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Intellectual disability (ID) and autism spectrumdisorders (ASD) are genetically heterogeneous, and a significant number of genes have been

associatedwithbothconditions.A fewmutations inPOGZhavebeenreported inrecentexomestudies;however, these studiesdonotprovide

detailed clinical information.Wecollected the clinical andmoleculardataof 25 individualswithdisruptivemutations inPOGZbydiagnostic

whole-exome, whole-genome, or targeted sequencing of 5,223 individuals withneurodevelopmental disorders (ID primarily) or by targeted

resequencing of this locus in 12,041 individuals with ASD and/or ID. The rarity of disruptive mutations among unaffected individuals (2/

49,401) highlights the significance (p ¼ 4.19 3 10�13; odds ratio ¼ 35.8) and penetrance (65.9%) of this genetic subtype with respect to

ASD and ID. By studying the entire cohort, we defined commonphenotypic features of POGZ individuals, including variable levels of devel-

opmental delay (DD) andmore severe speech and language delay in comparison to the severity ofmotor delay and coordination issues.We

also identified significant associations with vision problems, microcephaly, hyperactivity, a tendency to obesity, and feeding difficulties.

Some featuresmight be explained by the high expression of POGZ, particularly in the cerebellum and pituitary, early in fetal brain develop-

ment. We conducted parallel studies inDrosophila by inducing conditional knockdown of the POGZ ortholog row, further confirming that

dosageofPOGZ, specifically inneurons, is essential fornormal learning inahabituationparadigm.Combined, thedataunderscore thepath-

ogenicity of loss-of-function mutations in POGZ and define a POGZ-related phenotype enriched in specific features.
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Intellectual disability (ID) and autism spectrum disorders

(ASD [MIM: 209850]) are frequent, yet extremely heteroge-
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sity – Sorbonne Paris Cité, Imagine Institute, 75015 Paris, France; 11Departmen

pitaux de Paris, 75015 Paris, France; 12Department of Psychiatry and Behaviora

Medical Genetics, Istituto di Ricovero e Cura a Carattere Scientifico Associazio

netics, Istituto di Ricovero e Cura a Carattere Scientifico Associazione Oasi Mari

Ricovero e Cura a Carattere Scientifico Associazione Oasi Maria Santissima, 94

for Molecular Medicine, Karolinska Institutet, 171 77 Solna, Sweden; 17Depart
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neous, disorders. It is estimated that 10%–40% of persons

with ID have ASD as a comorbidity.1–5 Although ID and

ASD often present jointly in the same individual, genetic

studies searching for rare causative variants have been
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ts of Genetics, Hôpital Necker – Enfants Malades, Assistance Publique – Hô-
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ares Anomalies du Développement et Syndromes Malformatifs Sud-Langue-

ntre de Génétique Chromosomique, Hôpital Saint Vincent de Paul, Group-
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Table 1. Clinical Features of Individuals Harboring POGZ Mutations from ID and/or DD Cohorts

UMCN1 UMCN2 UMCN3 UMCN4 UMCN5 UMCN6 UMCN7 UMCN8 UMCN9

Mutation c.2590C>T
(p.Arg864*)

c.3001C>T
(p.Arg1001*)

c.3456_3457del
(p.Glu1154
Thrfs*4)

c.2263del
(p.Glu755
Serfs*36)

c.1152dup
(p.Arg385
Serfs*4)

c.2432þ
1G>A
(p.?)

c.2020del
(p.Arg674
Valfs*9)

c.3847C>T
(p.Gln1283*)

c.3456_3457del
(p.Glu1154
Thrfs*4)

Age (years) 5 13 9 6 2 12 5 26 8

Gender F M M M M M F M M

ID/DD þþ þþ þ/� þ þþ þ þ þþ þ

Speech or
language delay

þþ þþ þþ þ þ þþ þ þþ þþ

Motor delay þ þ þ þ þ þ/� þ þ þ/�

ASD þ/� þ þ/� þ/� þ/� þ þ � �

Microcephaly þ þ þ � þ � þ/� þ �

Feeding problems ND þ þ þ þ � � þ þ

Vision problems � þ þ � þ þ � � þ

Obesity tendency ND � � � þ þ � þ þ

All HGVS annotations were annotated on RefSeq transcript (GenBank: NM_015100.3). A full clinical description for each individual can be found in Table S1.
Abbreviations are as follows: mo., months; ID, intellectual disability; DD, developmental delay; ASD, autism spectrum disorder; M, male; F, female; þ, formal
diagnosis (mild or moderate); þþ, severe presentation; þ/�, possessing some features and/or mild presentation; �, not present; ND, no data.
ainheritance unknown.
focused on cohorts of individuals with either ID or ASD as

the main inclusion criteria. At present, more than 700

genes have been implicated across a wide variety of ID syn-

dromes with diverse clinical presentations,6 and the total

number of ID-associated genes is estimated to be around

2,000.2 Furthermore, over 100 genes have been reported

in syndromic and non-syndromic forms of ASD.7 Not un-

expectedly, many of the same genes underlie both ID

and ASD, suggesting that the molecular networks and

pathways in these disorders are largely overlapping.1

Therefore, similar genetic defects might lead to either ID

or ASD in different individuals or to both conditions in

the same person.

The identification of candidate ID- and ASD-associated

genes has increased tremendously by the widespread

application of next-generation sequencing techniques,

including trio-based whole-exome and whole-genome

sequencing in research and routine clinical diagnos-

tics.8–12 Due to the extensive genetic heterogeneity,

interpretation of pathogenicity of gene mutations is chal-

lenging because establishment of a conclusive molecular

diagnosis is highly dependent on the identification of mu-

tations in the same candidate gene in individuals with

similar phenotypes. This is often hampered by the rarity

of each individual genetic cause of ID and/or ASD. In addi-

tion, even genetic defects in the same gene can be associ-

ated with variable clinical features. To gain insight into

the clinical spectrum of ID and/or ASD phenotypes associ-

ated with genes that have not been previously implicated

in these conditions, it is important to collect clinical and

molecular data from additional individuals.13,14 This can

be facilitated by national and international collaboration
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and data sharing of clinical and molecular databases.

Bundling of knowledge and expertise on rare genetic

causes of ID and/or ASD is of great value in the counseling

of individuals. Recently, the core phenotypes of several

distinct syndromes with both ASD and ID as hallmark fea-

tures have been reported.15–18 Here, we report the core

phenotype of a ID and/or ASD syndrome or phenotypic

gestalt, which is caused by disruption of the pogo transpos-

able element with zinc finger domain (POGZ [MIM:

614787]). A small number of mutations in POGZ were

previously reported in different cohorts of individuals

with ASD, ID, or schizophrenia (MIM: 181500); however,

most of these studies did not provide further detailed

clinical, molecular, or functional information on these in-

dividuals, leaving the pathogenicity of these mutations

unclear.12,19–27 Meta-analyses of both small de novo dele-

tions and/or single-nucleotide variants in families affected

by ASD and developmental delay (DD) have shown that

POGZ is likely a risk gene for neurodevelopmental disor-

ders.25,28 Recently, truncating mutations in POGZ have

been reported among small numbers of unrelated individ-

uals. Although the phenotypes were variable, there is

evidence of shared phenotypic features, suggesting that

mutations in this gene might represent a distinct ASD

and/or ID syndrome.29,30

POGZ encodes a heterochromatin protein 1 a-binding

protein containing a cluster of multiple C2H2-type zinc

fingers, a centromere protein (CENP) B-like DNA-binding

domain, and a DDE domain that might regulate gene

expression.20 POGZ is involved in mitosis31 and is ex-

pressed in the human fetal and adult brain (BrainSpan

Atlas and GTEx). It is hypothesized to function as a
, 2016



UMCN10 EE3 EE4 FR1 FR2 FR3 FR4 FR5 FR6 EE9a

c.3040C>T
(p.(Gln1014*))

c.2196_2198
delAG
(p.Val733del)

c.2020del
(p.Arg674
Valfs*9)

c.2545þ1del
(p.?)

c.2400dup
(p.Lys801
Glnfs*7)

c.2836del
(p.Asp946
Metfs*12)

c.2574del
(p.His858
Glnfs*13)

c.1810G>T
(p.Glu604*)

c.3001C>T
(p.Arg1001*)

c.2501del
(p.Leu834
Trpfs*20)

11 19 12 4 11 6 6 24 17 11 mo.

F M M M F F F M M M

þ þ þ þþ þ þþ þþ þ þþ þ/�

þþ þ þ þþ þ þ þþ þþ þ ND

þ/� þþ þ þþ þ þ þ þ/� þ ND

� � � þ � þ þ ND þ ND

� � � þ � þ þ � � ND

þ ND � þ � þ ND � � ND

� þ þ þ � þ þ ND þ ND

þ þ � � þ � � þ � ND
transcriptional regulator in molecular networks crucial for

neuronal function.11,19 POGZ has been shown to be co-ex-

pressed with ASD- and ID-associated genes involved in

chromatin remodeling and gene transcription,32 such as

CHAMP1 (MIM: 616327).33

We collected a cohort of 24 individuals with de novo

mutations in POGZ by different approaches, including

whole-exome sequencing in diagnostic and research co-

horts, whole-genome sequencing in a research cohort,

and targeted resequencing in research cohorts. The cohorts

consisted of individuals diagnosed with various neurode-

velopmental disorders, including ID and/or ASD. By study-

ing their phenotype, we were able to further define and

establish the core phenotype associated with disruptive

mutations in POGZ. We provide further support for the

importance of POGZ in cognitive function by utilizing a

Drosophila knockdown model of the POGZ ortholog row.

We found that downregulation of row expression, specif-

ically in neurons, leads to deficits in habituation, a form

of non-associative learning that is highly relevant for

both ID and ASD.
Materials and Methods

Individual Selection
Persons with severe POGZ mutations (frameshift, nonsense, and

splice) were identified by different strategies. 12 individuals with

unexplained ID (UMCN1, UMCN3–UMCN10, FR1, FR3, and

FR6), out of approximately 2,413 screened, were identified by diag-

nostic exome sequencing8 (Tables 1 and Table S1). One individual

(UMCN2) was ascertained and published previously from whole-

genome sequencing of 50 individuals with unexplained ID.12
The Ame
Two individuals (EE1 and EE2) were identified and published pre-

viously from research exome sequencing of 2,377 simplex families

affected by ASD.10 The remaining ten individuals were identified

by a variety of targeted sequencing techniques. One individual

(FR5) was identified with the Illumina TruSight One panel (Tables

1 and Table S1) from a cohort of 175 individuals with neurodeve-

lopmental disorders. Two individuals (FR2 and FR4) were identi-

fied with a custom SureSelect panel of 275 ID-related genes (Tables

1 and Table S1) from a total of 208 probands with mild to severe

ID. The remaining seven individuals (EE3–EE9) were identified

with molecular inversion probe (MIP)-based sequencing (see

below). Four missense events reported were identified by either

research exome sequencing (in individuals EE11–EE13, reported

previously)10,27 or MIP-based sequencing (in individual EE10).

Subsequent phenotypic follow-up was performed by clinical inter-

view with individuals and families. All experiments carried out on

these individual samples were in accordance with the ethical stan-

dards of the responsible committee on human experimentation

(institutional and national), and proper informed consent was ob-

tained. For identification of disruptive variation in unaffected in-

dividuals, the Exome Aggregation Consortium (ExAC) data were

used with neuropsychiatric cases masked (early access to these

data were provided by DanielMacArthur). This dataset is now pub-

lically available for download on the ExAC portal.

