
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Segmental copy number loss of the PCSK6 gene in sporadic 
amyotrophic lateral sclerosis 
 

ABSTRACT 
Sporadic amyotrophic lateral sclerosis (SALS) is 
regarded as a multifactorial disease; both genetic 
and environmental factors may contribute to the 
pathogenesis of SALS. To identify a possible 
genetic change that confers risk for SALS, we 
conducted whole-genome screening of a copy-
number variation (CNV) with a CNV beadchip and a 
high-density oligonucleotide tiling microarray, 
followed by real-time quantitative polymerase 
chain reaction (qPCR). In the 1.1- to 5.5- kb region 
within the gene encoding the proprotein convertase 
subtilisin/kexin type 6 (PCSK6) on the chromosome 
15q26.3 subtelomere, we found a copy-number 
loss in a large proportion (8 of 11; 72%) of SALS 
patients. Subsequent tiling microarray validated the 
results and revealed the fine structure of segmental 
loss. qPCR analysis confirmed the copy-number 
loss in 13 out of 23 SALS patients, as compared 
with 7 out of 44 controls (p = 0.0015, Odds Ratio: 
6.63, 95%CI: 1.89–25.72). The present study suggests 
that a segmental copy-number loss of the PCSK6 
gene may play a role in the pathogenesis of SALS. 
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1. INTRODUCTION 
Amyotrophic lateral sclerosis (ALS) is an adult-
onset, fatal neurodegenerative disease which is 
characterized neuropathologically by the degeneration 
of motor neurons in the brain and spinal cord. ALS 
has two subgroups: familial ALS (FALS) and 
sporadic ALS (SALS). FALS is a rare disease which 
is inherited in a Mendelian fashion, and several 
causal genes have been identified [1, 2]. The majority 
(90–98%) of ALS cases are SALS. Although 
the etiology of SALS remains to be determined, 
the “British motor neuron disease twin study” 
demonstrated the importance of a genetic component 
in SALS [3]. Genome-wide association studies using 
single nucleotide polymorphisms (SNPs) have been 
performed, and some SNPs showed significant 
associations with SALS [4-8]; however, others 
did not after correcting for multiple testing [9-11]. 
Moreover, even the SNPs significantly associated 
with SALS were not necessarily replicated in the 
later studies [11, 12]. 
Recently, copy-number variations (CNVs) have been 
reported as inter-individual genetic variations [13]. 
Several CNV abnormalities also seem to be 
significant in the etiology of sporadic and inherited 
diseases [reviewed in 14]. To identify a possible 
genetic change that confers risk for SALS, we 
performed a whole-genome analysis for CNV and 
found a copy number gain within the region of 
the isopentenyl diphosphate isomerase (IDI) genes 
in many patients with SALS [15]. Here, we report 
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(loss or gain) was detected by deviation of probe 
log2 ratios exceeding a given threshold of 1 SD 
from the mean probe ratio [21, 22].  

2.4. Real-time quantitative PCR (qPCR)  
Copy numbers of the region of the PCSK6 gene  
on 15q26.3 were assayed by using TaqMan Gene 
Copy Number Assays of Life Technologies in 
basic qPCR according to the instructions of the 
manufacturer. The primers and probes were 
designed from the genomic sequence (hg18/Build 
36) using proprietary web-based assay search tools 
(https://bioinfo.appliedbiosystems.com/genome-
database/copy-number-variation.html). Each assay 
was run as a triplex TaqMan real-time qPCR reaction 
by using an FAM dye–based assay targeted to the 
region of the PCSK6 gene (Hs03912091_cn) and 
its flanking region (Hs0393814_cn) and a VIC 
dye–based assay for the reference gene, RNase P 
(PN 4316844 from Life Technologies). Each 
qPCR assay was performed in triplicate. Data were 
analyzed as described previously [23]. 
 
3. RESULTS 
In search of a SALS-associated CNV, we performed 
whole-genome screening with the CNV beadchip 
for 11 SALS patients and 104 controls. We found 
 

another gene, the proprotein convertase subtilisin/ 
kexin type 6 (PCSK6) gene, a segmental copy-
number loss of which was significantly associated 
with SALS. 
 
