sleep problems, 

hyperactivity, bruxism, and hand biting. 

 

Family 3 

Family 3 is a Persian family with two affected sisters born to consanguineous parents 

who are first cousins. The proband (IV:2) was 11 years old at time of the evaluation. She was 

born at full term weighing 2.6 kg (-1.0 SD) with a head circumference of 31 cm. She had early 

developmental delays and remained nonverbal and nonambulatory with severe intellectual 

disability. Growth parameters at time of evaluation were weight 22 kg (-3.2 SD), height 131 cm 

(-1.2 SD) and head circumference 53 cm (+0.3 SD).  She had low set ears and nystagmus, as 

well as a chest deformity. Neurologically, she demonstrated hypotonia in infancy and, at 

evaluation, was noted to have absent DTRs, muscle weakness and atrophy. She has no history 

of seizures. Behaviorally, she demonstrated hand and facial stereotypies, spells of screaming 

and laughing, inappropriate fear, body rocking and irritability. Hyperactivity, bruxism and hand-

biting were not reported. Brain MRI at age 4 months demonstrated mild brain atrophy. EMG was 

normal and CytoSNP array genotyping did not reveal any pathogenic CNVs. Plasma amino 

acids were non-diagnostic.   



The second affected sister (IV:1), age 15 years at evaluation, was born at full term 

weighing 2.43 kg (-1.4 SD) with a head circumference of 33 cm and had early developmental 

delay, first sat unsupported at 4 years of age, and remained nonverbal and nonambulatory with 

severe intellectual disability. Growth parameters at time of evaluation were weight 27 kg (-5.9 

SD), height 153 cm (-1.4 SD) and head circumference 56 cm (+1.6 SD). She had low set ears 

and esotropia, as well as a chest deformity. Hyperactivity, bruxism and hand-biting were not 

reported. Neurologically, she demonstrated hypotonia in infancy and, at evaluation, had absent 

DTRs, muscle weakness and atrophy. There is no history of seizures. EMG was normal and 

CytoSNP array genotyping did not reveal any pathogenic CNVs. Plasma amino acids were non-

diagnostic. Brain MRI at age 2 years was normal.  

 

Family 4 

Family 4 is a Mexican family with two affected siblings. There is possible unconfirmed 

distant consanguinity in the family. The female proband (II:1), 11 years old at the time of 

evaluation, was born at full term with no complications and weighed 3.6 kg (+0.4 SD). She spent 

4 days in the hospital following birth due to feeding difficulties, which quickly resolved. She was 

delayed in all of her milestones; she rolled over and sat up but never crawled, and remains 

nonverbal and wheelchair-bound with severe intellectual disability. At 8 years, 6 months, height 

was -1.4 SD. Growth parameters at evaluation were: weight at -2.8 SD and head circumference 

at -2.1 SD.  Neurologically, she demonstrated hypotonia in infancy, as well as hyporeflexia, 

dystonia, spasticity, muscle weakness and atrophy at evaluation. Her seizures first occurred at 

age 3 months and she continued to have poorly controlled myoclonic epilepsy at the time of 

evaluation despite treatment with valproic acid and Keppra. Medical history includes bilateral 

Achilles tendon release. Behaviorally, she demonstrated atypical hand movements, drooling, 

hyperactivity and self-injurious behavior (biting her own hands). EEG report demonstrated 

“frequent pseudo-periodic bursts of slowing which often contain either generalized or multifocal 



sharp wave and spike.” Noncontributory genetic testing included karyotype, Fragile X and 

MECP2 sequencing.  A chromosome microarray identified a variant of unknown significance 

(arr[GRCh37] 11p13(31772852_32722172)x2~3) with inadequate evidence for pathogenicity.  

The affected brother (II:2), had developmental delays and was diagnosed with Dravet 

Syndrome and myocolonic seizures in Mexico in early childhood. At 18 years, 5 months, height 

was -2.5 SD and weight was -3.4 SD. Neurologically, he demonstrated hypotonia in infancy and, 

although reportedly able to walk at one time, he subsequently became nonambulatory with 

muscle weakness and atrophy. He was described to have both staring episodes and 

generalized seizures. Behaviorally, he demonstrated drooling, laughing and screaming spells, 

self-injury and hyperactivity. EEG noted generalized background slowing and bilateral frontal 

spikes.  

