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i y the Kapl. ier method il i i 1l cell carcinoma
who were treated in phase II of the present study. At a median follow-up period of
10.6 months, the mean survival time and median PFS were 15.2 (95% Cl: 10.5-17.7)
and 4.9 (95% CI: 3.5-5.6) months, respectively. The vertical lines indicate censored
cases.

DLT definition similar to ours, proposed the recommended doses
as 40 mg/m? on day 1 for docetaxel and 40 mg/m? for S-1 admin-
istered twice daily on days 1-14, and repeated every 4 weeks [15].
Here, DLT of infection or grade 4 neutropenia lasting for 5 days
or longer was observed in all the three patients at 50 mg/m? doc-
etaxel. The discrepancy of the recommended doses proposed by
the present and previous studies may be due to the small patient
population in these phase I studies. Most recently, an additional
phase I study for patients with previously treated NSCLC there-
after was published, and this study once again determined the
recommended doses of docetaxel as 40 mg/m? on day 1 and S-1
as 40 mg/m? administered twice daily on days 1-14, and repeated
every 3 weeks [23]. Here, DLT included grade 4 neutropenia of any
duration, and two out of the three patients administered 50 mg/m?
docetaxel experienced this toxicity. Since this study was for the
second-line chemotherapy setting, it is quite reasonable that the
recommended dose was lower than that for the first-line treatment
of patients with untreated NSCLC. The fact that 30% of the patients
in the present phase II study eventually experienced DLT might
have confirmed that the optimal dose of docetaxel was 60 mg/m?2.
Importantly, the subsequent phase Il study showed the safety of
the recommended dose proposed by the present phase I study.
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Although eligibility criteria allowed the inclusion of patients with
a PS of 2 because of the possible use of non-platinum regimen for
patients with marginally poor PS, there was no patient with a PS
of 2 enrolled. Therefore, it is important to notice that the present
study was for patients with good PS.

On the other hand, the present phase Il study involving 60
patients showed promise with an ORR of 30%, a median PFS of
4.9 months and a median OS of 15.2 months, including a well-
tolerated toxicity. Since a phase II study [16] of S-1 in patients
with chemotherapy-naive NSCLC yielded an ORR of 22.0%, a median
response duration of 3.4 months and a median OS time of 10.2
months, docetaxel addition possibly enhanced the tumor control
activity in the present study. Another phase II study of docetaxel
and S-1 but at different doses of 40mg/m? for docetaxel and
40 mg/m? for S-1 administered twice daily with the same sched-
ule in 29 patients with previously treated NSCLC resulted in an
ORR of 24.1% (95% CI: 10.3-44.8), and a median PFS and OS time
of 3.9 and 11.8 montbhs, respectively [23]. These supporting data
on the second-line therapy for NSCLC also make this regimen
promising. Results of a recently conducted clinical study have been
published and demonstrated that a newly developed antifolate,
pemetrexed, was effective for patients with adenocarcinoma, but
not for those with squamous cell carcinoma of the lung. The authors
of this recent report proposed one possible explanation related to
a different TS activity in the tumor according to histological type.
That is, its expression is lower in adenocarcinoma than in squa-
mous cell carcinoma, and pemetrexed is more effective when such
expression is lower in tumors [24]. If this were the case, S-1 may
have similar characteristics to pemetrexed, because preclinical data
also revealed the relationship between higher efficacy of 5-FU and
lower expression of TS [20]. In the present study, however, supe-
rior ORR for adenocarcinoma over squamous cell carcinoma was
not observed, although the small sample size prohibited definitive
conclusion.

In addition, ORR, median PFS and OS times of the present
study were comparable to those of platinum-based combination
chemotherapy evaluated in large-scale phase 11l studies. Although
direct comparison of the present results with others evaluated
in phase III studies does not draw any conclusion, such compar-
ison would clarify some characteristics of the present regimen.
As summarized in Table 3, the present study yielded a similarly
high ORR, and substantially excellent PFS and OS. Regarding tox-
icity, neutropenia, febrile neutropenia and infection appear to be
more frequent in the present study than in other studies using
a platinum-based regimen. Contrarily, nausea and appetite loss
appear to be less frequent in the former than in the latter. Aside
from this, grade 4 interstitial pneumonia was observed in two
among the 60 patients. Pulmonary toxicity is relatively frequently
encountered in clinical studies of chemotherapy for lung cancer
regardless of agents, particularly when conducted in Japan [25-28].
Although its occurrence was more infrequent than that reported
in these studies, special attention should be paid to this toxic-
ity even with the docetaxel and S-1 combination. Therefore, the
present non-platinum regimen consisting of docetaxel and S-1 has
a therapeutic potential with comparable ORR and survival data to
well-established platinum-based regimens with a different toxicity
profile, and some patients may benefit from this regimen.

5. Conclusion

The present phase I/I study of combined docetaxel and S-1 has
established the rect ded dose for each drug, and this combi-
nation chemotherapy for patients with chemotherapy-naive NSCLC
showed promise in terms of tumor control and safety. These find-
ings warrant further elucidation of the clinical relevance of the
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regimen in the treatment of NSCLC, including prospective compar-
ison of the regimen with combination chemotherapy consisting of
a platinum and a taxane.
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Amyotrophic lateral sclerosis (ALS) has its onset in middle age and
is a progressive disorder characterized by degeneration of motor
neurons of the primary motor cortex, brainstem and spinal cord'.
Most cases of ALS are sporadic, but about 10% are familial. Genes
known to cause classic familial ALS (FALS) are superoxide dismu-

tase 1 (SODI)’, ANG di i in®, TARDP di

of the entire length of the autozygous segments created as a result
of a first-cousin or second-cousin marriage (Supplementary
Information)®. We extracted RHSs of six individuals (Supplementary
Fig. 1a). A region (hg18: 12,644,480-15,110,539) in chromosome 10,
which was an overlap among four subjects, was chosen as the primary
candidate region (Supp y Fig. 1b). A ing that subjects ii,

transactive response (TAR) DNA-binding protein TDP-43 (ref.
4) and fused in sarcoma/ lated in lip (FUS, also
known as TLS)>". However, these genetic defects occur in only
about 20-30% of cases of FALS, and most genes causing FALS
are unknown. Here we show that there are mutations in the gene
encoding optineurin (OPTN), earlier reported to be a causative gene

of primary open-angle gl (POAG)Y,inp with ALS. We
found three types of of OPTN:ah gous deletion of
exon 5,ah gous Q398X andah V8-
ous 478G mi ion within its ubiquitin-binding domai

