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ABSTRACT: Genomic multiplication of the alpha-synuclein gene (SNCA) locus is one cause of
familial Parkinson’s disease (PD). We performed a detailed genomic, SNCA expression level,
clinical, neuropsychological and functional imaging analysis of a parkinsonian kindred with a
known duplication of the SNCA locus. We demonstrated that the duplication spanned 4.928 Mb
(encompassing 31 known and putative genes) and was the largest to have been described at this
locus. The presence of several repetitive long interspersed nuclear elements (LINEs) flanking the
potential break area suggested that the duplication resulted from a genomic recombination between
LINEs. We sequenced the break junction and confirmed the involvement of L1PA2 and L1PA4 in
a non-allelic, homologous recombination. An analysis of mRNA levels in immortalized
lymphoblastoid cells and peripheral blood mononuclear cells showed SNCA overexpression in
subjects with the duplication, as well as overexpression of 13 other genes highlighting the
usefulness of such cell models to study this duplication. Interestingly, abnormal tracer uptake in
DaTSCAN® imaging correlated with the severity of the clinical symptoms. Our detailed genomic
analysis and clinical exploration enabled us to specify the genotype-phenotype relationship,
identify a case of presymptomatic PD and gain insight into the role of LINEs in SNCA locus
duplication. ©2010 Wiley-Liss, Inc.
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INTRODUCTION

Genetic factors have been shown to contribute to the etiology of Parkinson’s disease (PD). Missense mutations
of the SNCA locus (MIM# 163890) were the first to be identified as a cause of familial PD (Polymeropoulos et al.,
1997). More recently, multiplications of the SNCA locus were reported in 11 families (and 4 isolated patients) with
PD (Lesage & Brice, 2009). This new type of mutation has shed light on the importance of the level of expression
of the wild-type gene and suggests that overexpression of alpha-synuclein is enough to cause PD. Our comparison
of the SNCA-duplicated patients in family P59 with the Iowa kindred carrying a SNCA triplication prompted us to
suggest that the severity of PD correlates with the gene dosage (Singleton et al., 2003; Chartier-Harlin et al., 2004;
Ross et al., 2008; Ibdnez et al., 2009). However, the rarity of this multiplication phenomenon makes it difficult to
know whether the phenotype is due to SNCA alone or to other genes involved in the same genomic rearrangement.
For example, the cognitive dysfunction seen in some subjects might be due in part to the presence of MMRNI
(MIM# 601456) in the multiplicated locus (Nishioka et al., 2006). This gene is also present in the duplicated
region of the P59 kindred also reported as FPD-131. This duplication was evaluated as the longest described to
date and was expected to encompass 33 to 34 genes (Ibafiez et al., 2009). Moreover, it has been suggested that
non-allelic, homologous recombination (NAHR) causes the multiplication of this locus (with mediation by low
copy repeats (LCRs)) (Ross et al., 2008). However, characterization of the exact breakpoint sequence will be
required to confirm or refute this hypothesis.

Hence, in the present study, we sought to (i) expand and deepen our description of the clinical phenotype of all
the members of the P59 kindred, (ii) determine the level of expression of SNCA in both lymphoblastoid cell lines
and peripheral blood mononuclear cells (PBMCs), (iii) identify the exact number of genes present at the genomic
SNCA locus, (iv) explore the variations of expression of the duplicated genes in PBMCs and (v) define the exact
breakpoint sequence and the mechanism underlying this locus multiplication.

MATERIALS AND METHODS

Patients

P59 was the first SNCA duplication kindred to be identified within a set of 9 families in the Parkfanord study
(Chartier-Harlin et al., 2004). Further screening of 149 families did not reveal any other SNCA duplication carriers
and confirmed the rarity of this type of event. Moreover, no deleterious punctual mutation in SNCA, LRRK?2
(MIM# 609007) or GBA (MIM# 606463) genes was found in the affected members of this parkinsonian kindred
with autosomal dominant inheritance (data not shown). In order to describe the clinical phenotype in detail, after
obtaining IRB approval and informed consent, the ten members of family P59 were examined in a movement
disorder clinic by physicians trained in PD and blinded to the genetic status of the subjects. The diagnosis of PD
was based on the United Kingdom Parkinson’s Disease Society Brain Bank criteria. Extensive neuropsychological
investigations (including tests known to be particularly sensitive to cognitive dysfunction in PD) were performed
on all participants. Global cognitive efficiency was assessed using the Mattis dementia rating scale (MDRS). Test
procedures evaluating working and episodic memory and executive function have been described elsewhere
(Dujardin et al., 2000).