 

Family 5 

Family 5 is a Turkish family with four affected individuals. The proband IV:4 (BAB9717) is a 9-

year-old female who was referred to us at age 7 due to severe developmental delay. She was 

born to a 26-year-old G1P1 mother at term via normal spontaneous vaginal delivery after an 

uncomplicated pregnancy and delivery. Her birth weight was low at ~2300 g (-2.1 SD). She was 

hypotonic at birth and showed delays throughout early childhood for developmental parameters. 

She achieved head control at 8 months, however she never achieved the milestones of rolling 

over or sitting unsupported. She did not say any meaningful words. She developed mild 

spasticity and dystonia during her toddler years followed by severe hypotonia. She had 

insomnia and poor weight gain since early childhood. Her anthropometric measurements at age 

of 9 years revealed  - weight: 13.5 kg (-3.89 SD), height: 105 cm (-4.67 SD) and OFC: 49.5 cm 

(-2SD). Physical examination showed mild dysmorphia with hypotelorism and tapering fingers, 

autistic features including hand and facial stereotypies, teeth grinding, anxiety and inappropriate 

laughing/screaming spells. Neurological evaluation showed severe hypotonia, decreased deep 



tendon reflexes, muscle wasting and weakness. Cranial nerve exam was unremarkable except 

strabismus. Diagnostic laboratory work up including ammonia, lactate, plasma amino acid, urine 

organic acid, EMG/NCS were unremarkable. Brain MRI at age of 2 years 9 months showed 

slightly enlarged ventricles, mild cerebral and cerebellar volume loss (cerebrum more affected 

than cerebellum), slight paucity of deep white matter, and borderline low to normal size of 

corpus callosum.  

IV:5 (BAB9718) is a 5-year-old male, brother to IV:4. Pregnancy was uncomplicated and he was 

born full term via normal spontaneous vaginal delivery. His birth weight was within normal limits, 

~3400 g (40th percentile). Similar to his sister, he was severely hypotonic, had failure to thrive 

and never achieved speech or the motor milestone of rolling over. He had insomnia as well. 

Growth parameters at 5 years old were as follows: weight 11 kg (-3.86 SD), height 92 cm (-3.61 

SD) and normal head circumference (50.5 cm, 36th percentile). He had mild facial dysmorphic 

features including hypotelorism, short philtrum, and strabismus. He was drooling profusely. He 

endorsed autistic features similar to his sister with hand and facial stereotypies, teeth grinding 

without anxiety, and inappropriate laughing/screaming spells. Neurological examination 

revealed severe hypotonia, decreased tendon reflexes, muscle weakness, and atrophy. 

Metabolic and EMG/NCS were unremarkable. Brain MRI was obtained at 9 months old and 

showed delayed myelination with no myelination in the frontal white matter, thin CC, mild 

cerebral and cerebellar atrophy, especially in the frontal and Sylvian fissure areas (cerebrum 

more affected than cerebellum). 

IV:1 (BAB12000) is an 11-year-old male, paternal cousin to IV:4 and IV:5. He was born at term 

with a normal birth weight of ~3250 g (31st percentile). Pregnancy and delivery were 

uncomplicated. Similar to his cousins, he was also severely hypotonic in infancy. Although he 

showed delays similar to other affected individuals in his family, he gained the highest 

developmental skills; he was able to sit unsupported at 7 years old and he was able to say 3 

meaningful words. However, he showed regression and lost these abilities at his last evaluation 



at 11 years old. He had autistic features similar to affected cousins including hand stereotypies, 

inappropriate screaming and laughing spells. He also had insomnia since early childhood. 

Metabolic and EMG/NCS were unremarkable. 

IV:2 (BAB12003) is a 15-month-old male, brother to IV:1. He was born full term with a birth 

weight of ~4000 g (81st percentile) after an uncomplicated pregnancy and delivery. He had 

insomnia and was severely hypotonic at birth. He then developed mild spasticity similar to his 

affected brother and cousins. Measurements at 15 months of age revealed: weight 9.4 kg (6th 

percentile), height 79 cm (54th percentile) and head circumference (46th percentile). He did not 

achieve any developmental skills including head control, unsupported sit, or single words. He 

showed decreased reflexes. He did not have dysmorphic features other than hypotelorism. 

Diagnostic laboratory work up including metabolic and EMG/NCS were unremarkable. 