Analysis of cell transfection showed that the nonsense and missense
mutations of OPTN abolished the inhibition of activation of nuclear
factor kappa B (NF-xB), and the E478G mutation revealed a cyto-
plasmic distribution different from that of the wild type or a POAG
mutation. A case with the E478G ion showed OPTN-i

noreactive lasmic inclusions. Furth TDP-43-0rSOD1-
positive i of sporadic and SODI cases of ALS were also
noticeably immunolabelled by anti-OPTN antibodies. Our findings
strongly suggest that OPTN is involved in the pathogenesis of ALS.

YiOP
FA

iii, v and vi had the same disease gene, the chance that the overlap
had the disease gene was Pyijjisvrvi=0.935 (Suppl Y
Information). We listed up to 17 candidate genes in the region and
sequenced their exons (Supplementary Fig. 1c). We detected a deletion
of exon 5 in the OPTN (also known as FIP-2 (ref. 9)) gene in two
siblings (Fig. 1a, family 1, subjects 1 and 2). PCR with a forward primer
of exon 4 and a reverse primer of intron 5 revealed a 2.5-kilobase (kb)
band in the control, V-3 and V-1, and a 0.7-kb band in IV-1, subject 1
and subject 2 (Fig. 1b). Direct sequence analysis of the short band
showed the joining of the 5' part of AluJb in intron 4 and the 3’ part
of AluSx in intron 5 with 12-base-pair (bp) microhomology (Fig. 1c).
Thus, the deletion resulted from Alu-mediated recombination. We
also found a homozygous nonsense ¢.1502C>T mutation (Q398X,
exon 12) in the gene in one individual with ALS (Fig. 1d, e, family 2,
subject 3). For the other three subjects, we found neither mutations nor
copy number changes in the OPTN gene, although we did not com-
pletely exclude the possibility of mutations in introns or intergenic
regions in the gene. We extended our analysis of OPTN to ten
p Y ¢ oty "

They also indicate that NF-xB inhibitors could be used to treat ALS
and that transgenic mice bearing various mutations of OPTN will be
relevant in developing new drugs for this disorder.

We analysed six Jap individuals from c g mar-
riages who had ALS; two of them were siblings, the others were from
independent families. We used homozygosity mapping, which has
been shown to identify a locus of a disease-causing gene from as few
as three individuals®. We performed a genome-wide scan of single
nucleotide polymorphisms (SNPs) by using the GeneChip Human
Mapping 500K Array Set (Affymetrix), and selected for the run of
homozygous SNPs (RHSs) more than 3 centimorgans in length.
Under this condition, the RHSs are able to retrieve more than 98%

1 ! S g marriages who had
ALS, 76 individuals with familial ALS and 597 individuals with spo-
radic ALS (SALS). We found the Q398X mutation in a sporadic indi-
vidual (subject 4, family 3; Fig. 1d). Subjects 3 and 4, who were not
related according to their family history, shared their haplotype for a
0.9-megabase (Mb) region (hg18: chr10: 12,973,261-13,879,735) con-
taining the OPTN gene (Supplementary Table 1). We investigated a
total of 170 copies of ¢h 10 from 85 Jap subjects geno-
typed for the HapMap3 project, and found that the incidental length of
haplotype sharing around OPTN gene was at most 320 kb. Given thata
haplotype sharing of 0.9 Mb rarely occurs by chance, the mutation is
likely to have been derived from a single ancestor (Supplemen-
tary Fig. 1d). Subjects 1 and 2 shared their haplotype for an 8.3-Mb
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Figure 1| Exon 5 deletion, nonsense and

a Family 1 € B4 Aub Ex5 AluSx Ex6
ATG missense mutations of the OPTN gene. a, Family
! 1. The filled circle or square indicate the affected
by individuals; the arrows indicate the probands.
Exon 4 Intron 5 pri n
M on 4 primer i prmer b, Agarose gel electrophoretogram. Subject 1 (V-
Ext Ex6 1) and subject 2 (V-2) showed lack of exon 5 PCR
[} roduct and shortened product of exon 4 to
Vs P P
v R N intron 5. ¢, Chromatogram with OPTN deletion
Intron 5 25Kb of exon 5 and schematic structure of deleted gene.
oKD d, Families 2 and 3. Dots indicate heterozygous
v ¥ 2 3 g . . carriers. e, Chromatograms from index subjects
7 CAGGAGTTCA AGACCAGCCTGG CCAACATGGC with OPTN mutation of ¢.1502 C>T.
Subject 1 Subject 2 H ion is in red, and the
Alub AluS)
d Famiy2 Family 3 X mutation is indicated by using the single-letter
e Q398X amino-acid code. f, Family 4. *DNA sample could
cx | or Subject 3 (IV-1) Parent (Ill-1)  Sibling (IV-2) not be obtained. Numerals show the age at death.
£, Chromatograms from index subjects with the
p. OPTN mutation of c.1743A>G. The
o heterozygous mutation is marked by the square.
Subject 4 i e 4 *
CTT TAA GAA CTT C/TAA GAA CTTCAA GAA
L stop L ax E L Q E
g E478G
Subject 5 (II-2) Subject 6 (1I-3) Normal
d>80 d.<40
i -2 ® -3 W “,(WY ;777” \
d.63 / d.66
. GCT @AGA GCTGAGA AGA GCTGAA AGA
Subioct 5 5ubiect 6 R A8 & A EB

region (hgl8: chrl0: 6,815,934-14,842,351), which contained the
OPTN gene and was different from that in subjects 3 and 4
(Supplementary Table 1).

