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ABSTRACT: Background: Monogenic causes of iso-
lated dystonia are heterogeneous. Assembling cohorts of
affected individuals sufficiently large to establish new
gene–disease relationships can be challenging.
Objective: We sought to expand the catalogue of mono-
genic etiologies for isolated dystonia.
Methods: After the discovery of a candidate variant in a
multicenter exome-sequenced cohort of affected individ-
uals with dystonia, we queried online platforms and
genomic data repositories worldwide to identify subjects
with matching genotypic profiles.
Results: Seven different biallelic loss-of-function variants
in AOPEP were detected in five probands from four
unrelated families with strongly overlapping phenotypes. In
one proband, we observed a homozygous nonsense vari-
ant (c.1477C>T [p.Arg493*]). A second proband harbored
compound heterozygous nonsense variants (c.763C>T
[p.Arg255*]; c.777G>A [p.Trp259*]), whereas a third pro-
band possessed a frameshift variant (c.696_697delAG
[p.Ala234Serfs*5]) in trans with a splice-disrupting alter-
ation (c.2041-1G>A). Two probands (siblings) from a fourth
family shared compound heterozygous frameshift
alleles (c.1215delT [p.Val406Cysfs*14]; c.1744delA

[p.Met582Cysfs*6]). All variants were rare and expected to
result in truncated proteins devoid of functionally important
amino acid sequence. AOPEP, widely expressed in develop-
ing and adult human brain, encodes a zinc-dependent ami-
nopeptidase, a member of a class of proteolytic enzymes
implicated in synaptogenesis and neural maintenance. The
probands presented with disabling progressive dystonia pre-
dominantly affecting upper and lower extremities, with vari-
able involvement of craniocervical muscles. Dystonia was
unaccompanied by any additional symptoms in three fami-
lies, whereas the fourth family presented co-occurring late-
onset parkinsonism.
Conclusions: Our findings suggest a likely causative role of
predicted inactivating biallelic AOPEP variants in cases of
autosomal recessive dystonia. Additional studies are
warranted to understand the pathophysiology associated
with loss-of-function variation in AOPEP. © 2021 The
Authors. Movement Disorders published by Wiley Periodi-
cals LLC on behalf of International Parkinson andMovement
Disorder Society

Key Words: AOPEP; monogenic dystonia; genomic
analysis; loss-of-function variants; rare disease

Isolated dystonia refers to a group of chronic debilitat-
ing diseases in which involuntary twisting movements
and postural abnormalities arise in the absence of any
accompanying movement disorder symptomatology.1

Although isolated dystonia can coexist with non-
movement disorder-related neurological features in multi-
ple phenotypically complex conditions, the most common
forms seen in adult neurology practices are pure clinical
presentations, varying broadly in age of onset and ana-
tomic distribution.2 With the widespread use of compre-
hensive genomic analysis techniques, progress has been
made in the elucidation of monogenic causes of isolated
dystonia.3 Nevertheless, 85%–95% of affected individ-
uals remain without an etiologic diagnosis after the appli-
cation of whole-exome or whole-genome sequencing.4,5

In recent years, Mendelian disease gene discovery has
been substantially enhanced by international collabora-
tive matchmaking efforts and pooling of cases with vari-
ants in previously undescribed disease-related genes.6

In this work, we used large-scale genomic data mining
to identify five individuals from four families with dysto-
nia who harbored biallelic homozygous or compound het-
erozygous loss-of-function variants in AOPEP (also
known as C9orf3). We show that AOPEP-mutated

individuals can express dystonia without relevant comor-
bidity from childhood to late adulthood (sixth decade of
life), uncovering a previously unrecognized recessively
inherited isolated-dystonia syndrome. In one family, sec-
ondary late-onset parkinsonism was observed.

Subjects and Methods
Case Identification

The study started with the detection of a homozygous
candidate variant in a participant (proband 1, family I;
Fig. 1A) of a whole-exome sequencing study of unexplained
dystonias.5,7 Inclusion criteria, recruitment, and phenotyping
strategies for this study have been reported in detail else-
where.5,7 In short, proband 1 was part of a research
cohort recruited from specialized centers in seven
European countries and assessed genetically at Helmholtz
Center Munich and Technical University of Munich
(Munich, Germany). The cohort comprised 953 index
cases (54% female), of whom 55% had been diagnosed
with isolated dystonia (without additional symptoms).
To identify additional individuals with variants in the

gene of interest and a clinical phenotype similar to that
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of proband 1, we searched online matchmaking plat-
forms (entry “AOPEP”)8 and contacted independent
investigators studying the genetic causality of dystonia.
Genomic sequencing databases of the following col-
laboratorsʼ institutions were interrogated: Phoenix
Children’s Hospital (Phoenix, AZ, USA) and Yale Cen-
ter for Genome Analysis (New Haven, CT, USA), Penn
Neurogenetics Center (Philadelphia, PA, USA), UCL
Great Ormond Street Institute of Child Health
(London, UK), the Garvan Institute of Medical
Research (Sydney, Australia), and the Ken and Ruth
Davee Department of Neurology (Chicago, IL, USA).
Proband 2 (family II; Fig. 1A) was identified from a

whole-genome sequencing project focused on exploring
the causes of dystonic disorders (Sydney, New South
Wales, Australia).4 Details of the investigated cohort,
consisting of 111 mostly isolated dystonia-affected indi-
viduals, have been described earlier.4 Identification of
proband 3 (family III; Fig. 1A) and probands 4-1/4-2
(family IV; Fig. 1A) was achieved through
GeneMatcher.8 Proband 3 was studied by whole-exome

sequencing in a program to find new phenotype–gene
relationships at the University of Münster (Münster,
Germany); the probands from family IV underwent
whole-genome sequencing in the frame of the France
Médecine Génomique 2025 plan (Paris, France).
All participating families I–IV had provided written

informed consent under protocols approved by local
research ethics committees.