2. MATERIALS AND METHODS 

2.1. Subjects  
Fifty-nine patients with SALS were included in this 
study. These patients fulfilled the criteria for probable 
or definite ALS according to the 1994 El Escorial 
criteria [16]. 104 community-dwelling elderly 
individuals with no neurological diseases were 
randomly selected as control [17, 18]. No significant 
differences in the mean age (SALS/control = 
60.6/70.0 years) or the ratio of men to women (SALS/ 
control = 0.68/0.76) were observed between the two 
groups (p > 0.05 in both). One-hundred patients with 
Parkinson’s disease were also included as disease-
control [19]. DNA was extracted and purified from 
peripheral blood. Written informed consent for genetic 
analysis was obtained from all the subjects. The 
Medical Ethics Committee of Yamagata University, 
Faculty of Medicine approved the present study. 

2.2. Screening with a whole-genome CNV beadchip 
Whole-genome screening was conducted by using 
the deCODE-Illumina CNV beadchip (57K, i-select 
format, Illumina Infinium system, deCODE Genetics, 
Inc.). The CNV probes were designed to target 
CNV-rich regions of the whole genome, such as 
megasatellites, duplicons, unSNPable regions and 
CNVs registered in the Database of Genomic 
Variants. The regions contained 15,559 CNV 
segments, which cover 190 Mb or 6% of the human 
genome. CNV data were analyzed by using the 
DosageMiner program as described previously [20]. 

2.3. Analysis with high-density oligonucleotide 
tiling microarray  
Agilent 400 K high-density oligonucleotide tiling 
microarray assay was conducted on a CNV-enriched 
designed microarray (product #ID 02185, Agilent 
Technology, Inc.), which targets CNV-rich regions, 
median probe spacing 5 kb and average probe spacing 
7 kb, in the whole-genome region. HapMap genome 
DNA [NA19000, JPN] was used as reference genome 
DNA. The intensity data were calculated by  
the ratio of the target genome intensities to the 
reference genome intensities. Abnormal copy number  
 
 

Figure 1. Frequency of copy number (CN) of the marker 
cnv4347PP5 in patients with sporadic amyotrophic lateral 
sclerosis (SALS) and healthy controls. The cnv4347PP5  
is located in 3’ exonic region of the PCSK6 gene. CNs 
were estimated by the deCODE-Illumina CNV beadchip 
(deCODE Genetics). CN = 1: one copy, CN = 2: two copies. 
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We then analyzed the structure of the copy-
number change along the 15q26.3 subtelomeric 
region by using the high-density oligonucleotide 
tiling microarray in 50 SALS patients and 20 healthy 
controls. A segmental copy-number loss of 1.1–5.5 kb 
(Figure 2A, Figure 2B) in the 15q26.3 subtelomeric 
region was found in 15 of the SALS patients 
examined but in none of the control subjects (p = 
0.00629, OR = 17.9, 95%CI: 1.02–315.15, Table 1).
 

several CNV markers that were significantly 
associated with SALS. Among them, the marker 
cnv4347PP5 was located within the region of the 
PCSK6 gene on the 15q26.3 subtelomere. Eight of 
the 11 SALS patients showed a copy-number loss 
at the CNV marker on the PCSK6 gene region,  
as compared with 0 out of 104 control samples  
(p = 5.51 x 10-6 by logistic regression, p < 0.1 
after false discovery rate correction) (Figure 1).  

Figure 2. Fine structure of segmental copy-number loss in the PCSK6 gene region in two 
representative cases of SALS (A1005 and A1020) (A). The results of two healthy controls (TA321 
and TA158) are shown in (B). The vertical red lines show average Log2 Ratio. The vertical dot lines 
indicate the range of copy-number loss.  
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in Figure 4, among the 32 patients with SALS,  
14 (44%) had a copy-number gain in the region 
of the IDI genes, and 6 (19%) showed a copy-
number loss in the region of the PCSK6 gene. 
Twenty-five of 32 (78%) patients with SALS had 
a copy-number aberration of either gene or both. 
 