Identification of POGZ Mutations by MIP

Resequencing
Seven individuals with disruptive events and one individual with a

missense event in POGZ were identified with MIP resequencing as

previously described34 from a research cohort of 12,041 individ-

uals with unexplained ID and/or ASD (EE3–EE10). 4,025 sibling

control individuals from the Simons Simplex Collection (SSC)35

and The Autism Simplex Collection (TASC)36 were also screened

as unaffected individuals in this study. In total, we designed 53

small-molecule MIPs to tile across the coding regions and splice
rican Journal of Human Genetics 98, 541–552, March 3, 2016 543



junctions of the human POGZ locus. The design and concentra-

tion of each MIP probe used in the pool, as well as their individual

performance, are detailed in Table S2. Secondary Sanger validation

was performed on all individuals and their parents.

Calculation of De Novo Significance and Penetrance
De novo significance was calculated as previously described by

Samocha et al.37 with the R package denovolyzeR (v.3.1.0). To

calculate the significance and penetrance of POGZ likely gene-

disruptive (LGD) mutations in ID and/or DD, we utilized two con-

trol sets as a baseline: the first, representing 45,376 samples, was

composed of the ExAC database with psychiatric cases removed

(ExAC v.0.3) and the second was composed of the 4,025 control

individuals sequenced by MIPs (see above). All significance calcu-

lations were based on the two LGD events found in this composite

collection of 49,401 control individuals and the 25 LGD events

found in 17,264 case individuals included in this study. Case-con-

trol significance was calculated with a standard two-tailed Fisher’s

exact test, and penetrance and its confidence bounds were calcu-

lated with the model described in Rosenfeld et al.,38 specifically:

PðD j GÞ ¼ PðG j DÞ PðDÞ
PðG j DÞ PðDÞ þ P

�
G j D�

P
�
D
�0

where D¼ disease, G¼ genotype (the presence of an LGD event in

POGZ), and D ¼ absence of disease. The general population inci-

dence of ID and/or DD in our cohort was assumed to match that

described in Rosenfeld et al. (P(D) ¼ 5.12%), given that our cohort

composition has a similar representation of youth-onset diseases

with an important genetic component with broad exclusion of

chromosomal disorders.

Analysis of GTEx Data
Reads per kilobase of transcript per million mapped reads (RPKM)

values were downloaded from the GTEx portal v.6 on 11 November

2015 and were used to generate boxplots for each of the POGZ iso-

forms included in GENCODE v.19 (NCBI browser GRCh37.p13).

Ensembl identifiers fromGENCODEwere converted to RefSeq iden-

tifiers with the Ensembl portal (release 83). All RefSeq identifiers

referenced here correspond to RefSeq release 73. To test the signifi-

cance of the difference between the average expression of the pitu-

itary and brain subtissues, permutation tests were conducted for

every pair of subtissues. For each pair, we calculated the difference

inmeans, d, and performed 10,000 permutations. In each permuta-

tion, the subtissue labels were randomly swapped and the differ-

ence in means calculated. We then calculated the average of the

difference in means across all shuffles, m. We calculated p values

as (R þ 1) / (N þ 1) where R is the number of times the permuted

difference in themean is further fromm than d andN is the number

of permutations (10,000). Bonferroni’s correction was used to cor-

rect for multiple testing.

Drosophila Knockdown Experiments
Fly stocks were kept on a standardDrosophila diet (cornmeal, sugar,

and yeast) at 25�C and 45%–60%humidity at a 12 hr light-dark cy-

cle. The inducible RNAi line against the POGZ Drosophila ortholog

row (vdrc28196, no predicted off-targets) and its genetic back-

ground control line (vdrc60000) were obtained from the Vienna

Drosophila Resource Center.39 For the habituation experiments,

RNAi was induced with the GAL4-UAS system and the panneuro-

nal elav-Gal4 driver linew1118; 2xGMR-wIR; elav-Gal4, UAS-Dicer-2.

The genetic elements in this line suppress eye color as required for
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the light-off jump response (2xGMR-wIR)40,41 and increase RNAi

efficiency (UAS-Dicer2), respectively.39 Flies were reared and tested

at 25�C and 70% humidity. For qPCR experiments, RNAi was

induced with the ubiquitous actin-Gal4 driver line (w1118; actin-

Gal4/CyOGFP).
Drosophila Light-Off Jump Reflex Habituation Assay
The light-off jump habituation assay was performed as previously

described.42 Habituation of the startle jump response toward

repeated light-off stimulus of 3- to 7-day-old individual male flies

was tested in two independent 16-unit light-off jump habituation

systems. 32 flies (16 flies per system) were simultaneously

exposed to a series of 100 short (15 ms) light-off pulses with a

1 s inter-pulse interval. The noise amplitude of wing vibration af-

ter every jump response was recorded for 500 ms after the start of

light-off pulse, and an appropriate threshold was applied to filter

out the background noise. Data were collected and analyzed by a

custom Labview Software (National Instruments). High initial

jumping response to light-off pulse decreased with a growing

number of trials, and flies were considered habituated when

they failed to jump in five consecutive trials (no-jump criterion).

Habituation was scored as the mean number of trials required to

reach the non-jump criterion (trials to criterion [TTC]). The main

effect of the genotype (mutant versus control, corrected for

experimental day and system) on log-transformed TTC values

was tested via linear model regression analysis (lm) with R statis-

tical software (v.3.0.0).
Results

Identification of De Novo Mutations in POGZ

Through diagnostic whole-exome sequencing or targeted

exome sequencing, we identified 15 individuals, out of

approximately 2,796 case individuals, with unexplained

ID and LGD mutations in POGZ. In order to identify

additional individuals with POGZ mutations, we targeted

and sequenced the coding portions of this gene by using

MIPs (see Materials and Methods) on a large research

cohort of 12,041 individuals with an ASD and/or ID diag-

nosis and identified seven additional events. Combined

with three events that we previously identified,10,12

we collected 19 individuals with a primary diagnosis of

ID (Tables 1 and Table S1) and 6 individuals with a

primary diagnosis of ASD (Table 2) with LGD mutations

in POGZ (Figure 1 and Table S3). These include 10

nonsense, 12 frameshift, 1 in-frame deletion, and 2 splice

events.

In order to determine the significance of LGDmutations

at this locus in case individuals, we examined several con-

trol cohorts for similar mutations. Using the MIP-based

approach,34 we targeted and sequenced the POGZ locus

in 4,025 unaffected sibling control individuals and identi-

fied no LGD events and one de novo missense event

that has been previously published10 (Table S3). Further-

more, whenwe queried the ExAC database (with neuropsy-

chiatric cases masked), we identified two LGD events

out of 45,376 individuals. Among 29,085 DD cases with

published copy-number variant (CNV) data,43 we observed
, 2016



Table 2. Clinical Features of POGZ Individuals from ASD Cohorts

EE1 EE2 EE5 EE6 EE7 EE8

Mutation c.3600_3607dupTGATGACG
(p.Glu1203Valfs*28)

c.3022C>T
(p.Arg1008*)

c.1212C>A
(p.Tyr404*)

c.538C>T
(p.Gln180*)

c.3139G>T
(p.Glu1047*)

c.2291del
(p.Pro764Leufs*27)

Age (years) 8 14 21 7 7 6

Gender M M F F M F

ID/DD þ/� þ þ þ/� þ þ/�

Speech or language delay þ þ/� þ þþ þþ þ

Motor delay þ þþ ND ND þ þ

ASD þ þ þ þ þ þ

Microcephaly � þ/� � � � �

Feeding problems � � ND ND � þ

Vision problems þ ND ND ND þ þ

Obesity tendency þ þ þ/� � þ þ

All HGVS annotations were annotated on RefSeq transcript NM_015100.3. A full clinical description for each individual can be found in Table S1.
ID, intellectual disability; DD, developmental delay; ASD, autism spectrum disorder; M, male; F, female; þ, formal diagnosis (mild or moderate); þþ, severe pre-
sentation; þ/�, possessing some features and/or mild presentation; �, not present; ND, no data.
one 8.3 Mbp duplication that subsumed the POGZ locus,

but no gene-breaking CNVs (Figure S1). A similar analysis

of 19,584 control individuals showed no CNVs at this lo-

cus. Previously published studies reported 2 de novo LGD

events among probands with schizophrenia,21,24 16 LGD

events (including one gene-breaking CNV) among cases

of ID, DD, and ASD,20,25,26,29,30 and 1 missense event in

a case of ASD;22 however, none of these overlap directly

with the 25 events reported in this study (Table S3). On

the basis of these data, we estimate that protein-truncating

mutations in POGZ are significantly enriched in ASD and/

or ID individuals in comparison to the general population

(p ¼ 4.19 3 10�13, two-tailed Fisher’s exact test; odds

ratio¼ 35.8; 95% confidence interval [CI]¼ 8.9–311.9; sig-

nificance calculations computed solely on the 25 cases

characterized in this study). On the basis of these data,

we estimate the penetrance of POGZ LGD mutations to

be 65.9% (95% CI ¼ 36.4%–89.8%) given the incidence

of ID (5.12%) in the general population.38

24 of the 25 POGZ truncating events were shown to be

de novo, and there was one individual with an LGD event

for whom inheritance status could not be determined

(EE9). Using a previously described statistical framework

for identifying excesses of de novo mutation by gene,37

we estimate the probability of detecting 24 or more

POGZ de novo LGD events in 17,264 cases to be p ¼
5.85 3 10�39. In addition to these LGD events, we also

identified a number of missense variants. Exome

sequencing studies previously reported four de novo

missense variants among families with ASD10,22,27 (Figure 1

and Table S3). Two of these events were in probands and

one was in an unaffected sibling control individual. We

identified one additional de novo (Table S4) and two pri-

vate, inherited (Table S5) missense events through our

MIP sequencing efforts.
The Ame
Clinical Description and Phenotype Analysis

The clinical features of the 25 individuals with LGD muta-

tions in POGZ are summarized in Tables 1 and 2 with

accompanying photographs (Figure 2). Detailed case re-

ports are described in the Supplemental Note. Though

most individuals exhibit facial dysmorphisms, there is no

significant pattern that could guide to a recognizable facial

gestalt. However, individuals with disruptive mutations in

POGZ showed a clear overlap in several other clinical fea-

tures. Whereas all had some degree of DD varying from

borderline to severe impairment, most individuals had

mild ID. Speech and language were generally classified as

more severely affected than motor development. Strik-

ingly, in several individuals, the ability to speak in senten-

ces and write and read simple language started very late,

but was eventually acquired. In addition, a distinct neuro-

behavioral phenotype could be recognized, including

either a formal ASD diagnosis or features of ASD and, in

many cases, a seemingly contrary overly social and overly

friendly demeanor. Hyperactivity and sleeping problems

were frequently observed as well. Other medical concerns

included infections, mainly of the upper respiratory tract

at a younger age, and nonspecific ocular problems. In

contrast to the LGD variants, the missense variants are

not clearly associated with impaired intellectual capacity.

However, the missense variants seem to be associated

with a behavioral phenotype, including ASD or autistic-

like features, reminiscent of that seen in individuals car-

rying LGD variants22 (Table S4).