Genomic Explorations
All probands were exome or genome sequenced (trio-

based whole-exome sequencing in families I and III; single-
ton whole-genome sequencing in family II; duo whole-
genome sequencing in family IV). Target-enrichment,
high-throughput sequencing and variant screenings were
performed using established procedures4,5,7,9-12 (for details,
see Supporting Information Methods). In brief, libraries
were generated using SureSelect Human All Exon V6
(families I and III), KAPA HyperPrep (family II), or NEB-
Next Ultra II (family IV) kits, and sequenced on Illumina

FIG. 1. Identification of predicted inactivating biallelic variants in AOPEP in four unrelated families with dystonia. (A) Pedigree drawings for families I–IV.
Circles are female individuals, squares are male individuals, and slashes indicate deceased individuals; solid symbols represent subjects with dystonia
(reported probands marked by an arrow), and open symbols are healthy family members. AOPEP genotypes are shown for all subjects for whom DNA
was obtainable. Individuals who underwent genomic (exome or genome) sequencing are highlighted with asterisks. (B) Structural organization of human
AOPEP (RefSeq: NM_ 001193329.1; ENST00000375315.2) with the relative positions of each cDNA variant. Nonsense variants are indicated with red
lollipops, while frameshift and splicing variants are indicated with black and blue lollipops, respectively. In addition to the proband-specific homozygous
and compound heterozygous variants, a rare homozygous nonsense variant found in gnomAD (v2.1.1) is also illustrated. Exons affected by variants are
colored. (C) Human aminopeptidase O schematic (Q8N6M6-1) with protein-level annotation of the variants shown in (B). A magnified view of the
HEXXH(X)18E zinc-binding motif is depicted, with the arginine residue affected by a homozygous nonsense variant in proband 1 highlighted with a red
box. N/A, no DNA sample available; NLS, nucleolar localization signal; TSS, transition-state stabilizer. [Color figure can be viewed at
wileyonlinelibrary.com]
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platforms. Following standard bioinformatics annotations,
variants were filtered by validated prioritization criteria,
including protein-level effect, minor allele frequency,
predicted deleteriousness, and suspected inheritance
models. Causative variants in known disease genes were
ruled out.4,5,9,11,12

Variant Confirmation and cDNA Analysis
Using DNA samples from all available family mem-

bers, candidate variants in AOPEP were confirmed by
Sanger sequencing. Total RNA extracted from proband
3’s whole blood (Qiagen) was reverse transcribed
(Invitrogen) and amplified using primers targeting the
cDNA region of interest. Products were fractionated
with gel electrophoresis and Sanger sequenced.

Results
Clinical Findings

Proband 1 (Family I)

This 13-year-old boy was born full term to healthy
parents of Italian ancestry after an uneventful preg-
nancy and delivery (Fig. 1A; Table 1). The neonatal
period was unremarkable, and developmental mile-
stones were reached normally. There was no relevant
family history, and the parents reported no consanguin-
ity. By the age of 9 years, the parents first noted that
the boy’s gait was impaired with unintentional inward
rotation of his right leg. He was not able to suppress
these movements and started complaining of fatigue
while walking. He went on to experience stiffness of
the first four fingers of his right hand and developed
difficulty in handling little objects. Over the course of
6 months, symptoms progressed insidiously, and he
became unable to write legibly without painful muscle
spasms. After learning to perform manual tasks with
his nondominant hand, he manifested left-finger
cramps. Although involuntary movements spread to
involve all four extremities, he remained independent in
most daily activities. Diagnostic explorations, including
routine laboratory testing of blood and cerebrospinal
fluid samples, as well as neuroanatomic assessment
with magnetic resonance imaging (MRI), were all
unrevealing. Additional metabolic workup showed nor-
mal levels of copper, ceruloplasmin, lactate, α-fetopro-
tein, vitamin E, thyroid hormones, urine organic acids,
and plasma amino acids. Therapeutic trials with levo-
dopa and anticholinergics yielded no benefit. The pro-
band first presented to us (Medical University of
Innsbruck, Innsbruck, Austria) at the age of 13 years.
On neurological examination, we saw dystonic move-
ments of both arms and forearms, worse with action
and posture. There was dystonic wrist flexion and
abnormal posturing of digits II–IV more pronounced
on the right side when writing. His gait showed

proximal dystonia of the right leg and twisted foot pos-
tures bilaterally with slight instability. We also
observed a tendency of shoulder abduction and truncal
rotation while walking.

