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ABSTRACT: Background: Mitochondrial membrane
protein-associated neurodegeneration (MPAN) is caused
by mutations in the C790rf12 gene. MPAN typically
appears in the first two decades of life and presents with
progressive dystonia-parkinsonism, lower motor neuron
signs, optic atrophy, and abnormal iron deposits pre-
dominantly in the basal ganglia. MPAN, initially consid-
ered as a strictly autosomal recessive disease (AR),
turned out to be also dominantly inherited (AD).
Objectives: Our aim was to better characterize the clinical,
molecular, and functional spectra associated with such
dominant pathogenic heterozygous C790rf12 variants.
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Methods: We collected clinical, imaging, and molecular
information of eight individuals from four AD-MPAN fami-
lies and obtained brain neuropathology results for one.
Functional studies, focused on energy and iron metabo-
lism, were conducted on fibroblasts from AD-MPAN
patients, AR-MPAN patients, and controls.

Results: We identified four heterozygous C790rf12 vari-
ants in eight AD-MPAN patients. Two of them carrying
the familial variant in mosaic displayed an atypical late-
onset phenotype. Fibroblasts from AD-MPAN showed
more severe alterations of iron storage metabolism and
autophagy compared to AR-MPAN cells.
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Conclusion: Our data add strong evidence of the real-
ness of AD-MPAN with identification of novel monoallelic
C190rf12 variants, including at the mosaic state. This
has implications in diagnosis procedures. We also
expand the phenotypic spectrum of MPAN to late onset
atypical presentations. Finally, we demonstrate for the
first time more drastic abnormalities of iron metabolism

.

and autophagy in AD-MPAN than in AR-MPAN. © 2023
The Authors. Movement Disorders published by Wiley
Periodicals LLC on behalf of International Parkinson and
Movement Disorder Society.
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Introduction

Neurodegeneration with brain iron accumulation
(NBIA) represents an expanding group of rare inherited
diseases characterized by progressive neurological
features dominated by extrapyramidal movement
disorders and abnormal iron deposits in the basal gang-
lia detected by brain magnetic resonance imaging
(MRI)."? Pathogenic variants in 10 genes are known to
cause NBIA and at least five other genes are implicated
in NBIA-like diseases.” Among those, C190rf12
(HGNC symbol, CI9ORF12 MIM 614297) is impli-
cated in autosomal recessive (AR) and dominant
(AD) mitochondrial membrane protein-associated neu-
rodegeneration (MPAN) (MIM 614298).*° MPAN,
also known as NBIA type 4, is most frequently reces-
sively inherited (AR-MPAN) and is clinically character-
ized by dystonia, parkinsonism, spastic paraplegia,
lower motor neuron signs, optic atrophy, behavioral
troubles and cognitive decline. Age at onset is usually
in the first two decades, but ranges from 4 to 30 years.®
Brain MRI typically shows T2-weighted hypointensities
in the globus pallidus (GP) and substantia nigra (SN).
AD-MPAN is generally considered phenotypically
indistinguishable from AR-MPAN although few cases
have been reported up to now.’'?

The C190rf12 gene, assigned to chromosome 19q,
encodes a small transmembrane protein of unknown
function localized in mitochondria, endoplasmic reticu-
lum (ER) and mitochondria associated membranes
(MAM).*!3 Alternative transcripts are described com-
bining 2 to 4 coding and/or non-coding exons. The
major transcript, isoform 2 (NM_031448.6), is mainly
expressed in adipose tissue and brain and encodes a
predicted protein of 141 amino acids (15 kDa, UniProt
KB). All the described AD-MPAN pathogenic variants
are predicted truncating and are located in the last exon
after amino acid 75 in the major transcript.'* Although
a dominant negative mechanism was first proposed,’ a
potential haploinsufficiency of the C190rf12 isoform 3
(NM_001282929.1, NM_001282930.2, and
NM_001282931.2) has been alternatively suggested to
explain the molecular mechanisms involved in AD-
MPAN."? The pathophysiological mechanisms leading
to iron accumulation in MPAN are still elusive. A role
of C19o0rf12 in lipid homeostasis, inhibition of

apoptosis, and activation of autophagy has been pro-
posed, altering mitochondrial functions and Ca®"
homeostasis when mutated.*'>'* Abnormal recycling
of transferrin receptor (TfR1) and reduction of TfR1
palmitoylation have recently been proposed as a shared
mechanism of iron overload among several NBIA, includ-
ing MPAN.'®

C190rf12 is a rather well conserved gene across spe-
cies, allowing the recent development of two animal
models expressing orthologs of C190rf12, namely dro-
sophila and zebra-fish."”'® Down-regulation of the
gene in both models has revealed alterations in brain
development and locomotor behavior supporting the
neurodegenerative phenotype observed in MPAN.

We report, here, eight additional AD-MPAN patients
from four families identified by next generation
sequencing (NGS). Among them, two unrelated patients
displayed an atypical late-onset clinical presentation,
with motoneuron involvement in one. Both were
mosaic for the familial pathogenic variant. Functional
studies were conducted on AD-MPAN patients’ fibro-
blasts to investigate mitochondrial functions,
autophagy and iron homeostasis.