In the screening of ALS families, we identified a heterozygous
missense mutation (c1743A>G, E478G, exonl4, Fig. 1g) of OPTN
in four individuals with ALS in two families with ALS. Subjects 5 and
6 were snsters, and the pedigree suggests that the mutation had an

i trait with incompl e (Fig. 1f,
family 4). Subjects 7 and 8 (family 5) were brothers Although these

the transcript splicing from exon 4 to exon 6 would cause a frame
shift and make a stop codon (TGA in the ninth to eleventh codons in
exon 6), which would be expected to translate a peptide 58 amino
acids in length. The missense mutation (E478G) was located between
coiled coil 2 domain and the leucine zipper domain. This glutamic
acid is highly conserved among OPTN proteins of a wide range of
species (Supplementary Fig. 2a), and is situated within the DFxxER
motif, an ubiquitin-binding domain shared among OPTN, NF-kB
essential molecule (NEMO), and A20 binding and inhibitor of NF-

families are not related according to their family history, subjects 5-8
shared their haplotype for 2.3Mb (hgl8: chrl0: 11,460,985
13,703,017, Supplementary Table 3), again suggesting that the muta-
tion was derived from a single ancestor. Indeed, the Q398X nonsense
and E478G missense mutations were not observed in 781 healthy
Japanese volunteers as well as in over 6,800 (including 1,728
Japanese) individuals in the glaucoma studies, where the entire cod-
ing region of the gene was investigated (Supplementary Table 2).
Collectively, the mutation was absent over a total of 5,000 Japanese
chromosomes. The deletion mutation was also absent in 200
Japanese, and not reported in the over 6,800 glaucoma individuals.
The co-segregation of three different mutations of OPTN with the
ALS phenotype strongly suggests that some mutations of OPTN
cause ALS.

The eight individuals with mutations of OPTN showed onset from
30 to 60 years of age. Most of them showed a relatively slow progres-
sion and long duration before respiratory failure, although the clin-
ical phenotypes were not h (see Suppl y
Information).

The Q398X mutation causes a premature stop during translation,
truncating the 577 amino-acid OPTN protein to one of 397 amino
acids in length. This truncation results in a deletion of the cmled coil 2

B p (ABIN) (Suppl y Fig. 2b). The mutations in the
DFxxER motif in ABIN reduce the binding to ubiquitin, which ren-
der them unable to inhibit NF-«B activation''. We investigated the
ability of various mutations of OPTN to inhibit NF-kB-mediated
transcriptional activation by performing a luciferase assay using
NSC-34 cells (a mouse neuroblastoma and spinal-cord hybrid cell
line) transfected with wild-type or mutant OPTN. ES0K OPTN,
which causes POAG’, downregulated the NF-kB activity, as did the
wild type. On the other hand, both Q398X and E478G had no ability
to inhibit NF-xB activity (Tukey—Kramer, P<0.05). These tend-
encies were retained after stimulation with tumour-necrosis factor
(TNF)-a (Fig. 2A). We also examined the subcellular localization of
overexpressed Flag-tagged wild-type OPTN (wild type) and its
mutants in cells (Fig. 2B). Immunofluorescence staining was per-
formed with their antibodies against Flag and the Golgi matrix mar-
ker GM130. Confocal images showed close apposition of granular
signals of wild-type OPTN or E50K with GM130 (see g and i in
Fig. 2B)">'®. ESOK often shapes large granular structures near the
Golgi apparatus. E478G rarely showed granular signals (see b in
Fig. 2B); however, when closely observed, some of the signals were
still closely localized to GM130 (see h in Fig. 2B). Western blotting
using a lysate of transformed lymphoblasts showed that the 74-kDa

domain', which is necessary for binding to ub ,h
(htt), myosin VI'* and the ubiquitinated receptor-mtmcung pro-
tein'*. In the gene with the deletion of exon 5, if there was a transcript,

224

band, cor ding to OPTN, was absent in subjects 3 and 4, but
was present in the non-diseased mother and brother of subject 3
(Suppl y Fig. 32). Q PCR with reverse transcription

©2010 Macmillan Publishers Limited. All rights reserved
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antibodies (Fig. 30). The distinct OPTN immunoreactivity of
ubiquitin- and TDP-43-positive intracytoplasmic inclusions was
confirmed on serial sections from patients with SALS (Supplemen-
tary Fig. 7). Moreover, SOD1-i »positive Lewy-body-like
hyaline inclusions from cases with SODI FALS were also immu-
nopositive for OPTN (Fig. 3p-r). We found that OPTN antibody
labelled both SOD1- and TDP-43-positive inclusions. As the stain-
ing of SOD1 and TDP-43 is generally mutually exclusive, OPTN
staining appears to be a more general marker for inclusions in
various types of ALS; therefore, the OPTN molecule might also
be involved in a broader pathogenesis of ALS.

The mutations of the OPTN gene cause both recessive and dom-
inant traits, and the mechanism causing the disease may be different
between the two traits. The Q398X nonsense mutation and probably
the exon 5 deletion mutation cause a decrease in OPTN expression
rcsultmg from nonsense-mediated mRNA decay of the transcrlpt
carrying the OPTN i Thereft the
OPTN protein by itself is unlikely to disturb cell function or to be
included in the inclusion body in the motor neuron cells. The mech-
anism of recessive mutations causing ALS is expected to be simply