Proband 2 (Family II)

This 61-year-old European descent woman had no
medical or family history of relevance (Fig. 1A;
Table 1). Born to healthy nonconsanguineous parents,
she manifested reduced dexterity, twisting of the neck
and head, and gait instability since childhood. Her two
healthy sisters were aged 73 and 75 years, respectively.
She had normal motor development until 12 years of
age, when she began to experience sustained contrac-
tions in her lower-limb musculature. Over the course of
3 years, symptoms progressed, affecting the right arm
with fine motor skill impairment and forcing her to
switch certain manual tasks to the left hand. She also
experienced problems with handwriting, neck pain, and
head deviation. After this initial period of deterioration,
symptoms remained stable over the following decade.
In subsequent years, mobility became increasingly diffi-
cult because of involuntary neck extension and abnor-
mal foot posturing. Although she continued to work,
she required the use of a wheelchair. In addition, slurred
speech was progressively apparent. The proband was first
seen by the adult neurology service at the age of 45 years
and since has been assessed during regular follow-up
visits. An array of unrevealing diagnostic evaluations was
performed, including brain MRI, routine blood tests,
electrophysiological studies, and targeted testing for
DYT-TOR1A. Cerebrospinal fluid analysis revealed low
levels of 5-hydroxyindoleacetic acid and biopterin, but
normal neopterin concentrations. Treatment with anti-
cholinergics and tetrabenazine alleviated symptoms to a
small extent, whereas botulinum toxin injections (neck)
had no effect. On her most recent examination (61 years
old), proband 2 had marked retrocollis, intermittent
right-sided torticollis, and finger/hand-flexion dystonia
when arms were outstretched (Supporting Information
Video 1). There was speech impairment presenting with
dysarthrophonia and orofacial dyskinesia. Independent
walking was compromised because of neck dystonia, but
no overt lower-limb dystonic movements were observed.

Proband 3 (Family III)

This 58-year-old man, born from unrelated healthy
parents of German origin after an uneventful pregnancy
and delivery, had normal psychomotor development
and was well during childhood and early adulthood
(Fig. 1A; Table 1). There was no family history for
movement disorders. Symptoms began at the age of
36 years with right hand action-dependent muscle
cramps that soon progressed to involve the contralat-
eral extremity. He reported significant writing

4 Movement Disorders, 2021

Z E C H E T A L



T
A
B
L
E
1

C
lin
ica
lf
ea
tu
re
s
of
th
e
fi
ve

in
di
vi
du
al
s
w
ith

bi
al
lel
ic
A
O
PE

P
va
ria
nt
s

F
am

il
y
I

F
am

il
y
II

F
am

il
y
II
I

F
am

il
y
IV

P
ro
b
an

d
1

P
ro
b
an

d
2

P
ro
b
an

d
3

P
ro
b
an

d
4-
1

P
ro
b
an

d
4-
2

A
O
PE

P
va
ri
an
t(
s)

(N
M
_
N
M
_0
01
19
33
29
.1
,

N
P_

00
11
80
25
8.
1)

c.
14
77
C
>
T
(p
.A
rg
49
3*
)

c.
76
3C

>
T
(p
.A
rg
25
5*
);

c.
77
7G

>
A
(p
.T
rp
25
9*
)

c.
69
6_
69
7d
el
A
G

(p
.A
la
23
4S
er
fs*

5)
;

c.
20
41
-1
G
>
A

c.
12
15
de
lT

(p
.V
al
40
6C

ys
fs*

14
);

c.
17
44
de
lA

(p
.M

et
58
2C

ys
fs*

6)
c.
12
15
de
lT

(p
.V
al
40
6C

ys
fs*

14
);

c.
17
44
de
lA

(p
.M

et
58
2C

ys
fs*

6)

G
en
om

ic
te
st
in
g
st
ra
te
gy

Pa
re
nt
-p
ro
ba
nd

tr
io

w
ho

le
-e
xo

m
e

se
qu

en
ci
ng

P
ro
ba
nd

-o
nl
y
w
ho

le
-g
en
om

e
se
qu

en
ci
ng

Pa
re
nt
-p
ro
ba
nd

tr
io

w
ho

le
-e
xo

m
e

se
qu

en
ci
ng

D
uo

w
ho

le
-g
en
om

e
se
qu

en
ci
ng

D
uo

w
ho

le
-g
en
om

e
se
qu

en
ci
ng

A
ge
,y

13
61

58
61

52

Se
x

M
al
e

Fe
m
al
e

M
al
e

Fe
m
al
e

Fe
m
al
e

G
eo
gr
ap
hi
c
or
ig
in

(e
th
ni
ci
ty
)
It
al
y
(E
ur
op

ea
n)

A
us
tr
al
ia
(E
ur
op

ea
n)

G
er
m
an
y
(E
ur
op

ea
n)

Fr
an
ce

(E
ur
op

ea
n)

Fr
an
ce

(E
ur
op

ea
n)

Fa
m
ily

hi
st
or
y

N
eg
at
iv
e

N
eg
at
iv
e

N
eg
at
iv
e

Po
sit
iv
e
(t
w
o
af
fe
ct
ed

sis
te
rs
)

Po
sit
iv
e
(t
w
o
af
fe
ct
ed

sis
te
rs
)

C
on

sa
ng
ui
ni
ty

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

D
ys
to
n
ia

ch
ar
ac
te
ri
st
ic
s

A
ge

at
on

se
t

C
hi
ld
ho

od
(9

y)
C
hi
ld
ho

od
(1
2
y)

A
du

lth
oo

d
(3
6
y)

A
du

lth
oo

d
(2
2
y)

A
du

lth
oo

d
(2
4
y)