Patients and Methods

Patients

The patients, here described, were gathered through
the French reference diagnostic laboratory for NBIA
(Bordeaux University Hospital) that offers genetic testing
of NBIA, following routine diagnosis procedures. From
2012 to 2021, 184 patients were analyzed in the labora-
tory. Informed consent was obtained from each patient
(including legal representatives for minor patients). Subse-
quently using a standardized questionnaire, family his-
tory, clinical, and MRI data were obtained from the
referring clinicians. All procedures were carried out with
adequate understanding and written consent signed by
the patient, in accordance with the declaration of Hel-
sinki and the French law. In addition, two siblings suffer-
ing from AR-MPAN followed at the department of
genetics (Marseille, France) were also included in this
study. All patients are defined in the text by their number
as follow, P1 to P8 for AD-MPAN and P9 and P10 for
AR-MPAN.
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Neuropathology Analyses

Autopsy restricted to the brain was performed
12 hours after the patient death (family 2—patient 2).
According to the GIE Neuro-CEB brain bank procedure
(Economic Interest Grouping-Collection of Biological
Samples for research on nervous system diseases), the
right part of the brain was immersed in 10% formalin
and frozen samples were collected from the left part.
Preliminary examination was carried out on hematoxy-
lin and eosin-stained paraffin sections, completed by
Prussian blue staining and immunohistochemistry with
antibodies against a-synuclein (Leica Biosystems,
Nanterre, France), t AT8 (Thermo Fisher Scientific,
Bordeaux, France), p A4 amyloid (Dako, Agilent Tech-
nologies, Les Ulis, France), and prion protein 12F10
(Spibio, Interchim, Montlucon, France). The substrate-
chromogen system was the 3,3’-diaminobenzidine
(DAB) (Dako) for t AT8, p A4 amyloid and prion pro-
tein. A high sensitivity 3-amino-9-ethylcarbazole (AEC)
substrate-chromogen system (Dako) was used for
a-synuclein staining.

Molecular Genetic Studies

Genomic DNA was extracted from total blood by
Wizard genomic DNA Kit (Promega, Lyon, France)
and from two frozen brain samples, one from the cor-
tex, the other from basal ganglia, by DNA mini kit
(Qiagen, Courtaboeuf, France). Molecular analysis of
the four index patients was performed following our
routine procedures by NGS of all coding exons and
introns-exons junctions (—25/425 bp) of PANK2,
PLA2G6, WDR45, Ci19orfl2, FTL, FA2H, CP,
DCAF17, and ATP13A2. Sequencing details are
described in the Supporting Data.

Search for C19orf12 gene dosage anomaly was per-
formed by semi quantitative multiplex fluorescent poly-
merase chain reaction (QMF-PCR). All primer sequences
are available on request.

Functional Studies

Primary fibroblasts were obtained from arm skin
biopsies from four patients (patients P3 and PS5 from
AD-MPAN cases, patients P9 and P10 who are AR-
MPAN individuals) and three unrelated healthy con-
trols matched in age and gender. Primary culture cells
were grown as previously described.'”

For western blotting, 3 to 30 pg of proteins were ana-
lyzed using conventional methods. A detailed descrip-
tion and the antibodies used are available in the
Supporting Data.

Total iron contents were quantified with a ferrozine-
based colorimetric iron assay,”’*' with minor modifica-
tions. A detailed procedure is provided in Supporting Data.

PHENOTY

PE OF AUTOSOMAL DOMINANT MPAN

Results

Clinical Description of the Cohort

All the AD-MPAN pedigrees are illustrated in Figure 1,
and the main clinical and paraclinical data are presented
in Table 1. Briefly, all patients displayed a typical MPAN
phenotype, including walking difficulties and cognitive
decline or intellectual disability, extrapyramidal features
and spasticity were found in seven of them and four of
eight cases showed ophthalmological abnormalities. All
patients had abnormal brain MRI highly evocative of
NBIA (Fig. 2 and Table 1). Typical MPAN-associated T2
and T2* hypointensity in the GP and the SN were present
in all patients. A band of high signal intensity
corresponding to internal medullary lamina was seen in
the GP of five patients. Other MRI abnormalities were
T2 hypointensity of the subthalamic nuclei in patient P3,
frontotemporal cortical atrophy in patient P8, and diffuse
cortical atrophy in patients P1 and P2.

Finally, six of eight patients had a classical MPAN
disease course (ie, early age of onset and slow clinical
progression).

The most striking observation concerned patients P2
and P4 who showed not only a much later age of onset
(35 years), but also a very rapid disease time course lead-
ing to death in less than two decades. As detailed below,
molecular analyses revealed the presence of a mosaic
pathogenic variant in these two patients. In patient
P2, the initial diagnosis since age 40 years was
frontotemporal dementia (FID) with motoneuron
involvement. The correct diagnosis was established after
he passed away, when AD-MPAN was diagnosed in his
daughter (patient P3). The major clinical data of the
mosaic patients are described below and full clinical infor-
mation for all patients is provided in Supporting Data.