NATURE| Vol 465[13 May 2010

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Ethical considerations. The smdy was zpproved by the institutional review
boards of the participating insti All ions were perf d after
having obtained informed consent from all subjects or their families.
Subjects. Neurologists performed the clinical diagnosis. The mean age at onset
of subjects with ALS was 59.9 years (range 10-85 years, including 14 cases con-
firmed by autopsy). The possibility of mutation of SOD1 was excluded.
Screening for the mutation of OPTN. A list of PCR primer pairs used to amplify
individual OPTN in the regulatory regions (~1,000 bases upstream from tran-
scription start sites), non-coding exons, coding exons and the surrounding
sequences (50-100 bases) of the exons or intron 4 and 5 is provided in
Supplementary Table 4. Deletion of Exon 5 was checked by using exon 4 forward
and intron 5 reverse primer pairs. Direct sequence of the joining part was per-
formed by using intron 4-2 forward primer or intron 5-6 reverse primer.
Screening for the ¢.1502C>T was perfc d by analysing restric-
tion-fragment length polymorphism or direct sequencing on 781 healthy control
subjects (mean age 62.3 years; range 30~100 years). Exon 12 was amplified and
then restricted with Msel, and thereafter the products were electrophoresed in
2% agarose gel. The wild type was digested into 204-, 106-, 14- and 12-bp
fragments, and the mutant type (204bp) into 169 + 35-bp fragments. The
c.1743A>G ion was ds ined by direct ing. In the
Mapping 500K, there were 11 SNPs in the OPTN gene. However, there are no
SNP markers between exon 2 and exon 12 of OPTN, and additional quantitative
PCR analysis of all exons of the OPTN gene was performed.
Luciferase assay. We investigated the activity of NF-xB by using the luciferase
assay. Four types of complementary DNA (cDNA) from OPTN were inserted
into separate pDNR (Clontech). These were wild (IMAGE clone 3831267),
Q398X (recessive), E478G (dominant) and ES0K (which causes glaucoma) types.
PDNR vector was used as mock. NSC-34 cells were co-transfected with NF-xB
reporter ((Igk)s conaluc plasmid) (a gift from S. Yamaoka) and pDNR-OPTN by
using Lipofectamine 2000 (Invitrogen). Luciferase activity was measured 5h
after either PBS or TNF-a (10ngml ™, R&D) stimulation by using a Dual-
Luciferase Reporter Assay System (Promega). Consistent results were obtained
ducting three independ peri
Localization of OPTN. We investigated the localization of OPTN by using a
3XFlag tag. This was inserted into pcDNA3 (Invitrogen), and three types of
OPTN cDNA (wild, E478G, ES0K) were inserted after the 3XFlag tag. These
plasmids were used to transfect NSC-34 oclls with the aid of Lipofectamine 2000
(1 ). GM130 (BD Transd L ies) was used as a marker of
the Golgi apparatus.
Immunofluorescence microscopy. Cells were grown on glass-bottomed glass
dishes (Matsunami) coated with poly-L-lysine and laminin (Sigma Aldrich) and
d by Lipof ine 2000 (Invi ) ding to the
protocol; 24—48)1 after transfection, the cel]s were fixed, blocked with norrnal
serum and incubated with primary antibody at 4 °C overnight. Confocal images
were acqmn:d wn.h an 01ympus FV300 by using a X100 oil immersion lens with
setting at a of 512 pixels X 512 pixels with
[hrtefold magnification. Each cellular picture was generated by combining mul-
tiple optical images (1015 slices, z-spacing of 0.2 jim) spanning 2-3 pm along

nature

the z-axis. Subcellular localization of Flag-tagged optineurin was verified by at
least three independent experiments. More than 100 cells were photographed for
each optineurin construct. The following antibodies were used: mouse mono-
clonal anti-GM 130 (BD Transduction Laboratories, 1:1,000) and affinity-puri-
fied rabbit polyclonal anti-Flag (Sigma, 1:1,000).
Western blotting. We investigated the expression of OPTN by western blotting.
Cell lysates were prepared from Epstein-Barr-virus immortalized B lymphocytes
from subject 3, her brother and mother, and subject 4 by using standard proto-
cols. Polyclonal antibodies recognizing the carboxy (C)-terminal part of OPTN
(Cayman Chemical) and anti-rabbit IgG-HRP antibody (R&D Systems) were
used. For the internal control, we used glyceraldehyde-3-phosphate dehydro-
genase polyclonal antibody (IMGENEX).
Quantitative PCR with reverse tnmcription. Quantitative PCR with reverse
transcription was performed by using THUNDERBIRD SYBR qPCR Mix
(TOYOBO) and ABI 7900HT Fast le Time PCR system (Applied
). Epstein-Barr-virus i lized B lymphocytes were treated with
cycloheximide (S|gma, 100 pgmi™") for 2 h before RNA extraction.
Immunohistochemistry of mouse nervous tissue. Several antibodies were
tested for their use in detecting mouse OPTN in tissue sections (data not shown).
Among them, rabbit polyclonal antibodies raised against various peptides of
human/mouse OPTN origin gave consistent and reasonable results. One such
antibody was OPTN-C raised against the C-terminal part of OPTN, which is
identical between human and mouse (amino acids 575-591; Cayman
Chemical). I histock rformed on adult DBA/2 mouse.
Mice were transcardially fixed wnh 4% paraformald:hyde in PBS, post-fixed in
the same fixative overnight, and then dehydrated in 30% sucrose in PBS over-
night. Frozen sections were obtained by using a cryostat and mounted onto
3-triethoxysilylpropylamine (TESPA)-coated glass slides. After air-drying, the
slides were washed in PBS and blocked for 2h at room temperature in 5%
BSA/0.3% Triton X-100 containing PBS. The sections were then incubated over-
night at 4°C with primary antibodies against OPTN diluted in 1% BSA/1%
normal goat serum/0.3% Triton X-100/PBS. After several washes in PBS,
Alexa-594-conjugated secondary antibody (Invitrogen) in PBS was applied.
Pictures were taken with a camera attached to a fluorescence microscope
(BIOREVO BZ-9000; Keyence).
Histochemistry. Post-mortem material from one of the OPTN mutant cases
(subject 5) was available. Sections (6 um) of formalin-fixed, paraffin-embedded
spinal cord were examined with Kliiver-Barrera and haematoxylin and eosin
staining. Some sections stained with haematoxylin and eosin were photo-
graphed, decolourized and immunostained with OPTN-C (mouse monoclonal,
1:50,000) or OPTN-I (rabbit polyclonal, Cayman Chemical, 1:400). In addition,
lumbar spinal cord tissue was obtained from clinically and neuropathologically
proven cases of SALS (seven cases) and familial ALS with the A4V SODI muta-
tion (FALS, three cases). Six age-matched normal individuals served as controls.
After confirmation of complete removal of (he OPTN antibody, we imrnunos-
tained the same sections with the anti-ubi ibodies (mouse
Santa Cruz Biotechnology, 1:400; rabbit p 1, Sigma, 1:600), anti-TDP-43
antibodies (mouse monoclonal, Abnova, 1:1,000; rabbit polyclonal, Proteintech
Group, 1:4,000) or anti-SOD1 antibodies (mouse monoclonal, Lab Vision
Corporation, 1:50; rabbit polyclonal, Stressgen Biotechnologies, 1:2,000).
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Abstract