DaTSCANG® single-photon emission computed tomography

Single-photon emission computed tomography (SPECT) with the radioligand (‘**T) FP-CIT (DaTSCAN®) was
performed in all subjects. Interpretation was based on semiquantitative analysis of uptake in the caudate nucleus
and the putamen (Binding Index calculated by using the occipital cortex as the radioactivity uptake reference).

SNCA gene dosage

The SNCA gene dosage was determined in a semi-quantitative PCR with genomic DNA (ABI Prism 7700
sequence detector, Applied Biosystems, Foster City, USA). Exons 1 and 7 of SNCA were amplified for each
member of the P59 kindred. The ribosomal protein S18 (RPSI8) gene (MIM# 180473) was amplified as an
endogenous reference. DNA sample ND00139 from the Iowa kindred (http://ccr.coriell.org/) was used as a
positive control of triplication of the SNCA locus (Singleton et al., 2003). All the primer sequences used for this
study are given in Supp. Table S1.

John Wiley & Sons, Inc.
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Fluorescent in situ hybridization analysis

We derived Epstein-Barr-virus (EBV)-transformed lymphoblastoid cell lines for each subject and we re-
sampled PBMCs from alive subjects. Fluorescent in situ hybridization (FISH) was performed using bacterial
artificial chromosome clones from the RP11 library according to standard procedures. These clones include RP11-
115D19 (encompassing a part of the SNCA gene), RP11-77E12 (encompassing parts of the SNCA and MMRNI
genes) and RP11-347P22 (encompassing the FAM190A gene).

Determination of the size of the duplication using comparative genomic hybridization (CGH) arrays

Genomic DNA from 2 subjects was labeled with Cy3 and Cy5-dCTP, respectively, then 244k CGH arrays
(Agilent, Santa Clara, CA, USA) were scanned according to the manufacturer's instructions. The acquired images
were analyzed using Agilent's CGH Analytics software. Spot intensities were corrected for the background and
only spots with both Cy5 and Cy3 signal intensities at least 1.7 times greater than the local background were
selected. Data were normalized against the median of Cy5/Cy3 ratios from all spots. At least 3 consecutive probes
with an abnormal ratio (arbitrarily set between -0.3 and 0.3) indicated a genomic multiplication or deletion event.

Sequence analysis of the duplication junction

We used a PCR walking strategy to pinpoint the exact breakpoints of the duplicated segment. As reported
previously (Ross et al., 2008), rearrangements may occur within DNA repeat structures such as Alu repeat
subtypes or long interspersed nuclear elements (LINEs). Sequence and genomic information on the locus was
obtained from the UCSC Human March 2006 Assembly database (www.genome.ucsc.edu). The centromeric and
telomeric flanking limits observed in our CGH analysis included two LINE-1 elements. These two LINEs (L1PA2
at 5' and L1PA4 at 3") were selected for further analysis. Primers were designed to amplify the theoretical
breakpoint in these regions. The experiment was repeated until a PCR fragment of about 500bp was obtained for
sequencing. Both strands were sequenced using the ABI BigDye Terminator Kit v. 3.1 (Applied Biosystems).

SNCA relative expression analysis

RNA from immortalized leukocytes was extracted with the RNeasy® mini kit and was reverse-transcribed
using the QuantiTect® Kit (Qiagen, Courtaboeuf, France). Next, the SNCA cDNA was PCR-amplified. The
method enables the estimation of the relative expression of SNCA compared to three reference genes (RPSIS,
GAPDH MIM# 138400 and B-actin ACTB MIM# 182790) using SYBR green PCR master mix on an 7500 Real-
Time PCR System (Applied Biosystems) following the manufacturer’ instructions. Standard curves of each
amplified gene were created to calculate the PCR efficiency. The relative expression levels were calculated method
using the comparative Cr method (Schmittgen & Livak, 2008). All PCR reactions were performed at least in
duplicate. We compared SNCA gene expression in immortalized cell lines derived from (i) Iowa kindred member
carrying a SNCA triplication, (ii) two P59 subjects with SNCA duplication and (iii) seven controls (three P59
subjects without SNCA duplication and four unrelated controls).