 

 

Family 6 

Family 6 is an Egyptian family with two affected brothers born to consanguineous 

parents who are first cousins. The proband (IV:1), 11 years old at the time of evaluation, was 

born at full term and delayed in early developmental milestones. He first sat unsupported at 12 

months of age and first walked at 36 months of age. His first words were also at 36 months but 

he progressed to have only a few words in his vocabulary.  He was ultimately diagnosed with 

profound intellectual disability with an IQ of 12 and noted to have features concerning for autism 

with the Childhood Autism Rating Scale (CARS). Growth parameters at evaluation were: height 

at -0.2 SD, weight at -2 SD, and head circumference at -0.2 SD. Behaviorally, he demonstrated 

bruxism, laughing and screaming spells, body rocking, mood changes, hyperactivity, and 

occasional agitation or irritability. He had anxiety that improved after age 3 years. He had frontal 

bossing, deep set eyes, anteverted nares and down-turned corners of the mouth. 

Neurologically, he demonstrated hyperreflexia and spasticity, but had intact cranial nerves. EEG 



was abnormal and notable for cortical and subcortical epileptogenic activity and he had a 

possible history of complex partial seizures (screaming followed by staring or 

unresponsiveness) that improved in frequency from once every 20 days to once every 60 days 

on carbamazepine. MRI done at 5 years and 4 months showed mild atrophic brain changes 

including subtle thinning of the anterior corpus callosum, mild prominence of the subarachnoid 

spaces and lateral ventricles anteriorly with megacisterna magna. Unremarkable laboratory 

evaluations included normal CBC, chemistry, serum amino acids and acyl carnitines, lactate, 

ammonia, CPK, and urine organic acids. He also had negative Fragile X repeat expansion 

testing.  

The younger affected brother (IV:2), 8 years old at the time of evaluation, was born at full 

term and his early milestones were also delayed. He first sat unsupported at 9 months of age 

and first walked at 36 months of age. Like his brother, he had only a few words in his vocabulary 

at the time of evaluation. IQ testing revealed severe intellectual disability with an IQ of 28 and 

there was no concern for autism based on the CARS.  Growth parameters at evaluation were: 

height at -0.8 SD, weight at -2 SD, and head circumference at -1.7 SD. Behaviorally, he 

demonstrated hyperactivity and aggression. His exam was notable for brachycephaly, frontal 

bossing, deep set eyes, anteverted nares and down-turned corners of the mouth. 

Neurologically, he also showed hyperreflexia and spasticity, and had intact cranial nerves. He 

had no history of seizures. MRI at 2 years 7 months noted subtle thinning of the anterior corpus 

callosum consistent with mild atrophic brain changes and incomplete maturation. Serum amino 

acids and acyl carnitines were normal.  

 

Family 7 

Family 7 is a Bangladeshi family with one affected individual. The proband is a 3-year-old girl 

that was born full term with no complications from two non-consanguineous parents. Her 

mother’s antenatal history was uneventful. At birth, weight was 2500 g (-2.1 SD) and occipital-



frontal circumference was 32 cm.  She had neonatal jaundice on day 3 of life and was 

successfully treated with phototherapy. She was delayed in all of her milestones since early 

infancy; she attained head control and sitting at the age of 9 months, crawled at 24 months and 

started to walk at 30 months. Currently, she can walk short distance and stand with support. 

She has severe intellectual disability and does not follow simple commands. She never attained 

meaningful speech.  At 30 months, weight was – 2 SD. Her eye contact was poor, and she 

showed abnormal behavior, including irritability and tendency to isolation. She also exhibited 

stereotyped movements of the hands and the head (nodding) and showed signs of psychomotor 

regression. On the neurological examination, generalized hypotonia and mildly increased deep 

tendon reflexes in the lower limbs were evident. Muscle power and trophism were mildly 

reduced.  On her last clinical evaluation at the age of 3 years her height was 95 cm (0.7 SD) 

and weight 12.8 Kg (-0.3 SD). There are no concerns with her vision or hearing. Since the age 

of 10 months she has had seizures which have included generalized tonic-clonic or myoclonic 

seizures (mainly involving the lower limbs), usually associated with loss of consciousness and 

upward eye deviation. Seizure episodes have variable duration (ranging between minutes to 

hours) and occurred up to 20-25 times at onset.  Several anti-epileptic medications have been 

trialed including valproic acid, levetiracetam and clobazam, with only partial clinical response. 

EEG revealed generalized background slowing and bilateral frontal spikes; high amplitude delta 

waves are also noted during ictal period. Brain MRI showed a simplified gyral pattern and 

posteriorly slender corpus callosum (not shown). Whole exome sequencing of the girl was 

performed and identified a homozygous missense mutation in NTNG2 (NM_032536.2: 

c.599C>T; p.Ser200Leu). The variant was confirmed by Sanger. 