Clinical Description of Mosaic Patients
Patient P2—Family 2

The first symptoms appeared in middle 30s with apa-
thy and behavioral troubles before developing aggres-
sive and impulsive temper. Clinical examination at age
40 revealed extrapyramidal syndrome and a global
reduced psychomotor activity. Brain MRI revealed T2
hypointensity in the GP, a discrete T2 hyperintense line
in left GP suggestive of intern medullary lamina sign,
and a diffuse cortical atrophy (Fig. 2A,B). At age
43, FTD was diagnosed based on the presence of suffi-
cient diagnosis criteria (Table S1). Ophthalmological
examination revealed a severe optic atrophy and exca-
vation of the optical nerves. Muscle biopsy showed
irregular fibers and neurogenic atrophy. The cerebral
biopsy of the frontal lobes showed inflammation, but
no sign of Alzheimer’s disease nor Lewy bodies.
Electrodiagnosis revealed reduced compound motor
action potentials (CMAP) in the lower limbs
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FIG. 1. Family pedigrees and molecular results (next generation sequencing [NGS] and Sanger sequencing data on electropherograms). Pedigrees
(upper panel) and identification of C790rf12 variants in probands and mosaic parents using NGS (medium panel) and Sanger sequencing (lower panels)
in the four families. NGS reads are presented following a reverse complementary alignment on human genome (Hg19), showing the wild-type nucleo-
tide as a T (patients P4 and P5) or a C (patients P2 and P3) and the variant as an A (Interface from Alamut visual Software). For patients P2 and P4
mosaicism was calculated as 2-fold the percentage of variant nucleotides considering at these positions in total reads a 50% proportion of each allele,
as shown for patient P3. In lower panels, electropherograms of forward Sanger sequencing display C7190RF12 coding DNA (Mutation Surveyor soft-
ware). Of note the barely visible mosaic variant ¢.271G > T in frontal cortex of patient P2 with the Sanger method (P2, see arrow). [Color figure can be

viewed at wileyonlinelibrary.com]

(LL) Needle electromyography showed reduced recruit-
ment pattern with polyphasic aspect and large ampli-
tude of motor unit potentials, mainly in the LL,
suggestive of a chronic motor neuron disorder. Symp-
toms slowly worsened, indeed he became bed-ridden at
age 44 and died at age 52 years. Post mortem brain
examination was performed.

Patient P4—Family 3

This 44-year-old-woman was known since childhood
to have mild intellectual deficiency of undetermined
cause associated with short height and microcephaly.
Clear walking difficulties, which rapidly worsened, and
severe cognitive deficit were noted at age 39. Examina-
tion showed severe spasticity and moderate muscle weak-
ness of the four limbs predominant on LL. Brain MRI
showed bilateral GP T2* hypointensities and moderate
T2 hypointensities in SN, associated to a major cortical
and sub cortical atrophy (Fig. 2G). A discrete T2
hyperintense line in the right GP may suggest the sign of

the intern medullary lamina. She used a walker at age
39 and a wheelchair at age 40. Ability to talk was lost at
age 42. She was bedridden at age 44 and died at age 47.

Molecular Genetics

In the four studied families, the molecular analyses rev-
ealed four different truncating variants located in the 3rd
(last) exon of C19orf12 (MANE select NM_031448.6;
NP_113636.2): three nonsense ¢.250G > T, p.(Glu84%),
¢.271G > T, p.(Glu91%), ¢.211A > T, p.(Lys71*), and one
frameshift variant ¢.245delC, p.(Pro82Leufs*26) (Fig. 1).
The first two non-sense variants had never been described,
unlike the two other variants.”'> They were all absent
from gnomAD database (v2.1.1, 2022.11.26) and
classified as pathogenic according to American College
of Medical Genetics and Genomics/American Association
of Molecular Pathology guidelines (PVS1-VSTR,
PM2-MOD, and PP1-SUP).>* It was not possible to check
a de novo occurrence in the two sporadic cases born from
non-consanguineous healthy parents (P1 and P8). In

2106 Movement Disorders, Vol. 38, No. 11, 2023

85UB01 7 SUOLUWIOD aA11e81D) 3|t (dde ay) Aq pausenob ke e YO ‘8sn JO SaInJ 10} Aeiq1T 8UlUO /8|1 UO (SUOTHPUOD-PUE-SLLIBI WD A8 |ImM" ARe.q Ul UO//STIY) SUOTIPUOD PUe SWwie | 84} 88S [202/70/62] Uo ARiq1T 8uluo A8|IM ‘90U 8URIHO0D AQ 9562 SPL/ZO0T OT/I0PALI0D" AB|IM ARIq 1 PUIIUO'S BPIOS IPIUSLIBAOW//SANY WOy papeojumoq ‘TT ‘€202 ‘/SZ8TEST


http://wileyonlinelibrary.com

15318257, 2023, 11, Downloaded from https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.29576 by Cochrane France, Wiley Online Library on [29/04/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