Next, we conducted a second SNCA expression analysis in PBMCs from subject 1114 in duplicate and 15 healthy
unrelated controls with the same procedure using RPS18 as reference gene.

Microarray procedure

To define the expression of the genes present within the duplication, we performed Agilent one-color whole
human genome 44K microarrays according to manufacturer’s instructions. The experimental design included the
subject 1114 in triplicate and 20 unrelated controls free of any personal or familial neurological disorders (mean age
58.9 £+ 13.4) and the microarray procedure and normalization was described previously (Mutez et al., 2010). Data
analyses were performed with GeneSpring GX 7.3.1 software from Agilent. A Volcano plot was used to identify
differentially expressed genes by comparing the SNCA duplication carrier in triplicate to the controls, using a >1.2-
fold change and p<0.05 as the significance threshold (Welch’s t-test). Furthermore, we compared our results with
the significantly deregulated genes (p<0.05 t-test) from (i) an Affymetrix transcriptomic analysis of PBMCs
between 50 PD patients and 22 controls from the GEO dataset GDS2519 (www.ncbi.nlm.nih.gov/sites/gds)
(Scherzer et al., 2007) and (ii) an Affymetrix transcriptomic analysis of substantia nigra between 16 PD patients
and 9 controls from the GEO dataset GDS2821 (Lesnick et al., 2007).

RESULTS
Subjects (clinical evaluation and DaTSCAN results)

John Wiley & Sons, Inc.
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Family P59's pedigree is presented in Fig. 1A. The study subjects included 4 PD patients (111, 112, III1 and III2)
and 6 asymptomatic or paucisymptomatic individuals (III3, 1114, IIIS, 1116, 1117 and I1I8). Subject II1 had deceased
before the study and no DNA sample was available - only historical data were noted. His age at PD onset was 39
and the disease duration was 23 years. Subject II2 presented a classical PD phenotype with rest tremor,
bradykinesia, rigidity and asymmetrical onset at the age of 65 and a disease duration of 19 years. Subject III1
began his disease at 48 years old with bradykinesia. He developed a classical PD with Levodopa response. At
death, the disease duration was 9 years. Subject III2 was diagnosed with PD at age of 40 and she did not present
any sign of dementia. At time of the last evaluation, she was bedridden and met the criteria for PD dementia (Emre
et al., 2007) with global efficiency degradation, working memory impairment, episodic memory disorder and
dysexecutive syndrome; she deceased a few months later. Her disease duration was 18 years. Subject III3
presented a slight postural tremor and a dysexecutive syndrome with a MDRS score of 131/144. Subject 1114 was
52 at evaluation and presented a rigidity of the left arm and also a global cognitive efficiency degradation (MDRS
score 130/144), a working memory impairment and a dysexecutive syndrome. Subject III5 was 58 and presented a
slight bradykinesia without cognitive complaint and a MDRS score of 136/144. Subject 1116 had presented mystic
and megalomaniac delirium at the age of 37. He had been treated with neuroleptics for 10 years and the symptoms
had never recurred. He was 47 at time of evaluation and showed a postural tremor and bradykinesia related to the
neuroleptics’ use. There was a cognitive complaint with working memory impairment, episodic memory disorder
and dysexecutive syndrome. The MDRS score was 136/144. No parkinsonian clinical or neuropsychological
abnormality was observed for subjects III7 and III8 (MDRS scores of 141 and 144/144, respectively). Apart from
osteoarthritis, all these subjects did not present another debilitating condition, for example cardiovascular,
hematologic disorders or cancer.

DaTSCAN SPECTs were normal for subjects III3, IIIS, 1116, III7 and III8. Conversely, there were a severe
defect in putamen and pallidum with right predominance for subject III2 and a hypo-uptake in right putamen for
subject I114. DaTSCAN images and semi-quantitative analyses for subjects 112, III3 and I1I4 are presented in Fig.
1B and 1C.
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Figure 1. Presentation of the kindred's pedigree, with the DaTSCAN results. (A) Pedigree of the P59
family. Subject III1 was the probant (arrow). Subject 1114 was colored in gray, since she carried the SNCA
duplication at a prodromal stage of the disease. (B) DaTSCAN images for subjects 1112, III3 and I114. (C)
Semi-quantitative analysis of radioligand uptake in the brain, with details of the Binding Index (left/right
values). Abnormal values are given in red type.