To clarify the phenotype of individuals with the POGZ

mutation, we compared several key phenotypic variables

in the individuals with a POGZmutation and an ASD diag-

nosis to those in a cohort of 2,718 children with ASD from

the SSC.35 The rate of reported problems that emerged

through comprehensive individual follow-up, including
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Figure 1. Protein Model of POGZ with Currently Identified Mu-
tations Indicated
All mutations (indicated by individual identifiers that correspond
to Tables 1 and 2 and Tables S1, S3, and S4) have been annotated
on the RefSeq transcript (GenBank: NM_015100.3) (POGZ).
Events in red are LGD and blue are missense. Mutations listed
on the top of the protein structure have not been previously iden-
tified or reported. Mutations listed on the bottom of the protein
structure have been published previously. Protein domains are
indicated on the structure. Abbreviations are as follows: ZNF,
zinc finger; HTH, helix-turn-helix; CC, coiled coil; CHD, congen-
ital heart defect; ASD, autism spectrum disorder; DDD, develop-
mental delay; sib, sibling. Light-gray shaded portions indicate
amino acids omitted by alternatively spliced POGZ transcripts (3,
POGZ isoform; 2, POGZ isoform 2). JMutations for which inheri-
tance is unknown. All other mutations are de novo.
sleep problems, feeding problems, vision problems, hyper-

activity, obesity, and microcephaly, were compared across

groups with the Fisher’s exact test (Table S6). It should be

noted that different approaches were used to assess sleep,

feeding, and vision problems in this cohort than were

used in the SSC. For the individuals with a POGZmutation,

the presence of hyperactivity and sleep, feeding, and

vision problems were identified through formal clinical

assessment. For the SSC cohort, sleep, feeding, and vision

problems were established through standardized medical

history interview. Hyperactivity was defined as meeting

clinical cut-off on parent reporting on the Child Behavior

Checklist Externalizing Domain T score.44 Obesity and

microcephaly were determined through examination of

standardized BMI and head circumference values. Sleep

disturbance was not statistically enriched in the POGZ

cohort. Although feeding problems and obesity showed

borderline significance (p ¼ 0.045 and 0.07, respectively),

significant increases in vision problems (p ¼ 0.000067),

microcephaly (p ¼ 0.003), and hyperactivity (p ¼ 0.004)

were observed in the individuals with a POGZ mutation

and ASD relative to the SSC comparison cohort (Table S6).

In this case series, 12 of the 25 individuals (48%) were

identified as clinically obese at some point in the develop-

mental trajectory. This is in contrast to the feeding prob-

lems, including problems with chewing and swallowing

and aversion to solid foods, that were reported in 10 of

the 25 individuals (40%; Tables 1 and 2). For one individ-

ual (EE8), longitudinal growth data were available and

showed that, although other growth measurements (e.g.,

height) were within normal ranges, body weight already

exceeded three SDs above the mean starting at two-and-

a-half years of age. This trend has been maintained

through the age of six (the age of the last recording;
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Figure S2A) and is in contrast to this individual’s unaf-

fected sibling, who consumes the same diet and falls

within normal body mass ranges (Figure S2B). The rate of

obesity (i.e., two SDs above the mean) among children

with sporadic ASD is approximately 17% (based on the

SSC), in comparison to 40% in our study (calculation per-

formed only on individuals for whom these data were

available; Table S6).

POGZ Expression Analysis

We explored the normal expression patterns of POGZ

across human tissues by using the publicly available

GTEx database. Of the ten isoforms identified in GTEx,

only two are highly expressed across the majority of tis-

sues: POGZ isoform 3 (GenBank: NM_145796.3) and iso-

form 2 (GenBank: NM_207171.2) (Figures 3A and 3B).

The longest annotated isoform (GenBank: NM_015100.3)

(Figure 3A) does not appear to be constitutively expressed

(not shown). In adult tissues, POGZ isoforms 2 and 3

consistently show significantly increased expression in

the cerebellum and the pituitary gland (p< 0.01, permuta-

tion test; Tables S7 and S8) in comparison to expression

in all other brain subtissues (Figure 3B). The most abun-

dantly expressed RNA isoform 3 (GenBank: NP_665739.

3) (Figure 3B, right panel) differs from the longest anno-

tated isoform of POGZ only by omission of amino acids

112–189 encoded by two in-frame exons that are alterna-

tively spliced out of the mature transcript. All individual

mutations would affect protein isoform 3 of POGZ with

the exception of that of individual EE6 (p.Gln180*;

Figure 1). Isoform 2 (GenBank: NP_997054.1), which

shows the second highest RNA expression pattern

(Figure 3B, left panel), differs from the longest isoform by

omission of amino acids 34–94. This isoform (GenBank:

NM_207171.2) would contain all individual mutations

(Figure 1). Further exploration of POGZ expression in fetal

brain tissues via the BrainSpan Atlas shows that expression

is highest during early embryonic development (9 post-

conception weeks) and decreases gradually until birth,

after which low-level expression is maintained into adult-

hood (Figure 3C).

Modeling POGZ Partial Loss of Function inDrosophila

To gain independent support for the implication of POGZ

in ID/ASD pathologies and address whether the protein is

required directly in neurons for normal functioning, we

turned to the fruit fly Drosophila melanogaster, an organism

that has already been successfully exploited to study spe-

cific aspects of the observed human pathologies.46 The

Drosophila genome harbors a single gene ortholog repre-

senting the human POGZ family (POGZ, ZNF280A-D);

this ortholog is called relative of woc (row).47,48 According

to the ModEncode and FlyAtlas systematic expression da-

tabases,49,50 row is expressed across developmental stages

and tissues, and the highest expression is found in the

larval CNS.38,39 We modeled the POGZ loss-of-function

condition by conditional knockdown of row in Drosophila
, 2016



Figure 2. Clinical Photographs of Individuals with De Novo LGD Mutations in POGZ
Individuals harboring POGZmutations show an overlap in facial features, including brachycephaly (not shown) and a broad forehead, a
high nasal bridge, hypertelorism, and a thin upper lip in some. However, the facial phenotype is not very specific or recognizable.
(A and B) Individual UMCN1 at the ages of 1 year (A) and 3 years (B).
(C) Individual UMCN2 at the age of 9 years.
(D and E) Individual UMCN3 at the ages of 4 years (D) and 8 years (E).
(F and G) Individual UMCN4 at the ages of 4.5 years (F) and 5 years, 2 months (G).
(H and I) Individual UMCN6 at the ages of 6 months (H) and 11 years (I).
(J) Individual UMCN7 at the age of 4 years.
(K and L) Individual UMCN8 as a child (K) and at the age of 26 years (L).
(M) Individual UMCN9 at the age of 8 years.
(N and O) Individual UMCN10 at the ages of 4 years (N) and 11 years (O).
(P) Individual EE4 at the age of 12 years.
(Q and R) Individual FR3 at the ages of 7 months (Q) and 6 years (R).
(S) Individual FR4 at the age of 6 years.
(T) Individual EE2 at the age of 14 years.
(U) Individual EE6 at the age of 7 years.
(V) Individual EE7 at the age of 7 years.
by using the GAL4-UAS system51 and an inducible RNAi

line.39,51 The efficacy of the row construct was confirmed

by qRT-PCR upon ubiquitous knockdown with the actin-

Gal4 promoter line. The relative mRNA expression

compared to that of the appropriate genetic background

control (the promoter line crossed to the isogenic back-

ground of the RNAi line) was 25% (p ¼ 0.0003; Student’s

t test; Table S9).

In order to assess the consequences of row knockdown in

neurons, we crossed the inducible row RNAi line to the

panneuronal elav-Gal4 promoter line.40,41 The isogenic

host strain of the RNAi construct crossed to the same pro-

moter line served as genetic background controls. We as-

sessed habituation, a non-associative form of learning

and behavioral plasticity, in the light-off jump habituation

paradigm as previously described.42 In this paradigm, the

strong initial reaction to a non-threatening stimulus

(light-off) gradually wanes. Established Drosophila learning

andmemorymutants, as well as severalDrosophila ID-asso-

ciated genemodels, have previously been shown to exhibit

deficits in habituation.40–42,52 row-knockdown flies, as well

as their genetic background controls, showed good initial
The Ame
jump response (70% of flies jumping in the first five trials),

indicating an absence of severe neurological defects.

Whereas control flies quickly habituated to the repeatedly

presented light-off stimuli (mean TTC ¼ 10.2), the plastic

behavioral response of row knockdown flies was strongly

affected. They needed, on average, more than double the

number of trials to reach the no-jump criterion (n ¼ 135;

mean TTC ¼ 21.57; p ¼ 9.19 3 10�5). The average jump

response of row-knockdown and control flies, as well as

the difference between mean TTC values, is depicted in

Figure 4. We conclude that partial loss of function of the

POGZ ortholog row in Drosophila neurons specifically

significantly affects non-associative learning in the light-

off jump reflex habituation paradigm.
Discussion

We collected a substantial cohort of 24 individuals with de

novo LGD mutations in POGZ, enabling us to define the

core phenotype. Individuals are characterized by a variable

neurodevelopmental or neurobehavioral profile associated
rican Journal of Human Genetics 98, 541–552, March 3, 2016 547



Figure 3. Expression of POGZ Is Highest
in Cerebellum and Pituitary Tissues
(A) Gene models of three RefSeq POGZ iso-
forms. Isoform 1, the longest isoform, is
shown on top (GenBank: NM_015100.3),
isoform 2 in the center (GenBank:
NM_207171.2), and isoform 3 on the bot-
tom (GenBank: NM_145796.3). Exons are
shown as blocks and directionality as
light-gray arrows. Exons in red contain
a mutation identified in this study.
Black stars indicate exons in which disrup-
tive mutations were identified in control
individuals.
(B) Expression of POGZ shown by isoform
(GenBank: NM_207171.2 on the left and
GenBank: NM_145796.3 on the right),
and subtissue from the GTEx database
(v.6).45 Cerebellar tissues are shown in red
and the pituitary gland is shown in blue.
The red dashed line indicates reads per kilo-
base of transcript per millionmapped reads
(RPKM) of 25.
(C) POGZ average expression of all brain
subtissues across brain development (with
RNA-seq RPKM values from the BrainSpan
Atlas v.10; shown in red from 8 post-
conception weeks to 40 years of age). Birth
is indicated by a vertical gray dashed line,
and the mean expression across all time
points is indicated by a horizontal black
dashed line.
with ID and/or either autistic features or a formal diagnosis

of ASD. As expected, all individuals showed evidence of

DD ranging from mild to severe. Language and speech

delay presented more prominently than motor delay and

coordination problems. 50% of the individuals reported

here received a formal diagnosis of ASD; however, several

individuals showed an atypical behavioral phenotype

including overly friendly and overly social behavior and

hyperactivity. Other significant phenotypic features were

specific feeding difficulties that seemed to be related to

oversensitivity of the oral region in several individuals, a

tendency to obesity, nonspecific vision problems, and

microcephaly. These clinical finding are also consistent
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with other recent reports of smaller

cohorts of individuals with POGZmu-

tations.29,30

We repeated the phenotypic anal-

ysis, limiting it to those 12 individuals

with a diagnosis of autism, and

compared it to phenotypic data

collected for 2,718 children from the

SSC35 ascertained for the presence of

an ASD diagnosis. Significant in-

creases in vision problems, hyperac-

tivity, feeding problems, and micro-

cephaly (p < 0.05) and a trend

toward obesity (p ¼ 0.07) were

observed in the individuals with a

POGZ mutation relative to the SSC
comparison cohort (Table S6). As has been observed for

other autism risk genes (CHD8 [MIM: 610528], DYRK1A

[MIM: 600855], and ADNP [MIM: 611386]), these data

argue that autistic individuals harboring POGZ mutations

represent not only a distinct genetic but also a clinical sub-

type of the condition defined by a gestalt of features.