M P AN

DOMINANT

AUTOSOMAL

OF

PHENOTYPE

BROADER

(
8

(sanunuoy))

uoneIauaIdop
[eunayy [eUION] uoneIaUIZop Aydone
aN $7 98y L1 98y [eunayy AN Aydomne ondQo ondo [eWION snpuny oA
+ - + - + + + aN Aredy
oposida swroyduAs
4= — — — = uorssaxdo(] uorssaxda(] onoyd4sd anoy SIRIYIAS
auIPIP
+ - + + 4 + 4 + aAnIuS0D)
— — — — — = 4 4= Asdondg
AN - 144 ot 914 9¢ daN LT Sunyem jo $s07
Aydomne pue
SSU[EIM
- - + + + + dN aN SPSHN
- + + - aN + aN aN Xy
QuWoIpuAs
+ = + + 4 + 4 4 [epruueid
— — - - L + = — ©aI0YD)
Apidu
—ersounyjodA4y
+ — + + + + + + JAEDURIRy
+ - aN dN + aN daN + eruoIsh(q
PO
ON SOR SOK ON ON ON ON SOX 2ours (]
(s124)
UOTIEUTUIEXD
8¢ Ll €C S¢ a4 8¢ 194 I asep 3¢ 98y
SR EIZID SR
SONNOIIP SANNOIFIP Suryrem so[qnon Suryrem
EIUAWA(] sanOIPIp Surured | Sunyre m Sunyrem SOMNOTPIP SUT[EA\ pue Surured| [eT0TARY ‘ssoursuInyD) 1950 7€ suSIg
(s124)
14 9 0t 9 S¢ 8 S¢ PooUpPIyD 39500 3¢ 98y
- + + + + + + Aroysry Afrueg
8d Ld 9d sd ¥d ¢d (4! 1d sjusned
swauvd NYVIN-AV 241 Jo vivp jpousipoivd puv oy | A1DV.L

2107

Movement Disorders, Vol. 38, No. 11, 2023



15318257, 2023, 11, Downloaded from https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.29576 by Cochrane France, Wiley Online Library on [29/04/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

‘pardepe jou ‘YN SurSewr pajySrom Arqndedsns TS ‘eISTU enueIsqns ‘NS ‘BT

—we] AIR[npow WUl © ssnprpred snqoi8 ‘o) SuiSewur souruosar onoudew ¢ ‘eep ou ¢ “quasqe ‘— uasaid ‘4 ‘uonerusa8opoInau paeIdosse-ura101d SUBIUIW [ELIPUOYI0INU JUBUILUIOP [BLUOSOINE - :SUOTIRIAIL
[ Ae[[np, FUTINT -stprT qo[s "dO -sutsewt ! N -eaep aN q ! P paser ! q [ELpUOY203 nwop | NVIN-AV neiALIqqy
‘wisoresow juetres pue adLrouayd resuo-arer s stuaned g oy s;YSYSy opeys £218 YT, 0N

(Qywousd
— - - - — - — — Ut JueLIe
ureiq
_ — — = POoOIq Ut %t ‘+ — ur %0g ‘+ = WISIOLeSOIN
ST L3AT)
o1-<(9TxsnaTZ801d) d e L5K7) d Jx1Lsh)d e L3KT) (x1611D) (xTonr0)d (xt8n[D) jueLres
‘PPSyT dL<VIIT? ‘L<VIIgo ‘L<VIIg? dL < VIIg? dL<91Le ‘L <DILED 'd 1 < D0se? ooy
(s189K)
VN VN VN 8¢ Ly VN (43 aN qiesp ge S8y
Aydone Aydone [eoniod
[£o11100 -qns pue [eoni0)  Aydone [eaniod @
-qns Aydome -qns pue [eanIo)) do ¥o[ uo s
pue [edonio) IB[[2Qa19D Aydome us31s TINI Aydome M
N Aydomne ‘udis )eIPO IB[[9Q2190 EIIPO ySu o uonidsn ISNPIP [eIqRID =
al 1S TINIT POIN 1°q PO dO 3yt J DRI WP 19 =
., [erodwaroyuoy 9[oNu pai ut [erare[Ig ‘ugts 49 1ySu uo udrs uo usts TINI i) 210408 ‘uatureind M
< pue (sonsuaurodAy z1odAy panpqns NS pue TINT [ex3erg TINI Jo uomrdsng NS pue 4o uo uo sysodop pue 4o uo =
IMS) erdued d10w pue ‘NS E Al ‘NS pue 4o ‘NS pue 4o Apsowr ‘erjdued ‘Aydome Apsow ‘erjdued m
N [eseq uo sysodop [eqon  pue do ur g1odA  pue gTodAH 4TI pue ¢10dAH  xTI put gIlodAH [eseq uo sasoda(T ENng [eseq uo sysodo(T sSurpuy M
B Lt B8y 81 8y €g 38y Sz 8y 6¢€ 93y cz pue 61 93y 1y 98y vz 98y AN uTeag g
z Ayredoou m
a aN AN aN AN aN Ayredonau 1030 10I0I aN ONING
w
Y 8d Ld 9d sd ¥d ¢d od 1d syusned ©
z o
< ponupuoly T HIAV.L &