SNCA gene dosage and FISH

By using semiquantitative PCR to determine gene dosage, we found 4 subjects (112, III1, I1I2 and I114) with a
heterozygous SNCA duplication of exons 1 and 7 (Fig. 2A). To provide independent confirmation, FISH was
performed in lymphoblastoid cell lines from the different family members. Again, a SNCA locus duplication was
found in subjects 112, 1111, 1112 and 1114 with 3 FISH probe signals (Fig. 2B). Moreover to evaluate if mosaicism
could be present, we scored the FISH probe signals in a minimum of 100 interphase nuclei from non immortalized
lymphocytes from subject 1114 and controls (III3, III5, 1116, III7 and III8). The duplication signals were present
only in subject 1114 in more than 80% of the interphase cells.

John Wiley & Sons, Inc.
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19 Figure 2. Identification of SNCA duplication by gene dosage and FISH (A) SNCA gene dosage assay for
20 exons 1 and 7. The dosage was normalized to the RPSI8 gene and compared with a triplication carrier
21 from the Towa kindred. (B) Identification of 3 FISH signals (represented by arrows) in interphase nucleus
22 showing the duplication.
23
24 Identification of the duplicated genomic segment
25 High-density CGH array analysis brought a better definition than the microsatellite markers previously used
26 (Ibafiez et al., 2009) and showed that the duplication spanned 4.928 Mb and encompassed 31 known and putative
27 genes (Fig. 3A, Table 1) instead of the expected 33 to 34 genes. The location of the probes at the extremity of the
28 duplication indicated that the centromeric end of the duplication mapped to a 9555 bp region between exons 10
29 and 11 of the MAPKI0 gene (MIM# 602897), whereas the telomeric end occurred within an 11188 kb region into
30 the putative FAM190A gene (KIAA1680).
31
32 Table 1: List of the 31 known and putative genes present in the duplicated locus.
33 Symbol Gene Name RefSeq Agilent Probe FC1 | FC2 | FC3 | Function/Associated disease

ATP-binding cassette, Chemoresistance
34 ABCG2 sub-family G, member 2 NM_004827 A 23 PISY3 N\ NS NS Colon, breast cancer
gg AFFI1 AF 4@4[;2;?““1” NM_005935 A_24 P414332 | 144 | NS | NS Acute leukemia
37 C40RF36 chromosome 4 open NM_144645 | A_23_P377339 | A A
38 reading frame 36

DMPI dentin matrix aF:ldlC NM_ 004407 A_23_P133153 NS A A _Dentmogenesw )

39 phosphoprotein 1 Ricket, osteomalacia
40 DSPP _ dentin NM_014208 A_23_P373541 A NS | NS Dentinogenesis
41 sialophosphoprotein

family with sequence A_23_P370651 2.24 Chronic obstructive
42 FAMI3BA | Gmiarity 13, member o | NM-014883 APz | A | 08| pulmonary disease
ji FAMI3A0S FAM13A opposite strand NR_002806 A_24 P614362 1.63 A

family with sequence Attention deficit
45 FAMI90A similarity 190, member A NM_001145065 | A_32_P306678 A A hyperactivity disorder
46 GPRIN3 GPRIN family member 3 NM_198281 A_24 P76649 1.36 0.65 Parkinson’s disease GWAS
47 HERC3 hect domain and RLD 3 NM_014606 A_23_P121586 A NS | 141 Ubiquitin-ligase
48 Y PR
49 HERCS hect domain and RLD 5 NM_016323 A_23_P110196 | NS | NS | 1.40 Ub‘Cq“:ﬁ‘L“yilliase
50 HERC6 hect domain and RLD 6 NM_017912 A_23_P250353 1.38 NS 0.68 Ubiquitin-ligase
51 hydroxysteroid (17-beta) A_23_P21644 1.65 Short-chain alcohol
o> HSDI7B11 dehydrogenase 11 NMO16245 3 3 paoszrt [ 158 | > | dehydrogenases
53 HSDI17B13 hyd;zgztggég;gigem) NM_178135 | A_24.P362969 | A Sl;‘;ﬁ;ﬂg‘;{:g;"l
2‘51 IBSP mg‘;ﬁf;’;‘gggfg NM_004967 A 23 Pl144549 | A | NS | A Skeletal mineralization