 

 

 



 

 

Figure S1: AOH plots for Family 5 based on B-allele frequencies. Top: IV:4:NTNG2 variant 

lies within an AOH region of ~19.9 Mb. Bottom: IV:5:NTNG2 variant lies within AOH 

region of ~21.2 Mb. 
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BH10202-1	

Chr9:135073381
NTNG2	variant	lies	within	AOH	block	of	~19.9	Mb	BAB9717

BH10202-4	
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Figure S2: Representative PCA plot of Family 4 demonstrating close relatedness. 
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Figure S3: Structural views and cell surface expression. 

Zoomed structural views of the netrin-G2 residues mutated in the variants presented here are 

shown next to representative images from the cell-surface expression assay and next to a 

zoomed structural view of the netrin-G2 binding interface to NGL2 for Ser200. For the cell-

surface expression assay, Flag-tagged protein was detected by cell-surface immunostaining 

(magenta). DAPI (blue) highlights cell nuclei. Scale bar is 15 µm. 

 

 

 

 

 

 

 

 



 

Figure S4: Western blot validation of cell-surface assay 

Lysates from HeLa cells transfected with Flag-tagged NetrinG2 were probed with anti-Flag (top 

band) and anti-actin (lower band), as indicated. 

 

 

Table S1: Clinical characteristics of individuals with homozygous NTNG2 variants. 

See associated excel file. Abbreviations: GA, gestational age at birth; y, years; m, months; FTT, 

failure to thrive; CC, corpus collosum; WM, white matter; VPA, valproic acid; NA, not 

ascertained/unknown; SD, standard deviation (when not directly provided back-calculated from 

CDC growth charts), WNL, within normal limits 

 

 

 

 

 

 

 



Table S2 
 

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 

NTNG2 
variants 
(hg19, 
NM_0325
36.3) 

g.135117
272G>A, 
c.1367G
>A, 
p.(Cys45
6Tyr) 

g.135073
458T>G, 
c.319T>
G, 
p.(Trp10
7Gly) 

g.135114
512C>G, 
c.1076C>
G, 
p.(Ser35
9Cys) 

g.135114
501C>G, 
c.1065C>
G, 
p.(Cys355
Trp) 

g.13507338
1G>A, 
c.242G>A, 
p.(Cys81Tyr
) 

g.1350735
85T>C, 
c.446T>C, 
p.(Met149T
hr) 

g.1350737
38C>T,  
c.599C>T, 
p.(Ser200
Leu) 

ROH/ 
size 

chr9:127,
177,736-
139,562,
993 
11.22   
Mb          
   
 

chr9:124,
632,735 - 
136,404,
775   
11.77Mb 
     
 

chr9:131,
788, 
926-
141,044, 
489          
9.25  Mb 
        
 

chr9:134,
386,759-
135,763,8
16  
1.4 Mb 

IV:4 chr9:11
7, 
792,583-
137,630,58
7, 19.9 Mb   
IV:5  chr9:1
16,152,441-
137,293,76
1 21.2 Mb  

minimum 
shared 
ROH 
chr9:128,0
70,227-
140,218,32
5, ~ 12Mb 

chr9:131,2
61,128-
132,241,7
91  ~1 Mb 

FATHMM Damagin
g (-6.65) 

Damagin
g (-2.17) 

Tolerated 
(0) 

Damaging 
(-3.4) 

Damaging 
(-2.09) 

Tolerated (-
0.92) 

Damaging, 
(-1.73) 

Mutation 
Assessor 

High 
(4.725) 

High 
(3.785) 

Medium 
(3.5) 

High 
(4.42) 

High 
(3.745) 

 

Medium 
(2.61) 

Medium 
(2.96) 

MutationT
aster 

Disease 
causing 

(1) 

Disease 
causing 

(1) 

Disease 
causing 

(1) 

Disease 
causing 

(1) 

Disease 
causing (1) 

Disease 
causing 

(1) 

Disease 
causing 

(1) 
PolyPhen
-2 

Probably 
damagin
g (0.999) 

Probably 
damagin
g (1.00) 

Probably 
damagin
g (1.00) 

Probably 
damaging 

(1.00) 

Probably 
damaging 

(1.00) 

Probably 
damaging 

(0.997) 

Probably 
damaging 

(1.00) 
SIFT Tolerated  

(0.06) 
Deleterio

us 
 (0.00) 

Deleterio
us (0.02) 

Deleteriou
s  

(0.00) 

Deleterious  
(0.00) 

Deleterious  
(0.01) 