Si
te

of
on

se
t

Lo
w
er

lim
b

Lo
w
er

lim
b

U
pp
er

lim
b

N
ec
k

U
pp
er

lim
b

D
ise
as
e
co
ur
se

Pr
og
re
ss
iv
e

P
ro
gr
es
siv

e
Pr
og
re
ss
iv
e

Pr
og
re
ss
iv
e

Pr
og
re
ss
iv
e

Sy
m
pt
om

va
ri
ab
ili
ty

Pe
rs
ist
en
t
an
d
ac
tio

n
sp
ec
ifi
c
(w

ri
te
r’
s
cr
am

p)
P
er
sis
te
nt

an
d
ac
tio

n
sp
ec
ifi
c
(w

ri
te
r’
s
cr
am

p)
Pe
rs
ist
en
t
an
d

ac
tio

n
sp
ec
ifi
c

(w
ri
te
r’
s
cr
am

p)

Pe
rs
ist
en
t
an
d
ac
tio

n
sp
ec
ifi
c
(w

ri
te
r’
s
cr
am

p)
Pe
rs
ist
en
t
an
d
ac
tio

n
sp
ec
ifi
c
(w

ri
te
r’
s
cr
am

p)

B
od

y
di
st
ri
bu

tio
n

(m
os
t
re
ce
nt

ex
am

in
at
io
n)

G
en
er
al
iz
ed

M
ul
tif
oc
al

M
ul
tif
oc
al

G
en
er
al
iz
ed

G
en
er
al
iz
ed

In
vo
lv
ed

ar
ea
s

(m
os
t
re
ce
nt

ex
am

in
at
io
n)

U
pp
er

lim
bs
,

lo
w
er

lim
bs
,t
ru
nk

Fa
ce
,n

ec
k,

up
pe
r
lim

bs
Fa
ce
,u

pp
er

lim
bs
,l
ow

er
lim

bs
N
ec
k,

up
pe
r
lim

bs
,

lo
w
er

lim
bs
,t
ru
nk

N
ec
k,

up
pe
r
lim

bs
,

lo
w
er

lim
bs
,t
ru
nk

T
re
m
or

N
o

N
o

N
o

N
o

N
o

D
ys
to
ni
a
sy
nd

ro
m
e

E
ar
ly
-o
ns
et

ge
ne
ra
liz
ed

iso
la
te
d
dy
st
on

ia
E
ar
ly
-o
ns
et

m
ul
tif
oc
al

iso
la
te
d
dy
st
on

ia

M
ul
tif
oc
al
iso

la
te
d

dy
st
on

ia
w
ith

on
se
t
in

ad
ul
th
oo

d

G
en
er
al
iz
ed

co
m
bi
ne
d

dy
st
on

ia
w
ith

on
se
t

in
ad
ul
th
oo

d

G
en
er
al
iz
ed

co
m
bi
ne
d

dy
st
on

ia
w
ith

on
se
t

in
ad
ul
th
oo

d

A
ss
o
ci
at
ed

fe
at
u
re
s

O
th
er

m
ov
em

en
t
di
so
rd
er
s

N
o

N
o

N
o

Pa
rk
in
so
ni
sm

(a
ki
ne
sia
,

fr
ee
zi
ng

of
ga
it/

fa
lls
,d

ys
ar
th
ia
)

Pa
rk
in
so
ni
sm

(a
ki
ne
sia
,f
re
ez
in
g

of
ga
it/
fa
lls
,d

ys
ar
th
ia
) (C
on
tin
ue
s)

Movement Disorders, 2021 5

A O P E P V A R I A N T S A S S O C I A T E D W I T H D Y S T O N I A



difficulties and over the course of a few years, over-
lapping fingers (digits III–V on the left hand) and persis-
tently extended digit II (on the left) led to disturbances
in selective grasping. By age 46 years, he had developed
distal lower-limb abnormal posturing, causing occa-
sional gait imbalance, followed by the appearance of
uncontrollable facial movements and masseter muscle
hypertrophy. The proband showed impairments in
swallowing function resulting in recurrent aspirations.
In recent years, he also noticed increasing articulation
deficits. Speech problems improved to a certain extent
with a sensory trick, whereas his condition was aggra-
vated by fatigue and stress. Thorough diagnostic
workup was normal, including brain MRI, positron
emission tomography/computed tomography, and
blood laboratory tests. Several medications were
administered without sustained benefit: anticholiner-
gics, levodopa, and botulinum toxin injections. Neuro-
logical examination at the age of 57 years (University
of Münster, Münster, Germany) revealed dystonic pos-
tures in his fingers associated with overflow muscle acti-
vation, both-sided writer’s cramp, facial dyskinesia
predominantly affecting the lower hemiface, and mar-
ked dysarthrophonia. His gait was interrupted by sud-
den bilateral muscle spasms, but no continuous
dystonic movements in his legs were documented.