r BROADER

PHENOTYPE OF

AUTOSOMAL DOMINANT MPAN

FIG. 2. Brain magnetic resonance imaging. (A,B) Patient P2, axial T2-weighted imaging with hypointensity on globus pallidus (A) with discrete linear
hyperintensity in left globus pallidus, suggesting intern medullary lamina sign (arrowhead). In (B) coronal fluid attenuated inversion recovery-weighted
imaging with hypointensity on globus pallidus (white arrow) and cortical atrophy. (C-F) Patient P3 at 18 years (C,D) and 23 years (E,F). We observed a
worsening of iron deposits on globus pallidus, red nuclei, and substantia nigra. Hypointensity in T2* or susceptibility weighted imaging (SWI) (white
arrows) suggest iron deposits. In (F) linear hyperintensity in right globus pallidus (arrowhead) underlines the intern medullary lamina sign. (G) Patient P4,
axial T2* weighted imaging with hypointensity on globus pallidus (white arrow), and suspicion of intern medullary lamina sign on right globus pallidus
(arrowhead). (H,l) Patient P8, axial T2-weighted imaging with hypointensity on globus pallidus and putamen, red nuclei and substantia nigra; (J-L)
Patient P8, axial mIP SWI (minimum Intensity Projection) with hypointensity on putamen, red nuclei, and dentatus nuclei.

families 2 and 3, the variants segregated with the disease,
and somatic mosaicism was identified in both affected
parents, patients P2 and P4 (Fig. 1). Of note for patient
P2, despite a massive parallel sequencing (>100X) the var-
iant was not called when applying the software low strin-
gency filters therefore, requiring a lower calling threshold

(variant allele frequency <10%) to be automatically
retrieved in the variant calling file (.vcf), closer to the limit
of detection.

Interstitial deletions and large rearrangements have
been excluded by QMEF-PCR (patients P1, P3, P6,
and P8).

Movement Disorders, Vol. 38, No. 11, 2023 2109

85UB01 7 SUOLUWIOD aA11e81D) 3|t (dde ay) Aq pausenob ke e YO ‘8sn JO SaInJ 10} Aeiq1T 8UlUO /8|1 UO (SUOTHPUOD-PUE-SLLIBI WD A8 |ImM" ARe.q Ul UO//STIY) SUOTIPUOD PUe SWwie | 84} 88S [202/70/62] Uo ARiq1T 8uluo A8|IM ‘90U 8URIHO0D AQ 9562 SPL/ZO0T OT/I0PALI0D" AB|IM ARIq 1 PUIIUO'S BPIOS IPIUSLIBAOW//SANY WOy papeojumoq ‘TT ‘€202 ‘/SZ8TEST



ANGELINI ET AL ]

The AR-MPAN patients P9 and P10, used in cellular
experiments, were compound heterozygous for
c.105delA, p.(Ala37Profs*25), and c.383A > G, p.-
(Tyr128Cys) both absent from gnomAD, and the mis-
sense variant has already been described in trans with
another truncating variant.”

Neuropathological Findings

The fresh brain of patient P2 weighed 1000 g and
was atrophic. After formalin fixation, coronal sections
of the right cerebral hemisphere and horizontal sections
of the brain stem showed a marked pallor of the SN
and locus coeruleus. Microscopic examination of fron-
tal, temporal, and occipital cortical areas revealed

marked neuronal loss with a spongiform pattern
(Fig. 3A). Similar, but less severe lesions were observed
in the amygdala, entorhinal cortex, and hippocampus.
Neuronal depletion, Lewy bodies, and axonal spheroids
were observed in the putamen, GP, caudate nucleus,
thalamus, SN (Fig. 3B), locus coeruleus, and dorsal
nucleus of the vagus. Prussian blue staining of protein-
bound ferric iron identified minimal iron deposition
limited to the globus pallidus. Immunohistochemistry
with anti-o synuclein confirmed the presence of Lewy
bodies and Lewy neurites in the sub-cited areas
(Fig. 3C,D), but also revealed a-synuclein aggregates in
cortical neurons and pyramidal neurons of hippocampus
(Fig. 3E). Antit AT8 revealed hyperphosphorylated
T-containing neurons, which were numerous in

FIG. 3. Histopathology on paraffin section, brain of patient P2. Hematoxylin and eosin staining showing neuronal loss with a spongiform pattern in the
frontal cortex (A), an intra-neuronal Lewy body (long arrow) and two axonal spheroids (short arrows) in the substantia nigra (B). Anti-a synuclein immu-
nohistochemistry showing Lewy bodies and Lewy neurites in the locus ceruleus (C) and the dorsal nucleus of the vagus (D); a-synuclein aggregates
are also present in pyramidal neurons of the hippocampus (E). Anti-t AT8 immunohistochemistry showing hyperphosphorylated tau-containing pyrami-
dal cells in the hippocampus (F). Bar = 100 pm in (A). Bar = 50 pm in (B)-(F). [Color figure can be viewed at wileyonlinelibrary.com]
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hippocampus (Fig. 3F) and few in cortical areas. No spe-
cific deposit was identified with antibodies against § A4
and prion proteins.

Functional Studies
Expression of C190rf12 in Patients’ Fibroblasts

Western blot analysis revealed the endogenous
C190rf12 protein in control fibroblasts as a band of
15 kDa at the predicted size (Fig. 4A). Indeed, this band
was absent in AR-MPAN cells and barely detectable in
AD-MPAN cells.

