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De Novo Variants Disrupting the HX Repeat Motif of
ATN1 Cause a Recognizable Non-Progressive
Neurocognitive Syndrome
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Polyglutamine expansions in the transcriptional co-repressor Atrophin-1, encoded by ATN1, cause the neurodegenerative condition

dentatorubral-pallidoluysian atrophy (DRPLA) via a proposed novel toxic gain of function.We present detailed phenotypic information

on eight unrelated individuals who have de novomissense and insertion variants within a conserved 16-amino-acid ‘‘HX repeat’’ motif of

ATN1. Each of the affected individuals has severe cognitive impairment and hypotonia, a recognizable facial gestalt, and variable

congenital anomalies. However, they lack the progressive symptoms typical of DRPLA neurodegeneration. To distinguish this subset

of affected individuals from the DRPLA diagnosis, we suggest using the term CHEDDA (congenital hypotonia, epilepsy, developmental

delay, digit abnormalities) to classify the condition. CHEDDA-related variants alter the particular structural features of the HX repeat

motif, suggesting that CHEDDA results from perturbation of the structural and functional integrity of the HX repeat. We found several

non-homologous human genes containing similar motifs of eight to 10 HX repeat sequences, including RERE, where disruptive variants

in this motif have also been linked to a separate condition that causes neurocognitive and congenital anomalies. These findings suggest

that perturbation of the HX motif might explain other Mendelian human conditions.
The combination of unbiased chromosomal analysis (chro-

mosomal microarray) and next-generation sequencing ap-

proaches (exome sequencing [ES] and whole-genome

sequencing [WGS]), along with the use of databases that

promote sharing of information on genotype and pheno-

type, is enabling the identification andvalidationof genetic

conditions and improved diagnostic rates for complex

congenital conditions.1 Such unbiased genetic approaches

can also unveil the complexity of how different types of

genetic variation in a particular gene can result in varied

and sometimes distinct phenotypic presentations.2–6
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ATN1 (MIM: 607462), located at chromosomal region

12p13.31, comprises 10 exons and has two transcript var-

iants (GenBank: NM_001007026.1, NM_001940.3) that

differ only in their untranslated exons. ATN1 encodes atro-

phin-1 (ATN1), a member of a class of evolutionarily

conserved transcriptional corepressors involved in nuclear

signaling.7 The normal roles of ATN1 are incompletely un-

derstood; however, converging evidence supports a role for

this protein as a nuclear transcriptional regulator impor-

tant in the control of brain and other organ system devel-

opment.8–10 Although Atn1�/� mice are neurologically
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normal,8 Zhang et al.9 demonstrated that knockdown of

Atn1 in rat neuronal progenitor cells (NPCs) led to signifi-

cant abnormalities in brain development; these abnormal-

ities could be largely rescued by co-transfection with a hu-

man ATN1 construct. That study also demonstrated that

ATN1 is a direct target of the lysine-specific histone deme-

thylase 1A (LSD1), a protein known to have key develop-

mental roles, including controlling embryonic stem cell

differentiation, cortical neuronal migration, and adult

NPC proliferation.9 ATN1 transcripts are widely expressed,

including in brain, heart, lung, kidney, and skeletal mus-

cle; expression is higher in fetal tissues, especially in the

brain.11 In the human adult brain, ATN1 is broadly ex-

pressed in multiple regions, including the amygdala,

corpus callosum, hippocampus, hypothalamus, caudate

nucleus, substantia nigra, subthalamic nucleus, and thal-

amus, consistent with a role for ATN1 in central nervous

system development and function.11

The only human condition definitively associated with

ATN1 to date is the autosomal-dominant neurodegen-

erative condition dentatorubral-pallidoluysian atrophy

(DRPLA, MIM: 125370)12,13 caused by a polyglutamine

expansion in exon 5. DRPLA is characterized by the pro-

gressive neurological features of choreoathetosis, myoc-

lonus, epilepsy, ataxia, and dementia. Age of onset ranges

from infancy to late adulthood, dependent on size of the

expansion.14,15 Congenital anomalies are not a feature.