Deleteriou
s  

(0.00) 
PROVEA
N 

Deleterio
us (-6.98) 

Deleterio
us (-

11.77) 

Deleterio
us (-2.91) 

Deleteriou
s (-8) 

Deleterious 
(-9.14) 

Deleterious 
(-4.75) 

Deleteriou
s (-4.59) 

CADD 25.8 28.6 28.12 27.3 27.1 26.1 32 
GERP++ 3.39 5.13 4.94 3.82 5 5.22 5.22 
Ensembl Not 

present 
Not 

present 
Not 

present 
Not 

present 
Not present Not present Not 

present 
EVS Not 

present 
Not 

present 
Not 

present 
Not 

present 
Not present Not present Not 

present 
GME Not 

present 
Not 

present 
Not 

present 
Not 

present 
Not present Not present Not 

present 
gnomAD Not 

present 
Not 

present 
Not 

present 
Not 

present 
Not present Not present Not 

present 
Iranome Not 

present 
Not 

present 
Not 

present 
Not 

present 
Not present Not present Not 

present 
In-house 
database
s 

Not 
present 
(10,000) 

Not 
present 
(10,000) 

Not 
present 
(7,000) 

Not 
present 
(60,039) 

Not present 
(1,053 

Not present 
(~10,000) 

Not 
present 
(10,000) 



 

Table S2: Molecular details of all NTNG2 variants including pathogenicity prediction and 

presence in genomic databases.  GERP score calculated using UCSC Genome browser’s 

GERP++ track with the average value for the specific nucleotide genomic position presented. 

ROH: region of homozygosity.  Number of total individuals in local databases indicated in 

parentheses. 

 

 

			

 

Table S3: List of alternate variants segregating with clinical phenotype and rationale for 

exclusion. Alternate candidates for Family 4 and 7 were not identified. 

 

 

 

 

Turkish, 
~13000 all) 



 

Supplemental Methods 

Cell-surface expression assays 

Wild type human (GenBank: BC013770.1) and variants netrin-G2 (residues Asp18-Arg530, 

including the C-terminal stop codon) were cloned into a pHLsec vector1 with an N-terminal Flag 

tag following on from the vector secretion signal sequence. HeLa cells cultured on glass cover 

slips were transiently transfected with the plasmids described above and transfection success 

was assessed by Western blotting. Anti-Flag (Sigma-Aldrich, Cat No. F1804) was added to the 

cells at a concentration of 5 µg/ml. Cells were incubated for 1 hour on ice and washed with 

phosphate buffer saline (PBS). Cells were fixed in 4% paraformaldehyde (20 min, on ice), 

immunostained with Cy3-labeled anti-mouse antibody at a concentration of 50 µg/ml (Abcam, 

Cat No. ab97035), counter-stained with DAPI and mounted. For one assay, four cover slips of 

each variant were prepared and the assay was done in triplicates. Three representative 

samples of cells were imaged from each coverslip and images were analyzed using Fiji/ImageJ. 

Briefly, for each sample, the DAPI image was used to create a binary mask, which was applied 

to the Cy3 image. After thresholding the resulting image, the total number of pixels (Cy3 area) 

was measured and divided by the total number of pixels from the DAPI image (DAPI area) to 

obtain the adjusted area. Measurements of adjusted area from each coverslips were averaged 

and counted as one value (n = 12). We performed one-way ANOVA with Tukey Test for 

statistical analysis.  

 

Western blot detection 

HeLa cell lysates were probed with mouse anti-Flag (Sigma-Aldrich, Cat No. F1804) and mouse 

anti-actin (Abcam, Cat No. ab3280) mAbs in combination with Horseradish peroxidase (HRP)-

labelled anti mouse mAbs (Sigma-Aldrich, Cat No. A0168). The signal was captured on 

autoradiography films (Amersham Hyperfilm ECL). 



 

 

siRNA Experimental Methods and Analysis: 

Constructs and antibodies  

Small interfering RNA (siRNA) targeting mouse Ntng2 or scrambled siRNA (catalog no. s100887 

and 4390846; Thermo Fisher Scientific, Waltham, MA). The antibodies used for immunostaining 

were anti-Map2 (Microtubule Associated Protein 2) and Goat anti-Guinea Pig Alexa Fluor 568 

(Invitrogen, Carlsbad, CA). 