Probands 4-1 and 4-2 (Family IV)

The affected sisters were born to healthy unrelated
parents of French descent (Fig. 1A; Table 1). Proband
4-1 is a 61-year-old woman without relevant medical
history during childhood and adolescence. She devel-
oped left laterocollis at age 22 years, writing difficulties
at age 34, and by the age of 36 she had generalized dys-
tonia with four-limb dystonia and trunk involvement.
She was treated with deep brain stimulation at the age
of 41 years, with improvement of limb dystonia severity
and disability, but only partial improvement of trunk
dystonia. At the age of 58 years, she experienced devel-
opment of parkinsonism (mainly akinesia) and worsen-
ing of dysarthria. She manifested progressive walking
difficulties with freezing of gait and had to use a walk-
ing aid. Increasing gait abnormalities were initially
thought to be related to long-term effects of neuro-
stimulation13; dopaminergic denervation was subse-
quently discovered on DaTscan, and she was treated
with levodopa (600 mg/day) with partial gait improve-
ment. At last examination (61 years old; Hôpital Pitié-
Salpêtrière, Paris, France), she presented generalized
dystonia with signs of parkinsonism, including right-
sided akinesia, right-foot freezing and festination, along
with dysarthria and hypophonia (Supporting Informa-
tion Video 2). Proband 4-2, her 52-year-old sister, had
no medical problems during childhood and early adult-
hood. Her first symptoms occurred at the age ofT

A
B
L
E
1

C
on
tin
ue
d

F
am

il
y
I

F
am

il
y
II

F
am

il
y
II
I

F
am

il
y
IV

P
ro
b
an

d
1

P
ro
b
an

d
2

P
ro
b
an

d
3

P
ro
b
an

d
4-
1

P
ro
b
an

d
4-
2

O
th
er

ne
ur
ol
og
ic
al
/

ps
yc
hi
at
ri
c
fe
at
ur
es

N
o

N
o

N
o

N
o

D
ep
re
ss
io
n

Sy
st
em

ic
fe
at
ur
es

N
o

N
o

N
o

N
o

N
o

A
d
d
it
io
n
al

cl
in
ic
al

in
fo
rm

at
io
n

B
ra
in

m
ag
ne
tic

re
so
na
nc
e

im
ag
in
g
ab
no

rm
al
ity

N
o

N
o

N
o

N
o

N
o

T
ri
al
ed

m
ed
ic
at
io
ns
,

th
er
ap
y

Le
vo
do

pa
(n
o
re
sp
on

se
),

an
tic
ho

lin
er
gi
cs

(n
o
re
sp
on

se
)

A
nt
ic
ho

lin
er
gi
cs

(p
ar
tia
lr
es
po

ns
e)
,

te
tr
ab
en
az
in
e
(p
ar
tia
l

re
sp
on

se
),

bo
tu
lin

um
to
xi
n

(n
o
re
sp
on

se
)

Le
vo
do

pa
(n
o
re
sp
on

se
),

an
tic
ho

lin
er
gi
cs

(n
o

re
sp
on

se
),

bo
tu
lin

um
to
xi
n

(n
o
re
sp
on

se
)

Pa
lli
da
ld

ee
p
br
ai
n

st
im

ul
at
io
n
(p
ar
tia
l

re
sp
on

se
),
le
vo
do

pa
(p
ar
tia
lr
es
po

ns
e
on

ga
it
im

pa
ir
m
en
t)

Le
vo
do

pa
(n
o
re
sp
on

se
),

bo
tu
lin

um
to
xi
n
(n
o

re
sp
on

se
),
ba
cl
of
en

(p
ar
tia
lr
es
po

ns
e)

6 Movement Disorders, 2021

Z E C H E T A L



T
A
B
L
E
2

G
en
et
ic
de
scr
ip
tio
n
of
th
e
A
O
PE

P
va
ria
nt
s
id
en
tifi
ed

in
fa
m
ili
es
I–
IV

F
am

il
y

G
en

o
m
ic

va
ri
an

ta
E
xo

n
b

cD
N
A

va
ri
an

tb
P
ro
te
in

va
ri
an

tb
V
ar
ia
n
t

cl
as
s

V
ar
ia
n
t

ty
p
e

Z
yg

o
si
ty

d
b
S
N
P

F
re
q
u
en

cy
gn

o
m
A
D

(a
lle

le
co

u
n
t/

to
ta
l
al
le
le

n
u
m
b
er
)

F
re
q
u
en

cy
in
-h
o
u
se

co
n
tr
o
l
ex
o
m
es

(a
lle

le
co

u
n
t/

to
ta
l
al
le
le

n
u
m
b
er
)

L
O
F
T
E
E

I
ch
r9
:9
76
86
38
0C

>
T

5
c.
14
77
C
>
T

p.
A
rg
49
3*

Lo
ss
of

fu
nc
tio

n
N
on

se
ns
e

H
om

oz
yg
ou

s
rs
57
70
00
05
9

2/
15
4,
29
8;

no
ho

m
oz
yg
ot
es

de
te
ct
ed

N
ot

fo
un

d
H
C

II
ch
r9
:9
75
22
82
8C

>
T

1
c.
76
3C

>
T

p.
A
rg
25
5*

Lo
ss
of

fu
nc
tio

n
N
on

se
ns
e

C
om

po
un

d
he
te
ro
zy
go
us

rs
77
93
93
03
5

6/
20
0,
13
2;

no
ho

m
oz
yg
ot
es

de
te
ct
ed

1/
40
,0
00
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

H
C

ch
r9
:9
75
22
84
2G

>
A

1
c.
77
7G

>
A

p.
T
rp
25
9*

Lo
ss
of

fu
nc
tio

n
N
on

se
ns
e

C
om

po
un

d
he
te
ro
zy
go
us

rs
10
43
40
52
96

N
ot

fo
un

d
N
ot

fo
un

d
H
C

II
I

ch
r9
:9
75
22
76
1-

97
52
27
62
de
lA
G

1
c.
69
6_
69
7d
el
A
G

p.
A
la
23
4S
er
fs*

5
Lo

ss
of

fu
nc
tio

n
Fr
am

es
hi
ft

C
om

po
un

d
he
te
ro
zy
go
us

rs
75
07
20
84
0

9/
25
0,
23
6;