Homozygosity mapping is a powerful procedure that is capable of detecting recessive disease-causing genes in a
few patients from families with a history of inbreeding. We report here a homozygosity mapping algorithm for
high-density single nucleotide polymorphism arrays that is able to (i) correct genotyping errors, (i) search for auto-
zygous segments genome-wide through regions with runs of homozygous SNPs, (iii) check the validity of the
inbreeding history, and (iv) calculate the probability of the disease-causing gene being located in the regions iden-
tified. The genotyping error correction restored an average of 94.2% of the total length of all regions with run of
homozygous SNPs, and 99.9% of the total length of them that were longer than 2 cM. At the end of the analysis,
we would know the probability that regions identified contain a disease-causing gene, and we would be able to
determine how much effort should be devoted to scrutinizing the regions. We confirmed the power of this algo-
rithm using 6 patients with Siiyama-type a.1-antitrypsin deficiency, a rare autosomal recessive disease in Japan. Our

procedure will accelerate the identification of disease-causing genes using high-density SNP array data.

Background
Identification of the genetic factors underlying disease
causation provides crucial information for disease pre-
vention and treatment. Nevertheless, genetic factors
have not yet been elucidated for many diseases [1,2].
Homozygosity mapping [3] enables the detection of
recessive disease-causing genes in a few patients from
families with a history of inbreeding; this mapping tech-
nique is especially useful for the detection of rare genes.
With this technique, chromosomal segments in which
all polymorphic markers are homozyogous are consid-
ered autozygous segment (AS) [4]. If a patient’s
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coefficient of consanguinity is F, and the frequency of
the disease-causing gene in the population is p, then the
chance that the recessive disease-causing gene is located
in an AS (Pyg) is.

(1)

F
Pas = (1=F)p+F

3]

If a patient is from an inbred family (i.e., F is large)
and the disease is rare (i.e., p is small), then P ¢~ 1,
indicating that the gene is located in an AS. There are
implementations that utilize single-nucleotide poly-
morphism (SNP) genotyping data obtained by high-den-
sity arrays [5,6]. The usable implementation should (i)
correct genotyping errors because thousands of SNPs
are mistyped per high-density SNP array, adversely
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affecting the homozygosity mapping analysis; (ii) search
for ASs genome-wide; (iii) check the validity of the
inbreeding history, which is vital for homozygosity map-
ping but is often erroneous, and (iv) calculate the prob-
ability of the disease-causing gene being located in the
regions identified. At the end of the analysis, we would
know the probability that regions identified contain a
disease-causing gene, and we would be able to deter-
mine how much effort should be devoted to scrutinizing
the regions.

In the current study, we present an algorithm that
implements the capabilities described in the above
paragraph. We confirmed the power of this algorithm
using 6 patients with Siiyama-type o.1-antitrypsin defi-
ciency, a rare autosomal recessive disease in Japan
[7,8]. The preliminary version of the algorithm
described here has been used to prove that the
SLC34A2 gene is responsible for pulmonary alveolar
microlithiasis [9]; the current version has been used to
show that the OPTN gene is responsible for amyo-
trophic lateral sclerosis [10].

Implementation

Crossover model

We used the Haldane’s Poisson process model for the
occurrence of crossovers and performed all calculations
based on this model [11]. Information on SNPs used by
Affymetrix’s Genome-Wide Human SNP Array 6.0
(hereafter referred to as SNP Array 6.0) was summarized
in the annotation file, [12], in which the genetic distance
from the telomere of the short arm of a chromosome to
each SNP was obtained by interpolation using the sex-
averaged data published by deCODE Genetics [13]. We
restricted our analysis to a total of 890,625 autosomal
SNPs with assigned dbSNP refIDs [14].

Monte Carlo simulation

The average number, the average length, and the maxi-
mal length of the ASs derived from a common ancestor
were calculated for a range of m + n values (Figure 1A)
using a Monte Carlo simulation. The trial was repeated
until we observed 100,000 events in which at least 1 AS
appeared in the autosomal region.

The length of AS

The subject is removed from the common ancestor m
generations on the paternal side and n generations on
the maternal side (Figure 1A). Assuming that the length
of each autosome is infinite, the length of AS conforms
to an exponential distribution with a probability density
function of

fx)=2e*2 = ’;‘T*(;‘ (em7). @

Page 2 of 11

In actuality, the autosomes have finite length; how-
ever, equation 2 provides a good approximation when
the length of an AS is much shorter than the length of
an autosome.

RHS (run of homozygous SNPs), false negative, type A
false positive and type B false positive
An RHS is defined as a run of homozygous SNPs with a
genetic length greater than the RHS cutoff value (Figure
1B). All SNPs in an AS are homozygous, and therefore
an RHS suggests the presence of an AS. We defined 3
types of errors. False negatives are ASs that are not con-
tained in RHSs. Type A false positives are RHSs that do
not contain ASs. Type B false positives are the spaces
within an RHS that do not contain an AS. The false
negative rate (Rpue negative) is the ratio of false negatives
to the total length of the AS. The false positive rate
(Rfatse positive) is the ratio of false positives (the type A
false positives plus the type B false positives) to the total
length of the autosomes.

(1) Riatse negative> the ratio of the total length of false
negatives to the total length of the AS

According to the equation 2,

c
| % (x)dx

oo

| xf (x)dx
0

R false negative

=1-e"%(1+ Ac).