The very low level of C190rfl12 detection in AD-
MPAN cells is unlikely because of low levels of tran-
scripts, which were not significantly different between
patients and controls (data not shown).

Abnormal Iron Homeostasis Was Observed in
AD-MPAN

Total iron content was quantified in cultured fibroblasts
using a ferrozine-based colorimetric assay and compared
between AD-, AR-MPAN, and one control.>*?! In low
iron conditions (—FAC), iron was similarly undetectable
in all fibroblasts. As expected, iron incubation (+FAC)
led to a major increase of intracellular iron in all cells
compared to non-treated cells (—FAC). Interestingly,
treated AD-MPAN cells exhibited a significant increase in
iron content with an average change of 1.5-fold compared
to control cells (P<0.01 and P <0.001) (Fig. 4B),
whereas AR-MPAN cells showed a non-significant
1.2-fold change when compared to the control. These
data highlight abnormal iron accumulation in AD-MPAN
and only a trend to overload in AR-MPAN.

Ferritin is the major intracellular iron storage protein
complex, including ferritin light polypeptide (FTL) and
ferritin heavy polypeptide (FTH). We investigated by
western blot the level of FTH in fibroblasts with
(+FAC) or without iron treatment (—FAC) (Fig. 4C). In
—FAC condition, AD-MPAN cells exhibited the highest
FTH expression with a significant 3.6-fold increase ver-
sus control cells (P < 0.05 and P < 0.01) (Fig. 4C). In
AR-MPAN cells, this mean fold change was only 1.8

(not significant). In +FAC condition, the same magni-
tude in FTH increase was observed in all treated cells.

Therefore, when comparing AD-MPAN to AR-
MPAN and control cells, our data suggest a propor-
tionate response to iron loading in both forms.

An Increased Amount of Mitochondria Was
Detected in AD-MPAN

C190rf12 has been localized both in mitochondria
and ER** and MPAN patient’s fibroblasts showed
mitochondrial dysfunction.'?*°

Therefore, we investigated by western blot analysis of
fibroblast lysates the effect of C190rf12 variants on the
steady-state levels of mitochondrial proteins, for
instance, individual OXPHOS complex subunits and
the outer membrane protein VDACT1 (Fig. 4D).

The sole significant change versus control was a mild
increase of VDAC1 observed only in AD-MPAN cells
(1.4 mean fold change), suggesting an increased amount
of mitochondria in these cells. Once again, a milder
effect was observed in the AR-MPAN cells. We hypoth-
esized that the increased expression of VDAC1 could
result from higher mitochondria biogenesis and/or a
defect in mitophagy, a selective pathway of autophagy.

Alteration of Autophagy

LC3B-I (heavy form) is transformed into LC3B-II (light
form) when autophagy is effective either constitutively or
under various stimuli. Keeping standard culture condi-
tions, we observed a lower LC3B-II /LC3B-I ratio in AD-
MPAN than in control cells, although this ratio was
unchanged in AR-MPAN cells (Fig. 4E), suggesting that
autophagy is defective in AD-MPAN cells.

Discussion

Until recently the inheritance of C190rf12 pathogenic var-
iants was thought to be strictly autosomal recessive.'"**
However, several recent reports paved the way for parallel
existence of a dominant form (Table $2).>1%1° To date,
among the 18 monoallelic candidate variants reported in

FIG. 4. Functional studies in patients’ fibroblasts. (A) Representative immunoblot of C190rf12 expression using anti-C19orf12 and anti-p-actin anti-
bodies on proteins extracted from patients and controls cells (n = 4). (B) Iron quantification using the ferrozine-based colorimetric assay in fibroblasts
from 4 patients and 1 control in fetal bovine serum-free Dulbecco’s Modified Eagle Medium with low iron (—FAC) or high iron (+FAC) conditions. Data
are expressed as mean =+ standard error of the mean (SEM) of independent experiments (n = 7-9). **P < 0.001; **P < 0.01; *P < 0.05. (C) Representa-
tive immunoblot of ferritin expression using anti-ferritin (H + L) and anti-B-actin antibodies on proteins extracted from patients and controls cells. Quan-
tification of H-Ferritin (FTH) relative to p actin. Data are expressed as mean + SEM of independent experiments (n = 6-8); **P < 0.01; *P < 0.05. (D)
Western blot analyses of mitochondrial OXPHOS respiratory proteins ATP synthase 5A (Complex V, 54 kDa), COX Il (complex IV, 22 kDa), UQCRC2
(complex lll, 48 kDa), SDHB (complex I, 29 kDa), and NDUFB8 (complex |, 18 kDa), VDAC1, and actin in patients’ cells compared to control samples.
Quantification of VDAC1 relative to f actin. Data normalized to Ctrl1 are expressed as mean + SEM of independent experiments (h = 6-8), group “b” is
significantly different from group “a”, group “c” is not significantly different from group “a” and group “b.” (E) Representative immunoblot using anti-
LC3B (autophagy marker) and anti-f actin antibodies on proteins extracted from patients and controls cells. Quantification of LC3B-Il to LC3B-I ratio.
Data normalized to Ctrl1 are expressed as mean + SEM of independent experiments (n = 5-7), group “b” is significantly different from group “a”, group
“c” is not significantly different from group “a” and group “b”. Groups that are not significantly different at P < 0.01 are indicated by the same letter.
AD-MPAN, autosomal dominant MPAN; AR-MPAN, autosomal recessive MPAN; Ctrl, control; MPAN, mitochondrial membrane protein-associated
neurodegeneration.
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22 unrelated AD-MPAN families,'"'* only nine variants
are supported by strong evidences of pathogenicity: six iden-
tified in sporadic cases,”®""** and three in families.>'® Addi-
tional eight sporadic cases with unavailable parental DNA
were described.’ In the other patients carrying a heterozy-
gous variant, a second hidden variant in C190rf12 or the
involvement of another yet unknown NBIA gene has been
suspected.™®