The underlying pathogenic mechanism whereby polyglut-

amine expansion of ATN1 causes DRPLA is incompletely

understood: it is postulated that a toxic gain-of-function

effect of the expanded polyglutamine tract causes neuro-

toxicity rather than simple loss of function. These toxic ef-

fects might include formation of peri- and intranuclear

inclusions; abnormal protein cleavage or abnormal phos-

phorylation of ATN1; and downstream suppression of

cAMP-response-element-binding protein (CREB)-depen-

dent transcriptional activation, which is required for

neuronal plasticity and survival.16–19

We report here on a cohort of eight individuals affected

with overlapping severe primarily neurocognitive pheno-

types. All of these individuals harbored de novo variants in

a specific and highly evolutionarily conserved and invariant

16 amino acidmotif, consisting of a histidine-rich 16 amino

acidmotif encoded by exon 7 of ATN1 (Figure 2). This motif

is distal to the Gln-rich region involved in DRPLA, and the

affected individuals lacked the progressive neurodegenera-

tive features characteristic of DRPLA.14

For all affected individuals, within the first three months

of life, there arose concerns regarding significant hypoto-

nia, feeding difficulties, seizures, congenital malforma-

tions, and distinctive facial features, and all have severe

to profound global developmental delay and/or intellec-

tual disability, truncal hypotonia, global motor disability,

and very limited verbal communication. (See Table 1 for

an overview of the clinical data and Table S2 for further

clinical details.) Five have a seizure disorder; for four of

these, the seizure disorder could be described as a neonatal
The Ameri
or infantile-onset developmental encephalopathy. Hearing

and visual impairments and functional gastrointestinal

disorders were common and frequently severe; four indi-

viduals required orogastric feeding or total parenteral

nutrition. Other than suboptimal weight gain in those

with more significant feeding difficulties, growth parame-

ters were within the normal range. Individual 8 was born

prematurely at 33 weeks and died at 2 months of age as a

result of respiratory distress in the setting of severe multi-

ple congenital anomalies.

Congenital structural anomalies were common but vari-

able between individuals: four individuals had cardiac mal-

formations, including atrial and ventricular septal defects,

plus abnormalities of the aorta and superior vena cava; two

individuals had palatal clefts; three individuals had

congenital renal anomalies; and two had an anteriorly

placed anus. Common neuroanatomical abnormalities

were evident on examination of available MRI in one cen-

ter (individuals 2, 5, 7, and 8) (Figure S1). Several individ-

uals had cranio-skeletal abnormalities: in particular, two

individuals had stenosis of the craniocervical junction,

which prompted screening for this complication in all in-

dividuals. When the individuals were assessed as a group, a

similarity in facial features was apparent (Figure 1), a

particularly striking feature being sparsity of the lateral

forehead hair and low-set, posteriorly rotated ears. Charac-

teristic hand and foot features were overlapping toes,

camptodactyly, persistent fetal fingertip pads, and abnor-

malities of the palmar creases (Figure 1).

This clinical cohort was collated through the identifica-

tion of individuals with de novo ATN1 variants listed in

the ClinVar database, as well as via contact with individual

diagnostic laboratories and networking at human genetics

conferences. Prior to ES or WGS, all individuals with a

de novo ATN1 variant were undiagnosed despite clinical

genetic assessment and prior genetic screening, which in

all individuals included chromosomal microarray. (Further

details of prior genetic studies are provided in Table S1.) In-

dividual 5 was previously included in a large exome

sequencing study,21 and individual 8 was previously

described clinically without a molecular diagnosis.22 All

ATN1 variants in the clinical cohort were rare in that they

were absent from the 125,748 exomes and 15,708 genomes

listed in the gnomAD 2.1 database (a database depleted of

individuals with severe pediatric disease23) and from the

BRAVO database of 62,785 healthy individuals. All

missense variants were predicted to be pathogenic by the

majority of in silico pathogenicity scoring tools (see Table

2). No affected individual had another plausible cause for

their neurocognitive condition or congenital anomalies af-

ter ES or WGS variant filtering and prioritization (see Table

S2). Segregation analysis was consistent with the variant’s

being de novo for all individuals and provided no evidence

of mosaicism. Details of the methods for sequencing,

variant filtering, and prioritization are provided in the Sup-

plemental Data. Genetic studies were approved by local

ethics committees, and written informed consent for
can Journal of Human Genetics 104, 542–552, March 7, 2019 543



Table 1. Comparison of Clinical Features of Affected Individuals with Missense Variants in the Poly HX Domain of ATN1