no
ho

m
oz
yg
ot
es

de
te
ct
ed

1/
40
,0
00
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

H
C

ch
r9
:9
77
67
82
3G

>
A

12
c.
20
41
-1
G
>
A

p.
V
al
68
1_
Ly

s7
05
de
l;

p.
Pr
o6

60
_L

ys
70
5d
el

Lo
ss
of

fu
nc
tio

n
Sp
lic
e-
sit
e

C
om

po
un

d
he
te
ro
zy
go
us

rs
14
12
21
10
8

19
/2
82
,4
36
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

2/
40
,0
00
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

H
C

IV
ch
r9
:9
75
63
13
5d
el
T

4
c.
12
15
de
lT

p.
V
al
40
6C

ys
fs*

14
Lo

ss
of

fu
nc
tio

n
Fr
am

es
hi
ft

C
om

po
un

d
he
te
ro
zy
go
us

rs
74
79
16
17
4

14
/2
51
,4
18
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

1/
40
,0
00
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

H
C

ch
r9
:9
77
17
54
1d
el
A

7
c.
17
44
de
lA

p.
M
et
58
2C

ys
fs*

6
Lo

ss
of

fu
nc
tio

n
Fr
am

es
hi
ft

C
om

po
un

d
he
te
ro
zy
go
us

rs
77
84
93
72
9

6/
28
1,
77
8;

no
ho

m
oz
yg
ot
es

de
te
ct
ed

1/
40
,0
00
;n

o
ho

m
oz
yg
ot
es

de
te
ct
ed

H
C

gn
om

A
D
,G

en
om

e
A
gg
re
ga
tio

n
D
at
ab
as
e
(v
2.
1.
1)
;L

O
FT

E
E
,L

os
s-
of
-F
un

ct
io
n
T
ra
ns
cr
ip
t
E
ffe
ct

E
st
im

at
or
;H

C
,h

ig
h
co
nfi

de
nc
e.

a T
he

re
fe
re
nc
e
ge
no

m
e
us
ed

is
G
R
C
h3

7/
hg
19
.

b N
um

be
ri
ng

ac
co
rd
in
g
to

N
at
io
na
lC

en
te
r
fo
r
B
io
te
ch
no

lo
gy

In
fo
rm

at
io
n
ac
ce
ss
io
n
nu

m
be
rs
N
M
_0
01
19
33
29
.1

an
d
N
P_

00
11
80
25
8.
1.

Movement Disorders, 2021 7

A O P E P V A R I A N T S A S S O C I A T E D W I T H D Y S T O N I A



24 years, when she reported writing difficulties with
excessive pressure of the thumb and index fingers. She
progressively developed dystonic dysarthria, which
gradually became invalidating. Task-specific dystonia
evolved toward the impairment of other activities and
bilateral upper-limb dystonia. At the age of 47 years,
she experienced gait difficulties with recurrent back-
ward falls, and cervical/truncal dystonia at the age of
51 years. She became akinetic. DaTscan performed at
age 52 years did not show overt dopaminergic loss.
Brain and spinal MRI were normal. She had no benefi-
cial effect of levodopa and botulinum toxin, but mild
response to baclofen. Examination at the age of
52 years demonstrated generalized dystonia combined
with an akinetic syndrome; she had dysarthria with
moderate hypophonia.

Genomic Findings
Through whole-exome and whole-genome sequencing,

the probands were identified to carry four different
biallelic variants, totaling seven different nonsense, frame-
shift, and splice-site variants in AOPEP, a gene with
largely unexplored function and no previous link to any
Mendelian phenotype (Fig. 1A–C; Table 2). All variants
were expected to be the target of nonsense-mediated
decay or, in case of escape, to cause truncated protein
products lacking essential functional sites. In silico evalu-
ation using the Loss-of-Function Transcript Effect Esti-
mator14 indicated that all variants were part of the high-
confidence set of predicted loss-of-function alleles in the
genome (Table 2). None of the probands had other rare
variants fulfilling criteria for a “pathogenic” or “likely
pathogenic” allele15 in any previously described genes

linked to dystonia. Variant nomenclature provided in the
following refers to RefSeq accession numbers
NM_001193329.1 and NP_001180258.1.
Proband 1 had a homozygous c.1477C>T substitution

in exon 5, expected to lead to premature stop of transla-
tion at amino acid position 493 (p.Arg493*). By screening
the proband’s exome data for runs of homozygosity, we
detected one contiguous homozygous stretch of
�11.8 Mb on chromosome 9 (chr9:93,606,309–
105,405,414) containing c.1477C>T. The variant was
reported twice in Genome Aggregation Database
(gnomAD v2.1.1),14 but not in a homozygous state. The
parents were each obligate carriers of the variant. In pro-
band 2, we uncovered the substitutions c.763C>T and
c.777G>A, both of which were predicted to result in the
insertion of a premature termination codon within exon
1 (p.Arg255* and p.Trp259*, respectively). The c.763C>T
variant was listed six times in gnomAD-v2.1.1 (zero
homozygotes),14 whereas c.777G>A was absent from this
database. A compound heterozygous status of the variants
was confirmed by visual inspection of read alignments
from the proband’s sequencing data (Supporting Informa-
tion Fig. 1). Two healthy siblings of proband 2 were found
to harbor the c.777G>A variant, but not the c.763C>T
allele (Fig. 1A). Proband 3 was found to possess a deletion
of two nucleotides (c.696_697delAG) in exon 1, creating a
frameshift and the introduction of a premature stop codon
five triplets downstream (p.Ala234Serfs*5), in combination
with a substitution in the acceptor splice site of intron
11 (c.2041-1G>A). The frameshift variant was seen in nine
carriers from gnomAD-v2.1.1 and the splice-site variant in
19 carriers, while neither variant was present in a homozy-
gous state in this database.14 The c.696_697delAG variant
was transmitted from the proband’s mother and