Our study corroborates these evidences and adds four
variants, two of which are novel, identified in eight
patients with AD-MPAN. We cannot exclude a de novo
occurrence of the variants found in the two sporadic
cases as parental DNAs were unavailable. In familial
presentations (families 2 and 3), the variant co-
segregated with the disease. More importantly, the
affected parent (patients P2 and P4) corresponding to
the first generation affected in both families, was in fact
carrying the familial variant at a mosaic state, indicat-
ing a post-zygotic mutational event. Therefore, the
identification in affected children of a homogeneous
C190rf12 variant transmitted by a mosaic parent suf-
fering from neurodegeneration clearly proved the domi-
nant mode of transmission of MPAN in both families.

Very interestingly, these two AD-MPAN patients carry-
ing a mosaic C190rf12 pathogenic variant (patients P2
and P4) started their disease during their 30s, much later
in life than their affected offspring as well as than previ-
ously described AR-MPAN and AD-MPAN patients. We
had access to brain DNA from the cerebral cortex and
basal ganglia from patient P2, allowing us to identify for
the first time a very low level of mosaicism in both struc-
tures. Very importantly, this patient had received an erro-
neous diagnosis of frontotemporal dementia according to
the consensus criteria in 1998 (FTD criteria in Table S1)
with motoneuron involvement at the age of 43 and has
been followed for this condition by neurologists until his
death.?® Description of this particular clinical presentation
in our series, with late-onset inaugural behavioral symp-
toms, is crucial for genetic counseling. Indeed, in these two
families, the index cases who presented a typical form of
MPAN (patients P3 and P6) were offspring of mosaic indi-
viduals, for whom diagnosis of AD-MPAN was much del-
ayed. It is, therefore, crucial to trace the family history and
to search for the pathogenic variant of C1907f12 in the
two parents of children diagnosed with MPAN. Facing an
early presentation of cognitive decline mimicking FTD, the
diagnosis of mosaic C190rf12 should be evoked, and
therefore, be investigated at the molecular level using a
more sensitive computational screening tool than standard
NGS variant calling pipelines.””

Although the existence of two modes of inheritance,
recessive and dominant, appears now irrefutable in
MPAN, no clinical differences were previously reported
between them.>'' Our series of eight AD-MPAN
patients strongly argues for this, excepted for patients
with mosaicism who display later onset.

PHENOTYPE OF

AUTOSOMAL DOMINANT MPAN

The MRIs of the different patients allow the temporal-
ity of the iron deposits to be traced. At the supratentorial
level, the globi pallidi are the first to be affected,
followed by the putamen and the caudate nuclei, with
cortical atrophy appearing later, predominantly in the
frontotemporal region. There is no eye of tiger sign, but
the typical intern medullary lamina sign is found in five
patients of our series, therefore, questioning the true
existence of the eye of the tiger sign in MPAN. On re-
reading the MRIs of MPAN patients described in the lit-
erature, it appears that the hyperintensities described as
an eye of the tiger sign are generally intern medullary
lamina sign.”®° In the infratentorial region, the involve-
ment is predominant in the SN and to a lesser extent in
the red nuclei. The MRI pattern of iron deposits in AD-
MPAN is, therefore, similar to AR-MPAN.®

Neuropathological studies in MPAN patients have
been occasionally reported. Two of them were affected
by AD-MPAN, with an onset in adulthood and an evo-
lution leading to death within 10 years for one and
30 years for the other.” Two other individuals had AR-
MPAN, with onset in childhood for one of the patients®
and in adulthood for the other.® Our data are consistent
with the literature and confirm similarities between dom-
inant and recessive MPAN patients. Iron deposits are
found predominantly in the GP, as well as axonal spher-
oids and Lewy bodies, and more discretely phosphory-
lated © protein labeling, primarily in the hippocampus.
However, no neurofibrillary tangles or amyloid plaques
were found. In NBIA, the presence of Lewy bodies is not
unique to MPAN, but is also found in almost all patients
with PLA2Gé6-associated neurodegeneration (PLAN).?!
Patients P2 and P4 are the only demonstrated mosaic
cases reported to date. Without genetic testing of another
tissue like blood or fibroblasts in patient P2, one cannot
rule out the possibility that the brain mutated cells con-
stitute the prominent fraction of neuronal loss, therefore,
contributing to the detection of a very low fraction of
heterozygosity and a minimal residual iron deposition in
the GP. Strikingly, despite the low to moderate level of
mosaicism in the brain, patient P2 has major neuropath-
ological impairment similar to the classical forms,
regardless of the inheritance mode, with the same time
course once the symptoms appear.