It is interesting that POGZ was one of 21 genes recently

highlighted as being recurrently mutated in individuals

with congenital heart disease (CHD [MIM: 600001]) and

neurodevelopmental disorders.53 Homsy et al. considered

the fact that POGZ mutations were also observed in co-

horts of individuals with ASD and/or ID as strong evidence

that CHD and neurodevelopmental disorders share a



Figure 4. Knockdown of the Drosophila POGZ Ortholog row Affects Non-Associative Learning in the Light-Off Jump Reflex Habitua-
tion Paradigm
Jump responses were induced by repeated light-off pulses (100 trials) with a 1 s inter-trial interval. row knockdown flies (rowvdrc28196;
genotype: w1118; 2xGMR-wIR/þ; UAS-rowvdrc28196/elav-Gal4, UAS-Dicer-2) are plotted in red, and genetic background control flies (con-
trol; genotype: w1118; 2xGMR-wIR/þ; elav-Gal4, UAS-Dicer-2/þ) are plotted in dark gray. Linear regression model analysis revealed that
flies with panneuronally-induced row knockdown habituated significantly slower (fold-change ¼ 2.1;***p < 0.001).
(A) Average jump response (% of jumping flies) across 100 light-off trials.
(B) Mean TTC of rowvdrc28196 (TTC ¼ 21.57, n ¼ 135) versus mean TTC of control flies (TTC ¼ 10.2, n ¼ 107). Error bars indicate SEM.
common genetic etiology. Two de novo variants were iden-

tified in the CHD study, including one early splice and one

missense event (Figure 1 and Table S3). In our cohort, only

one of the 25 individuals (FR1) with an LGD mutation

showed evidence of CHD (see Supplemental Note), and

subsequent clinical follow-up of seven individuals for

this phenotype provided no evidence of CHD. Interest-

ingly, individual FR1 represented one of two splice muta-

tions in our cohort of individuals with POGZ mutations.

Although pleiotropic effects remain a possibility, an

alternate hypothesis is that POGZ associates with the neu-

rodevelopmental disease aspect and that CHD is caused by

some additional risk factor in the CHD exome-sequencing-

study individuals, given that many suffered from both

neurodevelopmental delay and CHD.

In this study, we report three instances of the same de

novo LGD mutation found in two unrelated individuals

(at amino acid 674 in two individuals, at amino acid

1001 in two individuals, and at amino acid 1154 in two in-

dividuals). These events have not been reported previously

in control samples or other studies.29,30,53 In some cases

(particularly at amino acid 1154), these individuals show

similar phenotypes, including behavioral deficits, but at

the other two sites, the pairs of individuals do not appear

to be more clinically similar. These data suggest that vari-

able expressivity overrides allelic heterogeneity with

respect to phenotypic manifestation, possibly as a result

of differences in the genetic background or environmental

effects. Nevertheless, the identification of identical de

novo events is rare among unrelated affected probands.10

The presence of recurrent events in this study suggests

that there might be a shared mechanism by which these

mutations occur which will require further study to eluci-

date. For example, the mutation at amino acid 674 repre-

sents a CpG dinucleotide, a known hotspot for de novo

mutation.54

We find that POGZ is constitutively expressed across

most tissues and has significantly higher levels of expres-
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sion in the cerebellum and the pituitary gland (Figure 3

and Tables S7 and S8). Also, in Drosophila, row mRNA

expression is observed across most tissues, and the stron-

gest signal is in the CNS. The cerebellum is known to regu-

late motor control and some cognitive functions and has

been implicated in the biology of ASD as well as related

conditions, such as attention deficit hyperactive disorder

(ADHD [MIM: 143465]).55 Among individuals with POGZ

mutations, we observed marked language deficits, delayed

motor development, and lack of coordination, as well as

hyperactivity in some individuals, consistent with the inti-

mate association of the cerebellum and cerebral cortex

with respect to ASD pathology.56 The higher level of

expression in the pituitary also warrants further investiga-

tion in light of the findings of obesity, feeding problems,

and vision deficits in these individuals. Hypothalamic-pi-

tuitary structural lesions in pediatric individuals, for

example, are strongly associated with endocrine dysfunc-

tion, neuro-opthalmic presentation, and abnormal BMI

and growth velocity.57 Notably, we did not observe any in-

dividual in whom both feeding problems and obesity were

present concurrently (Tables 1 and 2). Considering the po-

tential importance of the pituitary, a future area of investi-

gation might be to measure growth hormone production

in individuals with POGZ mutations.

It is interesting that many of the potentially pathogenic

mutations fall within the second half of the protein, sug-

gesting that the protein domains located here might be

responsible for some of the shared phenotypic features.

Although little is known about the function of POGZ

in vivo, two functional domains have been reported in

the literature to lie within this region. The HP1-binding

zinc-finger-like motif (amino acids 791–850) is thought

to be integral for the binding of POGZ to heterochromatin

protein 1 (CBX5, or HP1) for proper mitotic progression.31

When POGZ is knocked down in human cell lines, proper

cell growth and division is abrogated.31 A second protein

domain, the transposase-derived DDE domain (amino
rican Journal of Human Genetics 98, 541–552, March 3, 2016 549



acids 1117–1323) near the C-terminal end of the protein, is

known to interact directly with PSIP1 (a.k.a., LEDGF, or

p75),58 which is known to have human expression in the

fetal brain and is thought to be a transcriptional co-acti-

vator involved in neurogenesis.59 Seizures were also a co-

morbidity reported in three individuals with POGZ muta-

tions. These cases represent three of the four earliest

truncating events in the protein that would effectively

lack all of the putative functional domains.

In addition, we studied the effect of POGZ loss of func-

tion in a Drosophila model. Although human POGZ and

Drosophila row share low overall sequence conservation at

the protein level (10% identity), the central zinc finger mo-

tifs are well conserved (25% identity). Given the evolu-

tionary divergence between vertebrates and invertebrates,

such divergence is not unexpected among orthologs but

does limit functional extrapolations given that these differ-

ences could have had effects on protein function. The pro-

teins fulfill the reciprocal best BLAST hit criterion and are

annotated orthologs on the Ensembl and Treefam data-

bases. Moreover, human POGZ and Drosophila row show

conserved protein interactions, such as CBX5/HP1,31

ZMYM4/Wok,60 and NFX1/Nfx261 (human/Drosophila

protein symbol). Targeting Drosophila row revealed defects

in habituation, a form of non-associative learning. This

learning defect is not only relevant to the human ID

phenotype of individuals with POGZ mutations, but also

interesting in light of the co-occurring ASD. Habituation

has been recently proposed as a potential mechanism un-

derlying deficits in predictive coding in ASD, and the abil-

ity to suppress the response to known irrelevant sensory

stimuli might be required for the prevention of overstimu-

lation and salience in ASD individuals.62

In summary, we conclude that POGZ adds to the large

number of proteins implicated in ID and ASD etiology pre-

sent in protein complexes that act by modifying chro-

matin structure and gene regulation.32 The phenotypic

similarities of the individuals also predict a clinical subtype

of ASD and/or ID distinct from that of individuals more

generally diagnosed with autism. The enrichment of spe-

cific features but variability of phenotypic presentation is

reminiscent of other mutations, especially large CNVs,

associated with ASD and/or ID.4 We estimate that de

novo LGD mutations of POGZ might describe up to

0.14% of individuals with undefined ASD and/or ID. Based

on our ascertainment, we conclude that the frequency of

de novo LGD mutations is 3- to 4-fold higher in ID and/

or DD than in ASD, whichmight explain some of the atyp-

ical ASD cases observed in this study. Indeed, ID is a comor-

bidity often associated with ASD (present in 31% of the

SSC individuals);35 all of the individuals with POGZ muta-

tions in this study showed borderline-moderate ID, even

those recruited on a primary ASD diagnosis (Table 2).

Further identification of individuals with disruptive de

novo mutations in POGZ will be required to determine

whether mutations in this gene also lead to ASD in the

range of normal IQ.
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Supplemental Case Reports 

Individual 1/UMCN1 

This female was born at term after an uncomplicated pregnancy and delivery with a normal birth 

weight of 3,010 grams and normal head circumference of 34 cm. By the age of 12 months her head 

circumference had declined to -4 SD. She had a severe developmental delay. At the age of 18 months 

she was able to sit without support. At the age of 5 years, upon her last clinical evaluation, she still 

needed support while standing and walking. She could speak a few words. Dysmorphic features 

included hypertelorism, brachycephaly, frontal bossing and midface hyplasia (Figure 1A-B). She was 

microcephalic. Her behaviour was characterized by stereotypic munching mouth movements, 

sleeping problems, restlessness and her eye contact was abnormal. Medical concerns included optic 

nerve hypoplasia, recurrent infections of upper airway and bladder. At the age of 2 years she was 

operated on an intestinal malrotation. Brain MRI showed a cavum verga cyst, but was otherwise 

unremarkable. Ultrasound examination of the urinary tract revealed no abnormalities. A metabolic 

screen revealed normal results. Previous genetic investigations included array-CGH analysis (180k) 

and DNA-diagnostics of PTPN11, SLC2A1, Angelman syndrome, TCF4, RAI1 and EHMT1. Results were 

all normal. Whole exome sequencing identified a de novo nonsense mutation in POGZ. (c.2590C>T; 

(p.(Arg864*))). 

Individual 2/UMCN2 

The pregnancy was complicated by recurrent bleeding. At 7 months of pregnancy renal abnormalities 

were seen on ultrasound examination (left sided hydronephrosis and right sided dysplastic kidney). 

Birth was uncomplicated and at term. Birth weight was normal (3,00- grams at 37 weeks). He had 

congenital Horner syndrome and the neonatal period was complicated by feeding difficulties. 

Developmental milestones were delayed. He was able to sit without support at the age of 2 years 

and walked without support at the age of 2,5 years. Speech development was more delayed. After 

the age of 2,5 years he started to make sounds. At the age of his last clinical examination, 9 years, he 

was only able to speak a few single words. He used pictograms for communication. Medical concerns 

included recurrent upper airway infections, a severe hypermetropia (+9/+7.5 D) and astigmatism. He 

was operated on an inguinal hernia and underwent a pyeloplasty. Upon physical examination at the 

age of 9 years he had a height of 137,5 cm (>25th centile) and a head circumference of cm 49,5 cm 

(2nd centile). Facial dysmorphic features included brachycephaly, asymmetric facies, flat midface, 

prominent glabella, prognathism, upslanted palpebral fissure on the right, left sided ptosis, narrow 

deviated nose with upturned nasal tip and carp shaped mouth with thin upper lip (Figure 1C). 

Previous (genetic) investigations included a metabolic screen, 250K SNP array analysis and family 



 

 

based whole exome sequencing. Results were all normal. Subsequent whole genome sequencing in 

research revealed a de novo nonsense mutation in POGZ (c.3001C>T; (p.(Arg1001*))).  

Individual 3/UMCN3 

This male was born as the second child of his non consanguineous parents. Pregnancy and birth were 

uncomplicated and he was born at term with a normal birth weight of 3,260 grams. The neonatal 

period was complicated by feeding difficulties (slow to feed), and apathy. Developmental milestones 

were delayed. Speech delay was more severe than motor delay. At the age of 1 year he was able to 

sit unsupported, at the age of almost 2 years he was able to walk without support. Since the age of 7 

years he is able to speak in simple sentences. A formal intelligence test was done twice. At the age of 

3,5 years his IQ as 75-80 and at the age of 7 years 75. His development made good progress and at 

the age of 9 years he started to read and write simple language. He has had severe feeding problems 

for which tube feeding was needed from the age of 11 months to 27 months. Up to now the last 

clinical evaluation at the age of 9 years he only accepted mashed food. His mouth area was very 

sensitive and he had an aversion to tooth brushing. He had an over-friendly, happy behaviour, 

needed structure, and was hyperactive. His social skills improved with age. An ASD was suggested 

(PDD-NOS), but this was not tested formally. Apart from hypermetropia he has no medical problems. 

At the age of 4 years and 4 months he had a head circumference of 47,5 cm (centile) and a height of 

105,6 cm ( centile). Upon the last physical examination at the age of 8 years he had a head 

circumference of 48,8 cm (2nd centile) and a height of 131.7 cm (centile). Facial dysmorphic features 

were mild included a broad forehead, flat philtrum and thin upper lip (Figure 1D-E). Previous genetic 

investigations included conventional karyotyping, subtelomere MLPA and 250K SNP array analysis. 