 

Neuro 2a cell culture and transfection 

Mouse Neuroblastoma N2a cells were obtained from American Type Culture Collection 

(Manassas, Virginia). The N2a cells were cultured in Dulbecco's modified Eagle's medium 

(DMEM, Gibco, Waltham, MA) supplemented with 10% Fetal Calf Serum (Merck, Darmstadt, 

Germany), 1% Penicillin-Streptomycin (Merck, Darmstadt, Germany), 1% MEM Non-essential 

Amino Acid Solution (Merck, Darmstadt, Germany) and 1% Alanyl-glutamine (Merck, Darmstadt, 

Germany). Cultures were maintained at 37 °C with atmospheric air and 5% CO2 and passaged 

when 90% confluent.  

Transfection 

The transfection experiment was carried out with NTNG2 siRNA or the corresponding scrambled 

siRNA (siRNA ctrl). To form siRNA-lipid complexes, 12 pmol siRNA was mixed with 2 μl 

Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) reagent in Opti-MEM (Gibco, Waltham MA). 

Reverse transcription – quantitative PCR (RT-qPCR) 

RNA from the N2a cells was extracted using the NucleoSpin RNA kit from Macherey-Nagel after 

30h post transfection. Following RNA isolation, cDNA was synthesized using the iScript cDNA 

Synthesis Kit (Bio-Rad, Veenendaal, Netherlands) and purified using the NucleoSpin Gel and 

PCR Clean-up kit (Macherey-Nagel, Bethlehem, PA). Real-time PCR was performed using 



GoTaq qPCR Master Mix (Promega, Leiden, Netherlands). The thermal cycling program 

consisted of 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 30 sec. The relative gene 

expression was calculated using the 2-ΔΔCT method. The mus musculus peptidylprolyl isomerase 

A (mPpia) gene was used to normalize variations in the amount of starting material. Primer 

sequences are available upon request. 

Fluorescence immunocytochemistry 

For immunocytochemistry, cells were grown on glass coverslips coated with Poly-L-Ornithine 

(PLO, Sigma-Aldrich, Saint Louis, MO) and transfected with siRNA as described above. 30h after 

transfection cells were fixed with paraformaldehyde (4% in PBS, Thermo Fisher Scientific, 

Waltham, MA) for 15 min at room temperature. The coverslips were sequentially incubated in 5% 

normal goat serum, the primary antibody (overnight, 4°C), a secondary antibody, and Hoechst 

33342 (Invitrogen, Carlsbad, CA). Both primary and secondary antibodies were diluted in 1% 

normal goat serum. The coverslips were mounted on slides with Fluorescence Mounting Medium 

(DAKO, Carpinteria, CA) and images were captured on a fluorescence microscope (Zeiss Axio 

Imager Z1, Oberkochen, Germany) equipped with a camera and the imaging software Zeiss Zen 

2 (Oberkochen, Germany). 

Image Analysis 

To determine the percentage of cells with neurites, total cell count and cells with neurites were 

quantified manually. For each group, cells were examined in 14 random non-overlapping images. 

Images were then semi-automatically traced using Neurolucida 360 software (MBF Bioscience, 

Wilmington, VT). From each picture the two cells with the longest neurite length were 

reconstructed. In total 16 cells were reconstructed. Exclusion criteria for defining a neurite: length 

<3.5 µm; thickness <0.05 µm. Traces were imported into Neurolucida Explorer 360 (MBF 

Bioscience, Wilmington, VT) and the following sets of data were collected: number of primary 

neurites, number of branch points, total neurite outgrowth length (µm), and convex hull area (µm2). 

Convex Hull analysis is used to define dendritic field area.  



Statistical Analysis 

Statistical analysis of experiments comparing data from two groups were conducted using 

unpaired Student's t-tests if data met the normality, otherwise, MannWhitney U tests was 

conducted. Results represent mean ± SD and P values < 0.05 were considered statistically 

significant. *p < 0.05, **p <0.01, ***p < 0.001. 

 

 

Sequencing methods  

Family 1  p.(Cys456Tyr) 

This research study was approved by the Medical Ethical Committee Arnhem-Nijmegen, The 

Netherlands and the Mashhad University of Medical Sciences- Iran Institutional Review Boards. 

Written informed consent was obtained. Genomic DNAs were extracted from whole blood by 

standard protocol and then high-quality of probands’ DNAs were shipped for exome sequencing, 

using Illumina HiSeq 2500, Q30≥80% (Novogene, Beijing). The procedure of ES including exome 

capture by using Agilent SureSelect Human All Exon V6 Kit and 50× of sequencing depth resulting 

in sequences of greater than 100 bases from each end of the fragments.  The GRCh37/UCSC 

hg19 was considered as a reference genome. VarScan version 2.2.5 and MuTec and GATK 

Somatic Indel Detector were used to detect SNV and InDels, respectively. The protocol to 

interpret potential pathogenic variants was described previously2. 