FIG. 2. Proband 3’s c.2041-1G>A allele in AOPEP produces a splicing defect. cDNA samples of the proband (P) and a control subject (C) were poly-
merase chain reaction (PCR) amplified using primers located in exons 7 and 14, respectively. The control sample showed the expected signal at
678 bp (label 1). Sequencing demonstrated that signal 2 is due to skipping of exon 12, while signal 3 is due to skipping of exons 11 and 12. Signal “h”
(yellow) is most likely a heteroduplex of, for example, products 1 and 2 with correspondingly reduced mobility. S: length standard. Boxes represent
cropped sections from a digital image of a single gel: two additional lanes of the original gel representing the same PCR using 5-fold more template
and demonstrating consequently a more intense heteroduplex signal are not shown. The exon-skipping events are illustrated with light gray boxes
(right panel). [Color figure can be viewed at wileyonlinelibrary.com]
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c.2041-1G>A from his father, consistent with autosomal
recessive inheritance. Analysis of cDNA demonstrated that
the c.2041-1G>A variant resulted in a missplicing event,
producing two different aberrant products: one lacking
exon 12 (�2/3 of the signal) and another lacking exons 11
and 12 (�1/3 of the signal) (Fig. 2). Skipping of exon 12
and of exons 11 plus 12 were predicted to generate prod-
ucts with larger in-frame deletions: p.Val681_Lys705del
(exon 12 deletion) and p.Pro660_Lys705del (deletion of
exons 11 and 12). Probands 4-1 and 4-2 were identified
with two frameshift variants: c.1215delT in exon 4 and
c.1744delA in exon 7 (p.Val406Cysfs*14 and p.
Met582Cysfs*6, respectively). Both variants were present
in gnomAD-v2.1.1 (c.1215delT in 14 carriers and
c.1744delA in 6 carriers), but not in homozygosity. Analy-
sis of DNA from proband 4-1’s healthy son revealed the
presence of only the c.1215delT allele, establishing a com-
pound heterozygous status of the variants in the probands
(Fig. 1A).

Discussion

Because most monogenic neurological disorders are
individually rare, the study of very large patient cohorts
is often warranted to connect independent individuals
with matching genotypic profiles.6,16,17 We combined
genomic sequencing data from 11 countries on three
continents to identify AOPEP biallelic loss-of-function
variants in four unrelated pedigrees with dystonia. Our
approach, beginning with the discovery of a promising
candidate variant in a single subject from a whole-
exome sequencing-based research cohort,5,7 reinforces
the need for extended collaboration between centers
and sharing of genomic findings to enhance knowledge
about rare genetically mediated dystonic conditions.16

AOPEP encodes aminopeptidase O (AP-O), an intra-
cellular member of the M1 family of meta-
lloproteases.18,19 M1 aminopeptidases constitute a
conserved set of multifunctional enzymes, defined by
the presence of a consensus zinc-binding motif
(HEXXH[X]18E).

20 Within the active site, two histi-
dines (H) and a distal glutamate (E) coordinate the
interaction between the enzyme and its essential cofac-
tor zinc.20 Catalyzing the removal of N-terminal amino
acids from various substrate targets in a zinc-dependent
manner, M1 aminopeptidases govern diverse processes,
including protein turnover, cell-cycle control, reproduc-
tion and development, neuropeptide generation, signal-
ing, and defense.18 Although distributed in a wide
range of tissue types, M1 aminopeptidases are subject to
strict spatial and temporal regulation.18,21 AP-O is ubiqui-
tously expressed in adult human brain tissue,22,23 includ-
ing the cerebral cortex, basal ganglia, and cerebellum, as
well as during human brain development.24 Several alter-
native isoforms of the protein exist, with transcript