Results were normal. Whole exome sequencing revealed a de novo frameshift mutation in POGZ 

(c.3456_3457del; (p.(Glu1154Thrfs*4))). 

Individual 4/UMCN4 

The pregnancy was complicated by polyhydramnion. Birth was uncomplicated and at term. He had a 

normal birth weight of 3,950 grams. The neonatal period was complicated by excessive crying and 

feeding difficulties. Later on he showed few initiative and was very quiet. His motor development 

was delayed and he had hypotonia. At the age of 2 years he was able to walk without support. His 

motor skills improved, but he was hindered by hypermobility of his joints. Speech development was 

delayed. He started talking since the age of 4,5 years. Since then he made good progression. He had 

behaviour problems suggesting an autism spectrum disorder, including tics, sticking to routines, and 

obsessions. This was not formally tested. In addition he was over-friendly and mainly focused on 

contact with adults. He has sleeping problems, for which he was on Melatonin medication. At the last 



 

 

clinical evaluation when he was 5 years old, he had still some problems with feeding, including 

chewing difficulties and aversion to cold and hot food. His mouth area was very sensitive. His hearing 

and vision were normal. As an infant he had recurrent infections, including upper airway and bladder. 

At the age of 5,5 years he had twice a severe metabolic acidosis during gastro-enteritis. Brain MRI at 

the age of 2 years was normal. Upon physical examination at the age of 5 years and 2 months he had 

a head circumference of 49 cm (<16th centile) and a height of 108,5 cm (16th centile). He had no facial 

dysmorphic features, except for a somewhat small mouth with thin upper lip (Figure 1F-G). Previous 

(genetic) investigations included a metabolic screen, 250K SNP array analysis, DNA-diagnostics of 

Angelman syndrome, the DMPK gene and the MED12 gene. These revealed no explanation. Whole 

exome sequencing identified a de novo frameshift mutation in POGZ (c.2263del; 

(p.(Glu755Serfs*36))).  

Individual 5/UMCN5 

The pregnancy was uncomplicated. Delivery was by secondary Caesarean section. He had a good 

start and high birth weight of 4,000 grams at 38 weeks of pregnancy. Neonatal period was 

complicated by a perinatal infection. His development was delayed from the beginning. He had 

hypotonia and was able to walk with support at the age of 2 years and 4 months. He started babbling 

at the age of 2 years and 4 months. At the age of 2 years and 4 months he had a developmental age 

of 10-12 months. His behaviour was happy and friendly and he had tics. Sleeping was problematic. At 

the age of 3,5 years he learned to use sign language and was able to speak a few single words. He 

could walk without support, but his gait was unsteady and clumsy. During his first years of life he had 

recurrent airway infections. At the age of 1 year he had a severe airway infection with respiratory 

insufficiency and was admitted to the intensive care unit. He had sleeping problems and obstructive 

sleep apnea syndrome. Feeding was complicated by swallowing problems and he was not able to eat 

solid food. His mouth area was very sensitive. At the age of 11 months he had a microcephaly (head 

circumference 41 cm). He had a normal height and weight. Weight increased over time to the 99th 

centile at the age of 2 years. Hearing was normal. He was diagnosed with hypermetropia and 

alternating exotropia. During a period of fever he had a single seizure. Brain MRI performed at the 

age of 5 months showed slightly prominent peripheral and central liquor spaces in the frontal regions 

and slightly delayed myelinsation of the white matter. Facial dysmorphic features included 

hypertelorism and brachycephaly . Previous (genetic) investigations included a metabolic screen, 

array analysis and DNA-diagnostics of TCF4, CHRNE and RAPSN. Array analysis revealed a maternally 

inherited 224 kb deletion in chromosomal region 16p11.2 (28,8 - 29,0 Mb; Hg 19). Mother was 

healthy. Because of his severe phenotype that could not be explained by the 16p11.2 deletion whole 



 

 

exome sequencing was performed. This revealed a de novo frameshift mutation in POGZ (c.1152dup; 

(p.(Arg385Serfs*4))).  

Individual 6/UMCN6 

This male was born at term after an uncomplicated pregnancy and delivery. His birth weight was 

normal (3,280 grams). He was able to walk without support at the age of 14 months. Fine motor skills 

were weak. Speech development was delayed. He started to speak his first words after the age of 3 

years. He was not able to follow regular education and moved to a special school. A formal IQ test 

showed an IQ in the range of mild ID (IQ 66). At the age of 11 years he started to read and write 

simple language. His behaviour was over-friendly and he was diagnosed with an autism spectrum 

disorder (PDD-NOS) and Attention Deficit Hyperactivity Disorder. He was operated on undescended 

testes and underwent a tonsillectomy and got ear tubes. He needed glasses because of 

hypermetropia (+4, 5 D). He had a tendency to overeat and to become overweight. Upon physical 

examination at the age of 11 years he had a height of cm 156,5 cm (70th centile), weight of 59, 4 kg (> 

98th centile) and head circumference of cm 54,5 cm (60th centile). Facial dysmorphic features 

included a high forehead, hypertelorism, almond shaped palpebral fissures, ptosis and overfolded 

helices of the ears (Figure1H-I). He had tapering fingers with hyperlaxity of the joints. 250K SNP array 

analysis showed normal results. Whole exome sequencing revealed a de novo mutation in the donor 

splice site of intron 16 of the POGZ gene (c.2432+1G>A; (p.?)).  

Individual 7/UMCN7 

This female was the first child of healthy, non-consanguineous parents. She was born at 38 weeks. 

Delivery was difficult because of slow progress, but she had a good start after birth. She was a very 

quiet baby, not asking for attention. Because of plagiocephaly she was treated with a helmet. Her 

general development was slow. At the age of 23 months her mental and motor development were 

estimated to be at 15 months. She lost words and had stereotypic movements with her hands. There 

was a lack of eye contact and an evident language development delay. At almost 5 years of age 

developmental age was conform 3 years and 11 months, which was higher than in a former test. She 

was diagnosed with an autistic spectrum disorder. Upon physical examination at the age of 4 years 

she had a height growth at the 50th centile. Her head circumference was at the 2nd centile and 

possible declining compared to former measurements. She was a pleasant and quiet girl. She was 

looking up and made little eye contact. There were no apparent facial dysmorphisms (Figure 1J). 

Previous genetic investigations included array analysis and DNA-diagnostics of FMR1, MECP2 and 

TCF4. Results were all normal. Whole exome sequencing identified a de novo frameshift mutation in 

POGZ (c.2020del; (p.(Arg674Valfs*9))). 



 

 

Individual 8/UMCN8 

This male was born at term after an uncomplicated pregnancy and birth. His parents are from 

Azerbaijan. He had a low birth weight of 1,400 grams. In the neonatal period he cried excessively. He 

was able to walk at the age of 1,5 years. He started to talk after the age of 2 years and was able to 

speak short simple sentences. During puberty he lost language skills and was no longer able to speak 

in sentences and used a few single words. His behaviour is characterized by anxiety, self mutilation, 

sometimes aggression and sleeping problems. He had problems with chewing and did not like to eat 

solid food. An EEG at the age of 20 years, performed because of his behaviour problems, showed 

abnormalities in the frontal regions, suggestive for epileptic phenomenon’s. However further EEG 

examinations were not conclusive for epilepsy. At the age of 26 years he had a height of 167 cm (0,6th 

centile), weight of 85 kg (>98th centile) and head circumference of 54 cm (1st centile). Facial 

dysmorphic features included brachycephaly, a high nasal bridge and slight deviation of the nose, 

upturned tip of the nose and thins upper lip (Figure 1K-L). Previous (genetic) examinations included 

array analysis (CytoScan HD analysis) and a metabolic screen. Results were normal. Whole exome 

analysis revealed a de novo nonsense mutation in POGZ (c.3847C>T; (p.(Gln1283*))). 

Individual 9/UMCN9 

This male was born at term after an uncomplicated pregnancy and delivery. His father is originally 

from Korea. He was a quiet baby. Psychomotor development was delayed. He was able to walk 

without support at the age of 2 years. Speech and language development was more delayed, but at 

the age of 8 years he was able to talk in sentences and could write and read a few single words. At 

the age of 6 years a formal intelligence test was performed and showed an IQ of 55. His behaviour 

was hyperactive and clownish. During the first 1,5 years of his life he had recurrent upper airway 

infections. He had hearing problems due to recurrent middle ear infections with effusion and got ear 

tubes. He was diagnosed with a high hypermetropia (+5 D). EEG investigation showed abnormalities 

suggestive for epileptic phenomenon’s, but he never had clinical seizures. On treatment with Keppra 

his cognitive performance improved. One of the brothers of mother and a son of another brother of 

mother have epilepsy and a normal intellectual development. Upon physical examination at the age 

of 8 years he had a height of 129 cm (30th centile), weight of 35,4 kg (>99th centile) and head 

circumference of 52 cm (40th centile). Facial dysmorphic features were mild and included 

brachycephaly, flat midface, hypertelorism and epicanthic folds (Figure 1M). Previous (genetic) 

investigations included a metabolic screen and 250K SNP array analysis. Results were normal. Whole 

exome sequencing identified a de novo frameshift mutation in POGZ (c.3456_3457del 

(p.(Glu1154Thrfs*4)). In addition he had a maternally inherited missense mutation in the gene 



 

 

ATP1A2 (c.1975G>T; (p.Ala659Ser)). Mutations in ATP1A2 have been reported in individuals with 

hemiplegic migraine (OMIM #602481) with or without epilepsy and sporadically in individuals with 

only epilepsy1. It may be that the mutation in ATP1A2 contributed to the phenotype of the individual 

with respect to the epileptic phenomenon on his EEG, but this is uncertain.  

Individual 10/UMCN10 

This female was born at term after an uncomplicated birth. Pregnancy was complicated by maternal 

diabetes mellitus and hypothyroidism. Birth weight was with 6,070 grams very high. The neonatal 

period was complicated by hypoglykemia and feeding difficulaties, for which she got tube feeding. 

Initially growth normalized. After the age of 9 years she had an increase in weight and got obese 

(Figure 1N-O). At the age of 3 years speech and motor delay were evident. At the age of 10 years a 

formal IQ test was performed. This resulted in an IQ of 55. She was social, hyperactive and had 

attention problems. As a young child she had frequent middle ear infections. A de novo nonsense 

mutation in POGZ was identified in this individual (c.3040C>T; (p.(Gln1014*))).  

Individual 11/EE1 

This individual is an 8-year-old Caucasian male. Individual was diagnosed with autism spectrum 

disorder (confirmed with ADOS, ADI, and clinical judgment using DSM-IV criteria). He primarily 

speaks in complex sentences. Individual shows autism-related impairments in social communication, 

including very little social reciprocity, limited social response, impaired conversation skills, poor eye 

contact, and limited insight into emotions and social relationships. Individual has a strong history of 

restricted interests, repetitive play, compulsive behaviors, difficulty with change, sensory interests, 

and self-injurious behavior. Individual’s cognitive and adaptive abilities fall in the mildly impaired 

range (Verbal IQ = 88, Nonverbal IQ = 73, Full Scale IQ = 75, and Adaptive Composite = 65). Individual 

had a significant speech delay, with first single words at 48 months of age and first phrases at 58 

months. Individual was also delayed in walking and took his first independent steps at 28 months. 

Abnormalities were first noted in his development at 12 months of age. Individual’s parents endorse 

significant internalizing (anxiety, depression) and externalizing (attention problems, aggression, 

defiance) behavior problems. Individual has average receptive vocabulary (PPVT Standard Score = 96) 

and below average fine motor coordination (Purdue Pegboard T scores, Dominant = 37, Non-

dominant = 31, Both Hands = 39). Individual has average head circumference (52.9 cm, z = -0.20). He 

is of average height (131.3 cm, z = -0.03) and above average weight (35 kg, z = 1.28), with a BMI 

indicative of obesity. Individual was born vaginally at 40 weeks gestation and had a nuchal cord. 