 

Family 2  p.(Trp107Gly) 

This research study was approved by the University of California San Diego IRB, and the Shahid 

Sadoughi University of Medical Sciences in Yazd, Iran, Institutional Review Boards. Written 

informed consent was obtained.  ES was performed on DNA extracted from the proband (VI-2) 

by Macrogen, South Korea, using a SureSelect V6-Post Capture Kit (Agilent Genomics) and 

HiSeq 4000 sequencer (Illumina). The high-quality data were filtered for coding (nonsynonymous, 



splicing, or truncating) variants followed by the removal of common variants (minor allele 

frequency >0.001) reported in publicly available population databases and in-house exome 

sequencing data on 631 control subjects. Pathogenicity and potential functional effects of the 

selected variants were assessed using in silico mutation prediction tools (e.g., SIFT, PolyPhen-2, 

MutationTaster, and PredictSNP). Selected variants were reviewed for previously reported 

phenotypes and functional and expression data based on OMIM, Genecards, and PubMed 

databases. Subsequently, those variants predicted to be damaging were considered as promising 

candidates for validation and segregation analysis. 

 

Family 3 p.(Ser359Cys) 

This research study was approved by the UCLH and NHNN, and the Ahvaz Jundishapur 

University of Medical Sciences, Iran, Institutional Review Boards.  Written informed consent was 

obtained. Blood DNA was extracted using Qiagen reagents (Qiagen Inc., USA), then subjected 

to exome capture with the Illumina Rapid Capture 37 Mb Enrichment kit. Sequencing with 150-

bp paired-end reads was performed using Illumina's HiSeq4000 instrument (Illumina, Inc., USA), 

resulting in >94% recovery at 10× coverage and >85% recovery at 20x coverage. GATK best 

practices pipeline was used for SNP and INDEL variant identification 

(http://www.broadinstitute.org/gatk/). Variants were annotated with in-house software3 and 

homozygous variant prioritization was done using custom Python scripts (available upon 

request) to keep variants with MAF <0.001 in our sequenced cohort, or with high scores for 

likelihood to damage protein function. Sanger sequencing was used for segregation testing in all 

available family members.  

  

 

Family 4 p.(Cys355Trp) 



Using genomic DNA from the proband and parents, the exonic regions and flanking splice 

junctions of the genome were captured using the IDT xGen Exome Research Panel v1.0. 

Massively parallel (NextGen) sequencing was done on an Illumina system with 100bp or greater 

paired-end reads. Reads were aligned to human genome build GRCh37/UCSC hg19, and 

analyzed for sequence variants using a custom-developed analysis tool. Additional sequencing 

technology and variant interpretation protocol has been previously described4. The general 

assertion criteria for variant classification are publicly available on the GeneDx ClinVar 

submission page (http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/). Sanger sequencing 

was used for segregation testing in the parents and affected brother.  

 

Through manual evaluation of the VCF file, a shared haplotype was identified between the parents 

leading to a ROH in the proband from chr9:134386759-135763816 (hg19). 

This ROH was approximately 1.4 Mb. However, there are only 29 informative SNPs across this 

region, so the exact region may be larger. Using the Rutgers tool 

(http://compgen.rutgers.edu/map_interpolator.shtml), this equates to 2.08 cM, implying a founder 

event ~48 generations ago. See representative PCA plot showing their close relatedness in Figure 

S2. Haplotype analysis and PCA plot generation was performed as per previously described 5,6.  

 

 

Family 5 p.(Cys81Tyr) 

All individuals and their family members reported here provided informed consent in accordance 

with the Baylor-Hopkins Center for Mendelian Genomics (BHCMG) research protocol (Baylor 

College of Medicine, IRB protocol number: H-29697). Exome sequencing (ES) was performed 

on the proband BAB9717 (Family 5, IV:4) and affected sibling BAB9718 (Family 5, IV:5) at the 

Human Genome Sequencing Center at Baylor College of Medicine using methods previously 

described7. Exome analyses for candidate variants was performed by comparing shared 



variants in both affected siblings and filtering candidate variants with genomic data from public 

databases, including 1000 Genomes database (1000G, http://www.1000genomes.org), Exome 

Variant Server (EVS, http://evs.gs.washington.edu/EVS), the Atherosclerosis Risk in 