(2) Reype A faise positives the ratio of the total length of
type A false positives to the total length of the
autosomes

Given that Ngyp is the total number of SNPs on a
genotyping array, and P, and Q, are the frequencies of
the major and minor alleles for the nth SNP, respec-
tively, then the average frequencies of the major alleles
(Frngjor attete ) and the minor alleles ( Fyingr anere ) are

Nsnp NSNP
P 3 Qn
Fonajor altele = nN:SlNP and Fpinor aitele = E;NP

respectively. The numbers of homozygous SNPs (Nj,,.

mozygoussnp) and heterozygous SNPs (Njererozygoussnp) are
approximated by

- 2 - 2
Nhom ozygoussnp =(anjovaﬂzie) Np +(Fmim7rall¢!z) Np,, and

Neterozygoussnp = 2(ijm allele )( Fmimrnllzle)Np,,

where N,; is the number of SNPs successfully geno-
typed. Assuming that heterozygous SNPs are randomly
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Figure 1 Connections between AS, RHS, false negative, type A false positive, and type B false positive values. (A) In a family with a
consanguineous marriage, a loop is formed in the pedigree (bold lines). A chromosomal segment that is separately inherited through both sides
of the arc becomes homozygous in an offspring and forms an autozygous segment. (B) (i) a chromosomal region with 2 ASs (dark gray boxes).
(i) An RHS is a region whose genetic length greater than the cutoff value. (iii) Relationship of an RHS and an AS. ASs are shown by dark gray
boxes, and RHSs are shown by light gray boxes. Three types of errors are defined: false negative, type A false positive, and type B false positive.
(Q) Principle used for the genotyping error correction. If a homozygous SNP in an RHS is mistyped and becomes heterozygous, it is likely to
have a greater distance (i.e. x + y) from the adjacent heterozygous SNPs than a heterozygous SNP that exists in another part of the autosomes.
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located, then the length between 2 heterozygous SNPs
conforms to an exponential distribution with a probabil-
ity density function of

N heterozygousSNP

f(x)=Ax A= (cM"), (4)

Lautosome

where L,uz050me is the entire length of the autosomes.
Therefore, at a cutoff value of ¢ cM,

T (xpx
c

-4
Riype A fatse positive =(1+ Ac)e™™. (5)

| f (x)dx
0

(3) Rype B fatse positives the ratio of the total length of
type B false positives to the total length of the
autosomes

Riype B fuise positive i not calculated mathematically but
is calculated according to the actual data. An RHS con-
taining an AS is expected to have type B false positives

Lautosome

N heterozygousSNP
end. It is impossible to distinguish RHSs that contain
ASs from those that do not. We calculated Ry, 5 Jalse
positive under the assumption that every RHS contains an
AS. Therefore, the Rrype B fatse positive Calculation results
in an overestimation, which we consider better than an
underestimation for determination of the appropriate
RHS cutoff. Therefore,

with an average length of %X on each

_ number of RHS L
Reype B fatse posicive = > x

- (6
N heterozygousSNP ©

(4) Rpusse positives the ratio of the total length of false
positives to the total length of the autosomes

R fatseposiive = Rype A fase positive *+ Rype b false posiive
N hetero: 0usSNP
X _—heterozygousSNP.
=0+ NheterozygousSNP e Lautosome )
Lautosome
, number. of RHS x— Lautosome
2 N heterozygousSNP

Probability that a disease-causing gene is contained in
RHSs, or the overlap of RHSs

The probability that RHSs obtained contains a disease-
causing gene is calculated using equation 1.

Page 4 of 11

Peenetsinrris = (1= R e negative) X Pas
F ®)
= (1= R futge negarive ) X (=FpF
Here, F is the coefficient of consanguinity and is cal-
culated by

total length of RHSs
total length of the autosomes

)

The probability that the overlap of RHSs among mul-
tiple patients contain the gene is calculated by
Peenetsinoveriap = H Peenetsinris- (10)

All patients

Human Subjects and genotyping

This study was approved by the Institutional Review
Boards of Saitama Medical University and Juntendo
University. After obtaining written informed consent,
DNA samples from 6 patients with o1-antitrypsin defi-
ciency were purified from peripheral blood. These
patients were not related and lived in different areas of
Japan. Patients 1-5 were from families with a history of
inbreeding because their parents were first cousins.
Patient 6 did not have any family history of inbreeding.
These 6 patients were genotyped using the SNP Array
6.0. The genotyping data for 86 HapMap JPT were
available in the HapMap3 draft release 2 http://www.
hapmap.org, and were downloaded from the Wellcome
Trust Sanger Institute web site http://www.sanger.ac.
uk/humgen/hapmap3/. The genotyping data for
NA18987, a subject in HapMap JPT, was also distribu-
ted from Affymetrix and was used in the current study.

Genotyping error correction

Genotyping errors may convert homozygous SNPs to
heterozygous SNPs and erroneously terminate an RHS,
resulting in the failure to detect a portion of an RHS.
According to Affymetrix, SNP Array 6.0 has an accu-
racy of > 0.997, implying that the genotyping error
rate (PgenotypingError) May be 0.003 at maximum. A mis-
typed heterozygous SNP occurring in an RHS is sepa-
rated by a large distance from neighboring
heterozygous SNPs (Figure 1C). Therefore, if a hetero-
zygous SNP is separated from neighboring SNPs by a
distance that is rarely observed by chance, we specu-
lated that the SNP was mistyped. Using equation 4,
we calculated the probability of a heterozygous SNP
being separated from neighboring SNPs at the
observed distance (Pgistanceoccurredsychance)- A SNP with

171



Huqun et al. BMC Bioinformatics 2010, 11(Suppl 7):S5
http://www.biomedcentral.com/1471-2105/11/57/55

PgistanceOccreceByChance < 0.01 was considered a mistyped
SNP and these data were removed. This algorithm may
erroneously remove 20 correctly genotyped heterozy-
gous SNPs (N, x P, x 0.01) from
a single SNP array analysis data, which we considered
acceptable.