Mother reported that individual was overly lethargic as an infant. Individual is ambidextrous and has 

unspecific vision problems that are corrected. Individual has no reported gastrointestinal 



 

 

disturbances or neurological problems. He has a significant history of otitis media (>8 infections) and 

strep throat diagnoses. Individual also has a history of difficulty breathing at night, and his tonsils and 

adenoids were removed at 7 years of age. He experiences frequent night-time awakenings and 

sleepwalks at night, and his parents report that he is excessively tired during the day. Individual 

experiences night-time enuresis. Whole exome sequencing identified a de novo frameshift mutation 

in POGZ (c.3600_3607dupTGATGACG; (p.(Glu1203Valfs*28))). 

Individual 12/EE2 

This individual is a 14-year-old Caucasian male. Facial features include prominent midface with 

tubular shaped nose, bilateral epicanthus, and slightly posteriorly rotated ears (Figure 1T). Left first 

digit of the hand has lateral deviation of distal phalanx and slightly tapered digits are found in all 10 

fingers. Excessive laxity in metacarpophalangeal joints is also noted. Physical examination reveals 

obesity and slight gynecomastia. Individual has a historical diagnosis of microcephaly and, per 

parental report, had an MRI at 3 years of age indicating a “very small brain.” Individual currently has 

an above average head circumference measurement (57 months: HC = 49.9 cm, z = -1.29; 9 years: HC 

= 52.5 cm, z = -0.71; 14 years: HC = 56.6 cm, z = 1.01). Head circumference measurements are 

unavailable prior to 57 months. Individual has history of average height and above average weight 

measurements, with BMIs indicative of obesity in recent years (Birth: height = 50.8 cm, z = 0.31, 

weight = 3.4 kg, z = -0.24; 57 months: height = 104.5 cm, z = -0.67, weight = 19.4 kg, z = 0.60; 9 years: 

height = 133 cm, z = -0.65, weight = 51.6 kg, z = 2.16; 14 years: height = 163 cm, z = -0.36, weight = 

90.3 kg, z = 2.43). Individual was diagnosed with autism spectrum disorder (confirmed with ADOS, 

ADI, and clinical judgment using DSM-IV criteria) and mild intellectual disability (confirmed with 

cognitive and adaptive testing). He primarily speaks in complex sentences, but continues to make 

grammatical and articulation errors, and has a concurrent diagnosis of Speech Sound Disorder. 

Individual shows autism-related impairments in social communication, including unusual intonation 

to speech, very little social reciprocity and social commentary, limited conversation skills, atypical 

eye contact, and limited insight into social relationships. No repetitive/scripted speech, sensory 

interests, repetitive behaviors, or complex motor mannerisms were observed during his evaluation at 

14 years of age. However, individual has a strong history of unusual preoccupations, restricted 

interests, difficulty with change, sensitivity to loud sounds, and complex motor mannerisms. 

Individual’s cognitive and adaptive abilities fall in the impaired range (Verbal IQ = 84, Nonverbal IQ = 

63, Full Scale IQ = 70, and Adaptive Composite = 72). Individual first used single words at 9 months of 

age, and first phrases at 24 months. Abnormalities were first noted in his development at 6 months 

of age. Executive functioning skills are impaired (DKEFS: Verbal Fluency, Design Fluency, and Color-

Word Interference Scaled Scores all <6). Individual has low average receptive vocabulary (PPVT 



 

 

Standard Score = 89) and average expressive vocabulary (EVT Standard Score = 96). He also has 

significantly impaired fine motor coordination (Purdue Pegboard T scores all <10 and Movement ABC 

Manual Dexterity Scaled Scores = 1) as well as difficulty with gross motor coordination (Movement 

ABC Aiming & Catching subtest Scaled Score = 1 and Balance subtest Scaled Score = 4). Parent report 

about his social responsiveness on the SRS-2 suggests severely impaired restricted interests and 

repetitive behavior, social awareness, social cognition, moderate impairment in social 

communication, and no impairment in social motivation. Individual was born vaginally at 40 weeks 

gestation following a labor that was augmented by Pitocin due to prolonged ruptured membranes. 

Individual had a nuchal cord and was jaundiced at birth, but no treatment was given. Physical 

anomalies were noted in his hands at birth. Individual has a history of low muscle tone that, 

according to parent report, resolved at 8 years of age. He experiences constipation, but has no other 

gastrointestinal disturbances. He has been diagnosed with sleep apnea and wears a CPAP machine at 

night. No other sleep disturbances are noted. Individual has enuresis and encopresis, but no other 

psychiatric problems are noted. His temperament, cognition, social interaction, and communication 

skills appear to improve when he has a fever. Whole exome sequencing identified a de novo 

nonsense mutation in POGZ (c.3022C>T; (p.(Arg1008*)))2. 

Individual 13/EE3 

This individual is a male, currently aged 27, but seen last time at age 19 years. Nothing relevant in his 

family history, nor in his pregnancy. Eutocic delvery at 40 weeks, low birthweight (2,700gr) with mild 

cyanotic neonatal asphyxia. Too much quiet and rarely crying during first months of postnatal life, he 

was delayed in his psychomotor milestones since the very beginning. Since infancy he showed 

impairments in social relations, and since 10 years appeared irritable and sometimes 

heteroaggressive. Brain MRI, performed at age 18 years, showed small gliotic spots over and under 

the tentorium. Karyotype and 44k arrayCGH have been normal. Clinical phenotype shows obesity, 

asymmetric face, small ears with wide concha, and short toes. At the neurologic examination deep 

tendon reflexes were decreased in the upper limbs and increased in lower limbs, the gait was 

awkward. Ophthalmologic evaluation showed astigmatism in both eyes, with hyperopia in the right 

one and amblyopia in the left one. Intolerance to carbohydrates was unveiled by OGTT. Normal 

results came from heart auscultation and EKG, audiometry, EEG, routine blood tests. Psychometric 

testing with WAIS-R and Raven’s SPM highlighted a mild intellectual disability with higher 

performance than verbal IQ. No behavioral psychopathology was appreciated during the evaluation. 

Targeted sequencing by molecular inversion probes identified a de novo frameshift mutation in POGZ 

(c.2196_2198delAG; (p.(Val733del l))). 



 

 

Individual 14/EE4 

This individual is a currently 19-year-old male, seen by us for the first time at age 12 years. Nothing in 

the family history, not consanguineous parents, IUGR, delivery by CS after 37w pregnancy. BW 

2250gr. No asphyxia nor jaundice. Delayed psychomotor milestones since the very beginning. Poor 

school performance at 6 years prompted psychometric evaluation, with resulting assessment of ID. 

Speech and psychomotor treatment was immediately started. Allergic conjunctivitis appeared in the 

summer season. At our first evaluation at age 12, he was in good health, with normal head 

circumference and growth parameters, without apparent dysmorphic features and neuromotor 

impairments (Figure 1P). We confirmed allergic conjunctivitis, and its allergene. Hypermetropia was 

present in both eyes. Normal results: routine blood tests, brain CT scan, audiometry. Psychometric 

evaluation with WISC-III, Leiter-R and VABS assessed a mild degree of Intellectual Disability. His 

behavior during testing was quiet, passive, with poor curiosity and interest. He showed performance 

anxiety and scarce self-esteem, but pursued all the items. He showed impairments in planning and 

self-organization. Socio-affectivity was immature and dependent on the mother, but coherent with 

the degree of ID. He showed an adequate knowledge of social rules and, after a starting shyness, 

showed a correct relational ability. The mood was peaceful. Performance IQ was lower than verbal 

IQ. If stimulated, he can set up a communicative approach, and brief reports with poor content. First 

follow-up check at age 13 confirmed the higher adaptivity vs. the lower cognitive performances, 

which places the individual at the mild/moderate ID border. He showed mild shyness, but was 

relationally adequate. Mood was stable and eye contact was correct. Attention times were enough 

for ending the testing. Speech was adequate to the context, but content was immature. The 

independence improved, becoming less dependent on the mother and the home. Basic self-

autonomy is attained, he’s tidy and routinely performer. WISC-III retesting assessed an increased 

Verbal IQ>Performance IQ unbalance. Follow-up check at age 147/12 highlighted a behavioral shift 

toward obsessive compulsive disorder (OCD). He reacted to change with rage, and only when he 

could go ahead with his routines he was calm, quiet but slow in achieving goals. Array CGH was 

normal. Last evaluation at age 16 confirmed mild ID and obsessive compulsive traits. Indeed, he 

improved in his capability to shift from his routines, decreasing the numbers of rage behaviors. 

Targeted sequencing by molecular inversion probes identified a de novo frameshift mutation in POGZ 

(c.2020del; (p.(Arg674Valfs*9))). 

Individual 15/EE5 

This individual is female and was 14 years of age at the time of the behavioral evaluation. At a later 

assessment at 21 years of age, the individual was of low average height (height = 157 cm, z = -0.98) 



 

 

and above average weight (weight = 73.9 kg, z = 1.2) with low average head circumference (HC = 53.5 

cm, z = -0.79). Individual was diagnosed with Autism Spectrum Disorder and has adaptive skills in the 

very impaired range (Adaptive Composite = 41). She currently speaks in 2-3 word sentences, uses 

frequent echolalia, and has impaired nonverbal communication (limited eye contact, facial 

expression, and gestures). She has some repetitive motor mannerisms and strong circumscribed 

interests that impede on daily activities. Individual first used words at 36 months of age and first 

phrases at 48 months. Abnormalities were first noted in her development at 12 months of age. 

Targeted sequencing by molecular inversion probes identified a de novo nonsense mutation in POGZ 

(c.1212C>A; (p.(Tyr404*))). 

Individual 16/EE6 

This individual was born in due course of gestation to healthy, non-consanguineous Chinese parents 

as first child after a normal pregnancy (Figure 1U). Her birth weight was 5.5 Kg, height 51 cm. On 

examination at 7 years of age, her height was 117 cm (z=-1.25), weight 19 kg (z=-1.67), and head 

circumference 48.5 cm. (P5-P10). She was diagnosed with Autism Spectrum Disorder (met criteria on 

ADI-R and the DSM-IV-R) and mild Intellectual Disability. She had limited social interactions, and 

communication difficulties. She did not have any regression. She had repetitive motor mannerisms 

(e.g., spinning her body) and stereotypic interests (e.g., toilet bowl and water cup). She spoke no 

meaningful words and could understand simple commands but not complex sentences. She 

demonstrated obsessive behavior. For example, she always required laying out items at the table, 

always required wearing boots. Her score on the Aberrant Behavior Checklist was 81 and her total 

score on the Social Responsiveness Scale was 118. She had seizures on two occasions: the first time 

at 2 years of age, the second time at 3 years of age. Parents reported that her EEG is abnormal tested 

after the seizure. Parents reported that the brain magnetic resonance imaging showed no structural 

anomalies. G-banded karyotyping was normal (46, XX). Targeted sequencing by molecular inversion 

probes identified a de novo nonsense mutation in POGZ (c.538C>T; (p.(Gln180*))). 