4. DISCUSSION 
The previously-reported genome-wide association 
studies on CNVs in SALS did not show a common 
CNV locus associated with SALS [24-26]. Those 
studies employed conventional platforms for genome- 
wide SNP genotyping, such as HumanHap300 and 
HumanHap550, which covered only 25% and 40% 
of the CNVs, respectively, resulting in the incapacity 
from capturing a large fraction of CNV [27]. CNVs 
not covered on the conventional SNP platforms 
were needed to do the examination [25]. We used 
a “CNV-targeted platform” that contains many 
CNV markers in the CNV-rich regions of the 
human genome. In the previous study, we reported 
a segmental copy-number gain in the IDI gene 
region on the 10p15.3 subtelomere in many SALS 
patients [15]. In the present study, we found another 
gene encoding PCSK6, the 3’ region of which 
showed a segmental copy-number loss in 6 of 32 
(19%) patients with SALS. 78% of the SALS 
patients had an aberration of either gene or both.  
Many bioactive peptides are first synthesized 
as precursors that require proteolytic processing  
by the proprotein convertases [28]. The PCSK6 

 
Figure 4. Frequency of copy-number loss of the 
PCSK6 gene region and/or copy-number gain of the 
IDI1-2 gene region in patients with SALS.  
IDI1-2: isopentenyl diphosphate isomerase-1 and -2. 
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This region with copy-number loss contained the 
3’ exonic region of the PSCK6 gene (NM_138319 
and NM_002570). A segmental copy-number loss 
in the PSCK6 gene was confirmed in 13 out of 23 
(56%) SALS patients by basic real-time qPCR, as 
compared with 7 out of 44 controls (p = 0.0015, 
OR = 6.63, 95%CI: 1.89–25.72) (Figure 3). To 
test whether the copy-number change of the 
PSCK6 gene region was specific to SALS, we 
analyzed DNA from a total of 100 patients with 
Parkinson’s disease. The results showed that no 
such change was observed in any cases of 
Parkinson’s disease. 
We have previously reported a copy-number gain 
in the region of the IDI genes on the 10p15.3 
subtelomere in many patients with SALS [15]. 
We combined the present results (PCSK6 gene) 
with the previous results (IDI genes) designed 
using the same SALS-patients dataset. As shown 
 

Table 1. Segmental copy number loss of PSCK6 
gene in SALS and healthy subjects. 

 CN = 1 CN = 2 

SALS (n = 50) 15 35 

Healthy (n = 20) 0 20 

 p = 0.00629, OR = 17.9 (1.02-315.15)

CN: estimated copy-number. 
SALS: sporadic amyotrophic lateral sclerosis. 

 
 Figure 3. Quantitative PCR analysis for estimating the 

copy number in the region (Hs03912091_cn) of the 
PCSK6 gene. Its flanking region (Hs0393814_cn) is 
used as reference. 
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(also known as PACE4) gene, which is located on 
the chromosome 15q26.3 subtelomere, encodes a 
proprotein convertase that belongs to the subtilisin-
like proprotein convertase family [29]. The PCSK6 
protein has been reported to process several 
proteins, including neurotrophins (NTs), such as 
nerve growth factor (NGF) [30], neurotrophin 3 
(NT3) [31], and brain-derived neurotrophic factor 
(BDNF) [31], from their latent precursors into 
biologically active products. The PCSK6 protein 
is expressed in various organs, including the brain 
and spinal cord [32, 33]. These NTs have been 
shown to regulate neuronal survival and death [34]. 
For example, NGF binds to its specific receptor 
(TrkA) and promotes neurite elongation and 
survival. On the other hand, proNGF, a precursor of 
NGF, binds to the p75 neurotrophin receptor 
(p75NTR) and induces apoptosis [34]. In the 
present study, a segmental copy-number loss was 
observed in the PCSK6 gene, suggesting that the 
function of PCSK6 as a proprotein convertase 
may be impaired. This may result in a decrease in 
the amount of biologically active, mature NTs and 
in an increase in the precursors of NTs. NTs and 
their receptors have been implicated as being 
involved in the pathological process of a mouse 
model of ALS and human SALS [35-39]. Indeed, 
a knockdown of p75NTR significantly delayed 
locomotor impairment and mortality in a mouse 
model of ALS [40, 41]. Taken together, it seems 
that neuronal death may be induced by the 
dysfunction of the PCSK6 gene in SALS.  
 
CONCLUSION 
In conclusion, we found a copy-number loss in the 
PCSK6 gene in a considerable number of patients 
with SALS. Further studies on the function of 
PCSK6 in motor neurons may contribute to the 
elucidation of the pathogenesis of SALS, leading 
to the identification of a novel therapeutic target 
of the disease. 
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