variant 1 (canonical transcript NM_001193329.1) coding
for the longest (isoform-1; 819 amino acid protein; Uni-
Prot: Q8N6M6-1).25 In addition to the HEXXH(X)18E
zinc-binding motif (amino acids 479–502), AP-O
isoform-1 is organized into a transition-state stabilizer site
(amino acid 586), critically required for enzymatic cataly-
sis, and a nucleolar localization signal (amino acids 689–
699).19,25 Information about the physiological roles of
AP-O remains fragmentary. One study reported that the
enzyme is involved in vascular cell biology,19 but the rele-
vance of AP-O with regard to brain function has not been
elucidated to date. Although mice deficient for AP-O were
described as being neurologically normal,26 it is interest-
ing to consider that bioactive peptides produced by pro-
teolytic processing enzymes of the M1 family exert
profound effects on neural cell development and viabil-
ity.21,27 For example, leucyl-cystinyl aminopepidase,
another brain-expressed M1 aminopeptidase, is known to
participate in a broad range of aspects related to syn-
aptogenesis, long-term potentiation, and
neuroprotection.28 Although currently speculative, it is
conceivable that defects of such processes could contribute
to the disease expressions of our probands with AOPEP
variants.29 A recent study based on transcriptomic data
from adult brain tissue highlighted the existence of gene
networks expressed in the striatum, substantia nigra, and
frontal cortex that are significantly enriched for both
genes involved in synaptic signaling and several dystonia-
related genes, hence suggesting functional convergence of
these dystonia-causing genes in regulating this essential
neuronal function.30 Importantly, although AOPEP is
not part of these gene networks, this does not exclude its
role in dystonia pathogenesis, because several other
established dystonia-related genes were not found to be
part of these networks (ie, TOR1A, THAP1, and
KMT2B).30 This may reflect the fact that these genes are
more likely to play a critical role for dystonia pathogene-
sis during brain development and less so in the adult
mature brain.30 Single-nucleotide polymorphism-based
association studies have shown that more common varia-
tions in AOPEP may influence susceptibility to prevalent
disease traits, such as arterial hypertension, polycystic
ovary syndrome, and atrial fibrillation.31-33 We believe,
however, that it is currently not possible to bring these
observations into a direct pathophysiological context with
dystonia because the herein identified loss-of-function
alterations are likely to have molecular consequences dif-
ferent from those encountered in association to common
(non-neurological) disease risk alleles.
Two key arguments support the contention that the

AOPEP variants identified in this study are causally
linked to the probandsʼ phenotypes. First, no putative
pathogenic variants in known disease genes or any
additional candidate gene were observed; the variants
were rare, not found in a homozygous status in con-
trols, and segregated in the probands as expected for an
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autosomal recessive trait. All variants were predicted to
cause a loss of function via nonsense-mediated decay
and/or disruption of functionally important sites of AP-
O; in particular, the nonsense variants (probands 1 and
2) and the frameshift variants (probands 3 and 4-1/4-2)
were expected to deleteriously affect the zinc-binding
motif and/or the transition-state stabilizer, both essen-
tial for enzymatic activity (Fig. 1C). Protein products
resulting from the splice-variant allele (proband 3) were
expected to exhibit selective loss of the nucleolar locali-
zation signal (Fig. 1C). Second, our genotype-first
approach allowed us to connect four unrelated families
with strongly overlapping phenotypes. All probands
shared a strikingly similar presentation of dystonia that
progressed within 3–14 years to involve both their
upper and lower extremities. Dystonic symptoms were
described as severely disabling, causing substantial
impairments in daily living. In four probands, dystonia
also involved the craniocervical districts, with abnormal
orofacial movements, cervical dystonia, and dysarthric
speech. Onset occurred in childhood in two probands,
whereas probands 3 and 4-1/4-2 manifested first symp-
toms in adulthood. The relatively late onset of dystonic
features in proband 3 could be attributable to the
nature of his c.2041-1G>A allele, possibly retaining
some enzymatic activity. Notably, probands 1–3 had
no evidence of coexisting neurological or systemic
involvement and were diagnosed with isolated dystonia.
In contrast, the probands from the fourth family had
prominent dystonic disorders with secondary evolution
of late-onset parkinsonism.
We were unable to identify any further biallelic loss-

of-function variants in AOPEP in 20,000 in-house
exomes of individuals with unrelated clinical conditions
(Munich, Germany),34 as well as in other genomic data-
bases examined as part of this work (see Methods).
However, one carrier of an AOPEP homozygous non-
sense c.1815T>G (p.Tyr605*) substitution was found in
the Pakistani PROMIS cohort35 and is listed in gnomAD
(v2.1.1).14 This observation does not argue against a
disease-causing nature of the AOPEP variants detected
in our probands for several reasons. First, the gnomAD-
annotated variant is expected to fall into a more C-
terminally located portion of AP-O than most of the
proband-specific variants, leaving the zinc-binding and
the transition-state stabilizer sites intact (Fig. 1C). Sec-
ond, it is possible that alternative splicing of variant-
bearing AOPEP transcripts gives rise to different molec-
ular and phenotypic outcomes. Unlike the proband-
specific variants identified in this study, the gnomAD-
annotated variant does not affect certain AP-O protein
products, such as isoform-3 (UniProt: Q8N6M6-3).25

Third, because of the recruitment strategy in the
PROMIS study focusing on myocardial infarction pheno-
types, it is also possible that this cohort contains individ-
uals with additional noncardiac symptoms, for example,

individuals with adult-onset movement disorders.35 Two
AOPEP biallelic frameshift variants are also reported in
gnomAD (v2.1.1 and/or v3.1.1), but these alterations fall
into the introns of the canonical isoform
NM_001193329.1 and affect only alternative short
isoforms (low-confidence, flagged variant alleles
according to Loss-of-Function Transcript Effect Estima-
tor14), which is in strong favor of benignity.15 Analyses
of neural cell models would be required to determine the
precise molecular consequences of different AOPEP loss-
of-function variants and to assess the specific patterns of
AP-O isoform expression.
In summary, we describe five individuals manifesting

a similar presentation of progressive dystonia with
prominent limb involvement and propose that their
phenotypes are attributable to recessively inherited loss-
of-function variants in AOPEP. Identification of further
cases with dystonia and AOPEP variants will be inte-
gral to confirm our findings and provide more insight
into the spectrum of clinical phenotypes associated with
loss of human AP-O function.
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