Statistical analysis

The number of patients and controls who shared an
RHS at each SNP position was compared. The assump-
tion was made that

[P
= P1-P2
pra-pt| L
np m
has a standard normal distribution, where

= X2%05  p _ X1#x2+0.5 Here )

A x2+0.5 A
Pa npa 12T ny+1 np+ny+1

and x, represent the numbers of patients and controls
sharing RHSs, respectively, and n; and n, represent the
total numbers of patients and controls, respectively. The
P value was calculated by

2

=, =

P=|—=—e 2dx
.[\/27: *
Uy

Computer program

The computer program was written in the ANSI stan-
dard C programming language. The program was com-
piled by the GNU C compiler 4.2 and run on a
MacBook Pro (CPU: 2.53 GHz Intel Core 2 Duo, 4 GB
RAM) computer. The command line programs and the
programs equipped by graphic user interface are both
available from our web site at http://www.hhanalysis.
com.

Result
Strategy
Our aim was to establish an algorithm for homozygosity
mapping that uses SNP genotyping data obtained by
high-density arrays, is equipped by a powerful genotyp-
ing error correction algorithm, detects ASs genome-
wide, allows investigation into the family inbreeding his-
tory, and is able to calculate the probability that the
identified regions contain the target gene.

The algorithm searches for the ASs (Figure 1A, B(i))
through runs of homozygous SNPs, or RHSs, that are
formed by consecutively homozygous SNPs and are
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longer than the RHS cutoff value (Figure 1B(ii)). RHSs
are presumably the autozygous segments (ASs). Three
types of errors were defined; false negative, type A false
positive, and type B false positive (Figure 1B(iii)). The
main determinants of the false negative rate (Ryuse negative)>
which is the ratio of the total length of false negatives to
the total length of ASs, are the number of SNPs investi-
gated and the genotyping error rate. The main determi-
nants of the false positive rate (Russe positive) Which is the
ratio of the total length of type A false positives plus type
B false positives to the entire length of the autosomes, are
the positioning of SNPs, local haplotype block structure
[15], and population substructure [16].

To attain the aims stated above while avoiding the
influence of these errors, our algorithm had the fol-
lowing steps: Step (a) determine an appropriate RHS
cutoff value based on the Haldane’s recombination
model; Step (b) perform genotyping error correction;
Step (c) detect RHSs; Step (d) obtain the overlaps of
RHSs among patients; and Step (e) correct false posi-
tives by a case-control approach. The validity of the
family history is checked at Step (c). We used 5
patients with Siiyama-type al-antitrypsin deficiency, a
rare disease in Japan, to verify our strategy. Analyses
performed in the Result section can be reproduced
using the program contained in additional file 1
according to the tutorial also contained in the addi-
tional file 1.

Determination of the RHS cutoff

The expected false negative and false positive rates for
the SNP Array 6.0 from the Haldane’s model were cal-
culated by using equation 3 and 7 [Step (a)] (Figure
2A). We gave the priority to reducing the false positive
rate than to reducing the false negative rate, because we
empirically determined that it simplified the analysis.
We chose 0.6 cM as the RHS cutoff value, at which the
false negative rate was 0.0006 and the false positive rate
was 0.0029. The probability that the RHSs contained the
disease-causing gene (Pgenersinriss) at this condition was
calculated using equation 8 (Figure 2B).

Genotyping error correction

The power of the genotyping error correction algorithm
was investigated using genotyping data for subject
NA18987 (female) from HapMap JPT. The subject was
independently genotyped in HapMap draft 3 and by
Affymetrix, and data were made public from both
sources. A comparison of these 2 datasets revealed that
the genotyping results for 701,753 SNPs matched
between these 2 sources, and they were therefore con-
sidered highly accurate. Using the matched data, RHSs
were obtained with an RHS cutoff value of 0.6 <M (Fig-
ure 3A). The presence of a long RHS (36.2 cM at
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rate (Riaise negarwe) @nd the false positive rate (Reise posive) Were calculated using equations 3 and 7 using the genotyping data for 5 a1-
antitrypsin deficiency patients. The false negative rate shown is for a child from a first-cousin marriage (m + n = 6). (8) The probability that RHSs
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varies depending on the frequency of the gene in the population.
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Figure 3 Genotyping error corrections. (A) RHSs for NA18987. (B) RHSs detected after introducing genotyping errors to 2,105 SNPs. (C) RHSs
ifter the genotyping error correction algorithm was applied.
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maximum) suggested that she had a family history of
inbreeding, as described later. Considering the fact that
the manufacturer (Affymetrix) claimed that the genotyp-
ing error rate for the SNP Array 6.0 is less than 0.003,
we randomly introduced errors into selected 2,105 SNPs
(701,753 SNPs x 0.003) and obtained RHSs. These error
hampered the detection of RHSs, especially the long
ones (Figure 3B). Following application of the genotyp-
ing error correction algorithm (Figure 1C), RHSs were
restored (Figure 3C). The same trial repeated 100 times
revealed that the genotyping error correction restored
an average of 94.2% of the total length of all RHSs, and
99.9% of the total length of RHSs that were longer than
2 cM. This indicated that 99.9% of the total length of

Page 7 of 11

ASs resulting from first- or second cousin marriages
would be correctly detected as RHSs after the correc-
tion. The total length of the regions that were erro-
neously detected as RHSs amounted to only 0.2% of the
total length of the autosomes. These results indicated
that the performance of the genotyping error correction
algorithm was excellent.

RHSs in the patients

We applied the genotyping error correction algorithm to
the data for 5 patients with Siiyama-type a1-antitrypsin
deficiency [Step (b)], and then obtained RHSs [Step (c)]
(Figure 4A-E). All patients had long RHSs, which were
likely to be the result of first-cousin marriages.
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P
a Monte Carlo simulation. (A) - (E) RHSs for each patient. (F) The distribution of the length of the longest AS obtained by a Monte Carlo
Simulation. The distribution for 86 HapMap JPT patients is also shown in the right side.
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Table 1 Size of the longest RHS for each patient
Length of the longest RHS (cM)

Patient 1 362
Patient 2 396
Patient 3 221
Patient 4 403
Patient 5 302

Statistics of AS

We investigated whether the RHSs obtained for each
patient were consistent with family history [Step (d)].
We focused on the size of the longest AS because they
are an index of the most recent occurrence of inbreed-
ing in the patient’s family (equation 2). The distribution
of the length of the longest AS is calculated by a Monte
Carlo simulation (Figure 4F). From this distribution we
are able to say that the family history of a first cousin
marriage (m + n = 6) is unlikely when the longest RHS
is less than 20.9 ¢cM. The size of the longest RHS for
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Patients 1-5 were consistent with what expected from
their family histories (Table 1).