Affected
Individual 1 2 3 4 5 6 7 822

Current Age 3 years 1 year 5 years 7 years 9 years 4 years 5 years 2 months

Gender M M F F F F F F

Ethnicity Argentinian Hispanic Hispanic Hispanic Saudi Mexican Australian French

Variant cDNA1 c.3160C>A c.3172C>T c.3177_
3178insAACCTG

c.3177_
3178insGACCTG

c.3178C>T c.3184C>G c.3188T>G c.3185A>G

AA Change2 p.His1054Asn p.His1058Tyr p.Ser1059_
His1060insAsnLeu

p.Ser1059_
His1060insAspLeu

p.His1060Tyr p.His1062Asp p.Leu1063Arg p.His1062Arg

Antenatal
Findings

increased nuchal
translucency
(karyotype N)

oligohydramnios
and partial urinary
obstruction

normal antenatal
USS

normal antenatal USS no ambiguous genitalia
and cardiac
malformation

normal antenatal
USS

normal antenatal
USS, breech, PROM

Gestation term term term 31þ6 weeks term term term 33 weeks

Birth Centiles:
Length

NA >90% NA 50%–75% NA 50% 15% 50%

Birth Centiles:
Weight

3%–15% 50% 3% 25%–50% NA 15% 3% 50%

Birth Centiles:
Head
Circumference

NA NA 15%–50% 50% NA 50% 15%–50% 75%

Current Centiles:
Length

3% 85% 25% 5% 25% 30% 3%–10% NK

Current Centiles:
Weight

3% 40% 85% 3% 2% 85% 3% NK

Current Centiles:
Head
Circumference

50% 45% 60% 85% 75% 20% 25% NK

Infantile
Hypotonia

yes yes yes yes yes yes yes yes

Current
Neurology

global hypotonia central hypotonia,
appendicular
spasticity

global hypotonia global hypotonia,
hyperkinetic UL
movts

central hypotonia
and appendicular
spasticity

global hypotonia global hypotonia axial hypotonia
and appendicular
hypertonia

Overt Seizure
Disorder

yes;
Lennox Gestaut
onset 1yr

no; no clinical
seizures

no yes;
inf spasms
controlled 2 AED

yes;
controlled
MT

yes; intractable
neonatal onset EE
(mixed types)

yes;
EE onset 7 mos
controlled
MT

no

EEG MEA with slow
spike and wave
and periods of voltage
attenuation

bitemporal
epileptiform
discharges

focal theta slowing hypsarrhythmia þ
bg slowing

diffuse slowing diffuse slowing MEA ND

(Continued on next page)
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Table 1. Continued

Affected
Individual 1 2 3 4 5 6 7 822

Level of DD
or ID

severe-profound
GDD

GDD severe GDD profound severe severe-profound severe severe

Visual
Impairment

yes; does not fix
or follow,
corneal leukoma

yes; CVI no yes; CVI no yes; CVI yes; CVI yes; microphthalmia

Hearing
Impairment

yes yes; bl mod (hearing
aids)

yes; OME
(grommets)

no; OME
(grommets)

no; OME
(grommets)

yes; bl sn yes; bl mod
(hearing aids and
grommets)

NK

Verbal Ability non-verbal coos single words non-verbal non-verbal non-verbal babbles none

Gross Motor
Ability

no head control,
cannot roll

rolls to side walks few steps
unsupported

sits with support immobile sits with support sits with support none

Fine Motor
Ability

holds small
objects

grasps objects grasps objects

MRI Brain parenchymal
atrophy, unilateral
PVL, left cerebellar
hyperintensity

peri-sylvian
polymicrogyria,
parenchymal
atrophy, thin CC,
absent falx cerebri

normal normal peri-sylvian
polymicrogryri,
thin CC, partial
absence falx cerebri,
parenchymal
atrophy

vermian hypoplasia peri-sylvian
polymicrogyria,
thin CC, absent falx
cerebri

polymicrogyria
of the rt Sylvian
fissure, vermian
hypoplasia, thin CC

MRI Cervical
Spine

ND craniocervical
stenosis

craniocervical
stenosis

ND ND normal normal ND

Respiratory
Symptoms

no yes; severe OSA no no yes; asthma yes; ul choanal
stenosis,
OþCSA
(tracheostomy)

yes;
OSA (CPAP)

yes; respiratory
distress

Orofacial
Clefting

no; high, narrow
palate

yes; small, hard
palate cleft

no no no no no; high, narrow
palate

yes; cleft palate
and gingiva

GI Abnormalities yes; pyloric
hypertrophy,
dysphagia
GERD

yes; GERD
NEC

yes; dysphagia
constipation

no yes; GERD yes; dysphagia
GERD, ant anus

yes; dysphagia
GERD, constipation

yes; ant. anus

Nutrition oral feeding TPN self feeds oral feeding G tube G tube oral feeding orogastric feeding