The four C190rf12 variants described here in the last
exon, three nonsense and one frameshift, were truncating
after amino acid 71 with positions similar to those previ-
ously described in the literature.®'* Gregory et al® first
proposed a dominant-negative mechanism for AD-
MPAN, by which the truncated protein would multi-
merize with the wild-type protein, resulting in a loss of
function. This mechanism could explain the lack of phe-
notypic difference between AD-MPAN and AR-MPAN.
It was also suggested that the mechanism of pathogenic-
ity may be related to the isoform impacted by the variant.
Because of their exclusive location in the last exon of
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C190rf12, the truncating variants described in AD-
MPAN would ultimately be loss-of-function variants.'?
In control fibroblasts, we detected the expression of the
endogenous protein C190rf12 at the predicted size of
15 kDa. For the first time, we could observe a residual
protein in the fibroblasts of proven AD-MPAN patients.
Therefore, a strong decrease in C190rfl2 expression
leads at least to a partial loss of function without
prejudging the underlying mechanism (ie, dominant-
negative effect or haploinsufficiency).

The observation of a more pronounced cellular phe-
notype of AD-MPAN versus AR-MPAN remains
unexplained. Taking into account that the precise func-
tion of C19orf12 is still unknown, due in part to the
persistent imperfect knowledge of the structure and cel-
lular location of the different isoforms, the functional
effects demonstrated here, and by others, are most
likely surrogate markers. Therefore, other relevant
aspects of MPAN pathophysiology could be ignored as
the protein function is not directly addressed. Further
studies are necessary to elucidate the mechanisms by
which the different heterozygous variants of C19orf12
cause cellular damages.

Iron accumulation was observed in MPAN patients,
but how this accumulation led to neurodegeneration
remains elusive.!®'® Here, AD-MPAN fibroblasts incu-
bated in iron-rich medium, displayed a significantly
higher iron accumulation than the healthy control cells.
Nevertheless, given their higher basal level of ferritin,
the response of AD-mutated cells may be considered
maladaptive, suggesting a dysregulation of iron storage.
These abnormalities of iron content are not specific to
MPAN, but are found in other subtypes of NBIA and
also in Friedreich’s ataxia.’” It was suggested that these
abnormalities are related to a defect in TfR1
palmitoylation, leading to a defective recycling, thereby
increasing iron entry into the cell through the
transferrin-dependent pathway.'® Our results in AD
patient’s cells point out a possible impairment of ferri-
tin turnover with a delayed iron-related, fine-tuned reg-
ulation of its synthesis that could rely on a decreased
sensitivity of sensors like iron regulatory protein/iron-
responsive element (IRP2/IRE) and/or of altered
ferritinophagy. How a paradoxically higher level of fer-
ritin in low iron conditions, namely in AD-MPAN
FAC-cells, results from C190rfl2 loss of function
remains poorly understood and need further insights.
This may also reflect protection against toxicity of pre-
existing iron overload in these cells. Indeed, ferritin ele-
vation after iron loading in FAC+, AD-MPAN cells is
lower than that in wild-type and AR-MPAN cells
suggesting impaired homeostasis.

Finally, reminiscent of previous observations in
C190rf12 overexpressing cells,'* an inverse variation of
LC3B ratio in AD-MPAN cells also suggest an alteration
of autophagy, as recently shown."” Such impairment is

thought to play a role in two other NBIA subtypes,
B-propeller protein-associated neurodegeneration (BPAN)
and Kufor-Rakeb syndrome, of which causative genes are
WDR45 and ATP13A2, respectively.>® Taken together,
our data and overexpression studies suggest a possible
role of C190rf12 in controlling selective autophagy (ie,
mitophagy and ferritinophagy). In fact, several different
pathways could contribute to intracerebral iron accumula-
tion through cumulative effect of increased iron entry and
altered autophagy. Further studies exploring the inter-
plays between mitophagy, ferritinophagy, and the cellular
pathways of iron metabolism are needed to precise the
role of C190rf12 in ferroptosis, an iron-induced cell
death.'>*

In conclusion, the description of these eight patients
strongly complements knowledge about AD-MPAN.
The possibility of late-onset presentations, mimicking
frontotemporal dementia and motor neuron involve-
ment, in association with somatic mosaicism is crucial
information for genetic counseling in AD-MPAN fami-
lies. The precise mechanism leading to cellular iron
accumulation remains an open question, as does the
iron deposits temporality, brain MRI lesions visibility
and their link to the clinical symptoms, onset, and
course, in AD-MPAN and other NBIAs. Improving our
knowledge on NBIA genes function is the main chal-
lenge in the coming years. The aim is to clarify the early
pathogenic steps leading to excessive iron storage and
to determine how they could be targeted to slow down
the progression of the disease, by limiting iron accumu-
lation and preventing cellular damages. ®
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