. A_23_P328729 1.53 1.38 O,

5? KLHLS kelch-like 8 NM_020803 A 24 P54308 144 125 Ubiquitin-ligase
28 MAPKI0 mitogen-activated protein NM_002753 A_23_P45025 A NS NS Epilepsia (Lennox-Gastaut)
59
60

John Wiley & Sons, Inc.
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kinase 10
MEPE matrix extracellula_r NM_ 020203 A_23_P155931 A A A Bone mmerahz_atlon
phosphoglycoprotein Osteomalacia
Factor V-binding protein
MMRNI multimerin 1 NM_007351 A_23_P18539 2.98 NS A Hemostasis
Parkinson’s disease GWAS
nucleosome assembly A_23_P144369 2.46 . . .
NAPILS protein 1-like 5 NM_153757 A_24_P166073 176 0.54 Hepatocellular carcinoma
NUDT9 nudix type motif 9 NM_024047 A_23_P94860 1.57 NS 1.45 | ADP-ribose pyrophosphatase
phosphatidylinositol A 24 P140391 1.63 . . s dvlinosi
PIGY glycan anchor NM_032906 — NS Glycospr;l;:sﬁltlsss?zhnomol
biosynthesis, class Y A_24_P120380 1.60 Y
PKD2 polycystic kidney disease NM_000297 A_24 P106112 1.63 077 NS CaZf cation chapnel
2 A_23_P167324 NS Polycystic kidney disease 2
PPMIK protein phosphatase 1K NM_152542 A_24_P214598 | NS Ng | Mitochondrial permeability
transition pore
protein tyrosine A_23_P18493 1.55
PTPNI13 phosphatase, non-receptor NM_080683 A NS Carcinomas
A_24 _P586264 1.26
type 13
SLC10A6 solute carrier family 10, NM_197965 Anion transporter
member 6
A_23_P29939 2.48 0.64
SNCA synuclein, alpha NM_000345 — 0.70 Parkinson’s disease
A_32_P109653 3.13 0.57
SPARCLI SPARC-like 1 (hevin) NM_004684 A_23_P113351 A NS | NS Astroglial function
Leukocyte extravasation
SPPI secreted phosphoprotein 1 | NM_001040058 | A 23_P7313 | NS | NS | 1.42 Osteoblast maturation
Elastic fibers
TIGD2 tigger transposable NM_145715 A_32.P20523 | NS NS DNA tranposon
element derived 2
TMSL3 thymosin-like 3 NM_183049 A_24 P143189 | NS | NS | NS Actin cytoskeleton
organization

The genes were annotated with their symbol, their description and RefSeq accession number. FC1
corresponds to the fold change (expression ratio) between subject 1114 and the 20 controls. The fold
change value was indicated for the significantly deregulated genes with the corresponding Agilent probe.
FC2 corresponds to the fold change of the significantly deregulated genes between PD patients’ PBMCs
and controls obtained from the GEO dataset GDS2519; FC3 corresponds to the fold change of the
significantly deregulated genes between PD patients’ substantia nigra and controls obtained from the
GEO dataset GDS2821. NS = no significant difference between the PD patients and controls and A =
absent flag in the microarray procedure. The last column corresponds to the functions and associated
diseases linked to the genes (http://www.ncbi.nlm.nih.gov/omim or http://www.ncbi.nlm.nih.gov/gene).

Sequence analysis of the duplication junction
By using a PCR walking strategy, we sequenced PCR amplicons to produce the breakpoint junction between

the L1PA4 and L1PA2 elements (Fig. 3B, 3C and 3D). The junction of these two elements results in the deletion
of 349 bases (301 from L1PA4 and 48 from L1PA2). The analyses of the L1IPA4 and L1PA2 sequences with the
L1Base (Penzoker et al., 2005), indicated that these 2 LINEs sequences had inactive ORF. We identified 95%
sequence  similarities for 751 pb between L1PA4 and LI1PA2 using BLAST program
(http://blast.ncbi.nlm.nih.gov/), suggesting that the duplication event was generated by NAHR between LCRs
(Inoue & Lupski, 2002).