Congenital
Heart Disease

no yes; ASDþ no no yes; VSD þ ASD yes; CoA þ
hypoplasia LV
and AA

no yes; large foramen
ovale, persistence
left SVC

Genitourinary
Disease

right renal
agenesis

cryptorchidism,
VUR, ul
hydrouteronephrosis
rUTI

no no; normal USS yes; r UTI
normal USS

no; normal USS no; normal USS yes; left non-
dysplastic renal
hypoplasia

(Continued on next page)
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molecular genetic analysis and for the publication of clin-

ical and radiological data and photographs, which were ob-

tained as part of standard diagnostic procedures, was ob-

tained from the participants’ legal guardians.

The histidine-rich motif that is perturbed in all individ-

uals of our cohort is located in the C-terminal part of

ATN1 (residues 1049–1065). It consists of eight HX repeats,

where H is a histidine and X is any amino acid (Figures 2A–

2C). The DNA region encoding for this HX repeat motif

was covered in the sequencing of all individuals to a depth

of at least 20 reads (Table S2). A search for the (HX)8 pattern

in the human proteome (via PatternSearch29) yielded 71

sequences (see Supplemental Data), 20 of which appeared

to be distinct from ATN1’s HX repeat in that the ‘‘X’’ posi-

tion only contained histidines or prolines (see PHLDA1,

Figure 2B). The remaining 51 sequences were isoforms of

ATN1 and its paralogous arginine-glutamic-acid dipep-

tide-repeat protein RERE (which is also a transcriptional

repressor); were isoforms of the paralogous autism-suscep-

tibility gene 2 protein (AUTS2, a component of the PRC1-

like complex involved in maintaining the transcriptional

repressive state of many genes during development), fibro-

sin (FBRS), and fibrosin-like proteins (FBRSL1); or belonged

to the ZIP family of zinc transporters (Figure 2). Within

these 51 sequences, the ‘‘X’’ position showed limited vari-

ability and mostly consisted of Gln and Thr (Figure 2D).

To probe the impact of a pathological variant on the

molecular behavior of the ATN1 protein, we studied two

ATN1-derived polypeptides containing the HX repeat

motif in solution by nuclear magnetic resonance (NMR).

The peptides 1046-NVTPHHHQHSHIHSHLHLHQQD-

1067 (ATN11046–1067) and another bearing the variant

p.His1060Tyr 1046-NVTPHHHQHSHIHSYLHLHQQD-

1067 (ATN11046–1067
p.His1060Tyr) were commercially syn-

thesized and dissolved in 500 mL of 100% D2O at a

concentration of 2.2 mg/mL. NMR experiments were per-

formed on a 700 MHz Bruker spectrometer at 25�C and a

pD (the pH for D2O) between 5.51 and 6.4. The NMR

data were processed by NMRPipe30 and analyzed with

SPARKY. 1H and 13C resonances for the two peptides

were analyzed via standard procedures31 on the basis of

2D homonuclear 2D 1H-1H TOCSY (mixing times were

10 and 80 ms) and 2D 1H-1H ROESY, as well as 2D 1H-1H

NOESY (mixing times were 300 and 500 ms); these ana-

lyses were based on 2D 1H-13C HSQC experiments, which

made use of the natural abundance of 13C, were carried out

using separate tuning for the aliphatic and aromatic re-

gions. For details, see Supplemental Data.

For all histidines, the cross peaks corresponding to the

Hd2/Cd2 atoms and those corresponding to the Hε1/Cε1

atoms were each clustered at indistinguishably close 1H

and 13C chemical shifts (Figure 2E). Moreover, 2D homonu-

clear 1H -1H ROESY and 2D 1H -1H spectra showed that the

trivial (jj � ij ¼ 0) and short-range (jj � ij < 2) NOE cross

peaks were absent or of very weak intensity (Figure 2F).