Individual 17/EE7 

This boy is the first child, born to healthy non consanguineous parents originating from Turkey 

(Figure 1V). He has three younger brothers. In addition, the mother has a daughter from a previous 

relationship. All siblings are healthy and there are no cases of intellectual disability or autism in the 

family. The child was born at full term after an uneventful pregnancy and delivery. The mother 

reports though that she experienced severe nausea and malaise during the pregnancy - symptoms 

that were not present in pregnancies with the siblings. Birth parameters were within the normal 

range. A delay in motor development was noted during the first year of life - he walked 



 

 

independently at the age of 20 months. He is now described as clumsy. Cognitive development is 

delayed. He has speech problems, difficulties with pronunciation and also understanding. Evaluation 

of his intellectual abilities at the age of 7 years resulted in a diagnosis of mild ID, with a total IQ score 

of 66. His results at different parts of the cognitive testing were quite even. He attends a regular class 

but he has a personal tutor. The mother reports that, during the first months of life, the boy was 

sleeping a lot and was easy to handle. From around 6 months of age the boy is described as 

extremely happy in combination with being impulsive and having temper tantrums. Furthermore, he 

is hyperactive and interaction with others is unreserved – even with strangers. He likes to hug 

people. He does not always realize dangers and often puts himself at risk for hurting himself. He is 

also prone to run away from his guardians. In addition to all these more or less problematic 

behaviors he is also described as a content and empathic person. He has sleeping problems. He falls 

to sleep very late (around midnight) and wakes up frequently during night. At several occasions he 

has tried to leave the house and run away at night. Neuropsychiatric evaluations at the age of 5 and 

7 years, respectively, have resulted in the following diagnoses according to DSM-V: Autistic 

syndrome, ADHD and Oppositional Defiant Disorder. The growth chart shows normal length and 

weight at +3SD. The boy wants to eat all the time and does not seem to get full. A moderate bilateral 

hearing deficit was noted early and the boy now has hearing aid. He has had tube insertion, due to 

otitis media with effusion. He has strabismus and wears glasses. Two café-au-lait spots were 

reported, measuring 3x4 cm and 1x1 cm respectively. He has mild pes planus and pes valgus. 

Targeted sequencing by molecular inversion probes identified a de novo nonsense mutation in POGZ 

(c.3139G>T; (p.(Glu1047*))). 

Individual 18/EE8 

This girl is the second child born to healthy non consanguineous parents originating from Sweden. 

She has an older sister. From previous relationships, the mother and the father have two and three 

children, respectively. All siblings are healthy and there are no cases of intellectual disability or 

autism in the family. The child was born at full term after an uneventful pregnancy and delivery. The 

mother reported nausea during the first and second trimester. Birth parameters were within the 

normal range. Motor development was delayed, she walked independently at 18 months, and the 

girl is now described as being clumsy. Speech development was also delayed, but at present age her 

verbal skills are near normal. Cognitive evaluation at the age of six years revealed an IQ level of 

around 80, but with an uneven profile. Best results were seen with tasks requiring verbal skills, which 

contrasted to low results during tests requiring executive speed. The girl attends a regular class at 

school. At the moment she does not have extra tutoring, but the parents report that she would 

actually need more assistance in school. The girl is described as having a happy personality with 



 

 

mood instability, impulsivity and temper tantrums. She is stubborn and has experienced problems 

with conflicts during interaction with peers as well as with adults. She is outgoing and unreserved 

with people, but in an inappropriate manor resulting in difficulties with social interaction. The 

behavioral problems have improved over time though. She is also described as an empathic, sensitive 

and loving person. She is physically very active and lacks the ability to concentrate on a task/activity 

for more than short periods of time. She sleeps well, but requires company during night. If let alone 

she wakes up frequently. A neuropsychiatric evaluation was performed at the age of four years and 

six years respectively. At the primary evaluation she did not fulfill the criteria for any diagnosis 

according to DSM-V. A repeated evaluation two years later resulted in a diagnosis of atypical autism. 

She did not fulfill the criteria for ADHD or any other diagnosis. The consumption of food is not 

excessive when compared to the rest of the family. All other members of the family are of normal 

weight. Persistent otitis media with effusion occurred requiring bilateral tube insertion at the age of 

five years with normal hearing. She has hyperopia and astigmatism requiring glasses. Targeted 

sequencing by molecular inversion probes identified a de novo frameshift mutation in POGZ 

(c.2291del; (p.(Pro764Leufs*27))). 

Individual 19/FR2 

This female was the first child of her parents, she has three healthy brothers. There was no relevant 

family history. She was born at term after an uncomplicated pregnancy, by caesarean section at 37 

WG. Birth weight was 2900 g (-1 SD), birth length 48 cm (-1.5 SD) and OFC 33 cm (-1.8 SD). She 

presented with normal psychomotor development, walked at 17 months, but had speech delay. She 

had learning difficulties and went to special school at the age of 7 years old. She had no behavioural 

issues. She was referred to the Genetics Department at 10 years of age for evaluation of a syndromic 

overweight. Weight was 35 kg (+1.2 SD), height 138.5 cm (+0.8 SD) and BMI 18.4 (+1.8 SD). At last 

examination at 11 years and 5 months, weight was 35 kg (+1.2 SD), height 138.5 cm (+0.8 SD) and 

OFC 52 cm (-1 SD). She had no facial dysmorphism, no neurological abnormality. Targeted 

sequencing by SureSelect capture identified a de novo frameshift mutation in POGZ (c.2400dup; 

(p.Lys801Glnfs*7))). 

Individual 20/FR1 

This male was the fourth child of non-related healthy parents. His three brothers were healthy. The 

third trimester of the pregnancy was complicated by intrauterine growth retardation. He was born at 

term. Birth weight was 2750 g (-2 SD), height was 49 cm (-1 SD), OFC was 32 cm (-2 SD). He was 

admitted to the neonatology ward for hypotonia and feeding difficulties with failure to thrive. Initial 

investigations revealed a congenital heart defect (ASD) and a common mesentery. His evolution was 



 

 

marked by severe psychomotor and speech delay. At last examination at the age of 3 years and ten 

months, he could crawl but not walk unaided. He was microcephalic (OFC -4 SD), with a normal 

weight and height. He had no meaningful word, very little social interaction and made no eye 

contact. He had stereotypic movements, self aggressive behaviour. He wore hearing aids for 

sensorineural hearing loss. Facial features were marked by a round and flat face, short palpebral 

fissures with epicanthus, and a tented upper lip with downturned corners of the mouth. He had a 

micropenis and a bilateral cryptorchidism. Eye examination showed a cherry red spot and he 

developed aspecific keratitis. All the metabolic investigations were normal. Cerebral MRI revealed a 

delayed myelination. Whole exome sequencing identified a de novo frameshift mutation in POGZ 

(c.2545+1del; (p.?)). 

Individual 21/FR3 

This female is the child of second-cousin parents (Figure 1Q-R). Family history was otherwise 

unremarkable. The pregnancy was marked by polyhydramnios and the diagnosis of bilateral ureteral 

bifididy and cyst of the septum pellucidum. Karyotype was normal. Birth weight was 3290 g (+0.5 SD), 

length was 49 cm (-0.5 SD), OFC was 33 cm (-2SD) at 40 WG. She had neonatal hypotonia and feeding 

difficulties with gastroesophageal reflux. At the age of 6 months was noted a nystagmus and a 

strabismus. She was referred to the geneticist at 7 months because of psychomotor retardation. She 

walked at 29 months and speech was severely delayed. She had sleep disturbance. She attended 

normal school with support at 6 years. She had severe constipation. On last examination at 6 years, 

height and weight were on the medium range, OFC was -3 SD. She had a bifid uvula, a tented upper 

lip, a flat face with prognathism and short palpebral fissures with bilateral epicanthus. Whole exome 

sequencing identified a de novo frameshift mutation in POGZ (c.2836del; (p.(Asp946Metfs*12))). 

Individual 22/FR4 

This individual is a girl with intellectual disability and is the first child of non-consanguineous 

Caucasian parents (Figure 1S). She has an unaffected younger sister and no noticeable familial 

medical history is reported. The pregnancy was complicated by mild gestational diabetes. The 

mother reported poor fetal movements during pregnancy. The child was born by assisted vaginal 

delivery with forceps at 34.5 weeks. At birth, height (45 cm, 50th percentile) and weight ( 2310 kg, 

50th percentile) were in normal range while a microcephaly was reported (OFC = 29.5 cm, 3th 

percentile). APGAR scores were 6 at 1 minute and 9 at 5 minutes. She presented a moderate 

respiratory distress in the first hours of life requiring a transfer to a neonatal intensive care unit. She 

presented a transient and moderate oxygen dependency, while many episodes of apnea persist for 6 

days. During the neonatal period, she had a low reactivity, low spontaneous mobility, global 



 

 

hypotonia, absence of visual tracking and eating difficulties requiring nasogastric tube feeding. Global 

hypotonia with an unbalanced tone persisted during the next months, and motor development was 

delayed: she was able to sit without support at the age of 13 months and she walked independently 

at 30 months, but with a gait ataxia. She was unable to speak and used pictograms to communicate. 

Her behavior were characterized by moderate self-mutilation and sometimes aggressive behavior (in 

distress situation), poor eye contact, relatively little social reciprocity, restricted interests and rare 

stereotypies. An autism spectrum disorder (ASD) was evoked but this was not tested formally. She 

did not present sleep disorders. Brain MRI performed at the age of 5 months (and 6 years) showed a 

cortico-subcortical atrophy and a periventricular leukomalacia. These data are consistent with the 

neurologic aftermaths of preterm birth. At the later assessment, at the age 9.5 years, she still has no 

speech. Upon physical examination, her height is 131 cm (- 0.3 SDS), weight 31 kg (+ 1 SDS), and head 

circumference 49 cm (- 2 SDS). Craniofacial dysmorphic features include an occipital plagiocephaly, 

malar hypoplasia, tented upper lip, short nose, upturned nostrils, and depressed nasal bridge. 

Medical problems include constipation, mild myopia (+ 2 d) requiring glasses and a persistent 

drooling. Despite the main hypothesis of an acquired perinatal cause (premature and hypoxia), the 

severity of neurological symptoms (severe intellectual disability and possible ASD) and dysmorphic 

features justified further etiological explorations. A metabolic screening revealed normal results. 

Previous genetic investigations included conventional karyotype, array-CGH analysis (44k) and DNA-

diagnostics of Angelman syndrome and MECP2. Results were all normal. Targeted high-throughput 

sequencing of 275 genes identified a de novo frameshift mutation in POGZ (c.2574del; 

(p.(His858Glnfs*13))). 

Individual 23/FR5 

This individual the 4th child of young, unrelated and healthy parents. He has 3 healthy sisters and one 

young brother with intellectual deficiency and autism. We met him for the first time at the age of 

twenty when he came from Cameroun to France. He was born at term after a normal pregnancy. He 

grew up, showing a psychomotor retardation. He walked at the age of two and spoke with delay. At 

the age of twenty he can say some short and very simple sentences. He can’t read or write. He 

presents a severe intellectual disability and he’s only able to perform some simple actions of the 

everyday life (e.g., eating alone, dressing, washing himself). He never presented behavioral trouble, 

especially no autism traits. He’s shy but he likes contact with others. He started a generalized 

epilepsia at the age of four. He was treated with Valproate leading to a lasting interruption of crisis. 

At the examination at the age of twenty, He presented a tall stature, clearly above his target stature. 

He also presented a macrocephaly (+ 3.5 SD) and some dysmorphic features such as a large mouth 

and an middle face retraction. At neurological examination, we noted an akinesia without 



 

 

extrapyramidal rigidity. All morphological explorations were normal. The cerebral MRI showed a non 

specific global atrophia. The ophthalmologic investigations (ocular fundus, electroretinogram, visual 

evoked potentials) do not find any abnormality. Targeted sequencing using a Illumina TruSight One 

panel identified a de novo nonsense mutation in POGZ (c.1810G>T; (p.(Glu604*))). 