John Wiley & Sons, Inc.
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Figure 3. Identification of the duplicated segment (CGH) and the breakpoint junction. (A) CGH
analysis between subjects 1114 and IIIS, showing the duplication highlighted in pink (at locus 4q21.3-
q22.1) encompassing 31 genes. (B) Agilent CGH probes enclosing LIPA2 and L1PA4. These probes
are also represented in A. (C) Graphical representation of the hypothetical rearrangement and
duplication, showing the location of each of the 12 probes used in PCR and the sequence analysis. The
deleted segment is represented in red. (D) Breakpoint junction sequence for the L1PA4 and L1PA2
elements (in red, the 349 deleted bases). The bases involved at the breakpoint junction are capitalized.

Level of expression of the duplicated genes

SNCA level expression in lymphoblastoid cell lines from controls (2 copies), duplication carriers (3 copies) and
triplication carrier (4 copies) revealed an expression gradient which correlated with the number of SNCA copies
using 3 reference genes (Fig. 4A). Since the expression phenotype of lymphoblastoid cells in culture may change
with the EBV transformation (Lee et al., 2010), we decided to confirm these results using fresh leukocytes. We
were able to obtain PBMCs from subject 1114 since subject III2 had deceased meanwhile. Again, we observed an
overexpression of SNCA of 2.38 fold (+ 0.41) in the 1114 PBMCs compared to 15 healthy controls (Fig. 4B). To
extend these results to the other duplicated genes, we used a transcriptomic approach with Agilent microarrays.
Among the duplicated interval, 14 genes were significantly deregulated between the 3 RNA samples from subject
14 and 20 unrelated controls (Table 1). Again, we observed a SNCA overexpression in PBMCs from subject I114.
Of interest, all the significantly deregulated genes present in the duplication showed an overexpression. Moreover,
we compared our results with the literature data from GEO datasets. We observed a significantly deregulation for 3
genes belonging to the duplicated segment in PBMCs from PD patients (GDS2519) and for 10 genes in the
substantia nigra from sporadic PD patients (GDS2821) (Table 1).
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Figure 4. Expression of SNCA in lymphoblastoid cell lines and PBMCs. (A) SNCA mRNA expression
levels in immortalized leukocytes from subjects with SNCA locus multiplications. The duplicated group
corresponds to lymphoblastoid cell lines from subjects 1112 and I114. The triplicated cell line was obtained
from the Iowa kindred. Expression levels were normalized against healthy controls. The 3 reference genes
were GAPDH, RPS18 and ACTB. (B) SNCA mRNA expression levels in PBMCs of 15 healthy controls
and the III4 subject in duplicate. The bars indicated the average values, arbitrarily set at 1 for the controls.
The reference gene was RPSI8.

DISCUSSION

The French P59 kindred provided us with the opportunity to describe the relationship between the genotype and
the clinical phenotype in parkinsonian conditions caused by largest known duplication of the SNCA locus. The
clinical features were similar to those of classic PD, with mid-life disease onset and late-onset dementia. In
addition, we identified a subject (III4) at a paucisymptomatic stage of the disease; the subject carried the SNCA
locus duplication and displayed an asymmetric dopaminergic defect in DaTSCAN SPECT images. Hypo-uptake
has not been observed in the other asymptomatic SNCA duplication carriers (Ahn et al., 2008). The disease being
age-dependant, this difference might be explained by their younger age (from 44 to 51). Our data confirm that
DaTSCAN can demonstrate a striatal dopaminergic deficiency even in a presymptomatic stage of the disease and
suggests that subject III4 is at a more advanced stage of the disease and might soon develop the entire PD
phenotype. However, the interval between SPECT abnormalities and PD development remain unknown.

In the present study, we showed that the expression levels in immortalized cells from two affected members
were significantly elevated. The overexpression correlated with the number of multiplicated SNCA alleles and the
clinical phenotype, since SNCA expression was greater in the triplicated cell line than in duplicated cell lines.
Furthermore, we confirmed its overexpression with a fold change of 2.38 in fresh leukocytes from the P59 carrier
compared to controls. Given that the functional effect of duplication cannot often be confirmed by examination of
the substantia nigra from deceased patients, we believe that analysis of SNCA expression levels of lymphoblastoid
cell lines or PBMCs is a valuable investigational technique. These findings demonstrate a biological dosage effect
of SNCA locus multiplication in human cells. Our data further emphasize the importance of SNCA expression
levels on the development of PD. SNCA overexpression was also recently implicated in the PD pathogenesis
associated with the SNCA A53T substitution with an allelic imbalance and an epigenetic regulation (Voutsinas et
al., 2010). Such overexpression may also contribute to sporadic cases since an association exists between the PD
risk and the REP1 polymorphism within the SNCA promoter, which controls the level of alpha-synuclein
expression in PD patients (Maraganore et al., 20006).