Both types of experiments indicated that the regularly

spaced occurrence of histidines introduces a spatial and
7, 2019
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b
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INDIVIDUAL 6                                   INDIVIDUAL 7

INDIVIDUAL 4 INDIVIDUAL 5    

B

INDIVIDUAL 1                                        INDIVIDUAL 2                        INDIVIDUAL 3

Figure 1. Clinical Images of Affected Individuals with CHEDDA
(A) Facial images of affected individuals 1–7. Common facial features include tall foreheads with bitemporal narrowing; deeply set eyes;
sparsity of the lateral forehead hair; low-set posteriorly rotated ears; a bulbous, slightly overhanging nasal tip; longer philtrum; prom-
inent columella; and a thin upper lip.
(B) Hand and foot images of affected individuals 1, 2, 3, 5, 6 and 7. Common features include abnormalities of the palmar creases,
bulbous endings to the fingers and toes, and overlapping toes.
dynamical synchronization of the histidines. This synchro-

nization was lost in ATN11046–1067
p.His1060Tyr, which dis-

played dispersed cross peaks of the side chain aromatic re-

gion and stronger intensity of the NOE cross peaks.

Side-chain imidazole rings of histidines are known to

coordinate metal ions.32,33 Zn2þ binding was assessed by
The Ameri
the stepwise addition of ZnCl2 stock solution (500 mM in

100%D2O) to the solution of peptides reaching the peptide:

Zn2þmolar ratios of 1:0.5, 1:1, 1:4, 1:8, 1:16, 1:32, and 1:48.

For each peptide:Zn2þ ratio, the pD was checked and cor-

rected if required, and the same 1D and 2D NMR spectra as

for the free peptides were recorded (see Supplemental
can Journal of Human Genetics 104, 542–552, March 7, 2019 547



Table 2. De novo ATN1 Variants Reported in this Clinical Cohort

Affected
Individual

Genomic Location
(GRCh37)

Variant cDNA
Change (NM_
001007026.1)

Amino Acid
Change (GenBank:
NP_001007027.1)

Present in
gnomAD
Database? Segregation SIFT24 Score

PROVEAN25

Score
DANN26

Score
CADD27

Score
Classification as per ACMG
Guidelines28

1 GenBank: NC_000012.11:
g.7048286C>A

c.3160C>A p.His1054Asn no de novo damaging (0) damaging
(�6.1)

0.994 29.6 Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)
PP3: Pathogenic Supporting
(8/8 pathogenic predictions)

2 GenBank: NC_000012.11:
g.7048298C>T

c.3172C>T p.His1058Tyr no de novo damaging (0) damaging
(�5.26)

0.992 23 Variant of uncertain significance.
PM2:Pathogenic Moderate (absent
GnomAD despite good coverage)
PP3: Pathogenic Supporting
(6/8 pathogenic predictions)

3 GenBank: NC_000012.11:
g.7048303-
7048304insAACCTG

c.3177_
3178insAACCTG

p.Ser1059_
His1060insAsnLeu

no de novo NA NA NA NA Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)
PM4: Pathogenic Moderate
(in frame variant in ATN1, and
is not in a repeat region.)
PP3: Pathogenic Supporting:
1 pathogenic prediction from GERP
(versus no benign predictions).

4 GenBank: NC_000012.11:
g.7048303-
7048304insGACCTG

c.3177_
3178insGACCTG

p.Ser1059_
His1060insAspLeu

no de novo NA NA NA NA Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)
PM4: Pathogenic Moderate
(in frame variant in ATN1, and
is not in a repeat region.)
PP3: Pathogenic Supporting:
1 pathogenic prediction from GERP
(versus no benign predictions).

5 GenBank: NC_000012.11:
g.7048304C>T

c.3178C>T p.His1060Tyr no de novo damaging (0) damaging
(�5.21)

0.998 28.7 Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)
PP3: Pathogenic Supporting
(8/8 pathogenic predictions)

6 GenBank: NC_000012.11:
g.7048310C>G

c.3184C>G p.His1062Asp no de novo damaging (0) damaging
(�7.86)

0.992 26.2 Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)
PP3: Pathogenic Supporting
(8/9 pathogenic predictions)

7 GenBank: NC_000012.11:
g.7048314T>G

c.3188T>G p.Leu1063Arg no de novo damaging (0) damaging
(�5.33)

0.997 29.6 Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)