Individual 24/FR6 

This individual is a male born at full term after uneventful pregnancy and delivery. At the time of 

conception, his healthy mother and father were 37 and 53 years old, respectively. He had an Apgar 

score of 9, a birth weight of 4 kg and a normal head circumference of 35 cm. He had a global 

developmental delay with autistic features. He was able to walk at 2 years and could say few words 

only at 4. At 3 years old, he started to show some ataxic features associated with oculomotor 

apraxia, without pyramidal syndrome or epilepsy. He had blond hair with a red streak at the fronto-

occipital level, as well as a hyper-pigmented skin patch on the shoulder. His behavior was 

characterized by stereotypic movements, difficulties getting to sleep and crisis with inappropriate 

laughing and agitation. Brain MRIs demonstrated a thick corpus callosum without other anomaly at 

the sustentorial level. A cerebellar dysplasia was identified, involving the inferior part of both 

hemispheres. Spectroscopic analysis detected a small lactate peak in the left lentiform nucleus. 

Previous investigations with negative results included screening for Fragile X Syndrome, SHANK3 

deletion, CDG syndrome, and genomic disorder by CGH array analysis (Agilent 60k). Whole exome 

sequencing (WES) was performed using HiSeq2500 (Illumina) and SureSelect All Exon 50 Mb capture 

kit (Agilent) with 98% coverage of at least 15X. WES detected a heterozygous de novo, variant in the 

POGZ gene located at position c.3001C>T (NM_015100.3) and predicted to truncate the protein at 

position p.Arg1001*. This de novo variant was validated by Sanger sequencing using the affected 

case and parents' DNAs. 

Individual 25/EE9 

This male individual was referred for genetic, karyotype and Fragile X, investigations at the age of 11 

months when he was assessed by a pediatric specialist as having delay in his development, facial 

dysmorphism and bronchiolitis. Karyotype and Fragile X investigations were negative. His mother 

suffered from a schizoaffective personality disorder and was unable to look after him. This individual 

was subsequently lost to follow-up. Targeted sequencing by molecular inversion probes identified a 

frameshift mutation in POGZ (c.2501del; (p.(Leu834Trpfs*20))). Inheritance of this event is unknown 

as parents were not available for testing. 
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Supplemental Figures 

 

Supplemental Figure S1. CNVs intersecting POGZ. Examination of POGZ in the context of a CNV 

morbidity map generated from 29,085 individuals with ID/DD and 19,584 population controls 

identifies only a single overlapping 8.3 Mbp duplication (blue bar) in an affected individual and no 

events in controls4. 
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Supplemental Figure S2. Longitudinal physical measurements of one proband-sibling pair show obesity is not likely due to environment. Physical 

measurements collected from (A) individual EE8 and (B) her unaffected sibling from birth to seven years of age shown in red. OFC: head circumference (not 

reported). Length is measured in cm and weight is measured in kg. Heavy black lines indicate average measurements; lines moving outward indicate one, 

two and three standard deviations from the mean. 



 

 

Supplemental Tables 

Supplemental Table S1. Full table of clinical feature of POGZ individuals. 

See accompanying Excel spreadsheet. 

 

  



 

 

Supplemental Table S2. POGZ MIP pool design and quality measures. 

See accompanying Excel spreadsheet. 

 

  



 

 

Supplemental Table S3. Summary of known POGZ mutations. 

See accompanying Excel spreadsheet. 

 

  



 

 

Supplemental Table S4. Clinical features of de novo missense carriers. 

Individual EE10  EE11  EE12  EE13  

Mutation c.2396G>A 

(p.Ser799Asn) 

c.941G>A 

(p.Ser314Asn) 

c.1121G>A 

(p.Arg374Gln) 

c.1790A>G 

(p.Tyr597Cys) 

Age (years) 3 9 4 12 

Gender M M F M 

ID/DD ? + - - (very high IQ) 

Speech/language 

development 

Delayed Delayed; primarily 

non-verbal 

Normal Normal 

Motor 

development 

? ? Normal Below average fine 

motor coordination 

Behavior/ 

 

 

 

ASD 

Restricted, 

repetitive 

 

 

+ 

Anxiety, aggression, 

attention deficit, 

poor eye contact, 

repetitive behaviors 

+ 

Normal 

 

 

 

- 

Limited gesturing, 

poor eye contact, 

anxiety, depression 

 

+ 

Microcephaly ? - - (very large head 

+2.28 SD) 

- 

Feeding 

problems 

? ? ? ? 

Vision problems ? + (unspecified) - ? 

Obesity 

tendency 

? Above average 

height, weight, and 

hcz 

Above average 

(+1.54 SD) 

Above average 

(+1.172 SD) 

Other N/A Lactose intolerance, 

sleep disturbance, 

behaviors improve 

with fever 

N/A Very tall  

(+3.07 SD) 

Additional de 

novo variants of 

clinical interest 

N/A N/A N/A N/A 

ID/DD: intellectual disability/developmental delay; ASD: autism spectrum disorder (+: formal diagnosis) 

 

  



 

 

Supplemental Table S5. Inherited POGZ events. 

Chr Pos Ref Alt Individual Cohort Accession Function CADD Inheritance 

1 151381250 C C/T 

219-2320-

0001 TASC NM_001194937.1 missense 33 paternal  

1 151395941 C C/T 03C16571 AGRE NM_001194937.1 missense 35 maternal 

 

 

 

  



 

 

Supplemental Table S6. Statistical analysis of clinical observations in POGZ individuals with an ASD 

diagnosis. 

Phenotype POGZ sample SSC Cohort Statistic 

Feeding Problems 4 of 8 508 of 2724 Fisher’s Exact (2-tailed) p = 0.045 

Sleeping Problems 3 of 4 1979 of 2757 Fisher’s Exact (2-tailed) p = 0.100 

Vision Problems 8 of 10 534 of 2743 Fisher’s Exact (2-tailed) p= 0.000067 

Hyperactivity 5 of 7 515 of 2718 Fisher’s Exact (2-tailed) p = 0.004 

Obesity 4 of 10 464 of 2757 Fisher’s Exact (2-tailed) p = 0.07 

Microcephaly 3 of 12 71 of 2757 Fisher’s Exact (2-tailed) p = 0.003 

Sample sizes for each comparison differed as a function of available data for each phenotype. To account for 
multiple comparisons, a Bonferroni-corrected p-value of 0.008 was used to establish significance. 



 

 

Supplemental Table S7. Bonferroni-corrected permutation test p-values between GTEx brain and pituitary tissues for POGZ isoform 2 (NM_207171.2). 

 Amygdala 

Anterior 

cingulate 

cortex  Caudate  

Cerebellar 

Hemisphere Cerebellum Cortex 

Frontal 

Cortex  

Hippo-

campus 

Hypoth-

alamus 

Nucleus 

accumbens  Putamen  

Spinal 

cord  

Substantia 

nigra 

Anterior 

cingulate 

cortex  40.982             

Caudate  2.457 2.439            

Cerebellar 

Hemisphere 0.009 0.009 0.009           

Cerebellum 0.009 0.009 0.009 7.552          

Cortex 0.009 0.009 0.009 0.009 0.009         

Frontal Cortex  8.071 8.799 28.471 0.009 0.009 0.009        

Hippocampus 22.129 24.240 12.047 0.009 0.009 0.009 24.422       

Hypothalamus 15.205 16.660 20.637 0.009 0.009 0.009 36.187 34.267      

Nucleus 

accumbens  0.892 0.892 17.134 0.009 0.009 0.237 10.391 4.104 7.680     

Putamen  37.634 30.800 0.828 0.009 0.009 0.009 3.767 13.794 8.653 0.237    

Spinal cord  0.018 0.009 0.027 0.009 0.009 40.473 0.027 0.009 0.009 0.692 0.009   

Substantia 

nigra 11.383 11.583 36.105 0.009 0.009 0.091 42.202 25.705 34.604 17.780 6.196 0.200  

Pituitary 0.009 0.009 0.009 0.209 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 

 

  



 

 

Supplemental Table S8. Bonferroni-corrected permutation test p-values between GTEx brain and pituitary tissues for POGZ isoform 3 (NM_145796.3). 

 Amygdala 

Anterior 

cingulate 

cortex  Caudate  

Cerebellar 

Hemisphere Cerebellum Cortex 

Frontal 

Cortex  

Hippo-

campus 

Hypoth-

alamus 

Nucleus 

accumbens  Putamen  

Spinal 

cord  

Substantia 

nigra 

Anterior 

cingulate 

cortex  16.524             

Caudate  0.173 1.001            

Cerebellar 

Hemisphere 0.009 0.009 0.009           

Cerebellum 0.009 0.009 0.009 21.692          

Cortex 0.009 0.009 0.009 0.009 0.009         

Frontal Cortex  0.009 0.009 0.437 0.009 0.009 0.009        

Hippocampus 7.179 23.230 7.643 0.009 0.009 0.009 0.036       

Hypothalamus 0.055 1.001 42.138 0.009 0.009 0.009 0.773 7.115      

Nucleus 

accumbens  0.036 0.291 27.871 0.009 0.009 0.009 1.520 3.294 32.038     

Putamen  14.222 41.055 1.465 0.009 0.009 0.009 0.009 26.906 1.456 0.482    

Spinal cord  0.018 0.009 4.440 0.009 0.009 0.009 24.258 0.382 5.232 9.408 0.055   

Substantia 

nigra 3.066 11.074 22.293 0.009 0.009 0.009 0.428 28.562 20.892 12.557 14.149 2.375  

Pituitary 0.009 0.009 0.009 0.364 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 



 

 

Supplemental Table S9. Quantitative PCR of row expression in an inducible Drosophila system. 

Sample 

Reference Gene = PolII 31164+31165 

GOI Reference Gene 

dCT 

Avr 

dCT Sd ddCT 

rel 

gene 

expr 
T-test Well Ct Ctav Sd Well Ct Ctav Sd 

row kd 

(6165xActin) 

1 1 A1 28.68754 28.614 0.103 E1 26.26325 26.303 0.056 2.311 2.450 0.130 2.025 24.57 0.0003 

1 1 A2 28.5412     E2 26.34277                 

2 2 A3 28.72045 28.805 0.119 E3 26.41791 26.334 0.119 2.471           

2 2 A4 28.88879     E4 26.24986                 

3 3 A5 28.37615 28.181 0.275 E5 25.69519 25.613 0.117 2.569           

3 3 A6 27.98654     E6 25.52997                 

Control 

(W1118) 

1 c1 B1 26.96691 27.054 0.122 F1 27.00628 26.863 0.203 0.191 0.426 0.264       

1 c1 B2 27.14013     F2 26.71957                 

2 c2 B3 26.80542 26.710 0.135 F3 26.00489 25.999   0.711           

2 c2 B4 26.6146     F4 25.99265                 

3 c3 B5 26.48142 26.385 0.136 F5 26.01116 26.010 0.001 0.375           

3 c3 B6 26.28842     F6 26.00912                 



 

 

Drosophila larvae RNA was isolated in three biological replicates from 3rd instar larvae using RNeasy Lipid Tissue Mini Kit (Qiagen) and treated with DNase (DNAfree Kit, 

Ambion). First-strand cDNA synthesis was performed using the iScript cDNA Synthesis Kit (Biorad). Gene expression was analyzed by real-time PCR (7900HT Fast Real-Time 

PCR system, Applied Biosystems). PCR reactions were performed in a volume of 25 µl containing 150 nM primers and GoTaq Green Mastermix (Promega). Primer sequences 

used for amplification of row: 5'-CCTTTAAGGGCAAAGTGCTG-3' and 5'-ACTCCAGGTAGGCGATGTTG-3’. PolII was used as reference gene, primer sequences: 5'- 

TCAGAGTCCGCGTAACACC-3-3', 5'- TGGTCACAAGTGGCTTCATC-3'.
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