Communities Study Database (ARIC, http://drupal.cscc.unc.edu/aric/), genome Aggregation 

Database (gnomAD, http://gnomad.broadinstitute.org/), Exome Aggregation Consortium (ExAC, 

http://exac.broadinstitute.org/), and our in-house exome database (∼13,000 individuals) at the 

Baylor College of Medicine Human Genome Sequencing Center. We further filtered variants 

based on pathogenicity prediction and conservation scores, with filtering out variants with low 

conservation scores (PhyloP, GERP), predicted to be tolerated/benign by at least 4 out of 5 

pathogenicity prediction tools (FATHMM, MutationTaster, PolyPhen-2, SIFT, PROVEAN) and a 

CADD score under 14. ES analyses revealed a shared homozygous rare missense variant in 

NTNG2 in both affected siblings that is predicted to be disease causing (Table 1). Analyses of 

absence of heterozygosity (AOH) regions from exome data using BafAOHCalculator 

demonstrated that both siblings IV:4 and IV:5 showed total AOH regions of ~312 and ~333 Mb 

respectively, consistent with reported parental consanguinity8. The rare NTNG2 variant was 

present in an AOH region of ~19.9 Mb in IV:4 and ~21.2 Mb in IV:5 (Figure S3). Notably, these 

regions were not the largest AOH regions observed in either sibling (~26 Mb and ~31 Mb, 

respectively). The candidate NTNG2 variant was confirmed to be homozygous in both affected 

siblings and heterozygous in unaffected parents using standard PCR amplification and Sanger 

sequencing techniques. Two affected paternal cousins with similar clinical features were 

identified; PCR amplification and Sanger sequencing for the missense NTNG2 variant in this 

family co-segregated with the neurological phenotype in accordance with expectation for an 

autosomal recessive trait.  

 

 

 



Family 6 p.(Met149Thr) 

This study was approved by the institutional review boards of the Faculty of Medicine at Cairo 

University and Boston Children’s Hospital. Subjects were identified and evaluated in a clinical 

setting, and biological samples were collected for research purposes after obtaining written 

informed consent. 

Whole exome sequencing and data processing were performed by the Genomics Platform at 

the Broad Institute of Harvard and MIT (Broad Institute, Cambridge, MA, USA). We performed 

whole exome sequencing on DNA samples (>250 ng of DNA, at >2 ng/ul) using Illumina exome 

capture (38 Mb target). Our exome-sequencing pipeline included sample plating, library 

preparation (2-plexing of samples per hybridization), hybrid capture, sequencing (150 bp paired 

reads), sample identification QC check, and data storage. Our hybrid selection libraries cover 

>90% of targets at 20x and a mean target coverage of ~100x. The exome sequencing data was 

de-multiplexed and each sample's sequence data were aggregated into a single Picard BAM 

file.  

Exome sequencing data was processed through a pipeline based on Picard, using base quality 

score recalibration and local realignment at known indels. We used the BWA aligner for 

mapping reads to the human genome build 37 (hg19). Single Nucleotide Polymorphism (SNPs) 

and insertions/deletions (indels) were jointly called across all samples using Genome Analysis 

Toolkit (GATK) HaplotypeCaller package version 3.4. Default filters were applied to SNP and 

indel calls using the GATK Variant Quality Score Recalibration (VQSR) approach. Lastly, the 

variants were annotated using Variant Effect Predictor (VEP). For additional information please 

refer to Supplementary Section 1 in ExAC paper9. The variant call set was uploaded on to seqr 

and analysis was performed using the various inheritance patterns. Sanger sequencing was 

used for segregation testing.  

 

Family 7 p.(Ser200Leu) 



This study was approved by local institutional IRB/ethical review boards of UCLH and NHNN, 

and written informed consent was obtained prior to genetic testing from the family involved. 

Clinical details were obtained through medical file review and clinical examination. Genomic 

DNA was extracted from peripheral blood samples according to standard procedures. WES 

using a trio approach was performed as described elsewhere10, and our bioinformatics filtering 

strategy included screening for only exonic and donor/acceptor splicing variants. In accordance 

with the pedigree and phenotype, priority was given to rare variants (<0.01% in public 

databases, including 1,000 Genomes project, NHLBI Exome Variant Server, Complete 

Genomics 69, and Exome Aggregation Consortium [ExAC v0.2]) that were fitting a recessive 

(homozygous or compound heterozygous) or a de novo model and/or variants in genes 

previously linked to developmental delay, intellectual disability and other neurological disorders. 
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