8 GenBank: NC_000012.11:
g.7048311A>G

c.3185A>G p.His1062Arg no de novo damaging (0) damaging
(�6.89)

0.9938 24.1 Variant of uncertain significance.
PM2: Pathogenic Moderate (absent
GnomAD despite good coverage)
PP3: Pathogenic Supporting
(8/8 pathogenic predictions)
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Figure 2. De novo Variants in ATN1 Affect
a Highly Invariant Motif
(A) Schematic overview of ATN1; amino
acid positions of the Gln-repeat region
expanded in DRPLA and the HX repeat
motif are illustrated.
(B)Human proteins with their (HX)n repeat
motifs, with n R 8. Start and end residue
numbers are given and histidines are high-
lighted. For ATN1, residues found mutated
in this study are underlined. The variant
substitutions present in affected individuals
are indicated above the sequence align-
ment (green). The arrow head marks the
position of the two amino acid insertions
Asn-Leu (insNL) and Asp-Leu (insDL).
Proteins and database accession numbers
are: ATN1: atrophin-1, NP_001007027.1;
RERE: arginine-glutamic acid dipeptide re-
peats protein isoform a, NP_001036146.1;
AUTS2: autism susceptibility gene 2
protein, NP_056385.1; FBRS: probable
fibrosin-1, NP_001098549.2; FBRSL1:
fibrosin-1-like protein, NP_001136113.1;
ZIP10: zinc transporter ZIP10 precursor,
NP_001120729.1; PHLADA1: pleckstrin
homology-like domain family A member
1, NP_031376.3.
(C) 3D structural visualization of the ATN1
HX repeat motif. The 3D structure is not
derived experimentally, but only chosen
to illustrate the localization of the histi-
dines.
(D) Amino acid enrichment within the HX
regions of the 51 human sequences most
similar to the ATN1 HX repeat motif
(excluding His-only or His-Pro motifs).
Figure was produced with Seq2Logo 2.0.20

(E-F) 2Dheteronuclear 1H - 13CHSQC corre-
lation spectra. Peptides were recorded using
natural abundance of 1H and 13C in synthe-
sized peptides. ATN1: ATN11046-1067; ATN1-
mut: ATN11046-1067

His1060Tyr. C-D: ‘‘1:16’’
indicates a peptide: Zn2þ ion ratio of 1:16.
pD corresponds to the pH in D2O.
Data).We foundthatonly thehistidinesof thep.His1060Tyr

mutant, but not of the wild-type peptide, bound Zn2þ at a

pD of 5.5, as demonstrated by the histidine 1Hb2,3/13Cb

chemical shift and signal intensity changes upon addition

of Zn2þ (Figures 2G and 2H). This particular feature was

lost upon deprotonation of the histidines at higher pD (Fig-

ures S2A and S2B). Thus, under the conditions used, the HX

-repeat motif created specific and unusual pH-dependent

zinc-binding properties for the histidine-rich sequence,

and those properties were abolished by the variant.

Herein, we describe a recognizable constellation of severe

neurocognitive impairment, distinctive facial features, and

pleiotropic but overlapping congenital anomalies in eight

affected individuals with de novo variants in the HX repeat

motif encoded within exon 7 of ATN1. This static (non-pro-

gressive) syndromicphenotype is distinct from theneurode-

generative condition of DRPLA, which is caused by a triplet

repeat expansion inexon5ofATN1.This repeat expansion is
The Ameri
thought to result in a toxic gain of function.We propose the

name CHEDDA (congenital hypotonia, epilepsy, develop-

mental delay, digit abnormalities) to distinguish this previ-

ously unreported condition from ATN1-related DRPLA.

Our clinical observations are consistent with a role for

ATN1 as a key nuclear transcriptional regulator involved in

the regulation of organ development, including develop-

ment of the brain and heart,9,10,34 and hint at a critical role

of theATN1HXrepeatmotif in thecontrolofhumanembry-

onic development. That the variants cause a simple haploin-

sufficiency ofATN1 is unlikely given the presence of a num-

ber (albeit a very small number) of healthy individuals with

heterozygousstop-gain, frameshift, andcanonical splicevar-

iants in gnomAD and BRAVO and the clustering of the vari-

ants in CHEDDAwithin a specific restricted protein motif.