In addition to SNCA, we confirmed that thirty other genes or putative transcripts are present within this 4.928
Mb, which is thus the largest identified SNCA duplicated locus leading to PD. To investigate their potential
involvement in the PD phenotype, we analyzed their expression in the PBMCs from the P59 carrier by a
transcriptomic approach. Nine of them were not expressed at a sufficient level in these cells and seven of them are
not dosage-sensitive in those cells (Table 1). Two probes confirmed the overexpression of SNCA in the duplication
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carrier PBMCs. Moreover, we demonstrated that 13 other genes present in the duplicated locus were significantly
overexpressed. Especially, FAMI3A (MIM# 613299), MMRN1, NAPIL5 (MIM# 612203) together with SNCA
presented a two-fold overexpression in these cells (Table 1). To determine if these genes were overexpressed in
other PD conditions, we compared these results with published data. Interestingly, these genes are not
overexpressed in PBMCs from other PD patients compared to controls. Thus, their overexpression seems directly
linked to the presence of the duplication and may impact the phenotype of this patient. We cannot preclude that
RNA overexpression will not lead to a protein dysfunction. Nevertheless, 10 out of the 31 duplicated genes were
deregulated in substantia nigra from sporadic PD subjects (Table 1) suggesting that these genes might contribute to
the disease development. Among them, expression of FAMI13A gene was increased both in PBMCs duplication
carrier and brain tissue of PD patients compared to controls, but was slightly decreased in other PD PBMCs.
Although little is known on its role, this may suggest a particular role of FAMI3A in the substantia nigra of
duplicated patients that has not been found yet. MMRNI is also overexpressed in the duplicated carrier PBMCs
and since, when multiplicated, it was suggested to play a role in the clinical features notably on the cognitive
impairment (Nishioka et al., 2006); we also investigated cognitive functions. In our kindred, subject 1112 met the
criteria for dementia 17 years after PD onset (Emre et al., 2007). Our tests revealed that two subjects (III2 and I116)
had both cognitive complaints and cognitive dysfunction. However, only III2 carried the SNCA duplication.
Likewise, we observed poor cognitive test results for subjects III3, 1114 and III5 but only III4 carried the
pathogenic mutation. These data support the hypothesis whereby the 30 other genes present within the duplication
do not significantly contribute to the cognitive impairment. However, we cannot rule out the possibility that one or
more of these genes may exacerbate susceptibility to cognitive dysfunction already present in the kindred members
or contribute to another clinical condition. Indeed, osteoarthritis was present in duplication carriers and recent
analyses reported a slightly increased risk for PD among patients with osteoarthritis (Rugbjerg et al., 2010).
Nevertheless, since arthritis is one of the most common diseases affecting almost every person over age 60, to date
it is difficult to draw further conclusion, on the presence of duplicated genes involved in osteoblast maturation or
mineralization and the arthritis reported in the patients carrying the duplication (Table 1, last column). This table
also indicates that several variants in the vicinity of SNCA, GPRIN3 (MIM# 611241) and MMRNI were associated
with PD risk by genome wide association studies (GWAS) (Satake et al., 2009; Simén-Sanchez et al., 2009).
However, GWAS data alone are not able to define these genes as a molecular cause in the disease. These single
nucleotide polymorphisms are indeed localized in the intergenic regions and without further analyses showing the
functionality of these variants; they could either reflect the association with other causative polymorphisms
affecting the SNCA gene or the involvement of another sequence within this locus. Today, the most plausible
explanation is the overexpression of SNCA in the disease, but other mechanisms such as mRNA stability,
preferential splicing or miRNA might also exist. Indeed, SNCA gene showed a reduction of expression of 0.6 and
0.7-fold in idiopathic PD brain tissue and PBMCs, respectively; while it was overexpressed in P59 SNCA
duplication carrier (Table 1). The significance of this decrease of total SNCA expression in idiopathic PD brain and
PBMC:s indicates that even if the clinical phenotype between sporadic PD and duplication carrier was similar, the
underlying primary mechanisms can differ at least in a number of patients.