Overlap of RHSs

We then obtained the overlaps of the RHSs for Patients 1-5
whose parents were first cousins [Step (d)] (Figure 5A).
The probability that these regions contained the disease-
causing gene (PGenersinoveriap) Was calculated by equation 10
and is shown in Figure 5B. The prevalence of Siiyama-type
al-antitrypsin deficiency is less than 1 in a million in Japan,
and the frequency of the gene is suspected to be less than
0.001 in the general population, indicating that the overlaps
likely contained the disease-causing gene.

Some of the autosomal regions are prone to type A or
type B false positives, and thus are likely to appear as an
overlap [Step (e)]. To prioritize regions for in-depth
analysis, we performed a case-control study using 86
HapMap JPT subjects as controls. One overlap had the
largest -log;o(P) value (16.47) and was considered to be
the candidate region (Figure 5C). This region (between
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Figure 5 Case-control analysis. (A) The overlaps of RHSs for Patients 1-5. (B) The probability that the disease-causing gene is contained in the
overlap (Pseneisinahsoveriap). The probability was calculated by multiplying Paeneisinars for Patients 1-5. F for each patient was calculated as the total
length of RHSs divided by the total length of the autosomes. (C) -logso(P) value obtained by a case-control analysis. The region pointed by an
arrow attained the maximal value 1647.
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serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 10
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 6

serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 2
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 11
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 9

C14orf48 chromosome 14 open reading frame 48
OTUB2 OTU domain, ubiquitin aldehyde binding 2
DDX24 DEAD (Asp-Glu-Ala-Asp) box polypeptide 24
IFI27L1 interferon, alpha-inducible protein 27-like 1
IFI27 interferon, alpha-inducible protein 27
IFi2712 interferon, alpha-inducible protein 27-like 2
PPP4R4 protein phosphatase 4, regulatory subunit 4
SERPINATO

SERPINA6

LOC10028 Description: hypothetical protein LOC100287997
SERPINA2

SERPINAT

SERPINAT1

SERPINA9

SERPINA12

serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 12

rs10134551 and rs910349) had a genetic length of 1.44
cM, and contained 15 genes (Table 2), one of which was
the disease-causing gene for Siiyama-type a1-antitrypsin
deficiency, SERPIN1.

A patient without family history of inbreeding
We occasionally encounter patients who do not have a
family history of inbreeding while searching for a

recessive disease-causing gene. Data from such patients
are not used in the main analysis, but these data may be
used for prioritizing the overlaps of RHSs as obtained in
Figure 5 for an in-depth search. Patient 6 had Siiyama-
type al-antitrypsin deficiency but did not have a family
history of inbreeding. The length of the longest RHS
(6.8 cM, Figure 6A) was outside of the 95% range for
the Japanese population (Figure 4F, rightmost bar and
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o
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o

by an arrow attained the maximal value 17.29.

Figure 6 Subject without family history of inbreeding. (A) RHSs obtained for a patient without a family history of inbreeding (Patient 6). (B)
RHS overlaps for Patients 1-6. Addition of data for Patient 6 further narrowed the overlapped regions (compare with Figure 5). The disease-
causing gene was contained in the region indicated by a white arrow. () -logs(P) value obtained by a case~control analysis. The region pointed

chromosome number
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whisker). We reasoned that the patient’s family might
have had forgotten inbreeding history, and that the
RHSs for the patient may have a high probability of
containing the disease-causing gene. This was indeed
the case; addition of the data from Patient 6 excluded
several overlapped regions (Figure 6B, compare with
Figure 5A) and increased -logo(P) (Figure 6C, compare
with Figure 5C), although the list of the genes was the
same as Table 2. If the length of the longest RHS sug-
gested a hidden inbreeding history, the data for subjects
without an inbreeding history could be used to prioritize
some RHS overlaps for an in-depth search.

Discussion

In the current report, we described the quantitatively-
modeled homozygosity mapping algorithm that uses
high density array SNP genotyping data.

Homozygosity mapping is simple in principle, but many
pitfalls were discovered when it was actually applied. Pro-
blems that included (i) unexpected allelic heterogeneity,
(ii) identification of a homozygous identical-by-descent
(IBD) region to the disease locus, (iii) underestimation of
the extent of inbreeding, were pointed out in the analyses
using microsatellite markers [17] and are still observed in
the analyses using SNPs. Moreover, use of high-density
SNP arrays introduced a novel problem, (iv) a large num-
ber of mistyped SNPs. Although the genotyping error rate
is low for high-density arrays, the huge number of SNPs in
these arrays inevitably produces a large number of mis-
typed SNPs. Even a single mistyped SNP erroneously ter-
minates an RHS, making the detection of large RHSs
difficult. Our algorithm has overcome all these problems:
problem (i) is solved by using high-density SNP arrays,
problem (ii) by case-control approach, problem (iii) by
identifying ASs as RHSs and calculating F by the total
length of RHSs divided by the total length of the auto-
somes, and problem (iv) by applying genotyping error cor-
rection algorithm.

As stated as Problem (ii) above, we observed some
autosomal regions had a high probability of having
RHSs. This may be caused by SNP positioning, local
haplotype block structure, or population substructure.
The effect of them was eliminated by using a case-con-
trol approach, which is performed in the order that (a)
obtain overlap of RHS among patients, and (b) perform
a case-control analysis targeting obtained overlaps.
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history of inbreeding, seeking for 3 patients harboring the
same disease-causing gene. Our algorithm worked fine in
this approach. During the process, it was quite helpful that
the algorithm provided the probability that the identified
regions contain the disease-causing gene, which deter-
mined how much effort should be further devoted. To our
knowledge, the algorithm presented in the current study is
the first to provide this information.

Conclusions

We described an algorithm that enables homozygosity
mapping to be performed based on a quantitative model
using SNP genotyping data. Our procedure will acceler-
ate the identification of disease-causing genes using
high-density SNP array data.
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