The HX repeat motif was only briefly described in 1991

in a purely bioinformatics-based ‘‘hypothesis’’ publica-

tion.35 The authors reported the presence of (HX)n repeat
can Journal of Human Genetics 104, 542–552, March 7, 2019 549



motifs (where n is the number of times the motif is

repeated) in certain Drosophila transcription factors and

suggested that this motif might be used for coordinating

zinc binding. Interestingly, the wild-type ATN1 HX repeat

sequence showed a strong pH dependency for zinc binding

in vitro. This feature appears to be linked to the regular his-

tidine spacing, which introduces a specific synchroniza-

tion of the histidine side chains. The introduction of the

p.His1060Tyr variant present in an affected individual in

the cohort disrupted this synchronization and allowed

zinc binding, as expected for poly-histidine motifs, thus

endowing ATN1 with a novel property, albeit with unclear

molecular consequences. On a molecular level, the ATN1

HX repeat motif appears therefore to give rise to specific

features that distinguish it from other poly-histidine mo-

tifs. The ATN1 HX repeat might serve as a specific pH-

dependent interaction motif for ions and/or proteins or

other biomolecules.

The hypothesis that disruption in the spacing of the his-

tidines in HX motifs will affect critical functioning is

supported by our observation that nine of the 19 reported

individuals with neurodevelopmental disorder with or

without anomalies of the brain, eye, and heart (NEDBEH,

MIM: 616975) have de novo variants disrupting the HX

motif of RERE and that those individuals with variants in

the HX motif, as opposed to the rest of the protein, are

more likely to have congenital anomalies, including septal

cardiac, eye, and brain anomalies.36We also note that three

rare de novo variants (SCV000571291.3, SCV000837721.1,

and SCV000493076.1) in the HXmotif of AUTS2 are listed

in ClinVar as likely pathogenic and occurred in individuals

with an intellectual-disability and congenital-anomaly

phenotype.

A possible link between dysregulation of ATN1 expres-

sion and another congenital syndromic neurocognitive

condition, Pallister Killian syndrome (PKS, mosaic tetras-

omy 12p, MIM: 601803), has also been previously

postulated by Kaur et al.37 ATN1 lies within the PKS

critical region on 12p13.31, and dysregulation of the

expression of ATN1, among other genes, was demon-

strated in fibroblasts from affected individuals with PKS.

Kaur et al., postulated that ATN1 overexpression could

be a key driver of the phenotype of PKS via dysregulation

of the key developmental HOX genes through the action

of the master transcriptional regulator CREBBP, although

direct evidence was lacking. This speculation is intriguing,

given certain similarities in phenotype between individ-

uals in our cohort and individuals affected by PKS; such

similarities included severe cognitive impairment, hypo-

tonia, distinctive facial features including high forehead

and sparse fronto-temporal hair at birth (the latter repre-

senting a relatively rare clinical finding), and variable

congenital anomalies, including high arched or cleft pal-

ate, polymicrogyria, limb and genitourinary anomalies,

and congenital heart defects.38 Indeed, PKS was consid-

ered as a differential diagnosis in individual 7 of our

cohort.
550 The American Journal of Human Genetics 104, 542–552, March
The de novo variants in the HX motif of ATN1 reported

here account for one out of 6,100 individuals who had a

neurological phenotype and had exome sequencing per-

formed through Baylor Genetics and for five out of

13,640 individuals who had neurodevelopmental delay

and had exome sequencing performed through GeneDx;

these latter individuals included another affected individ-

ual who had the variant ATN1 (c.3178C>T [p.His1060Tyr]

GenBank: NM_001007026.1) (ClinVar: SCV000620232.1)

and whose family did not give consent for the inclusion

of clinical data. These data suggests a frequency of

CHEDDA between 1.6 3 10�4 and 3.7 3 10�4 individuals

with neurocognitive and/or neurological disorders.

Despite this apparent rarity of CHEDDA, we postulate

that more affected individuals might have already had a

variant detected in this region through diagnostic ES and

WGS, but the lack of the progressive neurological pheno-

type characteristic of DRPLA might have caused the vari-

ants to be unreported or classified as variants of uncertain

clinical significance. This situation is similar to those of

other clinically distinct conditions our groups have

recently described,2–4 and it highlights genotype-pheno-

type complexity and the importance of rigorous evalua-

tion of the possible pathogenicity of unreported variants

through international clinical and basic science collabora-

tions.39,40 To assist with the dissemination of accessible in-

formation about CHEDDA to clinicians and families of

affected individuals, we have adopted ATN1 on the Human

Disease Gene Webseries.