In the last part of the present study, we sought to define the duplication's boundaries and thus decipher the
multiplication mechanism. The genome rearrangement was confirmed by several methods. We provided a better
definition of the duplication's boundaries and demonstrated that 31 genes were located within the duplicated
region. Next, by using a PCR walking strategy to sequence the breakpoint junction, we discovered that a
rearrangement had occurred between two LINE-1 retrotransposons (L1PA2 and L1PA4) and not between Alu
repeats, as it could have been expected (Ross et al, 2008). A 349 bp deletion was observed at the junction between
the LINEs. Of the many transposable elements in the human genome (and which account for almost half of the
latter), LINE-1 (L1) sequences are thought to be the major driving force behind genome expansion (Babashok et
al., 2007). A transpositionally active L1 element comprises a 5’-untranslated region (UTR), two open reading
frames (ORFs) (which notably code for proteins involved in RNA binding and genome integration), a 3’-UTR.
However, most copies of L1 are 5’-truncated and often only consist of part of the 3’-UTR. The two L1 elements
(L1PA2 and L1PA4) in family P59 had inactive ORFs. Even when these transposable elements are not active, they
can nevertheless cause human disease by creating insertional mutations in genes and by contributing to genetic
instability through NAHR (leading to rearrangements, such as duplications) (Belancio et al., 2009). In the
duplicated locus, we identified a >750 pb length homology sequence between L1PA2 and L1PA4 with several
perfect sequence matches; which is a required condition to generate NAHR (Inoue & Lupski, 2002; Conrad et al.,
2009). Moreover, this region of chromosome 4q21 has a high DNA flexibility and A/T-content probably which is
suspected to promote the occurrence of fragile sites (Rozier et al., 2004). Taken as a whole, these data strengthen
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the idea that homologous recombination has preferred positions and architectural DNA characteristics, since
rearrangement breakpoints are associated with LCRs more frequently that would be expected by chance alone
(Shaw et al., 2004).

In conclusion, for the first time, we identified the exact sequence of the breakpoints from SNCA locus
multiplication carrier and demonstrated the involvement of LINEs in SNCA locus duplication which led to SNCA
overexpression and abnormal dopamine metabolism in the carriers. We showed that DaTSCAN SPECT,
immortalized cell lines and PBMCs are effective tools for demonstrating the preclinical and biological features of
PD. While our data highlight the importance of the SNCA overexpression as the major cause of the PD phenotype
in our kindred, we also demonstrate that the duplication affects the expression of other genes. Therefore their
potential role in PD phenotype should deserve further attention.
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PCR Use

Primer sequences (5'-3")

SNCA exon 1 gene dosage

CCTTCAAGCCTTCTGCCTTTC
CGAATGGCCACTCCCAGTT

SNCA exon 7 gene dosage

TCTTTGCTCCCAGTTTCTTGAGA
TGGAACTGAGCACTTGTACAGGAT

SNCA expression

ATGTAGGCTCCAAAACCAAG
TACCCTTCCTCAGAAGGCA

RPS18 expression

CCTGGATACCGCAGCTAGGA
GCGGCGCAATACGAATGCCCC

ACTB expression

CACGGCATCGTCACCAACT
AGCCACACGCAGCTCATTG

GAPDH expression

TACATGTTCCAATATGATTCCACC
ACCTTCTTGATGTCATCATATTTG

PCR Walking Strategy and
Break junction sequencing

1 TCAGAAGAGGCATATTACAT
GTGACAACATTCTAAAAGGG
TTCCTTATGATTCCACTTAG
GCACAGACAAACAAAAAGAC
AAGACCATCGAGACTAGGAA
ACACCTCTACGCAAATAAAC
CCAAGTCAATCCTAAGCC
AATCATGCTGCTATAAAGAC
9 AAAAGTGGGTGAAGGATATG
10 CCCTTTTAGAATGTTGTCAC
11 CAAAACAGAGAAAACAGAAG
12 ATGTGGGTCTGTAGCAAC
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Supp. Table S1: Primer sequences used for gene dosage, SNCA expression, PCR walking strategy and breakpoint
junction sequencing.

Concerning the PCR walking strategy, the numbers correspond to the primers as indicated in Figure 3C.
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