Clarifying the biological role of the HX repeat motif in

the ATN1 and AUTS2 protein families and understanding

how this functionmight be altered in CHEDDA and poten-

tially linked conditions such as PKS will require further

work. Such work might lead to the development of tar-

geted therapies. For example, Zhang et al. demonstrated

that the clinical LSD1 inhibitor, tranylcypromine, could

suppress ATN1 expression, and they suggested that this

agent might have potential therapeutic implications for

conditions resultant from aberrant ATN1 expression.39,41

Further studies into the primary gene-regulatory functions

of ATN1 and how this might be altered in CHEDDA

and potentially linked conditions such as PKS are

warranted.
Accession Numbers

ATN1 c.3178C>T (p.His1060Tyr): GenBank: NM_001007026.1

and ClinVar: SCV000221666.1

ATN1 c.3177_3178insGACCTG (p.Ser1059_His1060insAspLeu):

GenBank: NM_001007026.1 and ClinVar: SCV000619648.1

ATN1 c.3177_3178insAACCTG (p.Ser1059_His1060insAsnLeu):

GenBank: NM_001007026.1 and ClinVar: SCV000571353.3

ATN1 c.3184C>G (p.His1062Asp): GenBank: NM_001007026.1

and ClinVar: SCV000528073.3

ATN1 c.3160C>A (p.His1054Asn): GenBank: NM_001007026.1

and ClinVar: SCV000678263.1

ATN1 c.3172C>T (p.His1058Tyr): GenBank: NM_001007026.1

and ClinVar: SCV000678264.1
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ATN1: c.3188T>G (p.Leu1063Arg): GenBank: NM_001007026.1

and ClinVar: SCV000678265.1

ATN1 c.3185A>G (p.His1062Arg): GenBank: NM_001007026.1

and ClinVar: SCV000853264
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31. Wüthrich, K. (1986). NMR with proteins and nucleic acids.

Europhys. News 17, 11–13.

32. Witkowska, D., Rowinska-Zyrek, M., Valensin, G., and Ko-

zlowski, H. (2012). Specific poly-histidyl and poly-cysteil

protein sites involved in Ni2þ homeostasis in Helicobacter

pylori. Impact of Bi3þ ions on Ni2þ binding to proteins. Struc-

tural and thermodynamic aspects. Coord. Chem. Rev. 256,

133–148.

33. Remelli, M., Brasili, D., Guerrini, R., Pontecchiani, F., Potocki,

S., Rowinska-Zyrek, M., Watly, J., and Kozlowski, H. (2017).

Zn(II) and Ni(II) complexes with poly-histidyl peptides

derived from a snake venom. Inorg. Chim. Acta 472, 149–156.

34. Zhang, C.L., Zou, Y., Yu, R.T., Gage, F.H., and Evans, R.M.

(2006). Nuclear receptor TLX prevents retinal dystrophy

and recruits the corepressor atrophin1. Genes Dev. 20,

1308–1320.

35. Janknecht, R., Sander, C., and Pongs, O. (1991). (HX)n repeats:

a pH-controlled protein-protein interaction motif of eukary-

otic transcription factors? FEBS Lett. 295, 1–2.

36. Fregeau, B., Kim, B.J., Hernández-Garcı́a, A., Jordan, V.K., Cho,

M.T., Schnur, R.E., Monaghan, K.G., Juusola, J., Rosenfeld,

J.A., Bhoj, E., et al. (2016). De Novo mutations of RERE cause

a genetic syndromewith features that overlap those associated

with proximal 1p36 deletions. Am. J. Hum. Genet. 98,

963–970.

37. Kaur, M., Izumi, K., Wilkens, A.B., Chatfield, K.C., Spinner,

N.B., Conlin, L.K., Zhang, Z., and Krantz, I.D. (2014).

Genome-wide expression analysis in fibroblast cell lines

from probands with Pallister Killian syndrome. PLoS ONE 9,

e108853.

38. Izumi, K., and Krantz, I.D. (2014). Pallister-Killian syndrome.

Am. J. Med. Genet. C. Semin. Med. Genet. 166C, 406–413.

39. Shi, Z., Fujii, K., Kovary, K.M., Genuth, N.R., Röst, H.L., Teruel,
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